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Preface

The BEM-based finite element method has been developed within the last decade,
and it is one of the first methods designed for the approximation of boundary
value problems on polygonal and polyhedral meshes. This is possible due to the
use of implicitly defined ansatz functions which are treated locally by means of
boundary integral operators and are realized with the help of boundary element
methods (BEM) in the computations.

When 1 started my doctoral studies in 2009, it was an appealing but also a
somehow abstruse idea to generalize the well-known finite element method (FEM)
to polygonal and polyhedral meshes. To that time, I was not aware of any other
attempts in this direction. A few years later, the virtual element method came
up, and I learned about other approaches that just started in parallel to work
on general meshes. The discretization of differential equations on polygonal and
polyhedral meshes became a hot research area, and the amount of publications
and organized conferences is continuously increasing. The beauty of these ideas
caught my attention and shaped my research interests. My resulting theoretical
and computational contributions of the last 10 years have found their way into this
monograph which is based on my habilitation thesis.

The monograph presents an introduction, a mathematical analysis and applica-
tions of the BEM-based finite element approach. It is intended to researchers in
the field of numerics for partial differential equations in the wide community of
mathematicians and mathematically aware engineers using finite element methods
but also to advanced graduate students who are interested to deepen their knowledge
in the field.

After the discussion of polytopal meshes, the BEM-based FEM is introduced
for high-order approximation spaces over general elements, and its error analysis
is given on uniform meshes for smooth solutions (Chap. 2). The method is studied
for uniform, adaptive and anisotropic discretizations, where several error estimation
techniques and interpolation operators are derived and the notion of anisotropic
polytopal elements is introduced (Chap. 3). Beside these, the numerical treatment
of boundary integral equations is discussed (Chap. 4). Local error estimation tech-
niques give rise to adaptive mesh refinement as in classical finite element strategies.

vii



viii Preface

Here, the flexibility of polytopal meshes yields benefits in the refinement process
and in the application of post-processing operators as in goal-oriented techniques,
for instance (Chap. 5). Finally, some recent developments on mixed finite element
formulations and problem-adapted approximation spaces are highlighted (Chap. 6).
Throughout the monograph, all theoretical results are motivated and validated by
numerous numerical experiments and tests, which demonstrate the applicability and
the flexibility of the BEM-based FEM.

This monograph and the involved research could not have been realized without
the encouragement and support of various persons. Among all these friends in the
scientific community, I thank, in particular, Sergej Rjasanow and his research group
for their open-mindedness and helpfulness which created a great and stimulating
working atmosphere. My deepest gratitude, however, is reserved for my wife,
Anna Benz-Weil3er, whose logical mind, sound and thoughtful advice, sympathetic
ear and unselfish support are of indispensable value for me.

Saarbriicken, Germany Steffen Weiler
April 2019
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Acronyms

List of abbreviations which are sorted according to their context

Boundary Value Problem

r Boundary of the domain £2

I'p  Dirichlet boundary with I'p C I, |[I'p| > 0

Iy~ Neumann boundary with I'y C I

2 Domain of the boundary value problem with 2 c R?, which is open and

bounded
a Scalar valued diffusion coefficient with 0 < dmin < @ < dmax
d Space dimension withd = 2,3
f Source function

gp Dirichlet data

gy  Neumann data

n Outward unit normal vector on I”
x,y Pointsin RY with x = (x1,..., xd)T

Function Spaces

Let w C §2 be either a domain or a lower-dimensional manifold.

P (w) Space of polynomials with degree smaller or equal k € Ng with the
convention 2~ (w) = {0}

Wgw(ﬂh(l( ))  Space of continuous functions on K which are polynomials of
degree smaller or equal k on each triangle (d = 2) or tetrahedron
(d = 3) of the auxiliary discretization .7, (K) of the polytopal
element K

Xiii
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Acronyms

QZSW(BK ) Space of continuous functions on d K which are polynomials of
degree smaller or equal k on each edge (d = 2) or triangular
face (d = 3) of the polytopal element K ; f@gw(c%’h) for a general
boundary mesh Ay,

gzgw’ 4(0K) Space of Ly(0K) functions which are polynomials of degree
smaller or equal k on each edge (d = 2) or triangular face (d = 3)
of the polytopal element K; gzgw’ 4(%) for a general boundary
mesh %,

C%w) Space of continuous functions on w

CK(w) Space of k € N times continuously differentiable functions on w

Ck* (w) Space of Holder continuous functions with k € Ny and « € (0, 1]
on w and in particular the space of Lipschitz continuous functions
CO’ 1 ()

H* (w) Sobolev space of order s € R over w (see Sect. 1.3)

HO1 (w) Space of H !(w) functions with vanishing trace on dw

H*l (K) Space of H 1(K) functions with vanishing mean values on 0 K

H*1 / 2(8 K) Space of H 1/2(3 K) functions with vanishing mean values

H i () Space of H 1(§2) functions which are weakly harmonic on each
K e

H 11)(52) Space of H 1(§2) functions with vanishing trace on the Dirichlet
boundary I'p

H(div, £2) Space of vector valued L>-functions with divergence in Ly (£2)

Hy (div, £2) Space of H(div, £2) functions with vanishing normal trace on I'y

Ly(w) Lebesgue space of square integrable functions on w

Loo(w) Lebesgue space of measurable functions which are bounded almost
everywhere on

Wgo (w) Sobolev space of functions which are, together with their first and
second derivatives, measurable and bounded almost everywhere
on w

Polytopal Mesh

cx,cs Regularity parameter for stable polytopal meshes (see Definitions 2.2,
2.12 and 2.17)

én Set of all edges

én. Set of all edges in the interior of £2

én.D Set of all edges on the Dirichlet boundary I'p

EnN Set of all edges on the interior of the Neumann boundary 'y
Fn Set of all faces for 3D, might also refer to the set of edges
Tn.e Set of all faces in the interior of £2

Zn.D Set of all faces on the Dirichlet boundary I'p

Fn.N Set of all faces on the interior of the Neumann boundary Iy

&(K) Set of edges which belong to the element K



Acronyms

E(F)
Z(K)
Iy
ya
N
N0
D
NN
N (K)
N(E)
N(F)
PK > PF

oxsO0F

XV

Set of edges which belong to the face F

Set of faces which belong to the element K

Skeleton of the discretization

Set of all polygonal or polyhedral elements in the mesh

Set of all nodes

Set of all nodes in the interior of £2

Set of all nodes on the Dirichlet boundary I'p

Set of all nodes on the interior of the Neumann boundary Iy

Set of nodes which belong to the element K

Set of nodes which belong to the edge E

Set of nodes which belong to the face F

Radius of inscribed ball/circle of an element or face see (Definitions 2.1,
2.10and 2.11)

Uniform bound of aspect ratio in regular meshes (see Definitions 2.1,
2.10and 2.11)

Edge in the mesh with £ = z,z,

Polygonal face of a polyhedral element, might also be an edge depending
on the context

Length of an edge

Diameter of a face

Diameter of an element

Polygonal or polyhedral element

Node in the mesh

Centre of inscribed ball/circle of an element or face (see Definitions 2.1,
2.10and 2.11)

Approximation Spaces, Interpolation and Projection

Nodal basis function

Edge basis function

Face basis function

Element basis function

Basis of V,f with lI/,f = !I/hl’(H U lI/;':"B

Approximation space of order k over polytopal mesh with the decompo-
sition Vi = Vi, @ Vi

Subspace of Vf with functions vanishing on the Dirichlet boundary I'p
Subspace of Vé" g With functions vanishing on the Dirichlet boundary I'p
Interpolation operator from H?(2) into Vf with j’;l = j’;h ot 32 B
Clément interpolation operator

Scott—Zhang interpolation operator

L,-projection over w into the space of constants

Neighbourhood of all elements adjacent to the node z
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Acronyms

WE Neighbourhood of all elements adjacent to the edge E

WF Neighbourhood of all elements adjacent to the face F

K Neighbourhood of all elements adjacent to the element K

w} Neighbourhood of all elements whose closure contain the edge E

o} Neighbourhood of all elements whose closure contain the face F

Wk Neighbourhood of all elements that share an edge (d = 2) or face (d = 3)
with K

Cp(w) Poincaré constant for the domain w

Boundary Integral Equations

Pp
Pp.F
Dy

PE(PBh)

P aBn)

s(x)
V()K

7/1K

Basis of ng (%)

Set of basis functions from @ p with supportin F € .7,

Basis of «@;f‘;,h(%h)

Space of continuous functions which are piecewise polynomials of
degree smaller or equal k over the boundary mesh %), with basis @p
Space of L>(0K) functions which are piecewise polynomials of
degree smaller or equal k — 1 over the boundary mesh %, with
basis @y

Scalar term on 0K (see (4.5) and Remark 4.1)

Trace operator, which gives the trace of a function defined on K on
the boundary 0 K

Conormal derivative operator, which gives the outer normal deriva-
tive on 0K for sufficiently smooth functions defined on K (might be
scaled by diffusion matrix A)

Modified conormal derivative operator on dK for convection-
diffusion-reaction equation (see (6.34))

Hypersingular integral operator

Discretization of the hypersingular integral operator

Regularized discretization of the hypersingular integral operator
Double-layer potential operator

Adjoint double-layer potential operator

Discretization of the double-layer potential operator

Massmatrix for @ and @p

Massmatrix for @p and @p

Massmatrix for @ and @y

Outward unit normal vector on d K at the pointx € 4K
Poincaré-Steklov operator (Neumann-to-Dirichlet map)
Steklov—Poincaré operator (Dirichlet-to-Neumann map)
Symmetric discretization of the Steklov—Poincaré operator
Unsymmetric discretization of the Steklov—Poincaré operator

Approximation of the Steklov—Poincaré operator



Acronyms

\
Vg

XVvii

Discretization of the single-layer potential operator
Single-layer potential operator

Adaptivity and Error Estimates

Il Energy norm induced by the bilinear form of the variational formulation

Il - llp.o Energynorm with restricted integration domain w

[un] F Jump of the conormal derivative of uj over F, where F is either an edge

(d =2)oraface (d =3)

RFp Edge/face residual

Rk Element residual

Miscellaneous

dij Kronecker symbol

[IFa Frobenius norm of a matrix

og Uniform bound of aspect ratio in auxiliary discretization .73, (/%)

Th(K) Auxiliary discretization of K with triangles or tetrahedrons (see
Sects. 2.2.1 and 2.2.2); we also use 75, (-) = ()

T () Admissible auxiliary discretization of §2 with triangles or tetrahedrons
constructed by 7, (K), K € %,

T (F) Auxiliary triangulation of a face with mesh level /

J/(0K) Admissible auxiliary triangulation of the surface of an element con-
structed by 7 (F), F € F(K)

J1(K) Auxiliary discretization into tetrahedra of element constructed by
Ji(0K)

T () Admissible auxiliary discretization of £2 into tetrahedra constructed by
J1(K), K €

Sk Affine mapping which serves for the scaling and depends on the context

Mcoy(K) Covariance matrix of element K

XK Barycentre of element K



Chapter 1 )
Introduction Check for

The numerical solution of boundary value problems on polygonal and polyhedral
discretizations is an emerging topic, and the interest on it increased continuously
during the last few years. This work presents a self-contained and systematic
introduction, study and application of the BEM-based FEM with high-order approx-
imation spaces on general polytopal meshes in two and three space dimensions.
This approach makes use of local boundary integral formulations that will also be
discussed in more detail. The study of interpolation and approximation properties
over isotropic and anisoptropic polytopal discretizations build fundamental concepts
for the analysis and the development. The BEM-based FEM is applied to adaptive
FEM strategies, yielding locally refined meshes with naturally included hanging
nodes, and to convection-diffusion-reaction problems, showing stabilizing effects
while incorporating the differential equation into the approximation space. All the-
oretical considerations are substantiated with several numerical tests and examples.

1.1 Overview

Computer simulations play a crucial role in modern research institutes and devel-
opment departments of all areas. The simulations rely on physical models which
describe the underlying principles and the interplay of all components. Such proper-
ties are often modelled by differential equations and in particular by boundary value
problems in the mathematical framework. In order to realise these formulations on a
computer, discretizations have to be introduced such that the unknown quantities of
interest can be approximated accurately and efficiently. The probably most accepted
and most successful discretization strategy for boundary value problems in science
and engineering is the finite element method (FEM). Furthermore, there are the
discontinuous Galerkin (DG), the finite volume (FV) and the boundary element
methods (BEM), which all have their advantages in certain application areas.

© Springer Nature Switzerland AG 2019 1
S. WeiBler, BEM-based Finite Element Approaches on Polytopal Meshes,
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2 1 Introduction

Fig. 1.1 Polygonal and polyhedral meshes

Most of these approaches, and in particular the finite element method, rely on
the decomposition of the computational domain into simplicial elements, which
include triangles as well as quadrangles in two-dimensions and tetrahedra as well
as hexahedra in three-dimensions. These elements form the mesh of the domain
that is utilized in the discretization of the corresponding function spaces containing
the sought quantities. In high-performance computing and in applications needing
accurate and efficient results, the use of problem adapted meshes is essential. Such
meshes might be constructed using a priori knowledge or adaptive finite element
strategies, which successively and automatically refine the meshes in appropriate
regions. But in all these cases the meshes have to be admissible and satisfy some
regularity properties. Nowadays, there are efficient approaches, which deal with
these mesh requirements. Nevertheless, they still have to be considered in the
implementations. Such issues appear in contact problems and when some parts
of the computational domain are meshed independently. Obviously, the restrictive
nature is caused by the small variety of supported element shapes. This also results
in difficulties, when meshing complex geometries.

An enormous gain on flexibility is achieved by the use of polygonal (2D)
and polyhedral (3D) meshes in the discretizations, cf. Fig. 1.1. General polygonal
and polyhedral element shapes adapt more easily to complex situations. They
naturally include so called hanging nodes, for example, which cause additional
effort in classical meshes when dealing with adaptivity or non-matching meshes.
Already in 1975, Wachspress [172] proposed the construction of conforming
rational basis functions on convex polygons with any number of sides for the
finite element method. In that time, however, the construction was not attractive
for the realization in efficient computer codes, since the processing power was
too low. The advent of mean value coordinates [75] in 2003 was a turning
point in the sustained interest and further development of finite element methods
on polygonal meshes. Only recently, these meshes received a lot of attentions.
Several improved basis functions on polygonal elements have been introduced and
applied in linear elasticity for example, see [164, 165]. They are often referred to
generalized barycentric coordinates and polygonal finite elements. Beside of mean
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value coordinates [75, 101], there are maximum entropy coordinates [12, 102, 163]
and several others as described in the book Generalized Barycentric Coordinates
in Computer Graphics and Computational Mechanics, see [103]. These coordinates
are applied in computer graphics for character articulation [112, 126], for instance.
A mathematical discussion of properties and applications as well as an error analysis
can be found in [77, 84]. An up-to-date survey of barycentric coordinates is given
in [76, 103].

Beside of the polygonal finite element methods, the finite volume methods are
successfully applied on polygonal and polyhedral meshes [57]. These methods
produce non-conforming approximations and they are popular in computational
fluid dynamics (CFD), where polyhedral meshes often yield more accurate results as
structured grids. Due to this advantage, the polyhedral meshes for CFD simulations
with finite volume approximations were integrated in software packages like
OpenFOAM, ANSYS Fluent and STAR-CD from CD-adapco. The mimetic finite
difference methods [124] are a related methodology, which have been initially
stated on orthogonal meshes and have then be transferred to general polyhedral
discretizations. A mathematical analysis on general meshes has been performed
in [46] and only a few years ago new insights enabled conforming and arbitrary
order approximations within mimetic discretizations [24]. A detailed discussion
and introduction can be found in the monograph [27]. The newly derived concept
gave rise to the development of the virtual element method (VEM), see [25]. The
analysis of VEM is performed in the finite element framework, which offers a rich
set of tools. Since 2013, the development of VEM spread fast into several areas
including linear elasticity [26, 81], the Helmholtz [138] and the Navier—Stokes
problem [32], mixed formulations [42], stabilizations for convection problems [33],
adaptivity [23, 31, 35, 50] and many more. Further non-conforming discretization
techniques, that are applied and analysed on polygonal and polyhedral meshes, are
the discontinuous Galerkin [66] and the recently introduced hybrid higher-order [65]
and weak Galerkin [173] methods.

Another conforming approximation scheme came up in parallel to VEM when
D. Copeland, U. Langer and D. Pusch proposed to study the boundary element
domain decomposition methods [106] in the framework of finite element methods
in [60]. This class of discretization methods uses PDE-harmonic shape functions
in every element of a polytopal mesh. Therefore, these methods can be considered
as local Trefftz FEM following the early work [168]. In order to generate the local
stiffness matrices efficiently, boundary element techniques are employed locally.
This is the reason why these non-standard finite element methods are called BEM-
based FEM. The papers [95] and [93] provide the a priori discretization error
analysis with respect to the energy and L, norms, respectively, where homogeneous
diffusion problems serve as model problems. Fast FETI-type solvers for solving the
large linear systems arising from the BEM-based FEM discretization of diffusion
problems are studied in [97, 98]. Residual-type a posteriori discretization error esti-
mates are derived in a sequence of papers for adaptive versions of the BEM-based
FEM [174, 178-180, 182] and anisotropic polytopal elements are studied in [181].
Additionally, high-order trial functions are introduced in [145, 146, 175, 177], which
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open the development towards fully #p-adaptive strategies. Furthermore, the ideas
of BEM-based FEM are transferred into several other application areas. There are,
for instance, first results on vector valued, H (div)-conforming approximations [73]
and on time dependent problems [176]. Additionally, the notion of anisotropic poly-
topal elements has been applied to VEM [9]. The construction of PDE-harmonic
trial functions seems to be especially appropriate for convection-diffusion-reaction
problems. First results are presented in [96] and extended in [99] utilizing the
hierarchical construction discussed in [147].

One of the probably most attractive features of polygonal and polyhedral meshes
is their enormous flexibility, which has not been fully exploited in the literature
so far. In modern high-performance computations the use of problem adapted
meshes is one of the key ingredients for their success. The finite element method
is often combined with an adaptive strategy, where the mesh is successively adapted
to the problem. Error indicators gauge the approximation quality and steer a
local mesh refinement procedure. Refining classical elements like triangles and
tetrahedra affect their neighbouring elements in the mesh. After subdividing several
elements, the neighbours are not correctly aligned any more. Therefore, some
kind of post-processing is mandatory in order to maintain the mesh admissibility.
When polygonal and polyhedral elements are used, local refinements might affect
the neighbouring elements, but these elements are still polygonal and polyhedral
and are thus naturally supported. This effect solves the handling of so called
hanging nodes and it has been demonstrated in [174]. Although this is a fruitful
topic, there are only few results available on a posteriori error analysis and
adaptivity for conforming approximation methods on polygonal and polyhedral
meshes. For the virtual element method see [23, 31, 35, 50] and for the mimetic
discretization technique there are also only several references which are limited
to low order methods, compare the recent work [7]. Further analysis on quasi-
interpolation operators, residual-based error estimates and local mesh refinement
for polygonal elements has been performed in [174, 178] with applications to the
BEM-based FEM. Additionally, an extension to non-convex elements and high-
order approximations with upper and lower bounds for the residual-based error
estimator is derived in [180]. Beside of the classical residual-based error estimation
techniques, there exist goal-oriented error estimation [22]. Instead of considering the
energy error, goal-oriented strategies allow for adaptive refinement steered by some
quantity of interest. Thus, these methods are practical in engineering simulations.
First results on polygonal meshes have been obtained in [182].

Problem adapted meshes are also utilized in computations, where sharp layers
in the solution are expected. This appears in convection-dominated problems, for
instance. If the unknown solution changes rapidly in one direction but rather slowly
orthogonal to it, anisotropic meshes are beneficial in finite element computations.
These meshes contain anisotropic tetrahedral and hexahedral elements which are
stretched in one or two directions but thin in the others. In contrast to the usual,
isotropic meshes these stretched elements need special care in their analysis. The
anisotropy of the mesh has to be aligned with the anisotropy of the approximated
function in order to obtain satisfactory results [10]. The quality of the alignment
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is reflected in a posteriori error estimates [119]. Such estimates can be used
to steer an adaptive refinement strategy with anisotropic elements [11, 79]. In
comparison to adaptive, isotropic mesh refinement, less elements are required
and the efficiency is increased. Simplicial meshes with triangles and tetrahedra
or rectangles and hexahedra have often restrictions on their possible anisotropic
refinements. Therefore, the initial mesh should be aligned already with the sought
function. The use of polygonal and polyhedral elements simplifies the anisotropic
refinement, since they do not rely on any restricted direction for subdividing the
elements. These new opportunities have been exploited in [9, 181].

The BEM-based FEM has its advantageous not only in the treatment of general
meshes. It can be considered a local Trefftz method. This means that the shape
functions in the approximation space are build with accordance to the differential
equation in the underlying problem. These shape functions satisfy the homogeneous
differential equation locally and thus build in some features of the problem into the
approximation space. This behaviour has been studied numerically for convection-
dominated diffusion problems in [96]. Where conventional approaches without any
stabilization lead to oscillations in the solution, the BEM-based FEM remains stable
for increased Péclet numbers, i.e., in the convection-dominated regime. The results
have been improved in [99], where the idea of Trefftz approximations has been build
in on the level of polyhedral elements, their polygonal faces and on the edges of the
discretization. Comparisons with a stabilized FEM, the Streamline Upwind/Petrov-
Galerkin (SUPG) method [48], have shown an improved resolution of exponential
layers at outflow boundaries.

The use of local Trefftz-type approximation spaces is also studied in other areas.
One example is the plane wave approximation for the Helmholtz equation [91] or the
Trefftz-DG method for time-harmonic Maxwell equations [92]. The combination
and coupling of such innovative approaches is quite appealing in order to combine
the flexibility of polygonal and polyhedral meshes with problem adapted approx-
imation spaces. Just recently, plane waves have been combined with the virtual
element method [138]. All these quite new developments have a great potential and
might benefit from each other. Their interplay has been studied rarely and opens
opportunities for future developments.

1.2 OQutline

The aim of this book is to give a systematic introduction, study and application of
the BEM-based FEM. The topics range from high-order approximation spaces on
isotropic as well as anisotropic polytopal meshes over a posteriori error estimation
and adaptive mesh refinement to specialized adaptations of approximation spaces
and interpolation operators. The chapters are organized as follows.

Chapter 2 contains a discussion of polygonal as well as polyhedral meshes
including regularity properties and their treatment in mesh refinement. Furthermore,
the construction of basis functions is carried out for an approximation space over
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these general meshes. They are applied in the formulation of the BEM-based
FEM, which is obtained by means of a Galerkin formulation. Its convergence and
approximation properties are analysed with the help of introduced interpolation
operators.

In Chap.3, best approximation results and trace inequalities are given for
polytopal elements. By their application, quasi-interpolation operators for non-
smooth functions over polytopal meshes are introduced and analysed. In particular,
operators of Clément- and Scott—Zhang-type are studied. Furthermore, the notion of
anisotropic meshes is established for polytopal discretizations. These meshes do not
satisfy the classical regularity properties introduced in Chap. 2. Consequently, they
have to be treated in a special way.

The local problems in the definition of basis functions for the BEM-based FEM
are handled by means of boundary integral equations. Chapter 4 gives a short
introduction into this topic with a special emphasis on its application in the BEM-
based FEM. Therefore, the boundary integral operators for the Laplace problem
are reviewed in two- and three-dimensions and corresponding boundary integral
equations are derived. Their discretization is realized by a Galerkin boundary
element method and by an alternative approach that relies on the Nystrom method.

In Chap. 5, adaptive mesh refinement strategies are applied to polytopal meshes
in the presence of singularities. In particular, a posteriori error estimates are derived
which are used to drive the adaptive procedure. For the error estimation, the classical
residual based error estimator as well as goal-oriented techniques are covered on
general polytopal meshes. Whereas, the reliability and efficiency estimates for the
first mentioned estimator are proved, the benefits and potentials of the second one
are discussed for general meshes.

In Chap. 6, some further developments and extensions are taken up. The intro-
duction of H (div)-conforming approximation spaces in the sense of the BEM-based
FEM is highlighted. Additionally, a hierarchical construction of basis functions in
three-dimensions is discussed and applied to convection-diffusion-reaction prob-
lems. The presented strategy integrates the underlying differential equation into the
approximation space and yields therefore stabilizing properties.

Throughout the book, there are numerical examples, tests and experiments that
illustrate and substantiate the theoretical findings.

1.3 Mathematical Preliminaries

In the following, we summarize some mathematical preliminaries on variational
formulations and we give the definition of certain function spaces. For the precise
definitions, however, we refer to the specialized literature. The classical results on
Sobolev spaces can be found in Adams [1], and for Sobolev spaces of rational
exponent we refer to Grisvard [87]. A detailed discussion on Sobolev spaces
on manifolds and their application to boundary integral equations is given in
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McLean [128]. The experienced reader might skip the following sections and come
back to them if needed. This section serves as reference only and does not contain
all mathematical details.

1.3.1 Function Spaces and Trace Operators

In the study of boundary value problems, the solutions have to be specified in proper
function spaces. In the following, we give definitions of several spaces. For this
reason, let £2 be any measurable subset of R?, d € N with strictly positive Lebesgue
measure. The Banach spaces L1(§2) and L,(2) are defined in the usual way with
the corresponding norms

5 12
e = [ uoldx and b = ( [ weorax)”
2 2

respectively. Here, the symbol | - | denotes the absolute value. But in other contexts,
it might denote the Euclidean norm, the d or d — 1 dimensional measure or even the
cardinality of a discrete set. Furthermore, let the space of locally integrable functions
be labeled by

L'°(2) = {u : u € L1(K) for any compact K C £2} .

The space L, (£2) together with the inner product

(W, V)1, (2) =/Qu(x)v(x)dx

becomes a Hilbert space. Additionally, we denote by L, (£2) the space of measur-
able and almost everywhere bounded functions. It is equipped with the norm

lull Lo s2) = €ss sup |u(x)| = inf sup |u(x)]|,
* xeR KC&2,IKI=0xe\K

where | K| is the d dimensional Lebesgue measure of K. For a d — 1 dimensional
manifold I", the space L, (I") is defined in an analog way. Here, the surface measure
is used instead of the volume measure.

The space of continuous functions over £2 is denoted by C%(£2) and equipped
with the supremum norm

||M||c0(g) = sup |u(x)| .
xef2
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Leto = (a1,...,04) € Ng be a multi-index, i.e., a d-tuple with non-negative
entries, and set

d\D [0\
| =a; +---+ag aswellas 0% = )
dx1 dxg

The order of the partial derivative 9% is the number |«|. For any integer £ > 0 and
£2 open, we define

Ck(.Q) = {u : 9%u exists and is continuous on §2 for |a| < k} .

In the special case that k = 0, the space of continuous functions over 2 is recovered.
Furthermore, we define

Ch(2) = (u e C*(2) : supp u c 2},
where
supp u = {x € 2 : u(x) # 0},
and set

C®(R) = ﬂ Ck(2) aswellas C°(2) = ﬂ Ch(s2) .
k>0 k>0

Finally, we review the space of Lipschitz functions
COl2)={uec®2):3IL>0:|ux —uly)| <L|x—y|forx,y € 2}
and
Chl(2) ={ue ck): 9% e c®1(2) for |a| = k}

for k € N. The space of Hdolder continuous functions is a straightforward
generalization. For k € (0, 1], it is

CO)={uec®R):3C>0:|ux —uly)| <Clx—y|forx,y € 2}
and
Ch*(2) = {u e CK(2) : 9%u € C¥* () for |a| = k}

fork € N.
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1.3.1.1 Sobolev Spaces

Let £ be a non-empty open subset of R?, d € N. The Sobolev space H*(£2) of
order k € Ny is defined by

H*(2) = {u € Ly(2) : 3%u € Ly(82) for || < k} (1.1
with the norm || - || g7 () and the semi-norm | - | gk gy, where
1/2

1,2
> il e) e = (3 1500

|| <k l|=k

||”||Hk(g) = (

Here, the partial derivative 0%« has to be understood in the weak sense. More
precisely, let the functional g, : C3°(£2) — R be the distributional derivative of
u with index «, i.e., g, satisfies

(, 3°9) 1,2) = (=) gy (9)

forall ¢ € Cgo (£2). Furthermore, let g, have the representation
galp) = /Q @(x) 0%u(x) dx

for all ¢ € C§°(£2) with some function 9%u € Lll""(.Q) which is defined uniquely
up to an equivalence class. In this case, 0%u is called the weak derivative of u with
index «. The additional condition d%u € L3($2) in (1.1) ensures that the weak
derivative can be chosen such that it is square integrable.

For the definition of Sobolev spaces with fractional order s > 0, lets = k + p
with k € Ng and p € [0, 1). The Sobolev—Slobodekij norm is given by

1/2
luell s 2y = <||u||i,k(m + > |a“u|%m)> :
lor|=k

where

ul (/ ) —u@® )”2
Ulgr Q) = xay .
@) elo Ix—y[dtm

Therefore, we define

HA(.Q) = {u [S Hk(.Q) : |8°‘u|Hu(_Q) < oo for |Ot| = k} .
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The Sobolev norm || - || gs(g) for arbitrary real s > 0 is induced by the inner product

@, V) s@) = (0, V) ey + Y, (0%u, 0°0) ()
la|=k

with

(u, U)Hk(g) = Z (0%u, aOtU)Lz(.Q)

| <k

and

(U, V) (2 = /ﬂ/ﬂ (u(x) — u(y))(vx) — v(y)) ixdy

|x — y|d+2M

Hence, H®(£2) is a Hilbert space for all s > 0.

1.3.1.2 Sobolev Spaces on the Boundary

For the definition of Sobolev spaces on the boundary of a domain, we have to restrict
the class of admitted domains. Therefore, let 2 C R, d € N be a bounded open
set with boundary I". Additionally, we assume that I" is non-empty and has an
overlapping cover that can be parametrized in the way

r=\Jr, F,-:’xeRd:x=xi(é)f0réeK,-CRd_ll. (1.2)

i=1

With regard to the decomposition of I, let {¢; }le be a partition of unity with non-
negative cut off functions ¢; € C§° (R?) such that

p
Zq);(x):l forx e I, 0ix) =0 forxelI'\I;.
i=1

For a function u# defined on I", we write

p

P
u(®) =Y uX)gi(x) =Y wui(x) forxerl,

i=1 i=1

where u;(x) = u(x)g;(x). In the next step, x is replaced by the parametrisation
from (1.2) and we obtain

ui(x) = u(X)@; (x) = u(i (§)pi (i (§)) foré e K; R i=1,...,p.
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The last expression is abbreviated to u; (§). These functions are defined on bounded
subsets of R?~! and thus the Sobolev spaces from Sect. 1.3.1.1 can be used. To sat-
isfy u; € H*(K;) for s > 0, the corresponding derivatives of the parametrisation ;
have to exist. For the definition of these derivatives of order up to s < k, we have to
assume x; € Ck’l’l(K,-).

For 0 < s < k, the Sobolev norm

P 1/2
2
|mem=(iﬂmmmﬂ ,

i=1

which depends on the parametrisation of I, is defined. By the use of this norm the
Sobolev spaces H*(I") can be introduced. For a Lipschitz domain £2 and s € (0, 1),
the Sobolev—Slobodekij norm

lu(x) — u(y)[? 12
nwmm=0w@m+/ Y dsedsy
r

r |X _ y|d71+2s

is equivalent to || - ||gs(r),, and thus, the space H*(I") is independent of the
parametrisation chosen in (1.2). For s < 0, we define H*(I") as the dual space
of H~%(I") and equip it with the norm

lu(v)]
lullgscry = sup .
ozver—s ) Ila=sr)

Additionally, we need some spaces which are only defined on a part of the boundary.
Let I be an open part of the sufficiently smooth boundary I". For s > 0, we set the
Sobolev space

H'(I') = {u=1lp, :u € H (I}
with the norm

uj\gs = inf il gs .
lluell s () e s (o = [l 15 ()

Furthermore, let

~

H*(I'y) = {u=1p, : e H(I'), supp it C Iy} ,

and for s < 0, we set H*(Ip) as the dual space of H* (I'p). Finally, we define a
Sobolev space over the boundary with piecewise regularity. Therefore, let

r=\Jri. LNr=o fori#j,

i=1
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and define
H3,(I) = ’u e BNy culp e HYI), i = 1, ...,p] .

This space is equipped with the norm

p 12
2
Il g,y = (§ j ||u|r,.||Hx(m) |
i=1

1.3.1.3 Properties of Sobolev Spaces

To state some properties of Sobolev spaces, we have to guarantee certain regularities
of the domain §2 and its boundary I". Therefore, we take from [87] the following
definition.

Definition 1.1 Let £2 be an open subset of RY. We say that its boundary I’
is continuous (respectively Lipschitz, continuously differentiable, of class
Ck1, k times differentiable) if for every x € I' there exists a neighbourhood U
of x in R and new orthogonal coordinates {£1, ..., &;} such that

1. U is an hypercube in the new coordinates:

U={¢&,....&):—ci<é& <c,i=1,...,d},

2. there exists a continuous (respectively Lipschitz, continuous differentiable, of
class C%!, k times continuously differentiable) function £, defined in

U/Z{(Sl,...,éjd_l):—ci<§i <c,i=1,...,d -1},

and such that

IfEN <ca/2 forevery& = (§1,....64a-1) €U’
NU={§=("85)eU: & < f(&)},
rnv={=¢ %) elU:&=f(E)}.

If £2 has a Lipschitz boundary, we call §2 a Lipschitz domain. From now on, we
restrict ourselves to bounded domains 2. So, the boundary I is compact, and thus

there is a finite cover of I", which can be used to construct a parametrisation as given
in (1.2). We state the famous Sobolev embedding theorem, see, e.g., [1, 49].

Theorem 1.2 (Sobolev Embedding) Ler 2 C R4, d € N be a bounded domain
with Lipschitz boundary and let 2k > d with k € N. For u € HK(Q), it is
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u € C%(82) and there exists a constant Cs > 0 such that
lullcocg) < Csllullgrigy foru e H ().

Remark 1.3 In [49], it is shown that for convex domains 2 with diameter smaller
or equal to one, the constant in Theorem 1.2 has the form

Cs=c|Q|7/?

with a constant ¢ > 0 which only depends on d and k.

Next, we give some results for traces of functions in Sobolev spaces. For
sufficiently smooth functions u over §2, we set the trace operator yy as restriction of
u to the boundary I, i.e.

y0u=u|r.

This operator has continuous extensions such that the following theorems taken
from [61] and [128] are valid.

Theorem 1.4 If the bounded subset 2 of R has a boundary T of class C*¥~1-! and
if1/2 <s <k, then

vo: H'(2) — H V()
is a bounded linear operator, i.e.
lvoull gs—12(ry < et llullas(2y foru € H*(L2) .
This operator has a continuous right inverse
¢ H V() > H(2)
with yo&v = v forall v € H*~V/2(I") and
1€l gs@2) < crr Wllgsm12ry  forve HSTNI) .

Theorem 1.5 If 2 C R? is a bounded domain with Lipschitz boundary I', then the

trace operator yy is bounded for é <s< ;

1.3.2 Galerkin Formulations

At several places in this book, we are concerned with operator equations and in
particularly with weak formulations of differential equations. These are treated by
means of Galerkin formulations in the continuous as well as in the discretized
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versions. We also call these formulations variational problems. In the following,
we give a summary on this topic.

Let V be a Hilbert space with inner product (-, -)y and corresponding induced
norm || - |y = +/(-, -)v. The abstract setting of a Galerkin formulation is

FindueV: a(u,v)=4£4Wv) YveV, (1.3)

where a(-,-) : V x V — R denotes a bilinear and £(-) : V — R a linear form.
The bilinear form is said to be continuous or bounded on V if there exists a constant
c1 > 0 such that

la(u, v)| < cillullvllvly  foru,veV.
Furthermore, a(-, -) is called V-elliptic if there is another constant ¢; > 0 such that
a(v,v) > eafv|} forveV.
Analogously, £(-) is said to be continuous if
)| < cellvlly forveV,

for a constant ¢, > 0. Hence, a continuous linear form is a bounded functional on V
and therefore, it belongs to the dual space of V.

Theorem 1.6 (Lax—Milgram Lemma) Let V be a Hilbert space, a(-,-) : V X
V — R be a continuous V -elliptic bilinear form, and let £ : V — R be a continuous
linear form. The abstract variational problem (1.3) has one and only one solution.

In the proof of the Lax—Milgram Lemma, the Riesz representation theorem is
utilized, see, e.g., [58] or the original work [121].

Theorem 1.7 (Riesz Representation Theorem) Ler V' be the dual space of V
equipped with the norm

[€(v)]

€y = .
ovev llvllv
For each £ € V', there exists a unique u € V such that

(u,v)y =L() forveV
and

lully = 1[€llv .

In the numerics, it is not possible to work with the space V directly. Therefore,
a finite dimensional subspace V), of V is introduced and the discrete Galerkin
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formulation
Findup € Vi, a(up, vy) = £(vy) Vv, € Vp (1.4)

is considered. Since V), C V, the method is said to be conforming. Due to the finite
dimension of Vj, we can introduce a basis ¥ with V, = span ¥ and dimV, = n
for some n € N. Next, we express u, as linear combination of basis functions

uhzz:uww,

yew

and we have to test (1.4) only with v, = ¢ for all ¢ € ¥. Consequently, we end
up with a system of linear equations to compute the unknown coefficients uy of uy.

More precisely, let u;, be the vector with components uy, i.e. u;, = (uy) pew- Ve
obtain

Au, =b (L.5)
with

A= (a(y, cp))ww e R™ and b= (E((p))‘pelp eR".

The system matrix A is positive definite because of the V-ellipticity of the bilinear
forma(-, -). Therefore, the n xn system of linear equations admits a unique solution.
If the system (1.5) of linear equations is small, we use an efficient direct solver of
LAPACK [6]. In case of large systems, however, iterative solvers are preferable.
For symmetric matrices we apply the conjugate gradient method (CG) [90] and for
non-symmetric matrices we utilize GMRES [150].

Nevertheless, the question remains how the Galerkin formulations (1.3) and (1.4)
are related to each other. Céa’s Lemma gives the answer. The discrete Galerkin
formulation (1.4) yields the quasi-best approximation of the solution of (1.3).

Lemma 1.8 (Céa’s Lemma) Ler V be a Hilbert space and Vi, C V a finite
dimensional subspace of V, let a(-,-) : V x V. — R be a continuous V -elliptic
bilinear form, and let £ : V — R be a continuous linear form. Furthermore, let
u € V be the solution of (1.3) and up € Vy be the solution of (1.4). The abstract
error estimate

1 .
lu —uplly <~ min [lu —vplly (1.6)
C2 vp€Vp

holds.

Consequently, we can estimate the error of the Galerkin approximation by studying
interpolation properties of the finite dimensional subspace. More precisely, we can
estimate the minimum on the right hand side of (1.6) by inserting an interpolation



16 1 Introduction

of u in the space V. Thus, we have to introduce interpolation operators and to
prove interpolation error estimates. This yields error estimates for the Galerkin
approximation of the form

lu —unll < cb® [ull

with certain norms || - || and || - ||, where s € R and b corresponds either
to the characteristic mesh size &, defined later, or to the number of degrees of
freedom (DoF) in the system of linear Eq. (1.5). We say in this case that the error
in the norm || - || converges with order s with respect to ). In our computational
tests, we verify the theoretical orders of convergence. Therefore, let Vj, and V), be
two approximation spaces with corresponding h and b,.. We compute the numerical
order of convergence (noc) as

log(llu — unll) —log(llu — up, )

: (1.7)
log(h) —log(hx)

which is an approximation on s in the error model
llu —unll = cb® flull .
An important analytical tool in order to prove interpolation error estimates is the

Bramble-Hilbert Lemma, see [58] and below. Beside of this, we extensively apply
the triangle and reverse triangle inequality,

lx+yll < lxll+ 1yl and  [llxll =yl = llx+ ¥l
for all kinds of norms, as well as the Cauchy—Schwarz inequality
1Ce, = llx NIy
where the norm || - || is induced by the inner product (-, -), i.e. || - | = 4/, -). Here,

x and y might refer to vectors, functions or vector valued functions depending on
the context of the inequality.

Theorem 1.9 (Bramble-Hilbert Lemma) Let 2 C RY be a Lipschitz domain.
For some integer k > 0, let f be a continuous linear form on the space H**1(£2)
with the property that

f(p)=0 Vpe 2).
There exists a constant C(82) such that

If)] < C(82) Ifll« [v] gr+1(g2) »

where || - ||« is the norm in the dual space ofHk'H(.Q).



Chapter 2 )
Finite Element Method on Polytopal Shethie
Meshes

The finite element method (FEM) is a powerful tool for the approximation of
boundary value problems, which is widely applied and accepted in science and
engineering. The approach relies on the decomposition of the underlying domain
into elements and the construction of a discrete approximation space over the given
discretization. The BEM-based finite element method can be seen as a generaliza-
tion in order to handle more general elements in the mesh. This chapter contains a
discussion of polygonal as well as polyhedral meshes and the construction of basis
functions for the approximation space over these general meshes. The formulation
of the BEM-based FEM is obtained by means of a Galerkin formulation and its
convergence and approximation properties are analysed with the help of introduced
interpolation operators. Numerical experiments confirm the theoretical findings.

2.1 Preliminaries

The approximation space in the BEM-based finite element method is defined in
accordance with the underlying differential equation of the considered boundary
value problem. For this presentation, we choose the diffusion problem with mixed
boundary conditions on a bounded polygonal/polyhedral domain 2 ¢ R?,d = 2, 3.
Its boundary I = I'p U 'y is split into a Dirichlet and a Neumann part, where
we assume |I'p| > 0. Given a source term f € L»(82), a Dirichlet datum
gp € HI/Z(FD) as well as a Neumann datum gy € Ly(Iy), the problem reads

—div@Vu) = f in$2,
u=¢gp OHFD, (2.1)

aVu-n=gy only,
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where a € Loo(82) with 0 < apin < a < amax almost everywhere in £2 and n is
the outward unit normal vector on I". This boundary value problem is considered
in the week sense with the help of a Galerkin formulation. Thus, we seek a solution
ue H 1(.Q), where we denote, as usual, the Sobolev spaces of order s € R with
H?® (D) for some domain D C §2, cf. Sect. 1.3. Furthermore, we utilize the space
of polynomials 27%(D) with degree smaller or equal k € Ny with the convention
that 2~ 1(D) = {0}. Here, D might also be a one- or two-dimensional submanifold
of £2. For simplicity, we assume in the first part that the diffusion coefficient a is
piecewise constant and its jumps are resolved by the meshes later on. Nevertheless,
we will also give a strategy for the more general situation of continuously varying
diffusion coefficients. Our goal is to introduce a H'-conforming approximation
space of arbitrary order k € N which yields optimal rates of convergence in the finite
element framework. In all estimates, ¢ denotes a generic constant that depends on the
mesh regularity and stability, the space dimension d and the approximation order k.
The following discrete approximation of H'(§2) is constructed but not limited to the
diffusion equation. It can also be applied to other boundary value problems where
H'-conforming approximations are desirable.

2.2 Polygonal and Polyhedral Meshes

For the finite element method, we have to introduce a discretization %, of £2. In
this section, we distinguish the two- and three-dimensional case 2 C R? ,d=2,3.
In contrast to classical conforming finite element methods, we allow meshes
with general polygonal and polyhedral elements which are bounded. Examples
of such meshes are given in Fig.2.1. If we do not distinguish between the space
dimension d, we call the meshes and the elements polytopal. The elements K € %},

Fig. 2.1 Two examples for meshes with polygonal and polyhedral elements
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z
d o

Fig. 2.2 Two examples of neighbouring elements with additional nodes on the straight boundary

are non-overlapping open sets such that

2=|J k.

Keo,

The boundaries of the elements consist of nodes and edges in 2D as well as of
faces in 3D. An edge E = z,z, is always located between two nodes, the one at the
beginning z;, and the one at the end z.. These points are fixed once per edge and they
are the only nodes on E. In each corner of an element K, a node is located, but in
2D there could also be some nodes on straight lines of the polygonal boundary 9 K,
cf. Fig. 2.2. We stress this fact more carefully. If we have a triangle with three nodes
and we add some nodes on the boundary, this triangle turns formally into a polygon.
These additional nodes enrich the approximation space in the finite element method.
In this context, nodes on straight lines are natural since they are just ordinary nodes
for polygons. In triangular or quadrilateral meshes these nodes appear as hanging
nodes which are undesirable and do not influence the accuracy of the approximation.
In classical finite element implementations, such hanging nodes have to be treated
in a special way as conditional nodes or by removing them. Methods working
on polygonal meshes include such nodes naturally. In 3D, hanging nodes appear
naturally on edges of the polyhedral elements and one may have hanging edges
on the polygonal faces. The polygonal faces are assumed to be flat and they are
surrounded by edges which are coplanar.

For the later analysis, we need some notation. .4} denotes the set of all nodes in
the mesh 7. Itis A, = .0 U A4, p U Ny N, Where S @, A4, D, Nk N contain
the nodes in the interior of £2, on the Dirichlet boundary I'p and on the interior of
the Neumann boundary I'y, respectively. The transition points between I'p and I'y
belong to .4}, p. We denote the set of all edges of the mesh with &j,. In analogy to
the set of nodes, we decompose &, = &, U . p U N, Where &), o, &, p and
&y, N contain all edges in the interior of §2, on the Dirichlet boundary I'p and on
the Neumann boundary Iy, respectively. In 3D, we additionally have the set of all
faces ), = Fp.o U Fp p U .Zp, y with subsets analogous as before. Moreover,
the sets A4 (K), A4 (E) and 4 (F) contain all nodes which belong to the element
K € 4, the edge E € & and the face F € %), respectively. We denote the set of
edges which belong to the element K by &(K) and those which belong to a face F
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by &(F). The set .% (K) contains finally the faces of an element K. The union of
the boundaries of all elements

s = U K

Keoy

is said to be the skeleton of the discretization.

2.2.1 Mesh Regularity and Properties in 2D

The length of an edge E and the diameter of an element K are denoted by A g and
hx = sup{|x — y| : x, y € 0K}, respectively.

Definition 2.1 (Regular Mesh in 2D) The family of meshes ./, is called regular
if it satisfies:

1. Each element K € J#, is a star-shaped polygon with respect to a circle of
radius px and midpoint zg .

2. The aspect ratio is uniformly bounded from above by o, i.e.
hx/pk < oy forall K € J%,.

The circle in the definition is chosen in such a way that its radius is maximal, cf.
Fig.2.2. If the position of the circle is not unique, its midpoint zx is fixed once
per element. Additionally, we assume that hg < 1 for all elements K € 7.
This condition is no grievous restriction on the mesh since hx < 1 can always
be satisfied by scaling §2. Nevertheless, it is necessary in the forthcoming local
boundary integral formulations in 2D.

For the analysis of local boundary element methods used in the BEM-based
FEM and some proofs in Chap. 5, the regularity of a mesh is not enough. Another
important property is that the diameter of an element is comparable to the length of
its shortest edge. This is ensured by the following definition.

Definition 2.2 (Stable Mesh in 2D) The family of meshes .7}, is called stable if
there is a constant ¢z > 0 such that for all elements K € %, and all its edges
E € &£(K) it holds

hg <cyhg.

When we consider convergence or error estimates with respect to the mesh size
h = max{hg : K € J,}, it is important that the constants in the definitions above
hold uniformly for the whole family of meshes. For convenience we only write mesh
and mean a whole family for 7 — 0.

In the following, we give some useful properties of regular meshes. An important
analytical tool is an auxiliary triangulation .7, (K) of the elements K € #;,. This
triangulation is constructed by connecting the nodes on the boundary of K with
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Fig. 2.3 Auxiliary
triangulation 7, (K) of
star-shaped element K,
altitude 1, = alt(Tg, E) of
triangle Tg € 95, (K)
perpendicular to £ and angle
B = /zxzpz, as well as
triangle T € J5,(K) with
isosceles triangle Tf;,"
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the point zx of Definition 2.1, see Fig.2.3. Consequently, .7}, (K) consists of the
triangles Tg for E = zpz, € &(K), which are defined by the points z;, z, and zg .

Lemma 2.3 Let K be a polygonal element of a regular and stable mesh J¢),. The
auxiliary triangulation 95,(K) is shape-regular in the sense of Ciarlet [58], i.e.,
neighbouring triangles share either a common node or edge and the aspect ratio of
each triangle is uniformly bounded by some constant o 7, which only depends on
oy and cy .

Proof Let Tg € 95, (K) be a triangle with diameter A7, and let pr, be the radius of
the incircle. It is known that the area of T is given by |Tg| = £|3TE|,OTE, where
|0TE| is the perimeter of Tg. Obviously, it is [0Tg| < 3h7,. On the other hand,
we have the formula |Tg| = ;hEha, where h, = alt(Tg, E) is the altitude of the
triangle perpendicular to E, see Fig.2.3. Since the element K is star-shaped with
respect to a circle of radius pg, the line through the side E € & of the triangle does
not intersect this circle. Thus, 7, > pg and we have the estimate |Tg| > ;h EPK-
Together with Definition 2.1, we obtain

h AT 3h7 hi
Te _ 10Te|hT, < T <3chop ZE <3cyoy =07.
P 2|T| hepk h%
O
In the previous proof, we discovered and applied the estimate
|Tg| > JhEpk (2.2)

for the area of the auxiliary triangle. This inequality will be of importance once
more. We may also consider the auxiliary triangulation 7,(.#},) of the whole
domain §2 which is constructed by gluing the local triangulations .7, (K). Obvi-
ously, .75, () is also shape-regular in the sense of Ciarlet. Furthermore, the angles
in the auxiliary triangulation .7, (K) next to K can be bounded from below. This
gives rise to the following result.
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Lemma 2.4 Let ¢, be a regular polygonal mesh. There is an angle oy with
0 < ayy < m/3 such that for all elements K € %, and all its edges E € &(K)
the isosceles triangle Téso with longest side E and two interior angles oy lies
inside Tg € J5,(K) and thus inside the element K, see Fig.2.3. The angle oy only
depends on oy .

Proof Let Tg € J,(K). We bound the angle 8 = /zxzpz, in Tg nextto E = zpz,
from below, see Fig. 2.3. Without loss of generality, we assume that 8 < /2. Using
the projection y of zx onto the straight line through the edge E, we recognize

_ 1
snp= VT Sk Loy 2.3)

|zp —zx| — hx ~— ox

Consequently, it is § > arcsin oj_g,l. Since this estimate is valid for all angles next
to 0K of the auxiliary triangulation, the isosceles triangles T;°, E € &(K) with
common angle «.» = min{r/3, arcsin oj}l} lie inside the auxiliary triangles Tg
and therefore inside K. O

Remark 2.5 The upper bound of . is chosen in such a way that the longest side
of the isosceles triangle T is always the edge E. This fact is not important in the
previous lemma, but it simplifies forthcoming proofs.

Corollary 2.6 Let %, be a regular mesh. Every node belongs to a uniformly
bounded number of elements, i.e. |{K € &, 1z € N (K)}| < ¢, Vz € N} The
constant ¢ > 0 only depends on o .

Proof Due to the regularity of %}, every interior angle of an element is bounded
from below by & as we have seen in Lemma 2.4. This angle only depends on o_ .
Therefore, we have

|Me%%za/@M§{hJ,
%

where the term on the right hand side denotes the biggest integer smaller than or
equal to 2 /oy . O

Conversely, we have a more restrictive result, which additionally assumes the
stability of the mesh. Without the stability, the lengths of the edges might degenerate
and thus a regular polygonal element can have arbitrary many nodes on its boundary.

Lemma 2.7 Let %), be regular and stable. Every element contains a uniformly
bounded number of nodes and edges, i.e. |4 (K)| = |&(K)| < ¢, VK € .
The constant ¢ > 0 only depends on o and c .
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Proof We exploit the regularity of the mesh. Let K € %#,. In 2D it is obviously
| A (K)| = |&(K)|. With the help of (2.2), we obtain

Wy | N (K)| < o px hi|E(K)

IA

OX PKH Z cxhg
Eec&(K)

oxex Y, 2Tkl
Ec&(K)

IA

=20 cx |K]|

< 20;5/0;5//1%(.

Consequently, we have | A4 (K)| < 207 ¢ . O

The isosceles triangles and the auxiliary triangulation play an important role
in the analysis of error estimates later on. They are used in order to handle
polygonal elements and, in particular, to apply some results on interpolation of
functions over triangulations. Such results are applicable, if the polygonal mesh
is regular and stable, since then, the auxiliary triangulation is regular in the sense of
Ciarlet according to Lemma 2.3. However, in certain situations, we can weaken the
assumptions on the polygonal mesh and remove the stability. In [84], the following
result is proven with similar considerations as in the proof of Lemma 2.4 for convex
elements. However, the result is also valid in our more general case.

Lemma 2.8 For a regular mesh ¢y, all angles of all triangles in the auxiliary
triangulation J5,(%},) are less than m — arcsino_};,1 and, in particular, they are
strictly less than 7.

Proof We proceed similar as in the proof of Lemma 2.4. Therefore, let K €
be an element with edge E = 2,2z, and we consider the triangle Tz € 5, (K). It
is sufficient to bound the angle /z,zgz, and the larger angle of the others adjacent
to E, lets say /zpz.zk . It is easily seen form (2.3) that

/IpIg T < T — 2arcsina;£/1 .

In order to bound /z,z.zx we employ the point y once more which is the projection
of zx onto the line through E, see Fig.2.3. Without loss of generality we assume
/2p2o2g > /2 and thus 'y ¢ zpz.. It is

ly —zk| o PK 1

sin(w — /2pz.2x) = sin(/zgz.y) = > > .
|ze —2zx| — hx ~ ox

Applying arcsin yields /zpz,2g < 7 — arcsin oj_i,l and the result follows because of
arcsin a__%,l > 0Oduetooy > 0. |

An important consequence of this proposition is the following corollary.
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Corollary 2.9 Let K € %), be an element of a regular polygonal mesh . The
auxiliary triangulations 95, (K) and 95, (%) satisfy a maximum angle condition,
i.e., every angle in the triangles of the mesh is uniformly bounded from above by a
constant which is strictly less than . The maximum angle only depends on o .

Therefore, several approximation properties of finite element interpolation for linear
as well as for higher order basis functions are valid on this auxiliary discretization,
see [14, 114]. The constants appearing in those estimates depend on the maximum
angle and thus, on the aspect ratio o of the mesh %, but not on the stability
parameter ¢ .

2.2.2 Mesh Regularity and Properties in 3D

In addition to the diameter hg of an element K € %} and the edge length g of
E € &), we use the diameter & r of polygonal faces F € %, in the following.

Definition 2.10 (Regular Faces) A set of faces .7 is called regular if all faces
are flat polygons which are regular in the sense of Definition 2.1 with regularity
parameter o.#. The radius of the inscribed circle of F € %), is denoted by pr and
its center by zZf.

Definition 2.11 (Regular Mesh in 3D) The family of meshes %, is called regular
if it satisfies:

1. The associated set of faces .%), is regular.

2. Each element K € %, is a star-shaped polyhedron with respect to a ball of
radius px and midpoint zg .

3. The aspect ratio is uniformly bounded from above by o, i.e.
hx/pk < oy forall K € J%,.

The ball in the definition is chosen in such a way that its radius is maximal and, if
its position is not unique, the midpoint zx is fixed once per element. In contrast to
the two-dimensional case, we do not impose the restriction on the diameter of the
elements.

Definition 2.12 (Stable Mesh in 3D) The family of meshes .7}, is called stable if
there is a constant ¢z > 0 such that for all elements K € . and all its edges
E € &£(K) it holds

hg <cxyhg.

When we consider convergence or error estimates with respect to the mesh size
h = max{hg : K € J,}, it is important that the constants in the definitions above
hold uniformly for the whole family of meshes. As in the two-dimensional case, we
only write mesh in the following and mean a whole family for # — 0. The stability
ensures that for an element the lengths of its edges, the diameters of its faces and
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the diameter of itself are comparable. It yields
he <hp <hg <cxhe <cxhr

for K € #jandall F € #(K)and E € &(F).
Remark 2.13 For a regular and stable mesh .7}, it holds
he < c|F|, (2.4)

for K € 4, with F € .Z(K). This is a direct generalization of the stability
condition in two-dimensions, cf. Definition 2.2. Thus, (2.4) is valid for d = 2,3
if F is interpreted as edge and face, respectively. This inequality follows by

h2 h2
|Flzmppz=n § =m , %, .
Oz A

In the derivation of interpolation and error estimates, an auxiliary discretization
into tetrahedra will be the counterpart to the constructed triangulation in 2D. We
employ the introduced auxiliary triangulation from Sect. 2.2.1 in order to discretize
the polygonal faces and denote it by J(F) for F € %,. Note, that we have
chosen an index O instead of A. We introduce a family 7 (F) of triangulations,
where the meshes of level [ > 1 are defined recursively by splitting each triangle
of the previous level into four similar triangles, see Fig. 2.4. The set of nodes in the
triangular mesh is denoted by .#;(F). Obviously, the discretizations of the faces
can be combined to a whole conforming surface mesh of an element K € %, by
setting

0K = |J g ad 40K)= ) #4F).
FeZ(K) FeZ (K)

Finally, the auxiliary tetrahedral mesh .7 (K) of the polyhedral element K € %,
is constructed by connecting the nodes of the triangular surface mesh 77(d K') with

Fig. 2.4 Polyhedral element with surface triangulations of level / = 0, 1, 2
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the point zx. The tetrahedra constructed this way are denoted by T Although,
this auxiliary discretization may contain needle-like tetrahedra, their regularity
can be controlled by the mesh regularity and stability of the polyhedral mesh.
Combining the tetrahedral discretizations of the polyhedral elements forms an
auxiliary discretization .7; (%) for the whole domain 2. If the mesh level [ is not
important in later proofs and / = 0 is sufficient, we also write .7 (-) for Z(-) in
order to treat the two- and three-dimensional cases simultaneously.

Lemma 2.14 Let K be a polyhedral element of a regular and stable mesh J¢y,. The
auxiliary discretizations J;(K) and J;(), | > 0 are shape-regular in the sense
of Ciarlet [58], i.e., neighbouring tetrahedra share either a common node, edge or
triangular face and the aspect ratio of each tetrahedra is uniformly bounded by
some constant o, which only depends on o, 6.7, ¢y and the mesh level | in the
face discretization.

Proof The conformity of the auxiliary mesh is rather obvious. Thus, we only have
to bound the aspect ratio of the tetrahedra Ty € Z7(K), i.e., the ratio of the
diameter i1, and the radius pr,, of their insphere. For an arbitrary tetrahedron,
we have the relation

PTiee =

where Vr,, is the volume and Ar, is the surface area of the tetrahedron.
This relation is seen as follows. Vr, is equal to the sum of the volumes
Vit =1,..., 4, of the four tetrahedra Tier,; obtained by connecting the vertexes
with the center of the insphere. Each volume is computed as Vr,,, = é Ol T 1,
where 7; is the triangle on the surface of the initial tetrahedron T and pr,,
corresponds to the hight of Tie; over 7;. Consequently, it holds

4 4
1 1
VTlel = Z VTtet.i = Z 3pTlel|Tl| = 3pTlelATtet N
i=1 i=1

First, we study the case [ = 0, where only one node per face is added for the
triangulation of the element surface. We consider the auxiliary discretization and
choose an arbitrary tetrahedron Tie with corresponding triangle T € ;1 (F) in some
face F € %#(K) and with an edge E € &(F) such that E C T N dF. A rough
estimate for the surface area of this tetrahedron is

4 4 h2
Arg =) I <) X =2y .

i=1 i=1
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Let alt(Tiet, T) be the altitude of the tetrahedron Tie; over the side T and let alt(T, E)
be the altitude of the triangle T over the edge E. For the volume of T, we have

1 1
Vi = 3 alt(Teer, T)|T| = 6 alt(Tyer, T) alt(T, E) hg .

Since the faces of the element K and the element itself are star-shaped with respect
to circles and a ball according to Definitions 2.10 and 2.11, it holds pr < alt(T, E)
as well as pg < alt(Tiet, T') due to the construction of Ti; and 7. Consequently, we
obtain

1 1 1
V5. > hg > hxhphg > h3. .
Tt = 6,0K,0F E = 60407 KNFhE = 60405 E

This yields together with the stability, see Definition 2.12,

h hr, A 4o yozhl
Tiet _ Tt A Tret < HOF Nk 54035/016}6'5;/.

IO Ttet 3 VTlel B h?l)?

In the case [ > 1, the volume V7, gets smaller. The triangle T C F € F#(K) is
obtained by successive splitting of an initial triangle Ty of the mesh with level zero.
Due to the construction, these triangles are similar and the relation |7T'| = |T0|/4l
holds. Taking into account this relation in the considerations above gives the general
estimate

R,
IO Ttet

— 4l+l

< Otet WIith Oiet o ;g/aycgi, .

O

Similar to the two-dimensional case we obtain the following two results on the
object counts. In the corollary for three space dimensions, however, we additionally
assume the stability of the mesh in contrast to the lower dimensional setting.

Corollary 2.15 Let %), be a regular and stable mesh. Every node belongs to a
uniformly bounded number of elements, i.e. {K € &, 1z € N (K)}| < ¢
Vz € N},. The constant ¢ > 0 only depends on 0., 0.2 and ¢y .

Proof According to the previous Lemma 2.14, the auxiliary discretization Z (%)
is shape-regular in the sense of Ciarlet. Therefore, each node in the mesh %
belongs to a uniformly bounded number of auxiliary tetrahedra, and consequently
to a probably smaller uniformly bounded number of polyhedral elements. O

Lemma 2.16 Let %), be a regular and stable mesh. Every element contains a
uniformly bounded number of nodes, edges and faces, i.e.

A (K)<c, |EK)|<c, |FEK)|I<c, VKe.

The constants ¢ > 0 only depend on ¢, 0.7 and c_y .
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Proof For the surface area of a polytopal element K € %}, we have due to the
regularity and stability of the mesh

h2
oK|= FIz1Z®)lw 5%,
FeZ(K) HEF

see Remark 2.13. Using the auxiliary discretization into tetrahedra T with
corresponding triangles T € Z(dK), for which |T| < 3Vi/pg since
Viet = % alt(Tiet, T)|T|, we obtain on the other hand

3V; 31K
oki= Y = Y e K e
Te(3K) rezok) PK PK

dueto |[K| < h;( and the regularity. Thus, the number of faces is uniformly bounded,
namely |.%(K)| < 30’_}{//C§£/O'3¢7~/7T. According to Lemma 2.7, each of these faces
has a uniformly bounded number of nodes and edges. Consequently, the number of
nodes and edges of the element K is also uniformly bounded. O

If only the regularity of a polyhedral mesh is assumed, the auxiliary discretization
of tetrahedra is not necessarily regular. The edges might degenerate without the
stability and thus, the condition on the aspect ratio for the tetrahedra does not hold
anymore. But, the stability can be weakend such that the tetrahedral mesh still
satisfies a maximum angle condition.

Definition 2.17 (Weakly Stable Mesh in 3D) The family of meshes .7}, is called
weakly stable if there is a constant c# > 0 such that for all polygonal faces F' € .%),
in the mesh and all its edges E € &(F) it holds

hr <cgzhg.

In contrast to stable meshes, the edges of elements in weakly stable meshes might
degenerate with respect to the element diameter. But, due to the weak stability,
small edges involve that adjacent faces are also small in their size. Thus, if an
edge degenerates to a point, the adjacent faces will degenerate to this point, too.
A consequence of this definition is, that the polygonal faces in a regular and weakly
stable mesh are regular and stable in the two-dimensional sense.

Lemma 2.18 Let K € %, be an element of a regular and weakly stable polyhedral
mesh . The auxiliary discretization of tetrahedra J;(K) and J;(¢},) satisfy a
maximum angle condition, i.e., all dihedral angles between faces and all angles
within a triangular face are uniformly bounded from above by a constant which is
strictly less than 7. The maximum angle only depends on oy, 0 7z, c.& and the mesh
level I in the face discretization.

Proof Similar as in the proof of Lemma 2.14, we only consider / = 0. The general
case | > 0 follows due to the fact that the triangles in the face triangulation .7 (F)
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are similar to those in Z)(F). Thus, the arguments turn over and the dependence
on / enters the constants. In order to prove the maximum angle condition for the
tetrahedral mesh, we distinguish several cases. First we show that the angles in the
surface triangles of the tetrahedra are bounded uniformly by a constant strictly less
than 7. Afterwards, we bound the dihedral angles.

Let Tiet € J0(K) be a tetrahedra and T one of its triangular faces. If T € Z5(F)
for a face F € .#(K), then all angles of T are bounded uniformly from above by a
constant strictly less than 7 depending only on o0& according to Lemma 2.8, since
F is a regular polygon. On the other hand, if T C K, we consider the intersection
of the polyhedral element K with the plane in which T lies. The intersection is
obviously a polygon and we denote it by P. Since K is star-shaped with respect to
a ball of radius px and center zg, we easily see that P is star-shaped with respect
to the enclosed circle of radius px and center zg. Thus, P is a regular polygon
because of

e

pp ~ PK
Consequently, T is part of an auxiliary triangulation of a regular polygonal element
and thus its angles are bounded from above according to Lemma 2.8 by a constant
depending only on o .

Next, we consider the dihedral angles of T Let 7;, i = 1,2,3,4 be the
triangular faces of Tyt and E;; = T; N T; be the edge shared by the triangles T;
and T for i # j. Furthermore, let the triangles be numbered such that T € J(F)
for some face F € % (K) and T; C K fori = 2,3, 4. We distinguish again two
cases. First, consider the dihedral angle between 77 C 0K and T; C K, i = 2, 3, 4.
We denote the dihedral angle by §. It is given in the plane orthogonal to Ey; as the
angle between the two planes spanned by 77 and 7;. Without loss of generality let
zk lie on the plane orthogonal to E1; and denote by y the intersection of all three
planes, see Fig.2.5. For § > m /2, it is

h
8=n+arccos< 4 ),
2 ly — zk |

Fig. 2.5 The altitude

ha = alt(Tteta 1),

intersection point y and 5
demonstration of dihedral

angle § in plane orthogonal to T >
the edge E;; through zg 7
between the triangles 77 and
T; as described in the proof of Ey; ~ ha

Lemma 2.18 g
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where h, = alt(Ti, T1) is the altitude of the tetrahedron Ti; with respect to
the side 77, which corresponds to the distance of zx to the plane through Tj.
Consequently, it is h; > pg due to the regularity of the polyhedral element K.
Furthermore, K is enclosed by a sphere of radius g and center zg. Since y is the
orthogonal projection of zg onto the line through Ey;, its distance to zg is smaller
than the distance of zx to the edge, thus |y — zx | < hg. This yields

ha 2,OKZ 1
ly—zxl ~ hx ~ ox

3

because of the regularity. Since arc cosine is monotonically decreasing, we obtain

; raeos )
§ < _ +arccos <.
2 oy

It remains to bound the dihedral angle between triangular faces of the tetrahedra
with T;, T; C K. We denote the angle again by §. According to Proposition 3.1
in [122], the volume V7, of Tie satisfy the relation

2 .
Vi = |T;||T;| siné .

3hE

t

On the other hand it is
1
Vi = 3 alt(Teer, T1) |71 .

If we assume /2 < § < m, this yields

hg,; alt(Ter, T1) |T1|>

(2.5)
21T 1T

s="+

= arccos
2

The areas of the triangles are given by

1
el = hey alt(Ty, Eij) fort=1.j.

Obviously, the altitude alt(7¢, E;;) is smaller than the edge shared by Ty and 77 and
thus smaller than the diameter of 7. This yields

1 1 .
ITe| < > he,; he, < ZhEi"' hr, forl=i,j.
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Furthermore, it is alt(Teet, 71) > pk and hg, i = hk . Consequently, we obtain for
the argument in the arc cosine in (2.5)

higy alt(Tien, T 1T 2 alt(Tiee, T [Til _ 2 Tl _ 2mp7,
A . — 2 — 2 — 2 7
2|Tl||T]| hEij ]’lT1 hK th UXth

where we used the regularity of the mesh and the incircle of 77 with radius o7y,
which gives |T1] > 71,0%1, in the last step. Finally, we employ the weak stability
of the mesh, which ensures that the polygonal faces are regular and stable in the
two-dimensional sense. Therefore, the auxiliary triangulation of the polygonal faces
is regular in the sense of Ciarlet and it is A1, /p1; < 07, where o only depends
on oz and c#, see Lemma 2.3. Since the arc cosine is monotonically decreasing,
Eq. (2.5) yields with the previous considerations

T 27p7, b4 27
8 < _ + arccos , | =, +arccos , | <m.
2 ox hi, 2 ox 0

In summary, all angles in the surface triangles of the tetrahedra and all dihedral
angles between faces are bounded by constants that are strictly less than 7.
Taking the maximum of them proves the maximal angle condition for the auxiliary
discretization of tetrahedra. O

2.2.3 Mesh Refinement

Although the use of polygonal and polyhedral meshes is quite interesting for
practical applications, only a few commercial mesh generators are able to create and
refine such general meshes. For the two-dimensional case there is the free MATLAB
tool PolyMesher available, see [167], and in three-dimensions one often exploits
either Voronoi meshes, see [70], or dual meshes to given tetrahedral discretizations.
In the following, we assume that a polygonal or polyhedral mesh is given and we
address the refinement of such meshes. We may perform uniform refinement, where
all elements of a mesh are refined, or adaptive refinement, where only a few elements
are refined according to some criterion. For polygonal and polyhedral meshes, there
is a great flexibility for the refinement process. We do not have to take care on
hanging nodes and edges, since they are naturally included in such meshes.

For the refinement process, we choose the bisection of elements. For the
description of the procedure, we focus on a single polygonal or polyhedral element
K c R4, d = 2, 3. Furthermore, we assume that K is convex. The method might
be adapted to non-convex, star-shaped elements, but this would yield several special
cases which shall be omitted here. In order to obtain some geometrical information
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Fig. 2.6 Refinement of an element: element with center Xgx (left), element with eigenvector
(middle), two new elements (right)

of the element shape, we first compute the covariance matrix

Meo(K) = / (x — &x)(x — &) Tdx
K1 Jx

where

1
Xg = / x dx
K| Jk

is the barycenter of the element. The matrix Mcov(K) € iS symmetric
and positive definite due to construction. We compute its eigenvalues and the
corresponding eigenvectors. This principle component analysis provides some
information on the dimensions of the element. The square root of the eigenvalues
give the standard deviation in the direction of the corresponding eigenvector. Thus,
the eigenvector which belongs to the biggest eigenvalue points into the direction of
the longest extend of the element K. Consequently, we split the element orthogonal
to this eigenvector through the barycenter xg of K, see Fig.2.6. Afterwards, two
new elements are obtained. This strategy actually works in any dimension d € N.
Similar ideas are used in [144] to cluster point clouds which are used for matrix
approximation in fast boundary element methods.

Figure 2.7 shows the uniform refinement starting from a triangle. The meshes are
obtained after one, three, five and seven refinement steps. We recognize that even
a refinement of a triangle results in an unstructured polygonal mesh. Nevertheless,
the resulting sequence of meshes has a uniform character. A big advantage of the
introduced strategy can be seen in an adaptive context. It is possible to perform
local refinements within a few elements. Classical mesh refinement techniques for
triangular meshes, for example, suffer from the fact that local refinement propagates
into neighbouring regions. This behaviour is necessary since the resulting meshes
have to be admissible and thus the use of hanging nodes is very restricted or even
avoided.

Rd xd
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Fig. 2.7 Uniform refinement of a triangle after one, three, five and seven refinement steps

Finally, the question arises whether the regularity and the stability of a mesh is
preserved during the refinement. In general this is not possible with the prescribed
procedure. During the bisection of elements, small edges and thin faces might occur.
However, the aspect ratios for convex elements stay bounded, since the algorithm
tries to equilibrate the extend of the element in its characteristic directions. Thus,
the regularity is preserved for convex elements in two-dimensions. The stability,
however, has to be enforced during the refinement process if it is needed. The
introduced bisection strategy for mesh refinement is applied in most of the numerical
experiments presented in this book.

2.3 Trefftz-Like Basis Functions

Our goal is to introduce finite dimensional spaces Vé‘ over polygonal and polyhedral
discretizations of the domain 2 C R?, d = 2, 3, which approximate the Sobolev
space H'(£2). The index k € N denotes the order of the approximation space. In
this section, a more general strategy is presented which extends the original idea
in [146] to arbitrary order. The approximation space VX = span llllf is constructed
as span of some basis lI/,f. For d = 2, this basis is specified in the following and
consists of nodal, edge and element basis functions. These functions are indicated
by ¥, ¥ and g, respectively. All of them have certain degrees and thus they
are marked and numbered by indices like g ; and ¥k ; ; for some i, j. However,
for shorter notation, we will skip sometimes parts of the indices if the meaning is
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clear from the context and we just write v/, v; and v; ;, for example. For the three-
dimensional case with d = 3, the ideas will be generalized and we have additional
face basis functions.

The basis functions are defined element-wise by local solutions of boundary
value problems in the spirit of Trefftz [168]. The diffusion equation in mind, we uti-
lize Laplace and Poisson equations over each element with Dirichlet boundary data
to construct the basis functions. Due to the local Dirichlet boundary conditions, the
traces of the basis functions will be continuous across element interfaces, i.e. they
are H'-conforming. In the following, we first introduce the two-dimensional case
in the Sects. 2.3.1-2.3.3. Afterwards, a simple generalization to three-dimensions is
given in Sect. 2.3.4, which builds on the previous considerations.

2.3.1 Node and Edge Basis Functions

Let %, be a polygonal mesh of a bounded domain £2 C RZ. The functions v,
and Y, which are assigned to nodes and edges, are defined to satisfy the Laplace
equation on each element. Their Dirichlet trace on the element boundaries is chosen
to be continuous and piecewise polynomial. Thus, we define for each node z € .4,
the basis function 1, as unique solution of

—AY, =0 inK foral K € %,

1 forx=1z,
,(X) = 2.6
Va0 !O forx € Ay \ {z}, (&6)

Y, is linear on each edge of the mesh .

So, the function v is locally defined as solution of a boundary value problem over
each element. If the element K € ., is convex, the boundary value problem can
be understood in the classical sense and it is ¥, € C2(K) N CY(K), see [82, 87].
However, we explicitly allow star-shaped elements within the discretization %}, of
the domain £2. In this case, the boundary value problem is understood in the weak
sense and we obtain ¥, € H'(K). Since the Dirichlet trace is continuous across
element interfaces, the local regularity of v, yields ¥, € H'(£2). This will also be
true for the edge and element basis functions. In the following, the local problems
for the definition of basis functions are always understood in the classical or weak
sense depending on the shape of the elements. In contrast to [146], we only make use
of the fact that the nodal, edge and element basis functions satisfy ¥ € H'(K) for
K € J#, and we do not use a maximum principle [82, 140] for harmonic functions
which would require convex elements.
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In the case that 7}, is an admissible triangulation without hanging nodes, the
basis functions turn out to be the standard hat functions of classical finite element
methods. This relation is quite obvious since the lowest order linear basis functions
satisfy the data on the boundary of each element and they are harmonic because of
their linearity. According to the unique solvability of the Dirichlet problem for the
Laplace equation the hat functions coincide with the basis functions defined here.
In this sense, the BEM-based FEM can be seen as a generalization of standard finite
element methods.

If %7, is a polygonal mesh containing only convex elements, another connection
can be recognized. For the model problem, we rediscover the so called harmonic
coordinates mentioned in several articles like [77, 84, 112, 126]. These harmonic
coordinates restricted to one element K € %, are a special type of barycentric
coordinates, i.e., they satisfy

Yz(x) >0 onK 2.7
forz € A4 (K) and it is
v= Y @ 2.8)
ze NV (K)

for any linear function v on K according to [84]. Condition (2.7) follows directly
from the minimum-maximum principle [82, 140]. To verify (2.8), we observe that
both sides of the equation are harmonic and coincide on the boundary of K.
Therefore, the difference of both sides is harmonic and identical to zero on the
boundary. Using the minimum-maximal principle again shows that Eq. (2.8) is valid
in the whole element. In [76, 77], the authors have proven for any set of barycentric
coordinates and especially for the harmonic coordinates, which are considered in
this section, that they satisfy the estimate

0<L™<y, <Ly’ <1 onk

for z € 4 (K). Here, leow and L:P are piecewise linear functions defined as
follows. Both functions are equal to one at the node z and they are equal to zero at
every other node on the boundary of K. Additionally, leOW is linear on the triangle
constructed by connecting the node before and after z on the boundary, and zero
else, see Fig.2.8. The function L,” is linear on each triangle that is obtained by
connecting z with all other nodes on the boundary of K.

To introduce the edge basis functions g, polynomial data is prescribed on the
element boundaries. Therefore, we first review a hierarchical polynomial basis over
the interval [0, 1]. We set

po)=t and p(t)=1-—t forte[0,1],
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Fig. 2.8 Triangles for construction of le"“’ (left) and Ly (right)
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Fig. 2.9 Visualization of p; fori =0,...,4

and assign these functions to the points ) = 0 and #; = 1, respectively. Afterwards,
we define p; € £'([0, 1]),i > 2 with exact degree i recursively as

i = Di
IO

where p; € 2°([0, 1]) \ {0} is a polynomial with p;(;) = 0 for j = 0,...,i — 1
and

t; = max{arg max |p; ()|} .
t€[0,1]

s

The polynomial p; is well defined since p; is unique up to a multiplicative constant
and we obviously have 1; # t; for j < i. In Fig.2.9, the first polynomials are
visualized. One easily sees that these polynomials are linearly independent and that
fork > 1

2*10,1]) =span{p; :i =0,...,k}.
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Fig. 2.10 Visualization of ¥, £ 3 and ¥k 1,0 over rectangular element with additional node on
straight line, nodes are marked with black dots

For the definition of edge basis functions ¥ g, we make use of a linear
parametrization of the corresponding edge. Let E € &}, with E = z,z, and

E:[0,1]3t—Fe@t)=2p +1(zc —2p) .

In contrast to nodal basis functions, we have more than one basis function per edge.
We define yg ; fori = 2, ..., k as unique solution of

—Ayp; =0 inK forall K € %,

-1
io% onE ,
yg; =P OVE
0 on &, \ {E},
and we assign these functions to the points zg; = Fe(4). In Fig.2.10, an

approximation of such a function is visualized over one rectangular element. As in
the case of nodal basis functions, we observe that the Dirichlet trace is continuous
along element boundaries. Thus, we have Y, € H 1 (K) for K € %}, which yields
Yei € H 1(£2). With the conventions

YEO = Vg, and YE1L =V, ,
we find that

PK(E) =span{yg,i|,:i=0,....k}
and

wE,i(ZE,j) = (Sij fOI‘j =0, ...,i ,

where §;; is the Kronecker symbol. According to the last property, the functions v,
and Y g ; are linearly independent. So, we collect them in the basis

WYy =V VEiz€ M EE&i=2. .k,
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and we have
V,f’H = span lI/,ﬁH C Hi(t%/h) cHY(2).

Here, for k = 1, only nodal basis functions are used in 11/}{" g andfork € N,

HK ) = {v e HY(2): (Vuv, Vw), k) =0 Yw € H}(K), VK € Ji/h}
(2.9)

is the space of piecewise weakly harmonic functions.

2.3.2 Element Basis Functions

Next, we address the definition of element basis functions over the polygonal
mesh %}, of a domain 2 C R2. To motivate the procedure, we remember that
the nodal and edge basis functions satisfy the Laplace equation inside the elements
and are polynomial on the edges. The nodal functions v, are linear on edges, and
thus they satisfy the one dimensional Laplace equation along edges: A1y, = 0 on
E € &,.If we compute the 1D-Laplacian of the edge functions £ along the edge E,
we observethat Ay g ; € 3”"’2(E ), i > 2, and thus the edge basis functions satisfy
the Poisson equation with polynomial right hand side on each edge. Additionally, it
is easy to check that

P2E) = span{Ayp; i =2,..., k)

for k > 2. From this point of view, we exchanged the Laplace equation for the
Poisson equation on the edges as we have made the step from nodal to edge basis
functions. The same is done for the element basis functions. Here, we exchange
the Laplace for the Poisson equation in the elements and we prescribe right
hand sides such that they form a basis of 9]‘_2(1(). Thus, we define ¥ ; ; for
Ke,i=0,....,k—2and j =0, ..., as unique solution of

—AvYk,j=pkij inkK,
Yk,ij=0 else ,

(2.10)

where
P*2(K) =span{pgij:i=0,....,k—2and j =0,...,i}. (2.11)

Consequently, we have %k(k — 1) element basis functions per element. The support
of such a function is limited to one element, i.e. supp ¥k ; j = K, and the function
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itself belongs to HO1 (K). Due to the local regularity, we obtain ¢g ; ; € H 1(£2).
See Fig. 2.10 for a visualization of such an element basis function.

Remark 2.19 In the numerical experiments we will choose the polynomial basis as
shifted monomials, namely as

i—j i T
P X = (x1 —zx1) (2 —zk2) . x=(x1, 1) €Kk,
where zg = (zK,l, zK,z) is given in Definition 2.1. For i, j = 0, the element

bubble function from [146] is recovered, since pg 0,0 = 1.

We define the set of functions
Wi g ={Ykij: Ke,i=0. . k—2adj=0,...,i)
and the space
V,f’stpan W}fB cHY(2),

which consists of element bubble functions that vanish on the skeleton of the mesh.
For k = 1, this means llfé‘ p = 9. Furthermore, we point out that the definition of

element basis functions ¥k ; ; € lI/,f p 18 equivalent to the variational formulation

Find Yk ; ; € H) (K) :

(2.12)
\v/ \v4 _ 1
( YK.i js w)Lz(K) - (pK,i,j, w)Lz(K) Yw € Hj (K).

Lemma 2.20 The functions in lI/,f’ g are linearly independent.

Proof Since the support of an element basis function is restricted to one element,
the functions belonging to different elements are independent. Therefore, it is
sufficient to consider just functions over one element in this proof. Let o;; ; € R
fori =0,...,k—2and j = 0,...,i and let Zi’j a; j¥i;j = 0. Consequently,
we have ) j@i.jV¥ij = 0. Due to this and since the element basis functions
Vi, j = Vk.i,j satisfy (2.12), we obtain

1
(Za,”jpi’j, w)Lz(K) = (Zai,jvw,-,j, Vw)Lz(K) =0 forw e HO (K) .
LJ LJ

The function space C{°(K) is dense in HOI(K ) and thus the fundamental lemma
of the calculus of variations yields }; ; o jpi,j = 0. Because of the choice of
pi,j as basis of ﬁk_z(K), it follows that o; ; = O fori = 0,...,k — 2 and
j=0,...,i. 0
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2.3.3 Final Approximation Space

The final basis for the approximation space of H!(£2) is now defined as
k k k
U =YY

and combines the nodal, edge and element basis functions. All functions in lII}{‘ H
locally satisfy the Laplace equation on each element and so, they are piecewise
harmonic in a weak sense. Different from the functions in lII}{‘ > the functions

in lI/,f g are exactly those which are not locally harmonic. They obviously serve
the approximation of non-harmonic functions. Furthermore, we observe that

(VY. V) ,k) =0 fory e Uf . o e ¥, (2.13)

since ¢ € Hi () and ¢ € H(} (K), cf.(2.9). Sometimes, we will consider the
basis functions restricted to a single element. For this reason, we define for K € 7,

W}{C|K={‘/f|1<:‘/f€lpﬂ

and llffi" mlg as well as !I/,f’ B| ¢ accordingly. The final approximation space is
conforming, i.e.

V= span ¥} c H'(2) ,

and can be written as a direct sum of piecewise weakly harmonic functions and
element bubble functions. The space of element bubble functions can be further
decomposed into its contributions from the single elements, because of the zero
traces on the element boundaries. Thus, it is

k_ vk k : ko k
Vi=Vin®Vip with Vig= D Viglg.
Keoy,

where the same notation holds for the restriction to a single element as above.
A simple counting argument shows that

vk

dim V,

|« = k1A (K| + Skt — 1),

since

d+k—2

dim V;{ ;| o = k|4 (K)| and dimv,ﬁB|K=( J

>= Ykk—1).
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Due to the construction of the basis, it is easily seen that the approximation space
can be written in the following form

vi={ve H'(@): Ave PFK) and sk € P, (0K) VK € A

with the convention 22~ (K) = {0}. Thus, the functions in Vé‘ are polynomials of
degree k over each edge and their Laplacian over each element is a polynomial of
degree k — 2.

The virtual element method (VEM) in [25] also uses this approximation space.
Therefore, the BEM-based FEM and the VEM seek the approximation of the
solution of the boundary-value problem for the diffusion Eq.(2.1) in the same
discrete space. The VEM reduces all computations to carefully chosen degrees of
freedom and to local projections into polynomial spaces. The BEM-based FEM
in contrary makes use of the explicit knowledge of the basis functions and thus
enables the evaluation of the approximation inside the elements. Both methods rely
on clever reformulations to avoid volume integration. Since the BEM-based FEM
applies Trefftz-like basis functions, which are related to the differential equation of
the global problem, the discrete space for the BEM-based FEM and the VEM differ
as soon as more general boundary-value problems are considered.

2.3.4 Simple Generalization to 3D

This section gives a straight forward generalization to the three-dimensional case.
A more involved one is postponed to a later chapter. Let %, be a polyhedral mesh of
a bounded domain £2 C R3. We restrict ourselves here to polyhedral elements that
have triangular faces. This can be always achieved by triangulating the polygonal
faces of general polyhedra. For this purpose we may use the auxiliary triangulation
Jo(0K) introduced in Sect. 2.2.2 and reinterpret K as element with triangular faces.
Consequently, one additional node per face is introduced on the surface of the
polyhedral element K. Several constructed triangular faces meet in this node and
lie on a flat part of d K. However, the notion of polyhedral elements allows for such
degenerations. A more direct approach for the treatment of polygonal faces will be
discussed in Sect. 6.2.

Turning to the construction of the approximation space V,f in three-dimensions,
we may recognize that it can be written down immediately as

vk = {v € H'(2): Ave ZF2(K) and vlyx € P25, (0K) VK € Jifh} .

Thus, the only difference to the two-dimensional case is that the functions in V,f are
now piecewise polynomial of degree k over the triangular faces of polyhedra instead
of piecewise polynomials over the edges of polygonal elements. Consequently, the
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considerations from the previous sections can be directly generalized to polyhedral
meshes %, for which the set of faces .%), consists of triangles only.

The space V}f is again constructed as a direct sum of piecewise weakly harmonic
functions with polynomial traces on the faces of the mesh and element bubble
functions that vanish on the skeleton but have a polynomial Laplacian inside the
elements, i.e.

k _ vk k ko k
Vi=Vyiy®Vyp and mB_egnﬁu.
Keoy,

Letvy = vp,m +vpB € V}f‘ with vy, g € V}fH and vy, g € V,fB. For each element
K € J;,, it holds

—Avpp=0 inK and v,y =psxk onoik, (2.14)
as well as
—Avyy,p=pk iImK and v,p=0 ondkK, (2.15)

for some pyx € f@l’)‘W(BK) and pg € Qk’z(K). Thus, vy, g and vy, p are uniquely
defined by the polynomial data pyx and pg, respectively. Consequently, the basis
lI/,f of V,f‘ is constructed in an element-wise fashion respecting the direct sum, such
that

Wk =y Ul for VE[ = Vi@ Vg,

We choose a basis for ng(aK ) and 27¥—2(K). For each function in these sets
a harmonic basis function and an element basis function are obtained by (2.14)
and (2.15), respectively. Due to this construction, a simple counting argument shows
that

dim V§

¢ = 1A E)+k=DIEE) |+ (k=1 (k=2)|F (K)|+ gk(k—1)(k+1) ,

since
dim Vf |, = |4 (K| + (k = DIEE)] + 3k = Dk — 2)|.F7 (K)|

and

, d+k—2
mm%$u=< p ):3@—n@+n.

In the previous sections on the two-dimensional case, this construction has been
carried out in more detail and we have given a precise choice of basis functions.
For the three-dimensional case we are content with the abstract setting and pass a
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detailed presentation. We point out, however, the important orthogonality property
given in (2.13), which still holds on K € %}, namely

k k
(Vun,H, Vup,B)L,k)y =0 foruv, g € Vh,H’ Up,B € Vh,B .

This is a consequence of the weakly harmonic functions, cf. (2.9), and the element
bubble functions that satisfy

Vig CHA() and Vigc @D Hy(K).
Key,

Remark 2.21 For the implementation and the numerical experiments it is important
to specify the choice of basis functions. As discussed above, the sets llllf g and lI/,f B

are constructed by choosing a basis for gzgw(a K) and 27%¥72(K), respectively. It is
convenient to choose the classic Lagrange elements over triangles, cf. [40, 151], for
the basis of f@]fw(a K), whereas the basis of 22¥—2(K) might be chosen according
to the two-dimensional case as shifted monomials, for instance.

2.4 Interpolation Operators

In this section, we are concerned with the interpolation of function in H?(£2) by
functions in V,f = V,f, u® V,f’ - Due to the Sobolev embedding theorem it holds that

H 2(.Q) cC O(.Q), see [1], and the pointwise evaluation of such functions is well
defined. Thus, we may exploit nodal interpolation to some extend. The interpolation
of non-smooth functions in H'(£2) is postponed to later considerations, see Chap. 3.

Since V,f is given as a direct sum of weakly harmonic and element bubble
functions, it is natural to decompose the interpolation into two corresponding
operators. Therefore, we study

=0 g+ g HH(2) = Vi Cc H(R)
with

W HAQ) > Vi CHAC) and 3f g HAQ) > Vg @ Hy(K) .
Keo

The interpolation operators jh, g and j’;h p are discussed in the following. Further-
more, it is sufficient to introduce them over a single element, since the local nature
of the operators directly extend to their global definition. Thus, we restrict ourselves
to a single element of a regular polytopal mesh and denote the restrictions of the
operators with the same symbols.
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Fig. 2.11 Points for Lagrange interpolation into £2* (3K ) on triangles for k = 1,2, 3

We start by the interpolation into the space of weakly harmonic functions. For
vp € Vi > itis Avy = 0in K and v|gx € 25, (3K). Thus, for the definition of

Wy HAK) = Vi |, C HA(K)

we prescribe J n.m VoK to be equal to a standard nodal interpolation operator into

the space f@]fw(a K) on the boundary of the polytopal element K. Afterwards, we
extend this boundary data harmonically into K. By fixing a standard interpolation
operator on 9K, the operator 3’,‘1’ g is uniquely defined. For this purpose, we
exploit the classical Lagrange interpolation on equidistant points along the edges
in the boundary of polygonal elements (d = 2) and on equidistributed points, see
Fig.2.11, in the triangular faces in the boundary of polyhedral elements (d = 3).
Consequently, 32 gV is constructed in such a way that it coincides in k + 1 points

on each edge and in %(k + 1) (k + 2) points on each triangular face of the elements.

Remark 2.22 In 2D, we can alternatively follow the idea from [175] and choose
a different interpolation operator for k > 2 on the boundary of the polygonal
elements. The introduced points zg ; from Sect. 2.3.1 can be used for the pointwise
interpolation. For v € H?(2), this yields

k
k
Thwv= 2 vavat D ) veibei.
zeNM, Eeéy i=2
where the coefficients are given as
v, =v(z) forze 4

and

i—1
VE; = V(ZE ;) — ZUE,jile,j(ZE,j) forEeéy, i=2,...,k.
=0

Next, we consider the definition of the interpolation operator into the space of
element bubble functions, namely

Ihpt HY(K) = Vig|, C Hy(K) .
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Therefore, let

Wil =Wkizi=1....nk) and {pki=—Ayki:i=1... nk)
(2.16)
be the basis of Vé‘ B| ¢ and the corresponding basis of P*k2(K), respectively,

where n(k) = dim fo‘ B | % is the number of basis functions. Compare the former

definition (2.10)—(2.11) in 2D and the construction (2.15) in 3D. For v € H?(K),
we have

n(k)
gk v = vE.iW e vk |
h,BY — K,iVK,i hBIK »
i=1

where the coefficients vk ; are defined such that 3’,‘1 gV is the orthogonal projection
of v — 3’,‘1’ gV into V}ﬁ B | x With respect to the weighted inner product

U, V1 ) = W, V) Ly + hg (Y, Vo) Ly - (2.17)

Thus, Jj pv is uniquely defined by

k _ k k
(jh,va w)hHl(K) = (v — jh,va w)hHl(K) Yw € Vh,B K- (2.18)

The properties of the orthogonal projection yield
135 gollnm ky < v =35 gvllam i) - (2.19)

where the weighted norm is given as | - ||/21H1(K) = G nmixy I he =1
the weighted inner product and the weighted norm coincide with the usual ones
in H'(K), which are denoted by (-, ) g1k and || - | g1k, respectively.

In the following, we investigate the properties of the interpolation operators in
more details. For this purpose, let J#;, be a regular polytopal mesh.

Lemma 2.23 The restrictions of the interpolation operators j’;l g and j’;l onto an
element K € ¢y satisfy

Sup=p forpe PXEK)withAp=0inkK,
and

ﬁlflpzp forpegzk(K).
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Proof Let p € 2X(K) with Ap = 0. According to the definition, 3’,‘1’ g P s given
as a classical, nodal interpolation into the space gzgw(a K) on the boundary of the
element K. Since p € Wgw(al( ) and polynomials are preserved by the classical

interpolation operators, p and J ».n P areidentical on the boundary of the element K'.
Furthermore, both functions satisfy the Laplace equation inside K. Thus, the unique
solvability of the Dirichlet problem for the Laplace equation yields Jﬁ’ g P = p,the
first statement of the lemma.

Next, let p € 27%(K) and therefore —Ap € FP*~2(K). Since the polynomials
pk.; form a basis of 9]‘_2(1(), see (2.16), there are unique coefficients g ; € R
such that

n(k)
—Ap= Zﬁk,ipk,i .
i=1
Furthermore, we define
n(k)
P=Tpr+Y Brivki- (2.20)

i=1
We observe that p as well as p satisfy the boundary value problem

n(k)
—Au = Z'BKJPKJ in K,

i=1
u=p ondik,

at least in the weak sense, due to construction. Because of the unique solvability of
this problem, we conclude that p = p. By (2.20), we obtain

n(k)
k k
pP—TyypP= Z,BK,M”KJ € Viglg -
i=1
Since jh,B p is defined as orthogonal projection of p — jl;l,H p into V,f’B ko 1tis
Jﬁ’ gP=DP— Jﬁ’ g P and the second statement of the lemma follows. O

A consequence of this lemma is that

PHE) CVE,

i.e., the space of polynomials of degree k is locally embedded in the approximation
space over each element. Obviously, the element basis functions are essential to
capture the non-harmonic polynomials.
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Lemma 2.24 The restrictions of the interpolation operators 3’}‘1’ g and 3’}‘1 onto an
element K € Jy, of a regular and stable polytopal mesh %, with hx = 1 are linear
and continuous. Furthermore, there are constants c1 and ca, which only depend on
the regularity and stability parameters of the mesh, on k and on the dimension d,
such that

150, mvlla k) < ctlvllgegy and  NTpvligi gy < c2 vllg2k)

forallv e H*(K).

Proof The linearity of the operators is obvious, so we only have to prove the given
estimates which also ensure the continuity. Therefore, we make use of an auxiliary
discretization .7, (K) of K into simplicial elements, i.e., into triangles (d = 2) and
tetrahedra (d = 3). In two-dimensions, we connect the nodes on the boundary of K
with the point zx and in three-dimensions we exploit 7 (K) from Sect. 2.2.2. Since
¢y is regular and stable, these auxiliary meshes are shape-regular in the sense of
Ciarlet [58] according to Lemmata 2.3 and 2.14, respectively. Thus, neighbouring
simplices share either a common node, edge or face and the aspect ratio of each
simplex is uniformly bounded by some constant o . Because the auxiliary mesh is
regular, we can use classical interpolation operators, see e.g. [58]. Let

J7: HX(K) > P4 (Ti(K))
be such a classical operator with

lv—=T7vllgi k) < Caahglvlgek) and [T7vligi k) = Cr2 lvilg2 k)
2.21)

forv € H*(K), where h 7 = max{hy : T € Z,(K)} and

PETEK) = {p e COK): pl e PXT) VT e Zi(K)] .
The constants C # 1 and C 7 2 only depend on the approximation order k, the space
dimension d as well as on 07 and thus on the regularity and stability parameters of

the polytopal mesh 7},
Next, we prove the continuity of jﬁ > 1.€. the estimate

195 vl k) < c vl g2y forve HX(K) .

Let v € H*(K) be fixed. The interpolation 32 gV satisfies the boundary value
problem

—Au=0 inK,
u=g, onodk,
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where g, = 32 Hv| 9k 18 @ piecewise polynomial of degree k on the boundary 9 K.
We write u = uo + ug with ug = J 7 v and obtain the Galerkin formulation

Find ug € Hy(K) :  (Vuo, Vw)r,x) = —(Vitg, Vw) k) Yw € H)(K) ,

which has a unique solution. Testing with w = wuo and applying the Cauchy—
Schwarz inequality yield

2
luol g1 gy = (Vg Vo) Lyl < luglp oy 1ol iy »
and consequently
luolm (k) < lugllyrxy = 1970l a1 k) -

Because of the piecewise smoothness of the boundary of K and since it can be
embedded into a square of side length % g, the Poincaré—Friedrichs inequality reads

lwllLo) < bk (W) forw e Hy(K)
see e.g. [38]. By the use of the given estimates and hg = 1, we obtain
135 vy < Nuoll ey + gl x
) ) 1/2
= (N0l ) + 0B )+ 1370015
< V21uol ey + 13700k,

(«/2 + 1) 1Tz vl g (k)

IA

IA

cllvllg2ky -

Finally, we apply the continuity of J; ,; as well as the property (2.19) of Jlfl B
with g = 1 and we get

135l ey < 135 vl ey + 135 50l k)
< 1% avllgi gy + v = T golla k)
< vl gy + 2035 gl k)
= cvllg2(k)
that concludes the proof. O

Remark 2.25 The stability of the mesh .#;, was only needed to ensure the shape-
regularity of the auxiliary mesh, such that classical interpolation results on triangular
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and tetrahedral meshes can be exploited. Thus, the stability of % can be relaxed as
long as the interpolation estimates (2.21) on the auxiliary mesh are guaranteed. This
yields the following variants:

1. In 2D, it is sufficient to assume the regularity of .%j,. According to Corollary 2.9,
the auxiliary mesh .7, (K) thus satisfy a maximum angle condition. Under these
assumptions the classical Lagrange interpolation operator fulfils the desired
estimates (2.21), see [110, 114].

2. In 3D, we may assume the regularity and weak stability of %}, which ensures
a maximum angle condition for the tetrahedral auxiliary mesh Z(K), see
Lemma 2.18. For k = 1, this is sufficient to prove the interpolation esti-
mates (2.21) on % (K), but it is still an open question whether these estimates
hold for k > 1, see [115].

According to the previous remark, the lemma stays valid even if the edges (d = 2)
and faces (d = 3) of the polytopal mesh degenerate in their size. Thus, the edge
length h g may decreases faster than the element diameter 4 x such that the uniform
estimate hg < c_hg is violated in two- and three-dimensions.

The condition zg = 1 in Lemma 2.24 is not satisfied in general. Thus, we
introduce a scaling for the elements K € ., such that

K>3X>x=Fxk® =hgxeK. (2.22)

Consequently, 1z = 1 and we set U = v o Fg. Simple calculations show that for
ve HYK), L e Nyitisv e HYK) and

~ t—d)2
Blyei = hg " 1olue) - (2.23)
Additionally, it holds
(, V)1, k) = h% @, V), and (Vu, Vu)r, (k) = h?(_zﬁﬁ, 6@“(1?)

foru,v € H'(K), where V denotes the gradient with respect to X. According to the
definition of the weighted inner product, see (2.17), we obtain

(l/l, v)hHl(K) = h‘ll((il\, ﬁ)hl‘ll(k\) . (224)

Lemma 2.26 The restrictions of the interpolation operators J), , and j’; onto an
element K € J, satisfy forv e H*(K)

K Ak ko _ Ak
jh,HU:jh,HU and =T,
where 3, =T p + T}, y and Ty, o as well as J;, g are the interpolation operators

with respect to the scaled element K.



50 2 Finite Element Method on Polytopal Meshes

Proof Due to the construction of jﬁ g by pointwise evaluations on the boundary

—

0K and the harmonic extension, it is obvious that 3’,‘1 gl = jﬁ H v. Therefore, we
only.h.ave to show JI;I’BU = JI;Z’B.T)‘ with .JI;I’B : Hz(f) — span{wg’i}: Here, we
explicitly refer to the element basis functions ¥k ; and ¥ ;, cf.(2.16), in order to

emphasize the dependence on K and K, respectively. Furthermore, it is sufficient to
prove

jﬁ’Bv € span {y¢ ;}
and
(Jh BV (p)Hl(K) (Jh Bv (p)Hl(K) for ¢ € span{l/fg’i} ,
since for ¢ = "ﬁ gl — J’;l 3'17, we obtain
A . & Ak~
||Jh gV — J, gVl gy =0 andthus T pv=7) pv.
Here, we have skipped the range i = 1,...,n(k) for shorter notation. In the

definition of the element basis functions ¥k ;, see (2.10), we have made no specific
choice of the polynomials pg,;. In the following, let the polynomials for the
functions ¥ ¢ ; over K be chosen in dependence of ¥ ; as

o — B2
PR =lgDPk.i -

In consequence, we obtain for the scaled element function 1?;1(,,- = Yk, o 5k that
~— 9y ~ L~
—AYk,i =hgpki=pg;=—AYg,; InkK
and ;ZI\K, i =Yg ,; ondK, where A denotes the Laplace operator with respect to x.

Due to the unique solvability of the Dirichlet problem for the Laplace equation, we
get Y, = Yk,i and thus

()

32,3” = ka,iak,i € span{yg;} .

i=1

Next, let g € span{yg ;} and set px = ¢g o 3}1 € span{yk ;}. By the
definition of j’;l p» We have

gk v, ) =<v—3k v, ) .
( w8V PK ) k) nHYPK)
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Applying (2.24) to both sides of the equation yields
(323”1 PRI m® = (v — 32}1”1 PRI (R
=0 =% 40 90 &)
= (32357 (/)I’(\)Hl(l?) s
where the last equality comes from the definition of 3’,‘1 g and the fact that the inner

products (-, ), g1 gy and (-, ) g1 (g, coincide on the scaled element. Since @ is
chosen arbitrarily, this equality concludes the proof. O

Theorem 2.27 Let %), be a regular and stable polytopal mesh of the bounded
polytopal domain 2 C R?, d = 2,3. The interpolation operators 3];,’ gy and 3];,
satisfy

— k+1
lv =35 gollgeey < B olgrn @) forve HYM ()
and
v = 3pvll ey < K ol iy forv e HTH(R),

respectively, where h = max{hx : K € J,), £ = 0, 1 and the constant ¢ only
depends on the mesh parameters, the dimension d and on k.

Proof First, we consider the second estimate and the case £ = 1. Let us start to
examine the error over one element K € .#;,. We scale this element in such a way
that its diameter becomes one, see (2.22). With the help of (2.23) and Lemma 2.26,
we obtain

v = 50l gy = 10 = TullT, 0 + 10 = Tioli g

IA

d =5 _ Akey2 d=2 |~ _ Ak~2
chK||v—3hv||L2(1?)+chK |v—3hv|H1(E)

IA

d=2 =~~~k 2
ch ||v—3hv||H1(I?)

since hg < 1. Let p € oK (I? ) be the polynomial of the Bramble—Hilbert Lemma
for star-shaped domains, which closely approximates v, see [40]. It satisfies

0= Plyer) < Ch’gl—Z Dl gy for€=0.1,... . k+1 (2.25)
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with a constant C that only depends on 0., d and k. Due to the scaling hg = 1 and
by the application of Lemmata 2.23 and 2.24, we obtain

1D =350l 2y < 110 = Pl + 15,0 = Pl &)
<A+ 10— Py (2.26)
< (A +0C Pl ez »

where we have used (2.25) in the last step. Comparing the previous estimates and
transforming back to the element K yields

~k 12 2k 2
||U - th”Hl(K) S ChK |v|Hk+l(K) .

Finally, we have to sum up this inequality over all elements of the mesh and apply
the square root to it. This gives

1/2

k 2k 2 k
v =Tl <c | D0 hg vl | <l lge,
Keoy

and finishes the proof for £ = 1. The case £ = 0 follows by
~k A2~ S A2~ S
v — vl Loy = K10 — 3501, 2y < W10 — Tl ) -
and the same arguments as above.
The error estimate for Jﬁ g follows in the same way. The case k = 1 is already

proven since 3}1’ g = 3},, thus let £k > 2. The main difference is in (2.25), where
we have to ensure that p is harmonic. In the formulation of the Bramble—Hilbert
Lemma in [40], p is chosen as Taylor polynomial of T averaged over the inscribed
circle or ball of K given by the regularity of the mesh, cf. Definitions 2.1 and 2.11.
Furthermore, the commutativity is proven for the operator of the weak derivative and
the operator for the averaged Taylor polynomial for k > 2. Thus, since v € H 2(?5 )
and A7 = 0 in the weak sense, we obtain that the averaged Taylor polynomial D is
harmonic. |

Remark 2.28 The stability of the mesh %, in the previous theorem is used only
in order to apply Lemma 2.24. This assumption can be weakened in certain cases,
see Remark 2.25. The statement of Theorem 2.27 still holds for d = 2 if solely the
regularity of the mesh is assumed, and for d = 3 with k = 1 if the mesh is regular
and weakly stable.
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2.5 Galerkin Formulation and Convergence Estimates

In the previous sections we have discussed the discretization of the Sobolev space
H'(£2) and investigated approximation properties. Thus, we come back to the
model problem (2.1) and formulate the finite element method with the use of the
introduced arbitrary order basis functions. Therefore, we consider in the following
a bounded polygonal or polyhedral domain £2 c R?, d = 2,3 which is meshed
by a regular polytopal mesh .%;. In the three-dimensional case d = 3, we restrict
ourselves to polyhedral elements with triangular faces as discussed in Sect.2.3.4
and postpone the general case for later considerations.

In the case of inhomogeneous Dirichlet data gp, we extend this boundary data
into the interior of the domain. The extension is denoted by gp again, and we assume
that it can be chosen such that gp € V}f‘. Let

Vip=ViNHL) with H}(2)={veH (2):v|r,=0}.
The Galerkin formulation for the model problem (2.1) reads:

Findu € gp + H)(82) :

| (2.27)
b(u,v) = (f, V)L @2) + 8N, VL) YV € Hp(£2)
and the corresponding discrete Galerkin formulation:
Finduy € gp+ Vi p :
’ (2.28)

b(un.v) = (f. v)Ly@) + QN VW Lary)  Yon € Vip

where

b(up, vp) = (@Vup, Vop)L,2)

is the well known bilinear form for the diffusion problem. Due to the boundedness of
the diffusion coefficient, the bilinear form b(, -) is bounded and elliptic on H ll)(.Q).
Because of the conforming approximation space Vlk) C H 11)(52), the Galerkin as
well as the discrete Galerkin formulation above admit a unique solution according
to the Lax—Milgram Lemma. Céa’s Lemma yields

”I/l — uh”I-Il(Q) 5 C min ||M — vh”[-]l(ﬂ) .
vhegp+Vy p

This quasi-best approximation gives rise to error estimates for the finite element
formulation. The minimum on the right hand side can be estimated from above by
setting v, = j’;lu. Thus, the interpolation estimates derived in Sect. 2.4 turn over to
the finite element approximation. By the use of the interpolation properties given
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in Theorem 2.27, we obtain the next result. Since the mesh assumptions are mainly
needed in order to apply the interpolation error estimates, these assumptions can be
relaxed in the following theorems in certain situations, see Remark 2.28.

Theorem 2.29 Let %), be a regular and stable polytopal mesh of the bounded
domain 2 C RZ. The solution uj, € V}{‘ of the Galerkin formulation from above
satisfies

lu = unllgi(gy < chflulgen g, forue H*M (),

where h = max{hg : K € J,} and the constant ¢ only depends on the mesh
parameters, the dimension d and on k.

If we assume more regularity for the model problem, the Aubin—Nitsche trick
together with Theorem 2.29 can be used to prove an error estimate in the Ly-norm,
see, e.g., [40].

Theorem 2.30 Let %, be a regular and stable polytopal mesh of the bounded
domain 2 C RY and let there be, for any g € Ly(82), a unique solution of

Findw € H)(2):  b(v,w) = (g, v)1,2) Yv € HL(2),
with w € H*(82) such that
|w|H2(_Q) <Cleglrye) -
The solution uy, € V}f‘ of the Galerkin formulation from above satisfies
lu = unllLy2) < e ulgun gy foru e HTH(R)

where the constant ¢ only depends on the mesh parameters, the dimension d and
onk.

Proof Sinceu — uy € H})(Q) C L»(£2), there is a unique w € H?(£2) such that
b(v,w) = (u —up, V)1, forve H)()
with
lwlg22) = Cllu — unlly2) - (2.29)
The Galerkin orthogonality

b(u —up,vp) =0 forv, € V§,, C HH($2)
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and the continuity of the bilinear form yield for 3,11 w e V,f D

e = unl} ) = 0 — un.tt — un)Ly2) = b — up, w)

= b(l/l —Uup, w — JhU)) f C ||M — Mh”Hl(Q)”w — Jhwqu(Q) .

The first term on the right hand side is estimated using Theorem 2.29 and the second
by the use of Theorem 2.27. This yields

2 k+1
lu — uh”LZ(Q) <ch + |M|Hk+l(g)|w|H2(Q) .

Applying (2.29) and dividing by [lu — u || 1,(s2) gives the desired estimate. O

If the boundary value problem (2.1) has vanishing right hand side, i.e. f = 0,
and thus the solution satisfies u € H i (), we can seek the approximation u,
directly in the subspace V,f’ g = span lI/,f’ g C V}f‘ . Consequently, we obtain a
reduced Galerkin formulation. The same arguments as above yield optimal rates
of convergence, when the interpolation operator 32 g 1 used instead of 3’,‘1.

Theorem 2.31 Under the same assumptions as in Theorems 2.29 and 2.30, the
solution uy, € V,f’ y of the reduced Galerkin formulation with f = 0 satisfies

lu — unll ey < K ulgrsi gy foru e HYT ()

where £ = 0,1 and the constant ¢ only depends on the mesh parameters, the
dimension d and on k as well as on {.

Remark 2.32 The stability of the mesh %}, in the previous theorems can be
weakened, cf. Remark 2.25. The statements still hold for d = 2 if solely the
regularity of the mesh is assumed, and for d = 3 with k = 1 if the mesh is regular
and weakly stable.

In the realization of the discrete Galerkin formulation (2.28), we have to address
the evaluation of the bilinear form applied to ansatz functions. Since the diffusion
coefficient is assumed to be constant on each element such that a(-) = ax € R on
K, for K € %}, we have

b(.¢) = @V¥. Vo)) = . ax(V¥. V)ryk) for . ¢ € wf .
Keoy,

We remember that the basis llf}{‘ = lII,f g U lI/}{‘ g consists of piecewise harmonic
functions and element basis functions which vanish on the element boundaries.

According to (2.13), it holds

b, 9) =0 fory e W, pe¥,, (2.30)
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and thus the discrete Galerkin formulation (2.28) decouples. If we split the unknown
function into

up =up,g+upp with uppge V,;"’H and upp € V,f’B ,
and take gp € V}f‘H, we obtain with V}fH p= V}{‘H N Hé(!?)

Findup ;€ gp + V}f,H,D :
k 2.31)
b(un,H,vn) = (fivi)Ly2) + (N, V) Lyry)  YVh € Vi pp s

and

Findup g € Vi g blunp, vw) = (f. )Ly Yo €Vig. (2.32)
The problem (2.31) turns into a global system of linear equations with a symmetric
and positive definite matrix. Since the support of each element basis function lies
inside a single element, a closer look at (2.32) shows that the equation further

decouples. The element contributions uy, B| x € HOl (K), K € ), are given as
solution of

(Vung| - Vo) Lyk) = (flak. vn)iyk)  Yon € Vi glg

for each element K € .%#j. Thus, uy, B| x 1s locally the orthogonal projection of

f/ak into Vfﬁ B| x = span !I/,f’ plg the space of element bubble functions with
respect to the scaler product (V-, V-);, k). Furthermore, uj p is separated from
the global problem and can be computed via these local projections.

In Theorem 2.31, we already observed that in the case of a vanishing source
term, i.e. f = 0, it is sufficient to seek the approximation u, € Vf in the
subspace Vfﬁ ;- This observation is confirmed by the decoupling of the Galerkin
formulation. Because of u, = up g + up p with uy, g € Vé"H, and since the part
Up B € VP{C,B is uniquely defined by (2.32), we get u, g = 0 for f = 0 and thus
Up = UpH-

Furthermore, the property (2.30) and, consequently, the decoupling of the system
is very practical from the computational point of view. The global system of linear
equations reduces to a system which only involves the degrees of freedom corre-
sponding to nodal and edge basis functions. The unknowns for the element basis
functions can be computed independently element-by-element in a preprocessing
step. Thus, there is no need for static condensation that is often used in high-order
methods to eliminate the element-local degrees of freedom.

The decoupling is also an advantage over the virtual element method in [25]. This
method has the same number of unknowns, but the system matrix does not decouple.
Thus, a larger system of linear equations has to be solved. Another advantage of the
presented strategy in this context is that the approximation u; can be evaluated,
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or at least be approximated, in every point inside the domain with the help of the
representation formula (4.3), see next section. The virtual element method, however,
needs some postprocessing for the evaluation in an arbitrary point.

Remark 2.33 Tn the construction of the approximation space VX, we have used
the same order k over all edges and elements. However, these Trefftz-like basis
functions can be used directly with variable order. There is no difficulty which has
to be addressed. This flexibility is advantageous in sp-adaptivity, see [63].

Remark 2.34 More details on the computational realization as well as on the local
treatment of the implicitly defined basis functions can be found in Chap.4 and in
particular in Sect. 4.5.

In the case of a continuously varying diffusion coefficient in the model prob-
lem (2.1), it is possible to approximate the coefficient a by a piecewise con-
stant function gj. To analyse the impact of this approximation, the first Strang
Lemma [162] is used. Replacing the exact material coefficient in the bilinear
form b(-, -) by an approximated one can be seen as an approximation by, (-, -) of the
bilinear form. Let the approximation a;, of a sufficiently regular diffusion coefficient
satisfy

0 < amin <ap(X) <amax forxe 2andh >0, (2.33)

and a;(x) = ag € Rforx € K and K € %),. Therefore, the bilinear form by, (-, -)
is uniformly elliptic as well as bounded on Vf for h > 0, and the variational
formulation has a unique solution. The Strang Lemma taken from [58] gives the
error estimate

_ b (v, wi) — bp(vp, wp)l
lu = tnllgrgy < ¢ inf gl =villie) + sup
UhEVh whEth ||Wh||H1(Q)

for the Galerkin approximation. Obviously, the error in the finite element method
is estimated by two terms. One which gives the quasi-best approximation error and
one which measures the error coming from the inexact bilinear form. The latter one
can be written and estimated in the form

|((@ — ap)Vup, Vwy)| [(Vup, Vwp) k|
< sup Z la — anllLe (k)

vk lwallg (@) wneVf Ke lwnll g1 )

If the constant values ag are chosen as averaged Tayler polynomials of order zero
over the inscribed circle and ball of Definitions 2.1 and 2.11, respectively, we have
la —anllLo k) < chk ||a||W010(K), see [40], and we obtain after some arguments

[b(vp, wp) — bp (v, wp)|

<chlallw @lvallgie) -
wyeVf ||wh||Hl(_Q) 0
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Choosing v, = Jll‘lu in the Strang estimate and applying Theorem 2.27 as well as
Lemma 2.24 for the interpolation operator yields

k k+1
”I/l — uh“Hl(_Q) < ch |M|Hk+l(_Q) +Ch ||a||WO10(Q)||M||H2(Q) foru e H + (.Q) .

For high-order methods with k& > 1, the convergence of the finite element error
is dominated by the second term, which comes from the piecewise constant
approximation of the diffusion coefficient.

In order to achieve the desired convergence rates, it is necessary to approximate
the diffusion coefficient more accurately. For a sufficient regular coefficient a, one
can use its interpolation j];l_la, for example. For a more detailed discussion and for
implementation details, see [146]. The ideas given there can be generalized to k > 2
directly.

2.6 Numerical Examples

Finally, the theoretical results are verified by some computational experiments.
Theorems 2.29 and 2.30 are illustrated on a model problem. The BEM-based FEM
is applied on a sequence of uniformly refined polygonal meshes. In each step of the
refinement the boundary-value problem

—Au=f inR2=0010%, wu=0 onl (2.34)

is solved, where f is chosen such that u(x) = sin(mwx;) sin(wxp) is the unique
solution. The initial mesh and some refinements are shown in Fig.2.12. The
successively refined meshes are obtained by dividing each polygonal element as
described in Sect.2.2.3. The Galerkin error |u — upl| ge(oy is computed for the
H'-norm (¢ = 1) and the Lr-norm (¢ = 0). In Fig.2.13, the relative errors are
plotted with respect to the mesh size h = max{hx : K € J#}} on a logarithmic
scale. The slopes of the curves reflect the theoretical rates of convergence for the
approximation orders k = 1, 2, 3.
Next, we consider the model problem

—Au=0 in2 =172, u=gp onl, (2.35)

where gp is chosen such that u(x) = exp(27(x1 — 0.3)) cos(2m(x2 — 0.3)) is the
unique solution. According to Theorem 2.31, it is sufficient to seek the approxima-
tion uy in the space Vfﬁ g containing only piecewise weakly harmonic functions.
Therefore, the number of degrees of freedom is reduced in the computations. We
solve the reduced Galerkin formulation on a sequence of meshes produced by
the Matlab tool PolyMesher, see [167], and compute the Galerkin errors as in the
previous experiment. Some of the meshes are visualized in Fig. 2.14 and the relative
errors are plotted with respect to the mesh size £ in Fig. 2.15. The theoretical orders
of convergence are achieved by the computations for k = 1, 2, 3.
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Fig. 2.12 Initial mesh (left), refined mesh after two steps (middle), refined mesh after four steps
(right)
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mesh size h mesh size h

Fig. 2.13 Relative error in H !_norm (left) and L,-norm (right) with respect to the mesh size h for
problem (2.34) with uj, € V,{‘ on meshes depicted in Fig. 2.12

Fig. 2.14 First (left), fourth (middle) and sixth mesh (right) in uniform sequence generated by
PolyMesher
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H"‘”hHu!(:z)/H”H11'(m
[l =l @)/ 1l )

10° 10°

mesh size h mesh size h

Fig. 2.15 Relative error in H !_norm (left) and L,-norm (right) with respect to the mesh size h for
problem (2.35) with uj, € V,ﬁH on meshes depicted in Fig. 2.14

] [ ] .

Fig. 2.16 Second (left), third (middle) and fourth mesh (right) in uniform sequence consisting of
L-shaped elements and rectangles only

To demonstrate the applicability of the BEM-based FEM on polygonal meshes
with non-convex elements, we consider the previous example for the Laplace prob-
lem once more. The approach is applied to a sequence of meshes with decreasing
mesh size h consisting of L-shaped elements and rectangles only, see Fig.2.16. On
each mesh, the relative error (err) measured in L;(£2) and the numerical order of
convergence (noc) are computed, i.e.

_ lu —upllL,(2) and noc — log(llu — uznllL,(2)) — log(llu — upliL,(2)) .
lullz,(s2) log2

In Table 2.1, the computed values are given together with the degrees of freedom
in the trial space Vfﬁ HD = Vé" g N Hp($2) for k = 1,2,3. The results clearly
demonstrate the optimal rates of convergence according to Theorem 2.31, where in
the finest example for k = 3 saturation of accuracy is reached.
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Fig. 2.17 Relative error in 10° ,
H!'-norm with respect to the k=1a,=ax —eo—
mesh size h for

problem (2.36) with uj, € V§
and different

approximations ay of the
diffusion coefficient a on
meshes depicted in Fig. 2.14

k=2a,=ag - e
1071 - k:2,ah:j}la

[l — “hHHl(Q)/H“HHI(Q)

100

mesh size h

In order to study the effects of the approximation of the diffusion coefficient we
consider the boundary value problem

1
— div Vu)=0 in2=(0,1)2 u=gp onl, (2.36)
x — x*|

where x* = (—0.1,0.2)T. The Dirichlet boundary data gp is chosen in such a
way that u(x) = |x — x*| is the exact solution. We apply the approach with the
approximation space V[f on the uniform sequence generated by the PolyMesher,
cf. Fig.2.14. In the case of a piecewise constant approximation of the diffusion
coefficient a(x) = |x — x*|~!, the first order method for k = 1 converges with
optimal order in the H!-norm, whereas the second order method for k = 2 has
a suboptimal convergence rate, see Fig.2.17. This behaviour has been discussed
theoretically in Sect. 2.5, where we observed that the error in the piecewise constant
approximation of the diffusion coefficient dominates the convergence process for
k > 1. Approximating a by a;, = j’;fla, we recover the optimal rates, see Fig. 2.17.
For a discussion of the implementation we refer the interested reader to [146].
Finally, a three-dimensional boundary value problem is considered

—div(@aVu) = f in 2 = (0, 1)3, u=gp onl, 2.37)
where a(x) = ; — x1 —x2 — x3 and f as well as gp are chosen such that the

exact solution is u(x) = cos(mwxy) sin(2wx;) sin(3wx3). The diffusion coefficient
is approximated by a piecewise constant function. The boundary value problem is
solved on a uniform sequence of polyhedral meshes, the first one is depicted in
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Fig. 2.18 First mesh of unit
cube with tessellation of
hexahedral bricks and
triangular faces

Table 2.2 Degrees of freedom (DoF), relative error measured in the energy norm as well as in
the L, ($2)-norm with numerical order of convergence (noc) for problem (2.37) with u; € Vh1 on
meshes with triangulated faces, cf. Fig. 2.18

h DoF
423 x 107! 152
2.17 x 1071 1176
1.46 x 107! 3936
1.10 x 107! 9296
8.73 x 1072 19,026
7.31 x 1072 32,575
6.28 x 1072 51,388
5.51 x 1072 76,329
4.87 x 1072 111,188
Theory:

Energy err

1.43 x 109

7.86 x 107!
5.40 x 107!
4.10 x 107!
3.20 x 107!
2.69 x 107!
233 x 107!
2.04 x 107!
1.79 x 107!

noc

0.90
0.95
0.97
1.06
0.97
0.98
0.98
1.07

Ly-err

5.09 x 107!
1.95 x 107!
9.61 x 1072
5.67 x 1072
3.48 x 1072
2.49 x 1072
1.86 x 102
1.45 x 1072
1.12 x 102

noc

1.44
1.79
1.87
2.10
1.89
1.90
1.92
2.12

Fig.2.18. The meshes are constructed with the help of hexahedral bricks, where
the polygonal faces are triangulated in order to apply the simple generalization
for the three-dimensional approximation space in Sect.2.3.4. The relative errors
in the energy norm || - ||, = +/b(-, -) and the L,-norm are computed and given in
Table 2.2. Furthermore, we give the numerical orders of convergence (noc), cf. (1.7),
with respect to these norms. We observe linear convergence in the energy norm and
quadratic convergence in the L,-norm as predicted by the theory.



Chapter 3 )
Interpolation of Non-smooth Functions Shethie
and Anisotropic Polytopal Meshes

The solutions of boundary value problems may contain singularities and/or have
layers, where the solution changes rapidly. For such non-smooth functions, the
application of pointwise interpolation is not well defined and in the presence of
layers the use of regular and uniform meshes is not optimal in some sense. For
these reasons quasi-interpolation operators for non-smooth functions over polytopal
meshes are introduced and analysed in this chapter. In particular, operators of
Clément- and Scott—Zhang-type are studied. Furthermore, the notion of anisotropic
meshes is introduced. These meshes do not satisfy the classical regularity properties
used in the approximation theory and thus they have to be treated in a special way.
However, such meshes allow the accurate and efficient approximation of functions
featuring anisotropic behaviours near boundary or interior layers.

3.1 Preliminaries

In the theory of classical interpolation it is assumed that the interpolant is at least
in the Sobolev space H?(§2) or even smoother, such that point evaluations are well
defined. When talking about non-smooth functions, we have those in mind which
are only in H'!(£2) and do not satisfy any further regularity. Such functions can be
solutions of boundary value problems according to existence and uniqueness theory,
cf. the Lax—Milgram Lemma given in Theorem 1.6. But, these functions do not fall
in the theory of Sect.2.5 yielding optimal rates of convergence on sequences of
uniformly refined meshes. Instead of using pointwise values for the interpolation
of non-smooth functions, one has to exploit averages of the function over certain
neighbourhoods of the nodes.
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(7 (9 Wk

Fig. 3.1 Example of the neighbourhoods of nodes, edges and elements in two space dimensions

Let #;, be a polytopal mesh of a bounded domain £2. For each node z € .4 in
the mesh we consider its neighbourhood w, defined by

o= |J K. (3.1)

ze NV (K)

where .#"(K) denotes the set of all nodes belonging to the element K € .J%.
Furthermore, we introduce the neighbourhoods of edges, faces and elements as

WE = U wy , wF = U wy , WK = U wyz , (3.2)

ze NV (E) ze N (F) ze NV (K)

cf. Fig. 3.1 for a visualization in two space dimensions. The neighbourhoods are
open sets which are constructed by agglomerating elements next to the correspond-
ing node, edge, face and element, respectively. The diameter of a neighbourhood w
is denoted by h,,. An important role plays the neighbourhood w;. Its diameter £,
is of comparable size to the diameter of K C w, as shown in

Lemma 3.1 Let %), be regular and stable mesh of a two- or three-dimensional
domain. The following properties hold:

1. Each element is covered by a uniformly bounded number of neighbourhoods of
elements, i.e. |{K' € #, : K Cwg'}| <c, VK €%,
2. Forallz € N, and K C wy, itis h,, < chg.

The constants ¢ > 0 only depend on o, 0.7 and c_y .

Proof The first statement is seen easily. Let K € %, be fixed. Due to the above
constructions, the number of element neighbourhoods wg’ with K C wg- is equal
to the number of elements contained in the neighbourhood wg . Consequently, the
statement follows since

wg = U Wy = U U K,

ze N (K) ze NV (K) ze N (K')
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and the number of nodes per element as well as the number of elements containing
a node are bounded uniformly, see Lemmata 2.7 and 2.16 as well as Corollaries 2.6
and 2.15 for d = 2 and d = 3, respectively.

In order to see the second statement, we first recognize that

he, <2 max hg .
K'Cw,

Let the maximum be reached for some K’. If K and K’ share a common edge E,
the stability of the mesh, i.e. hgr < cxhrp < chk, gives the desired estimate,
namely h,, < 2chk.If K and K " do not share a common edge, we can construct
a sequence of elements K; C wg,i = 1,...,n such that K; = K’, K,, = K and K;
and K; 1 share a common edge. Arguing as above yields

ho, <2 ()" hi .

Since the number of elements contained in w,, and thus in particular n, is uniformly
bounded according to Corollaries 2.6 and 2.15, the statement is proven. O

In the forthcoming sections, we treat the two- and three-dimensional cases with
d = 2,3 simultaneously. Therefore, if we write F, .%;, and so forth, we mean the
faces of the discretization for d = 3 and with some abuse of notation the edges
for d = 2. In this chapter, we restrict ourselves to the first order approximation
space Vhl with k = 1 and we simply write V), for shorter notation. In the three-
dimensional case we may use the simple generalization for the construction of Vj,
introduced in Sect. 2.3.4 which relies on polyhedral elements with triangular faces.
The theory in this chapter is also valid for the case of polyhedral elements with
polygonal faces. The detailed description of the approximation space is discussed
in the later Sect. 6.2. At this point, however, we give a small outlook in order to
present the full theory for quasi-interpolation operators. The generalization of V}, to
polyhedral elements with polygonal faces reads

Vi={ve H'(@): Avly =0VK € Hj and v, € Vi(F) VF € 73 |
(3.3)

where V, (F) denotes the two-dimensional discretization space over the face F. The
nodal basis functions are constructed as in the two-dimensional case but they have
to satisfy additionally the Laplace equation in the linear parameter space of each
face.
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3.2 Trace Inequality and Best Approximation

Before we introduce quasi-interpolation operators and study error estimates, some
analytic auxiliary results are reviewed and extended. These include in particular
trace inequalities and approximation results for the L,-projection into the space of
constants over patches of elements. If no confusion arises, we write v for both the
function and the trace of the function on an edge and face, respectively.

In the two-dimensional setting, Lemma 2.4 guaranties the existence of the
isosceles triangles with common angles for non-convex elements in a regular
polygonal mesh. This is sufficient to guaranty the following lemma proven in [174].

Lemma 3.2 Let %, be a regular mesh, v e H'(K) for K € J, and E € &(K). It
holds

—1/2 1/2
Wl < ¢ {210l oy + 171011 7o)}

with the isosceles triangle Tlisso C K from Lemma 2.4, where c only depends on oy,
and thus, on the regularity parameter oy .

Under the additional assumption on the stability of the mesh, we can generalize
this trace inequality and state a similar result, which is valid for d = 2, 3. Remember
the convention that F denotes a face or edge depending on the considered
dimensions d.

Lemma 3.3 (Trace Inequality) Ler %}, be a regular and stable mesh, v € H'(K)
for K € 2, and F € #(K). It holds

-1/2 1/2
ol < ¢ (e 2 Molau +h 0l

where ¢ only depends on o, .7 and ¢y .

Proof Since ., is regular and stable, we have an auxiliary discretization .7, (K)
into tetrahedra such that each face F € .# (K) is decomposed into triangular facets
of these tetrahedra. According to Lemma 2.14 the discretization .75, (K) is shape
regular in the sense of Ciarlet. It is well known, see [2, 40], that there is a constant
C only depending on the regularity parameters of the auxiliary discretization such
that for Tie € Z5,(K) and v € H'(Tie) it holds

2 -1 2 2
Iz, 07 = € (hTtet”””Lz(ne[) + hﬂet”””mmﬁ)) :

Furthermore, itis hr/cy < hrt,, < cxhr, cf. Sect.2.2.2, and thus we obtain for
the triangle T C Tt N F and v € Hl(K) that

2 -1 2 2
101330y = € (BE 1013 19+ HE 1010 )

Summing this inequality for all triangles which lie in F yields the desired result. O
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Another important analytical tool is the approximation of functions in Sobolev
spaces by polynomials. We already applied such results over polytopal elements
in the proof of Theorem 2.27. Since these elements are star-shaped, the well
known results from [40, 69] are applicable. Next, we consider the polynomial
approximation over the neighbourhoods defined in (3.1) and (3.2) which are not
star-shaped in general, and therefore we have to extend the theory.

Lemma 3.4 Let %), be a regular and stable mesh and k € Ny. There exists for every
function v € H* () and every neighbourhood o € {w,, wr, wg} a polynomial
p € PX(w) such that

|U - p|H[(w) < Cl’lﬁ;’_l_g |U|Hk+l(w) forﬁ = 0, . ,k+ 1 5

where C only depends on o, 0. and c_y as well as on k and the dimension d.

Proof Let w € {w;, wF, wg}, since % is regular and stable, there is an auxiliary
discretization of @ into tetrahedra formed by 7,(K) of all K C w. This
discretization is shape regular in the sense of Ciarlet and the number of tetrahedra is
uniformly bounded because there are only finitely many K with K C w according to
Lemma 3.1 and each element is decomposed into a bounded number of tetrahedra
according to the Lemmata 2.7 and 2.16. Now, that we have a uniformly bounded
number of tetrahedra with uniformly bounded aspect ratios due to the regularity, we
can argue as in [8] adapting an iterative procedure already mentioned in [69]. We
skip the rest of the proof and refer the interested reader to the cited literature. O

The previous result can be applied to obtain error estimates for the L,-projection.
We only consider the projection into the space of constants. For v € H!(w) this
projection is given by

1
I1,v = / v(x)dx.
ol Jo

It is known that the Poincaré constant

_
Criwy= sup 107 TVl _ (3.4)

veHl (@) ol

is finite and depends on the shape of w, see [169]. Exploiting that
lv = HovllLy @) =min||v — gl w)
geR

we deduce from Lemma 3.4 that the Poincaré constant Cp (@) is bounded uniformly
for the neighbourhoods w € {w;, wF, wk} in a regular and stable mesh.

Lemma 3.5 Let %), be a regular and stable mesh. There exists a uniform con-
stant ¢, which only depends on oy, 0. and ¢y, such that for every neighbourhood
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w € {w,, wp, wg ) withz € Ny, F € %), and K € %, it holds
v — MovliLy) < cholvlgie forve H'(w).

In the following, we give an alternative proof for the two-dimensional case
(d = 2) with = w,. For convex w, the authors of [136] showed Cp(w) < 1/m.
In our situation, however, w, is a patch of non-convex elements which is itself non-
convex in general. We proceed as in [180]. The main tool in the forthcoming proof
is Proposition 2.10 (Decomposition) of [169]. As preliminary of this proposition, an

admissible decomposition {w;}7_; of w with pairwise disjoint domains w; and

n
w = Ua),'
i=1

is needed. Admissible means in this context, that there exist triangles {7;}?_, such
that 7; C w; and for every pair i, j of different indices, there is a sequence
i =ko, ..., ke = jofindices such that for every m the triangles 7, , and Tj,, share
a complete side. Under these assumptions, the Poincaré constant of w is bounded by

1/2
il L
Cr() = max :8(” - (1 LA ) (Chan +26r@0) 11 f

3.5)

Proof (Lemma 3.5, Alternative for d = 2 with « = ®,) Before we prove
the estimate, we note that Cp(K) < ¢ for an element K which satisfies the
regularity and stability assumptions of Definitions 2.1 and 2.2. This follows by
remembering the construction of the auxiliary triangulation ,(K). K can be
interpreted as patch of triangles corresponding to the point zgx. Thus, we choose
w, =T;,i = 1,...,n with {Ti};':1 = T,(K) for the admissible decomposition
of K. The integer n corresponds to the number of nodes in K and thus it is
uniformly bounded according to Lemma 2.7. Furthermore, it is Cp(w;) < 1/m,
K| < h%( and hczol_/|T,-| = hzTi/|T,-| < ¢, because of the shape-regularity of the
auxiliary triangulation proven in Lemma 2.3. Consequently, the application of
Proposition 2.10 (Decomposition) from [169] yields Cp(K) < c.

Now, we address the estimate for general w, in the lemma. Therefore, we apply
once more Proposition 2.10 of [169]. For this reason, we construct a decomposition
{w;i}?_, and show that it is admissible by giving explicitly a set of triangles {T;}_,
which satisfy the above mentioned properties. Furthermore, the terms in (3.5) are
estimated.

To simplify the construction, we first assume that the patch consists of only
one element, i.e. w, = K € J#,,and let E, Ey € &(K) withz = E| N E>.
We decompose w;, or equivalently K, into w; and w, such that n = 2. The
decomposition is done by splitting K along the polygonal chain through the points
z, zx and 7/, where z € 4/ (K) is chosen such that the angle 8 = /zzgxZ is
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w, =K ,

Fig. 3.2 Construction of admissible decomposition for K and w, from Fig. 3.1

maximized, see Fig. 3.2 left. Itis B € (;r/2, m], since K is star-shaped with respect
to a circle centered at zg. The triangles {T;}"_, are chosen from the auxiliary
triangulation in Lemma 2.3 as T; = Tg, € 9, (K), cf. Fig. 3.2 middle. Obviously,
{w;}]_, is an admissible decomposition. Next, we estimate the terms in (3.5) and
show that Cp(w;) < c. The element K is star-shaped with respect to a circle
of radius px and we have split this circle into two circular sectors during the
construction of w;, i = 1, 2. A small calculation shows that w; is also star-shaped
with respect to a circle of radius

_ pk sin(B/2)
" 14sin(B/2)

wj

which lies inside the mentioned circular sector and consequently satisfies the
relation pg /(1 + \/2) < po; < pk/2, see Fig.3.2 (left). Thus, the aspect ratio
of w; is uniformly bounded, since

ho, _ (14 VDhg
Puw; - PK

<(1+V2)oyu.

Furthermore, we observe that i, < hg < oy pk =< ox|zZk| and accordingly
he, < oxl|Zzk|. Consequently, w;, i = 1,2 is a regular element in the sense of
Definition 2.1 and thus, we have already proven that Cp(w;) < c. Additionally, we
obtain by (2.2) and by the regularity of the mesh that

2 2
hwi < Zhwi < 2h%<

< < <2cyoy .
IT:| — hg;px — hE Pk

This yields together with |w;| < hz)z and Proposition 2.10 (Decomposition) of [169]
that

Cp(wy) < (16(n - (c2 + 2c) c%a%)l/z ,

and thus, a uniform bound in the case of w; = K and n = 2.
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In the general case, the patch w, is a union of several elements, see (3.1) and
Fig.3.1. In this situation, we repeat the construction of w; for all neighbouring
elements of the node z, see Fig.3.2 (right). Consequently, n is two times the
number of neighbouring elements. This number is uniformly bounded according
to Lemma 2.7. The resulting decomposition {w;}7_, is admissible and the estimate
of [169] yields Cp(w;) < c, where c only depends on o and c_y . |

Remark 3.6 More precisely, the previous proof yields the estimate

1/2
Cp(wn) < (16(n — Deoy max {Ch(@) +2cp<wi>}> ,

where n is two times the number of elements in w, that is usually a small number.
Consequently, Cp(w;) is controlled by Cp(w;),i = 1, ..., n which only depend on
the chunkiness parameter £, / pw; according to [40].

3.3 Quasi-Interpolation of Non-smooth Functions

In the case of smooth functions like in H?(§2), it is possible to use nodal interpola-
tion. Such interpolation operators have been constructed and studied in Sect.?2.4,
and they yield optimal approximation error estimates. The goal of this section,
however, is to define interpolation for general functions in H'(£2). Consequently,
quasi-interpolation operators are applied, which utilizes certain neighbourhoods of
the nodes. Classical results on simplicial meshes go back to Clément [59] and to
Scott and Zhang [154]. They use L-projections instead of point evaluations in order
to specify the expansion coefficients in the given basis.
For v € H'(£2), we are interested in quasi-interpolation operators of the form

=Y (v € Vi, (3.6)
ze Ny

where the set of nodes .#; and the neighbourhoods w(v;), which depend on the
first order basis functions, have to be specified. The Clément and Scott—Zhang
interpolation operators differ in the choice of .44 and w(;). Furthermore, it is
desirable that homogeneous Dirichlet data is preserved such that Jv € H ll)(.Q) for
ve HY(R).

3.3.1 Clément-Type Interpolation

The Clément interpolation operator Jc is defined as usual by (3.6), where we choose
Ny = M \ A, p as all nodes which do not lie on the Dirichlet boundary, and
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w(¥z) = w, as neighbourhood of the nodes. Thus, the interpolation is given as a
linear combination of the basis functions v, associated to the nodes in the interior
of £2 and the Neumann boundary I'y. The expansion coefficients are chosen as
average over the neighbourhood of the corresponding nodes. For v € H ll)(.Q), it is
Jcv € Hé(!?) by construction.

Theorem 3.7 Let %), be a regular and stable mesh and let F € %), and K € %),
The Clément interpolation operator satisfies forv € H b(.Q) the interpolation error
estimates

1/2
v = Jcvlliak) < chrlvlgiwey and v —JIcvllr) < chl 1ol »

where the constants c only depend on o, 0.7 and c .

Proof The proof follows the arguments of [170, 174] with several modifications for
the treatment of polytopal meshes. We start with the first estimate. For K € ., we
have the partition of unity property, i.e. ZZEW(K) Y, = lon K and ||1/fz||LOO(K) =1
forz € 4 (K). We distinguish two cases, let all nodes z € .4 (K) of the element
K be located in the interior of §2 or in the interior of the boundary Iy, i.e.
z € M, \ . p. Applying the best approximation result Lemma 3.5, we obtain

A

v =Jcvlam < Y e — Muw)lLyk)
ze NV (K)

Z v = Mo, vl ()

ze NV (K)

Z Chwz|v|H1(a)z)

ze NV (K)

IA

IA

IA

C]’lK|U|Hl(wK) .

In the last step we used that the number of nodes in .4 (K) is uniformly bounded,
see Lemmata 2.7, 2.16, and 3.1, which gives h,, < chg. In the case that at least
one node of the element K is on the Dirichlet boundary I'p, i.e. z € .4}, p, we write

v—TJcv = Z Yzv — Z Yzllw,v
ze. ¥ (K) ze N (K)\ N, p
= Y Y -Tuv)+ Y Yy,
ze. ¥ (K) ze N (K)NAp,p
and obtain
lo=Tcvlm = Y. IWe—Mo)lii+ Y. (Vo) -

ze N (K) ze N (K)NAj.p
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The first sum has already been treated and the term in the second sum can be
estimated by

d/2
12T, vl Ly k) < ol 12l Lo i) 1K1Y < B2 100

Because of z € 4, p, there is an element K’ C w, and a face F' € % (K’) in the
Dirichlet boundary, such thatz € A" (F’) and F' € %), p. Therefore, v vanishes on
F’ and we obtain with the trace inequality, see Lemma 3.3,

|, v = |F'|7Y2 v — Ho,vll 1,7

— 1/2 —
AP0 I = Haglisop + 10110 )

IA

IA

1-d/2 _
ChK’ / {ha)zl”v — lel)”Lz(wz) + |U|H1(wl)] s

where we exploit h‘}gl < c|F'|, see Remark 2.13, hgpr < hgs, and
he, < chg' < chp according to Lemma 3.1 and the stability of the mesh. The
best approximation, see Lemma 3.5, and the observations hix < h,, < chg’ as well
as 1 —d/2 <0 gives

1-d/2
1Mool < chie Pl - (3.7)

Putting all estimates together proves the first statement of the theorem.

To prove the second estimate of the theorem, we proceed in a similar manner.
Let F € ), be an edge (d = 2) or a face (d = 3). We have Zze./V(F) Y, = 1on
F and |Y L) = 1 forz € A (F). First, let F € %), be such that all its nodes
z € N (F) are located in the interior of £2 or in the interior of the boundary Iy,
ie.z € A, \ h p. Applying the trace inequality, see Lemma 3.3, with an element
K’ € ), that satisfies K’ C w, and F € .%(K), as well as the best approximation,
see Lemma 3.5, we obtain as above

lv—TnvllLyr) = Z v — Mo, vy (F)

eV (F)
1/2 -1
<= 3 e R = vl + 0l )
eV (F)
1/2
< Z C/’ZF/ |v|Hl(a)z)
eV (F)
1/2
S ChF/ |U|H1((DF) .
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If at least one node of F is on I'p,i.e. z € A} p, we have

=Tmlye < D W@ =Tl + Y. 1Yallw, vl -
ze NV (F) ze N (F)NAMy. D

The first sum is treated as before, so let us have a look at the second sum. For
z€ N (F)N A, p and some element K’ € ¢, with F € Z#(K’), we have
according to (3.7)

1-d/2 1/2
12w, vl Ly(ry < 1FI1Y2 0] < ¢ IF1Y2 RGP 0l ) < e 0l oy -

where in the last estimate we have used |F| < h%_l and h}{,d/ 2 < h};d/ 2, Putting
all estimates together and exploiting that the number of nodes per edge (d = 2) and
face (d = 3) is uniformly bounded, see Lemma 2.7 and Definition 2.10, yields the
second statement of the theorem and concludes the proof. O

3.3.2 Scott-Zhang-Type Interpolation

The Scott-Zhang interpolation operator Jsz : H'(£2) — Vj, is defined as usual
by (3.6), where we choose 4, = A} and w(Y,) = F;, where F;, € %, is an edge
(d = 2) or face (d = 3) withz € F, and

F,CcIlpifzep and F,CcQUIlyifze QUIy.

Thus, the interpolation is given as a linear combination of all basis functions v,. The
expansion coefficients are chosen as average over edges and faces. By construction,
it is Jszv € Hl:l)(.Q) forv € H$(.Q), such that homogeneous Dirichlet data is
preserved. We have the following local stability result, which can be utilized to
derive interpolation error estimates.

Lemma 3.8 Let ¢}, be a regular and stable mesh and K € #,. The Scott-Zhang
interpolation operator satisfies for v e H'(2) the local stability

1Tszvli,k) < ¢ (Il Lywk) + RV g 0f)) >

where the constant ¢ only depends on oy, 0.7 and c .

Proof The only non-vanishing basis functions vy, over K in the expansion of Jszv
are those with z € 4/ (K). Due to the stability of the Ly-projection [T, we have
ITF,vllL,F,) < lvllL,y(F,- Furthermore, there exists K, € ¢, with F; C 0K, such
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that K, C wg. Therefore, we obtain with the trace inequality, see Lemma 3.3,

—1/2
\TF, vl = |F,l 2 1Tl Lo (R,

IA

_ —-1/2
e 1F ™ PhE 2 (Il + B0 a1 (k)

A

< 1KoV (Il Loy + Pk IVl g1 (k)

since | K| < hd < cdjghd thZ < c|Fy|hF, and hfp, < hg, due to the regularity

and stability of the mesh. Utlhzlng this estimate and ||V || 1, (k) = 1 yields

13szvlla) < Y. IUTEY) YallLyk)

ze. ¥ (K)
< > e Wl 1KIY2
ze. ¥ (K)
1/2
K|
< Z <|K| (”U”Lz(KZ)+th|U|H1(KZ)) .
ze N (K) z

Furthermore, it is K, K, C w; and thus hg, < hg,. Lemma 3.1 yields h,, < chg
and consequently g, < chg. Additionally, we can bound |K|/|K,| uniformly,
because of |K| < hl}( < ch”}(Z < cagf/,p?(l < c¢|Ky,|, since the d-dimensional ball
of radius pg, is inscribed in K,. Exploiting that K, C wk and that the number of
nodes per element is uniformly bounded, see Lemmata 2.7 and 2.16, finishes the
proof. O

Theorem 3.9 Let %), be a regular and stable mesh and K € #},. The Scott—Zhang
interpolation operator satisfies for v € H'(§2) the interpolation error estimate

lv—TszvllL, k) < chklvlgi o) »

where the constant ¢ only depends on oy, o7 and c .

Proof For p = I, v € Ritis obviously p = Jszp and Vp = 0. The estimate in
the theorem follows by Lemma 3.8 and the application of Lemma 3.4, since

lv —Tszvll,k) < v — pllLyk) + 1Tsz(v — Pl k)

IA

¢ (Ilv = PllLao) + vl g1y

IA

ChK|U|Hl(wK) .
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3.4 Anisotropic Polytopal Meshes

When dealing with highly anisotropic solutions of boundary value problems, it is
widely recognized that anisotropic mesh refinements have significant potential for
improving the efficiency of the solution process. Pioneering works for the analysis
of finite element methods on anisotropic meshes have been performed by Apel [10]
as well as by Formaggia and Perotto [78, 79]. The meshes usually consist of
triangular and quadrilateral elements in two-dimension as well as on tetrahedral and
hexahedral elements in three-dimension. First results on a posteriori error estimates
for driving adaptive mesh refinement with anisotropic elements have been derived
by Kunert [119] for triangular and tetrahedral meshes. For the mesh generation and
adaptation different concepts are available which rely on metric-based strategies,
see, e.g., [108, 125], or on splitting of elements, see [152] and the references
therein. The anisotropic splitting of classical elements, however, results in certain
restrictions why several authors combine this approach with additional strategies
like edge swapping, node removal and local node movement. These restrictions
come from the limited element shapes and the necessity to remove or handle hanging
nodes in the discretization. For three-dimensional elements the situation is even
more difficult. In contrast, anisotropic polytopal elements promise a high potential
in the accurate resolution of sharp layers in the solutions of boundary value problems
due to their enormous flexibility. An appropriate framework is developed in this
section.

3.4.1 Characterisation of Anisotropy and Regularity

Let K ¢ R?, d = 2,3 be a bounded polytopal element. Furthermore, we assume
that K is not degenerated, i.e. |K| = measy(K) > 0. We define the center or mean
of K as

_ 1 /
Xg = x dx
K| Jk

and the covariance matrix of K as
1
Mcoy(K) = / (x —Xg)(x —Xg) | dx e R
K| Jk

This matrix has already been used in Sect.2.2.3 for the bisection of elements in
the discussion of mesh refinement. Obviously, Mcoy is real valued, symmetric and
positive definite since K is not degenerated. Therefore, it admits an eigenvalue
decomposition

Mcoy(K) = Ug Ag Uy
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with
Ug =Ug' and Ag =diag(Ag1, ..., Ax.d) -

Without loss of generality, let the eigenvalues satisfy Ax 1 > ... > Ak 4 > Oand we
assume that the corresponding eigenvectors ug 1, ..., Uk 4, collected in U, form a
basis of R? with the same orientation for all considered elements K € ..

The eigenvectors of Mcoy(K) give the characteristic directions of K. This fact
is, e.g., also used in the principal component analysis (PCA). The eigenvalue A
is the variance of the underlying data in the direction of the corresponding eigen-
vector ug ;. Thus, the square root of the eigenvalues give the standard deviations in
a statistical setting. Consequently, if

Mcoy(K) = cl

for ¢ > 0, there are no dominant directions in the element K. We characterise the
anisotropy with the help of the quotient Ax 1/Ag 4 > 1 and call an element

. ... Ak
isotropic, if A
K.d
. ... Ak
and anisotropic, if > 1.
K.d

For d = 3, we might even characterise whether the element is anisotropic in one or
more directions by comparing the different combinations of eigenvalues.

Exploiting the spectral information of the polytopal elements, we next introduce
a linear transformation of an anisotropic element K onto a kind of reference element
K.Foreachx € K , we define the mapping by

X X=Fxk(X) = Agx  with Ag =ax A PUL, (3.8)

and g > 0, which will be chosen later. K = Sk (K) is called reference
configuration later on.

Lemma 3.10 Under the above transformation, it holds

1. 1R| = K[| det(Ag)| = b 1K1/ T 2o

2. Xg = Sk (Xk),
3. Mcov(K) = oz 1.

Proof First, we recognize that

det(Ag) = o det(A PUL) = o //det(Ag) = (x%/\/]_[;l:l AR



3.4 Anisotropic Polytopal Meshes 79
Consequently, we obtain by the transformation
K| = /Jﬁ: K| det(Ak)| = o |K|/v/det(Mcoy(K)) ,
K

that proves the first statement. For the center, we have

_ 1 - | det(Ag)| / _ _
X = ~ XdxX = ~ A xdx = AgXg = XK) .
R= R /1? Rl K B kXK = Sk (Xk)

The covariance matrix has the form

Men(B) = o [ @%@ x0)T &
Rz

| det(Ak)| ) i}
= R Ak (x — Xg) (Ag (x — Xg)) | dx
= AxMcoy(K)Ag
—1/2 —1/2
= oy (AL PUD WUk AR UL (AR PUDT
= a%( I,
that finishes the proof. O

According to the previous lemma, the reference configuration K is isotropic,
since A R /A Rd = 1, and thus, it has no dominant direction. We can still choose
the parameter o in the mapping. We might use ox = 1 such that the variance of
the element in every direction is equal to one. On the other hand, we can use the
parameter o in order to normalise the volume of K such that |I’(\ | = 1. This is
achieved by

1/d

1/d 4 Ak i
Kz(Jdet(Mcov(K))> _ \/1_[/—1 K i (3.9

K| K|

see Lemma 3.10, and will be used in the following.

Example 3.11 The transformation (3.8) for a¢x according to (3.9) is demonstrated
for an anisotropic element K C R?,i.e.d = 2. The element K is depicted in Fig. 3.3
(left). The eigenvalues of Mcoy(K) are

Ak1~ 11146 and Ago=~1.18,

and thus

AK,1

~9440>1.
AK,2
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20

-1.5

Fig. 3.3 Demonstration of transformation (3.8): original anisotropic element (left) and trans-
formed element centered at the origin (right)

In Fig. 3.3, we additionally visualize the eigenvectors of Mcoy(K) scaled by the
square root of their corresponding eigenvalue and centered at the mean of the
element. The ellipse is the one given uniquely by the scaled vectors. In the right
picture of Fig. 3.3, the transformed element K = 3k (K) is given with the scaled
eigenvectors of its covariant matrix MCOV(I? ). The computation verifies |I? | =1,
and we have
= 8.59-1072 —3.93.107"7
Meov(K) ~ <—3.93 10717 8.59.1072 )

In view of the quasi-interpolation and interpolation operators and their approxi-
mation properties, the meshes have to guaranty certain requirements. In the previous
analysis of such operators, we made use of isotropic polytopal elements in regular
and stable meshes .%#}. The corresponding definitions of Sect. 2.2 are summarized
in the following remark.

Remark 3.12 Let %, be a polytopal mesh. %, is called a regular and stable
(isotropic) mesh, if all elements K € %), satisty:

1. K is a star-shaped polygon/polyhedron with respect to a circle/ball of radius px
and midpoint zg .

2. The aspect ratio is uniformly bounded from above by o ¢, i.e. hx /px < ox.

3. For the element K and all its edges E € &(K) itholds hg < cyhEg.

4. In the case d = 3, all polygonal faces F' € .% (K) of the polyhedral element K
are star-shaped with respect to a circle of radius pr and midpoint zr and their
aspect ratio is uniformly bounded, i.e. hr/pfr < 0%.

Obviously, these assumptions are not satisfied in the case of anisotropic meshes.
The aspect ratio of the element depicted in Fig. 3.3 (left) is very large and one of its
edges degenerates compared with the element diameter. In the definition of regular
and stable anisotropic meshes, we make use of the previously introduced reference
configuration.



3.4 Anisotropic Polytopal Meshes 81

Definition 3.13 (Regular and Stable Anisotropic Mesh) Let .7}, be a polytopal
mesh. %7}, is called a regular and stable anisotropic mesh, if:

1. The reference configuration K forall K € %, obtained by (3.8) is a regular and
stable polytopal element according to Sect. 2.2, see Remark 3.12.

2. Neighbouring elements behave similarly in their anisotropy. More precisely, for
two neighbouring elements K; and K, i.e. K1 N K2 # &, with covariance
matrices

Mcoy(K1) = Uk, Ak, Uy, and  Mcoy(K2) = U, Ak, Uy,
as defined above, we can write
Ak, = (I + AKX K2 Ap and  Ug, = RE1 K2y,
with
AKLKY _ digg (5/’?"’(2 = 1,...,d) :

and a rotation matrix RX1-K2 ¢ R?*4 guch thatfor j = 1,...,d

172

Y

0< 650K < cs <1 and 0 < |RKVK2 1||2< K“) <cr
J )\Kl,d

uniformly for all neighbouring elements, where || - |2 denotes the spectral norm.
In the rest of the chapter, the generic constant ¢ may also depend on ¢ and cg.

Remark 3.14 For d = 2, the rotation matrix has the form

RELK2 _ COS¢K1,K2 —sin¢K1*K2
~ \singpXvK2 cospKiKa |7

with an angle ¢X1-X2_ For the spectral norm || RX1-X2 — []|,, we recognize that
(RK-K2 — T (REK2 — 1) = (sin? 152 4+ (1 = cos %1527 1,

and consequently

12
IRK12> — 1o = (sin? 65152 4 (1 - cos p152)2)

K1,K
sin <¢ ; 2) — sin(O)‘

K, K
<le™t"2,

=2
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according to the mean value theorem. The assumption on the spectral norm in
Definition 3.13 can thus be replaced by

1/2
AKyL1
|¢"1”‘2|( ) <cp.

AK, 2

This implies that neighbouring highly anisotropic elements have to be aligned in
almost the same directions, whereas isotropic or moderately anisotropic elements
might vary in their characteristic directions locally.

Let us study the reference configuration K Cc R4, gl =2,30of K € %, which is
regular and stable. Due to the scaling with ag, itis | K| = 1 and we obtain

1=|K| <h% <09 p =09 vapk | (vr) <o K|/ (vm) =0 [ (v7)

where v = 1 ford = 2 and v = 4/3 for d = 3, since the circle/ball is inscribed the
element K. Consequently, we obtain

o

PEIRE oy

(3.10)

lfllrthernlore, ford = 3, let F be a face of K and denote by E one of its edges, i.e.,
E € &(F). Due to the regularity and stability, we find

|F| = np} = w05 = wh} /o = nhp/(croF)
and thus ford = 2,3
Wt < c|F| . (3.11)

A regular and stable anisotropic element can be mapped according to the
previous definition onto a regular and stable polytopal element in the usual sense.
In the definition of quasi-interpolation operators, we deal, however, with patches of
elements instead of single elements. Thus, we have to study the mapping of such
patches. These include in particular the patches w,, wr and wg defined in Sect. 3.1.

Lemma 3.15 Let %), be a regular and stable anisotropic mesh, w, be the patch of
elements corresponding to the node z € Ny, and K1, Ko € ¢, with K1, K C w,.
The mapped element §k,(K2) is regular and stable in the sense of Sect. 2.2, see
Remark 3.12, with slightly perturbed regularity and stability parameters & and
C depending only on the regularity and stability of ;. Consequently, the mapped
patch § g (wz) consists of regular and stable polytopal elements for all K € ¢, with
K C w,.

Proof We verify Remark 3.12 for the mapped element K 2 = §k, (K2).
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3k, 03k, ) Sx, o3,

Sk,

Fig. 3.4 Anisotropic element K, with mapped regular and stable element K, (reference configu-
ration) and perturbed mapped element K, = §k, (K2)

First, we address 1. of Remark 3 12. K2 = %k, (Kz) is regular and thus, star-
shaped Wlth respect to a circle/ball B.If we transform K; into K, with the mapping
Sk, © S K,» See Fig. 3.4, the circle/ball B is transformed into an ellipse/ellipsoid

B = Sk, © Sg; (§). Since the transformations are linear, the element Ez is star-

shaped with respect to the ellipse/ellipsoid B and in particular with respect to the
circle/ball inscribed B.

Next, we address 2. of Remark 3.12 and we bound the aspect ratio. The
radius pg, of the inscribed circle/ball as above is equal to the smallest semi-axis
of the ellipse/ellipsoid B. Let X; and X» be the intersection of B and the inscribed
circle/ball. Thus, we obtain

208, = 3k, 0§ &1 — %)l

—1/2 1 1/2 ~
OlKZA / UK2 UKIAK/I X —X2)

_¥Ky | 12 Ki.Kov—1/2,,T (K1 K2\ " 1/2 5
ak, ‘AKI (I + 47072 Uk, (R l 2) Uk Ak, X —%)

o T
=K ‘(1 + AK“’Q)‘”Z( Uk (RE K2 1) o A+ 1) & - %)
K

IA

oK 1/2
a [+ aRe T2 (g PR — il AR + 1) 20,
1

12
oK, I K1.K2 —1/2] (AKM) K1.K
= max 146" 1+ RALR2 — 207,
ak, j=l,..d (465770 Ak d ” 2 )20k,
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since the spectral norm | - |2 is invariant under orthogonal transformations
and, in particular, under rotations like Ug,. With similar arguments, we can
bound h,. Therefore, let X1,X» € 9K, be such that h R = Xi — X»| and

X = 5k, 03}11 (X)) € 3K, i = 1,2. With similar considerations as above, we
obtain

hg, = I8k, o%}i(il —X2)|

1/2
A
o max fa4s)2 <1+<AK"1) IIRKI*K2—1||2> hi, -

IA

aK, j=1,..., K.d
Exploiting the last two estimates yields

- " K.k 12 Chg
hg, —Mmaxj=i,., d\/1+8j <1+<)»K1,1>/ ||RK1,K2—I||2) "%,

PK, minj—y,. 4 \/1 +5/KLK2 AKy.d

1+¢ hz 14+c¢ -
\/ 65(1+cR)2 K2<\/ U+cp)oy =64 .

I —cs rr,  V1-—cs

PK,

Obviously, the aspect ratio is uniformly bounded from above by a perturbed
regularity parameter o . ~ ~

Finally we address 3. of Remark 3.12. Let E be an edge of K> with endpoints X;
and X,. Furthermore, let E be the corresponding edge of K> with endpoints X and
X;. In the penultimate equation we estimated & g, by aterm times hg, . Due to the
stability it is & g =c v h and, as in the estimate of p 8 above, we find that

~ ~ —1,~ ~
hg = X1 —X2| = [k, o 5, X1 —X2)|

2 172
“K: max ’(1 —l—SJK“KZ)_l/Z} (1 + ( Kl’l) | REKLK2 I||2) h .

ak, j=1,.., AKLd

IA

Summarizing, we obtain
1 +cs 2 ~
hgz < l—c (I+cp)cwhg=crhg.
— G5

O

Remark 3.16 According to the previous proof, the perturbed regularity and stability
parameters are given by

~ 14+¢ - 1+c¢
oy = s (1+CR)20‘% and ¢y = s (1—i—cR)2 cy .
1 —cs 1 —cs
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Proposition 3.17 Let K € %, be a polytopal element of a regular and stable
anisotropic mesh J, and F € Fy one of its edges (d = 2) or faces (d = 3).
The mapped patches §k (wk) and Tk (wF) consist of regular and stable polytopal
elements.

Proof The mapped patches Fx(wz), z € A4 (K) consist of regular and stable
polytopal elements according to Lemma 3.15. Since wg and wF are given as union
of the neighbourhoods w,, see (3.2), the statement of the proposition follows. O

Proposition 3.18 Each node z € N}, of a regular and stable anisotropic mesh %),
belongs to a uniformly bounded number of elements and, vice versa, each element
K € %, has a uniformly bounded number of nodes on its boundary.

Proof Let w, be the neighbourhood of the node z. According to Lemma 3.15, the
mapped neighbourhood @, consists of regular and stable polytopal elements, which
admit a shape-regular decomposition into simplices (triangles or tetrahedra). The
mapped node Z therefore belongs to a uniformly bounded number of simplices and
thus to finitely many polytopal elements, cf. Sect.2.2. Since @, is obtained by a
linear transformation, we follow that z belongs to a uniformly bounded number of
anisotropic elements. With the same argument we see that K and thus K has a
uniformly bounded number of nodes on its boundary. O

Remark 3.19 In the publications of Apel and Kunert (see e.g. [10, 119]), it is
assumed that neighbouring triangles/tetrahedra behave similarly. More precisely,
they assume:

* The number of tetrahedra containing a node z is bounded uniformly.
* The dimension of adjacent tetrahedra must not change rapidly, i.e.

hit ~hir YT, T'withTNT #@,i=1,2,3,

where iy 7 > ha, 7 > h3 1 are the heights of the tetrahedron T over its faces.

The first point is always satisfied in our setting according to the previous proposition.
The second point corresponds to our assumption that Ag, and Ak, differ moder-
ately for neighbouring elements K; and K7, see Definition 3.13. The assumption
on Uk, and Uk, in the definition ensure that the heights are aligned in the same
directions, this is also hidden in the assumption of Apel and Kunert.

The regularity of the mapped patches has several consequences, which are
exploited in later proofs.

Lemma 3.20 Let K1, K> be polytopal elements of a regular and stable anisotropic
mesh J¢, w, and wg, be the neighbourhoods of the node z € N}, and the
element K1, respectively. Furthermore, let K1, Ko C w,. We have for the mapped
patch & € {§k,(wz), §k, (wk,)} and the neighbouring elements, that

K
hz <c and Kol <c,
|K1]
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where the constants only depend on the regularity and stability parameters of the
mesh.

Proof According to Lemma 3.15 and Proposition 3.17 the patch @ consists of
regular and stable polytopal elements. Obviously, itis iz < C max{hf : K C &),
where the constant takes the value C = 2 for & = Fk,(w,) and C = 3 for
@ = Tk, (wk,), respectively. Let us assume without loss of generality that the
maximum is reached for K which shares a common edge E with K. Otherwise
consider a sequence of polytopal elements in @, cf. Lemma 3.1. Due to the regularity
and stability of the elements, it is

3c oy
hg <3hg <3cyhgp < 3c%hK1 = (om)l/d
according to (3.10), since K1 Sk, (K1) = K1
In order to prove the second estimate, we observe that |K| = |K 11/ det(Ag I,
see Lemma 3.10. The same variable transform yields |K;| = |K2| /ldet(Ag,)l,

where I?z = Sk, (K2). Thus, we obtain

K K ~ -
2l VRl Ryl < 1@l < <c
K1l IR Z

and finish the proof. O

3.4.2 Approximation Space

The approximation space V}, is defined in such a way that the functions v, € V}, are
harmonic on each element, cf. (3.3). This property originates from the definition of
basis functions i in Sect. 2.3 as local solutions of Laplace and Poisson problems
over the physical elements K € .%#j. In classical finite element methods, however,
the basis functions are usually introduced over a reference element. In order to
obtain the approximation space over a general physical element these basis functions
from the reference element are mapped to the physical one. This strategy has not
been addressed so far for polytopal elements due to the lack of an appropriate refer-
ence element. But, in the previous section we introduced a reference configuration K
for an element K. Thus, we can define basis functions w on K as in Sect. 2.3 which
are in the lowest order case harmonic and map them onto the physical element K
such that y™f = {ﬂ o §k. In general, these functions are not harmonic anymore
on the physical elements, i.e. Ay™ = 0in K. More precisely, we obtain by the
transformation (3.8)

div (MCOV(K)VWef) =0 ink.
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Hence, ¢ is defined to fulfil an anisotropic diffusion equation on K. This is
consistent in the sense, that if K is already a reference configuration, i.e. K = f
then it is Ay™ = 0 because of Mcoy(K) = aKI cf. Lemma 3.10. Thus, nodal
basis functions I/Iref constructed this way coincide with the nodal basis function ¥,
defined by (2.6) in Sect. 2.3.1.

The approximation space constructed as described above is denoted by V;fef
since the reference configuration is exploited. For the sake of simplicity we restrict
ourselves here to k = 1 as well as to the two-dimensional case and to the three-
dimensional case with solely triangular faces of the polyhedra. Then, we can also
write

V}fef {v e H' (£2) : div (Mcov(K)Vv) ’K =0andv|yx € ;w(aK) VK € %} .

The spaces Vj and Vhref share two important properties which are used in the
forthcoming proofs, namely

PYUK) C WV PYEK)CVE . and 0=y Yt <1, (3.12)

Iz

where 1, and 2" denote the corresponding nodal basis functions of V}, and V',

respectively.

3.4.3 Anisotropic Trace Inequality and Best Approximation

In this section we transfer some of the results of Sect. 3.2 to the regime of anisotropic
meshes. Here, the mapping (3.8) is employed to transform a regular and stable
anisotropic element K onto its reference configuration K, which is regular and
stable in the sense of Sect. 2.2, see also Remark 3.12.

Lemma 3.21 (Anisotropic Trace Inequality) Ler K € %, be a polytopal element
of a regular and stable anisotropic mesh J¢, with edge (d = 2) or face (d = 3)
F € %, F C OK. It holds

|F| _
il <c K| (||v||%2(,<) + ||AKTVv||%2(K)) :

where the constant ¢ only depends on the regularity and stability parameters of the
mesh.

Proof In order to prove the estimate, we make use of the transformatlon (3.8) to the
reference configuration K with? = voF¢! x »atrace inequality on K, see Lemma3.3,
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as well as of (3.10), (3.11) and hl%d < |I/{\|’1 = 1. These tools yield

o2, 5

|F| L (F)

IFl ) 12 2

< 7 (10T 2, + R P )

< clFIng (1912, 2, + h% 102 5 )

2
||U||L2(F) =

< clF| (1912

IF]
¢ et (PIac + 14T Vol qe)) -

+1IVolI?

La(K) L (K))

O

Remark 3.22 1f we plug in the definition of A = agxAg/*UJ, we have the
anisotropic trace inequality

|F| 172
ol <€ g (113, + o APUE V013, ) -

Obviously, the derivatives of v in the characteristic directions ug ; are scaled by
the characteristic lengths Al/ 2, j = 1,...,d of the element K. This seems to be
appropriate for functions w1th anisotropic behaviour which are aligned with the

mesh.

For later comparisons with other methods, we bound the term |F|/|K| in case
of F C 0K. Let zg be the midpoint of the circle/ball in Definitions 2.1 and 2.11,
respectively, of the regular and stable reference configuration K. Obviously, it is
|K| > |P| for the d-dimensional pyramid P with base side F' and apex point
Sgl(zg), since P C K due to the linearity of §x. Denote by kp r the hight of

this pyramid, then it is | P| = é | F|hp, r and we obtain

|F| _
<chp (3.13)
IK]
In the derivation of approximation estimates, the Poincaré constant also plays a
crucial role on anisotropic meshes. This constant is given in (3.4).

Lemma 3.23 Let %), be a regular and stable anisotropic mesh, w, and wg be
neighbourhoods as described in Sect. 3.1, and K € J¢, with K C w,. The Poincaré
constants Cp(@,) and Cp (@) for the mapped patches w, = Fg(wz) as well as
ok = §k(wk), can be bounded uniformly depending only on the regularity and
stability parameters of the mesh.
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Proof According to Lemma 3.15 and Proposition 3.17, the patches @, and wg
consist of regular and stable polytopal elements. Thus, we utilize Lemma 3.5 on
the mapped patches and the statement follows. O

Next, we derive a best approximation result on patches of anisotropic elements.

Lemma 3.24 Let %), be a regular and stable anisotropic mesh with node 7 € N},
and element K € J¢,. Furthermore, let w, and wg be the neighbourhood of z
and K, respectively, and we assume K C w,. For w € {w,, wk} it holds

-7
lv—IuvllL, ) < c 1Ay VVllLy ()

and furthermore
1/2
= Movllyw <c| D 1AL Vol,&y | -
K'eJth:K'Co
where the constant ¢ only depends on the regularity and stability parameters of the

mesh.

Proof We make use of the mapping (3.8) and indicate the objects on the mapped
geometry with a tilde, e.g., @ = Fk (o). Furthermore, we exploited that the mapped
L-projection coincides with the L;-projection on the mapped patch, consequently
I,v = IT3V. This yields together with Lemma 3.23

1/2 =~ ~
lv = MovliLyw) = 1K1Y 10 = M0l ,@)

IA

cha K1V 0] g s
= chz K" IV¥) @)

= chg 1A% VolLyw) -

The term Ay is uniformly bounded according to Lemma 3.20, and thus the first
estimate is proven.
In order to prove the second estimate, we employ the first one and write

-T -T
lv = MovllT, ) < c 1A Vol =c D>, IAx Vol -
K'ep:K'Cw

Therefore, it remains to estimate ||A}TVU||L2(K/) by ||A;<T V||, k) for any ele-
ment K’ C w. We make use of the mesh regularity and stability, see Definition 3.13,
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and proceed similar as in the proof of Lemma 3.15.
lAx " Vollykry = ZI; ot (1 + 2K K A V2 RE KU TV 0l 1, (k01
= ool (4 KN AU RS0l
_ ZI;’ o, (1+AK K)1/2A1/2UT (RK K)TU A71/2 1/2UK/VU||L2(K’
< I+ ARV AZUL RS TU A Pl A T Vel

where we substituted AET = _1A1/ 2U T,. Finally, we have to bound the ratio

ok’ /ak and the matrix norm. Accordlng to the choice (3.9) and Lemma 3.20, it is

(aK,>2 KIS ey KT (4 85Kk
LN vy KT

I
< (e, =

’

and for the matrix norm, we have
17+ A2 ALZU L RE Y TUR AP
K',K\1/2 1/2 K' K —1/2
<N+ A% ") allAg Ug (R -n' Uk A"+ 112
<V1+es(l+cp),

that finishes the proof. O

Remark 3.25 Inthe previous proof, we have seen in particular that for neighbouring
elements K, K’ C wg, it is

-T T
lAg VvullL,ky < c llAg Vol

with a constant depending only on the regularity and stability of the mesh.

3.4.4 Quasi-Interpolation of Anisotropic Non-smooth
Functions

In this section, we consider the quasi-interpolation operators from Sect.3.3 on
anisotropic polygonal and polyhedral meshes. The analysis relies on the mapping to
the reference configuration of regular and stable anisotropic polytopal elements as
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in [181]. Earlier results for quasi-interpolation operators on anisotropic simplicial
meshes can be found in [10, 79, 119], for example. Some comparisons are also
drawn in the following.

The general form of the Clément and to Scott—Zhang operator is given in (3.6)
forv e HY(2), namely

Jv= Z Iy )V € Vi,
ze N

where the set of nodes .#; and the neighbourhoods w (1) are chosen accordingly.
We point out, that the results of this section stay valid if we replace the basis
functions ¥, by w;ef, which have been discussed in Sect.3.4.2. In this case the
quasi-interpolation operator maps into the approximation space defined with the
help of the reference configurations, i.e. J : H'(2) — V}fef. In the forthcoming

proofs, we only employ the properties (3.12) which are shared by V}, and V}fef.

3.4.4.1 Clément-Type Interpolation

The Clément interpolation operator J¢ is defined by (3.6) with AL = A5, \ A4.p
and o () = w,, see Sect. 3.3.1 for details. For v € H),(£2), itis Jcv € H}(R2)
by construction.

Theorem 3.26 Let ¢}, be a regular and stable anisotropic mesh and K € J&,.
The Clément interpolation operator satisfies for v € H$ (£2) the interpolation error
estimate

v = JevllLyx) < e lAR T Voll Ly »
and for an edge/face F € #(K) \ Fu.p

1/2
-7

lv=TcvllLyrp) <c k|12 IAx Vol wr) »

where the constants ¢ only depend on the regularity and stability parameters of the

mesh.

Proof We can follow classical arguments as for isotropic meshes, cf. Theorem 3.7.
The main ingredients are the observation that the basis functions ¥, form a
partition of unity on K, and that they are bounded by one. Furthermore, anisotropic
approximation estimates, see Lemma 3.24, the anisotropic trace inequality in
Lemmata 3.21 and 3.20 and Remark 3.25 are employed. We only sketch the proof
of the second estimate.

The partition of unity property is used, which also holds on each edge/face F,
i.e. ) 4 y(r) ¥z = 1 on F. We distinguish two cases, first let A" (F) N A, p = 2.
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With the help of Lemmata 3.21 and 3.24, we obtain

Y W@ = o)y = Y. v = u,vlliye

lv—TJcvllL,(F)

ze N (F) ze N (F)
|F|1/? T 12
<c ) K12 (””_”wz”"%z(K)H'AK VU”%z(K))
ze N (F)
FIV2 T
<c Y 2 1A% Vol
ze N (F)

For the second case with A" (F) N A, p # &, we find

lv=3cvlym < Y, IWa@—To)lye + Y. IWallwvliye -
ze N (F) ze N (F)N\My,p
(3.14)

The first sum has already been estimated, thus we consider the term in the second
sum. Forz € A (F) N M. p, i.e. z € I'p, there is an element K’ C w, and an
edge/face F' € F#(K') suchthatz € A (F') and F' € %, p. Since v vanishes on
F’, Lemmata 3.21 and 3.24 as well as Remark 3.25 yield

[y,v| = [F'| 72 v = vl L,y < 1K 172 1A VIl (0y) -

Because |K'|/| K | is uniformly bounded according to Lemma 3.20, we obtain

| |1/2

12T, 0|l Ly (Fy < [Ty 0] 1Vl Locry | FIY? < € 1A Vol Ly, -
|K|1/2

Finally, since the number of nodes per element is uniformly bounded according to
Proposition 3.18, this estimate as well as the one derived in the first case applied
to (3.14) yield the second interpolation error estimate in the theorem. O

Remark 3.27 1In the case of an isotropic polytopal element K with edge/face F it is
A %...%)\dfvhz , andthus og ~1.

Therefore, we obtain from Theorem 3.26 with AI}T = a;(l A%z Ul;r that

~ T
lv—TcvllLyk) < chk [Ug VullLywg) = chk [Vl g1y

and
|F|1/2

T 1/2
|K|1/2 ”UKVUHLz(a)F) =< ChF |v|Hl(a)F) s

lv—TcvllL,m <c
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since |F| < h‘fv*l as well as |K| > ch?( and hg < chpf in consequence of
the regularity and stability, cf. Remark 3.12. Obviously, we recover the classical
interpolation error estimates for the Clément interpolation operator, cf. Theorem 3.7.

In the following, we rewrite our results in order to compare them with
the work of Formaggia and Perotto [79]. It is A}T = a,}lAzzU;(— with

Uk = (ug.1, ...,k q). Thus, we observe

d
-T 2 _ =2 . . 2
1A VUL p) = 2k D Ak UK+ VI, 0p) -
Jj=1

and since uK,j-Vv:]Rd — R, we obtain

||uK,j-Vv||% or) = u} Vv(Vv)TuKJ dx:u; Gg(v)ug

2( K) , ] ]
K'Cog K
with
dv Jv ¢ dxd T
Gk = ) o o 9% eR™ | x=(x1,...,xq)
Kicox WK ONIX S =1

Therefore, we can deduce from Theorem 3.26 an equivalent formulation.

Proposition 3.28 Letr %), be a regular and stable anisotropic mesh and K € ).
The Clément interpolation operator satisfies for v € Hé (£2) the interpolation error
estimate

., 12
lv—="Tcvllr,x) SC(J{I_(I Z)\K,ju—,;j Gg(v)ug j )
j=1
and for an edge/face F € F(K) \ Fn.p
1/2
- L IFI2 T /
lv—TJcvliLyF) < cag K12 Z)»K,j ug ; Gg()ug,j ,
=1

where the constant c only depends on the regularity and stability parameters of the
mesh.

Now we are ready to compare the interpolation error estimates with the ones
derived by Formaggia and Perotto. These authors considered the case of anisotropic
triangular meshes in two-dimensions, i.e. d = 2. The inequalities in Proposi-
tion 3.28 correspond to the derived estimates (2.12) and (2.15) in [79] but they are
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valid on much more general meshes. When comparing these estimates to the results
of Formaggia and Perotto, one has to take care on the powers of the lambdas. The
triangular elements in their works are scaled with A; x, i = 1, 2 in the characteristic
directions whereas the scaling in this section is )\}ﬁ, i=1,2.

Obviously, the first inequality of the previous proposition corresponds to the
derived estimate (2.12) in [79] up to the scaling factor a}l. However, for convex

elements the assumption
ag ~ 1, ie., |K|~ Ak 1hk 2

seems to be convenient, since this means that the area |K| of the element is
proportional to the area 71\/ A K,l\/ Ak 2 of the inscribed ellipse, which is given by
the scaled characteristic directions of the element.

In order to recognize the relation of the second inequality under these assump-
tions, we estimate the term |F|/|K| by (3.13) and by applying hp r > A}(/Zz This
yields

1/2
~ 1 T T 12
lv—TcvllL,F) <c /2 <)\K,l ug  Gxug, 1+ rig2ug , Gg (V) “K,Z) ,
K2

and shows the correspondence to [79], since hx and Aj g are proportional in the
referred work.

3.4.4.2 Scott-Zhang-Type Interpolation

The Scott—Zhang interpolation operator Jsz : H L(2) - V, is defined by (3.6)
with A, = A and w(Y;) = Fz, where F, € % is an edge (d = 2) or face (d = 3)
with z € F, and

F,CcIlpifzelp and F,CcQUIlyifze QUIy.

By construction, it is Jszv € HLI)(Q) for v € Hé(!?), such that homoge-
neous Dirichlet data is preserved. We have the following local stability result on
anisotropic meshes.

Lemma 3.29 Let %), be a regular and stable anisotropic mesh and K € J%,. The
Scott—Zhang interpolation operator satisfies for v € H'(§2) the local stability

-T
13520026 = € (Il Lot + 14K Vol )

where the constant ¢ only depends on the regularity and stability parameters of the
mesh.
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Proof The proof is analog to the isotropic version in Lemma 3.8. The difference
is that the anisotropic trace inequality Lemmata 3.21 and 3.20, Remark 3.25 and
Proposition 3.18 are used. For details see [181]. O

Theorem 3.30 Let %), be a regular and stable anisotropic mesh and K € . The
Scott—Zhang interpolation operator satisfies for v € H'(§2) the interpolation error
estimate

~ —-T
lv—TszvllL,k) < 1A% Vv, k) »

where the constant c only depends on the regularity and stability parameters of the
mesh.

Proof For p = I, v € Ritis obviously p = Jszp and Vp = 0. The estimate in
the theorem follows by Lemma 3.29 and the application of Lemma 3.24, since

lv —TszvllL,k) < v = pllLyk) + 1Tsz(v — P llL, k)

IA

¢ (10 = Pl + 14K Volap)

IA

T
cllAgx VullLy(wx) -

3.4.5 Interpolation of Anisotropic Smooth Functions

In the previous section, we considered quasi-interpolation of functions in H'!(£2).
However, we may also address classical interpolation employing point evaluations
in the case that the function to be interpolated is sufficiently regular as in Sect. 2.4.
This is possible for functions in H2(£2). In the following, we consider the pointwise
interpolation of lowest order with k = 1 into the approximation space V}fef on
anisotropic meshes. V}f‘*f has been discussed in Sect.3.4.2 and its basis functions
w;ef are constructed such that ;/;;ef coincide on the reference configuration K with
the usual harmonic basis functions from Sect.2.3. The interpolation operator is
given as

Tpv = Z v(z) Yt e vt (3.15)
ze N,

for v € H?(£2), on anisotropic meshes. In the analysis, it is sufficient to study the
restriction of J, : H2(2) — V}fef onto a single element K € %, and we denote

this restriction by the same symbol

T HA(K) — Vi
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Furthermore, we make use of the mapping to and from the reference configuration,
cf. (3.8). As earlier, we mark the operators and functions defined over the reference
configuration by a hat, as, for instance, v = v o 3}1 : K — K. We have already

used Vv = ag UKAEI/?V\T)‘, and by employing some calculus we find

H®) = a2 APUR H) Uk AL (3.16)
where H (v) denotes the Hessian matrix of v € H?(£2) and H (V) the corresponding
Hessian on the reference configuration. Additionally, we observe the relation
between the 1nterpolat10n Jnv transferred to the reference configuration K and the
interpolation 3 v defined directly on K. Namely, it is

o~

Jnv =40, (3.17)

since only function evaluations in the nodes are involved and the mapped basis
functions coincide with the basis functions defined directly on K, see Sect.3.4.2.
Furthermore, the interpolation jh coincides with the pointwise interpolation in
Sect. 2.4 since the functions Ilfret are harmonic. Thus, we can apply known results
for the interpolation error on the reference configuration.

First, we consider the scaling of the H!-seminorm when K is mapped to K.

Lemma 3.31 Let K € %, be a polytopal element of a regular and stable
anisotropic mesh J¢y,. For v € HY(K), itis

d . d—1
nj=2 )‘K,J |ﬁ|2 < |v|2 < 1_[]=1 AK, J |ﬁ|2 _
AR 1 HY(K) = ""THY(K) = AK HY(K) *

Proof Applying the transformation to the reference configuration yields

—1/2
0 = IV0I3, k) = IK] ek Uk A V012 o

128 2

= |Klag 1A V017, &, |K|aKZ)\ ax, L(I?).
2
Since Ag.1 > ... > Ak 4, we obtain

Kl o o < e, < N
ey @ = Whaao =0 Wig)

Due to the choice (3.9) for ag, it is |K|a%<
proof.

= \/ ]_[?=1 Ak, j, that completes the

O
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Next, we address the interpolation error. Therefore, we use the convention that
H(K) = Ly(K).

Theorem 3.32 Let K € %}, be a polytopal element of a regular and stable
anisotropic mesh . For v € Hz(Q), itis

d
v = Tnvl3e gy < cagt Se(K) Y Akirk jLi(ug i ug j; v)
ij=1
with
1, fort =0,
— d—1
Se(K) = 1 ]_[j=1 AK,j B
, fort =1,
IK| AK.d
where

2
LK(uK,,-,uK,,-;v)zf (u—lgl-H(v)uK,j) dx fori,j=1,....d.
K

and the constant ¢ only depends on the regularity and stability parameters of the
mesh.

Proof Property (3.17) together with the scaling to the reference configuration and
Lemma 3.31 as well as (3.10) yield for £ = 0, 1

|U - JhU|HZ(K) S |K| SZ(K) |U - thlHZ(f)

2(2—0) ~2
< ch VK| SU(K) [0z,

< clK| Se(K) [0l3n 2, -

where the interpolation estimate in Theorem 2.27 has been applied on K. Next, we

transform the H?-semi-norm back to the element K. Employing the mapping and
the relation (3.16) gives

D@ = /A IH® 17 d%
K

—4
(%4 1/2 1/2
= |§| /KHAK/ Ug H)Ug A% dx
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where || - || r denotes the Frobenius norm of a matrix. A small exercise yields
d 2
1/2 1/2
1A PUEH@UK AR = Y dxcirk (uk Houk,)
ij=1

and consequently

—4 d
B2, o = 9K Ak,irk, jLx(ug i, ug j; v)
H2(K) — |K| K,irK, jLK\UK i, UK, j, .
i,j=1
Combining the derived results yields the desired estimates. O

For the comparison with the work of Formaggia and Perotto developed in two-
dimensions, we remember that their lambdas behave like A; g ~ \/A Ki i =12
Employing the assumption g ~ 1 raised in the comparison of Sect. 3.3.1, we find

VAk.1/Ak2 1
K| ko

Therefore, we recognize that the estimates in Theorem 3.32 match the results of
Lemma 2 in [79], but on much more general meshes.

3.4.6 Numerical Assessment of Anisotropic Meshes

In the introduction of Sect. 3.4, we already mentioned that polygonal and polyhedral
meshes are much more flexible in meshing than classical finite element shapes. This
is in particular true for the generation of anisotropic meshes. In this section we give
a first numerical assessment on polytopal anisotropic mesh refinement. We propose
a bisection approach that does not rely on any initially prescribed direction and
which is applicable in two- and three-dimensions. Classical bisection approaches
for triangular and tetrahedral meshes do not share this versatility and they have to
be combined with additional strategies like edge swapping, node removal and local
node movement, see [152].

Starting from the local interpolation error estimate in Theorem 3.26, we obtain
the global version

1/2

=T 2
lv=3cvliye <c| D 1AL VoIl k)
Keut,
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by exploiting Remark 3.25 and Proposition 3.18. As in the derivation of Proposi-
tion 3.28, we easily see that

d
: 2 -2 T
n= Z nx  with  pg =g Z)\K,j ug ;G ug j
Keuty j=1

and

dv 9 d
};@):([ voov dx) eR | x=(x1,....xa)"
K

dx; 9 ij=1

is a good error measure and the local values ng may serve as error indicators
over the polytopal elements. This estimate also remains meaningful on isotropic
polytopal meshes, cf. Remark 3.27. In the case that v € H!(£2) and its derivatives
are known, we can thus apply the following adaptive mesh refinement algorithm:

1. Let 2% be a given initial mesh and £ = 0.

2. Compute the error indicators ng and n with the knowledge of the exact function v
and its derivatives.

3. Mark all elements K for refinement which satisfy ng > 0.95n/+/|#;|, where
| #¢| is the number of elements in the current mesh.

4. Refine the marked elements as described below in order to obtain a refined mesh
K.

5. Goto 2.

In step 3, we have chosen a equidistribution strategy which marks all elements for
refinement whose error indicator is larger than the mean value. The factor 0.95 has
been chosen for stabilizing reasons in the computations when the error is almost
uniformly distributed. For the refinement in step 4, we have a closer look at the first
term in the sum of ng, which reads

up, G ug

K,1 ’
s
K,1 K’l

because of [ug 1| = 1. Since Ag 1 > Ak 4 for anisotropic elements, the refinement
process should try to minimize the quotient such that the whole term does not
dominate the error over K. Obviously, we are dealing here with the Rayleigh
quotient, which is minimal if ug ; is the eigenvector to the smallest eigenvalue of
G’ (v). As consequence, the longest stretching of the polytopal element K should
be aligned with the direction of this eigenvector. In order to achieve the correct
alignment for the next refined mesh, we may bisect the polytopal element orthogonal
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to the eigenvector which belongs to the largest eigenvalue of G% (v). Thus, we
propose the following refinement strategies:

ISOTROPIC The elements are bisected as introduced in Sect. 2.2.3, i.e., they are
split orthogonal to the eigenvector corresponding to the largest eigenvalue of
Mcov(K).

ANISOTROPIC In order to respect the anisotropic nature of v, we split the
elements orthogonal to the eigenvector corresponding to the largest eigenvalue
of G} (v).

Both refinement strategies do not guaranty the regularity of the meshes since there
is no control on the edge lengths due to the naive bisection. This might be imposed
additionally in the realization, but the approach also works well in the forthcoming
tests without this extra control.

For the numerical experiments we consider £2 = (0, 1)? and the function

v(x1, x2) = tanh(60x2) — tanh(60(x; — x2) — 30) , (3.18)

taken from [109], which has two sharp layers: one along the xj-axis and one along
the line given by x, = x; — 1/2. The function as well as the initial mesh is depicted
in Fig. 3.5. We apply the BEM-based FEM as usual, although the local BEM solver
is not tailored for the anisotropic elements. For the details on the realization see
Chap. 4.

Test 1: Mesh Refinement

In the first test we generate several sequences of polygonal meshes starting from
an initial grid, see Fig. 3.5 right. These meshes contain naturally hanging nodes and
their element shapes are quite general. First, the initial mesh is refined uniformly,

Fig. 3.5 Visualization of function with anisotropic behaviour (left) and initial mesh (right)
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Fig. 3.6 Mesh after six uniform refinement steps using the ISOTROPIC strategy and zoom-in

i.e., all elements of the discretization are bisected in each refinement step. Here, the
ISOTROPIC strategy is performed for the bisection. The mesh after six refinements
as well as a zoom-in is depicted in Fig. 3.6. The uniform refinement clearly generates
a lot of elements in regions where the function (3.18) is flat and where only a few
elements would be sufficient for the approximation.

Next, we perform the adaptive refinement algorithm as described above for the
different bisection strategies. The generated meshes after 6 refinement steps are
visualized in Figs. 3.7 and 3.8 together with a zoom-in of the region where the two
layers of the function (3.18) meet. Both strategies detect the layers and adapt the
refinement to the underlying function. The adaptive strategies clearly outperform
the uniform refinement with respect to the number of nodes which are needed to
resolve the layers. Whereas the ISOTROPIC strategy in Fig.3.7 keeps the aspect
ratio of the polygonal elements bounded, the ANISOTROPIC bisection produces
highly anisotropic elements, see Fig. 3.8. These anisotropic elements coincide with
the layers of the function very well.

Finally, we compare the error measure 7 for the different strategies. This value
is given with respect to the number of degrees of freedom, which coincides with
the number of nodes, in a double logarithmic plot in Fig.3.9. The error measure
decreases most rapidly for the ANISOTROPIC strategy and consequently these
meshes are most appropriate for the approximation of the function (3.18). The
convergence order for n has not been studied analytically, however, we observe
faster decrease for the ANISOTROPIC refinement in this test for the considered
range. This behaviour might result from a pre-asymptotic regime. A slope of 1/2
for d = 2 corresponds to linear convergence in finite element analysis.
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Fig. 3.7 Mesh after six adaptive refinement steps for the ISOTROPIC strategy and zoom-in
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Fig. 3.8 Mesh after six adaptive refinement steps for the ANISOTROPIC strategy and zoom-in

Test 2: Mesh Properties

We analyse the meshes more carefully. For this purpose we pick the 13th mesh
of the sequence generated with the ISOTROPIC and the ANISOTROPIC adaptive
refinement strategy. In Sect. 3.4.1, we have introduced the ratio Ag 1/Ak 2 for the
characterisation of the anisotropy of an element. In Fig.3.10, we give this ratio
with respect to the element ids for the two chosen meshes. For the ISOTROPIC
refined mesh the ratio is clearly bounded by 10 and therefore the mesh consists of
isotropic elements according to our characterisation. In the ANISOTROPIC refined
mesh, however, the ratio varies in a large interval. The mesh consists of several
isotropic elements, but there are mainly anisotropic polygons. The ratio of the most
anisotropic elements exceeds 10° in this example.
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Next we address the scaling parameter ax in these meshes. In the comparison of
the derived estimates with those of Formaggia and Perotto [79], it has been assumed
that o ~ 1. In Fig.3.11, we present a histogram for the distribution of ax in
the two selected meshes. As expected the values stay bounded for the ISOTROPIC
refined mesh. Furthermore, o stays in the same range for the ANISOTROPIC
refinement. In our example, all values lie in the interval (0.28, 0.32) although we
are dealing with elements of quite different aspect ratios, cf. Fig. 3.10.

Test 3: Interpolation Error

In the final test we apply the pointwise interpolation into the space V), to the
function (3.18) over the meshes generated in this section. The convergence of the
interpolation is studied numerically for the different sequences. We consider the
interpolation error in the Lp-norm. In Fig.3.12, we give |[v — Jpvliz,(2) with
respect to the number of degrees of freedom in a double logarithmic plot, where
Ty H2(§2) — Vj, is defined as in Sect.2.4. Since v € H?(£2) in this experiment,
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we expect quadratic convergence with respect to the mesh size on the sequence of
uniformly refined meshes. This convergence rate corresponds to a slope of one in the
double logarithmic plot in two-dimensions. In Fig. 3.12, we observe that the uniform
refinement reaches indeed quadratic convergence after a pre-asymptotic regime.
The optimal rate of convergence is achieved as soon as the layers are resolved
in the mesh. On the adaptively generated meshes, however, the interpolation error
converges with optimal rates from the beginning. We can even recognize in Fig. 3.12
that the ANISOTROPIC refined meshes outperform the others. The layers are
captured within a few refinement steps. Therefore, the error reduces faster than for
the ISOTROPIC refined meshes before it reaches the optimal convergence rate.



3.4 Anisotropic Polytopal Meshes 105

Let us compare the seventh meshes in the sequences which are obtained after six
refinements and which are visualized in Figs. 3.6, 3.7, and 3.8. For the uniformly
refined mesh we have 2709 nodes and it is [[v — Jpvllp,2) &~ 3.17 x 1072,
The adaptively refined mesh using ISOTROPIC bisection contains only 363 nodes
but yields a comparable error |[v — Jpvllr,(2) ~ 3.49 x 10~2. The most
accurate approximation is achieved on the ANISOTROPIC refined mesh with
lv — Jnvllr, ) =~ 2.04 x 1072 and only 189 nodes. A comparable interpolation
error to the other refinement strategies is obtained on the fifth mesh of the sequence
of ANISOTROPIC refined meshes. This mesh consists of 108 nodes only.



Chapter 4 )
Boundary Integral Equations and Their Sheiie
Approximations

The local problems in the definition of basis functions for the BEM-based FEM
are treated by means of boundary integral equations. This chapter gives a short
introduction into this topic with a special emphasis on its application in the BEM-
based FEM. Therefore, the boundary integral operators for the Laplace problem
are reviewed in two- and three-dimensions and corresponding boundary integral
equations are derived. Their discretization is realized by a Galerkin boundary
element method, which is used in the numerical examples and tests throughout
the book. However, we also give an alternative approach for the discretization of
boundary integral equations that relies on the Nystrom method. The application of
these approaches as local solvers for the BEM-based FEM is discussed in details
and some comparisons highlighting advantageous and disadvantageous of these two
solvers are given.

4.1 Preliminaries

Boundary element methods (BEM) are alternative approaches to finite element
methods for the approximation of boundary value problems. They play an important
role in modern numerical computations in the applied and engineering sciences.
These methods rely on equivalent boundary integral equations of the corresponding
boundary value problems, which are known in many cases. The key ingredient is
the knowledge of a fundamental solution of the differential operator. Although the
existence of such functions can be guarantied for a wide class of partial differential
equations, see [100], the explicit construction is a more difficult task. However, the
fundamental solution is known for important operators with constant coefficients
such as for the Laplace and Helmholtz operators as well as for the system of
elasticity and for Stokes equations, for instance. These include the most important
applications of the boundary element methods. The advantage of the BEM over the
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FEM is that the d-dimensional problems are reduced to d — 1-dimensional ones on
the boundary of the underlying domain. Furthermore, due to the formulation on the
boundary, the BEM is naturally applicable for unbounded exterior domains, which
are of particular interest in scattering problems, for example. When discretizing
a boundary integral equation, we generally speak about a boundary element
method. But, if it is referred to BEM in this book, we usually mean a Galerkin
approach for the approximation of the boundary integral equation as described in
Sect. 4.3. The Galerkin methods perfectly fit to the variational formulation of these
integral equations. Their theoretical study is complete and provides a powerful
tool for the analysis. In the engineering community, collocation methods are often
preferred because of their easier practical implementation. However, the stability
and convergence theory for these methods is only available for two-dimensional
problems. Alternatively, a Nystrom discretization of the boundary integral equation
can be chosen, where the integrals of the operators are replaced by appropriate
quadrature formulas. This strategy is discussed in Sect.4.4. For more details on
the theory of integral and in particular boundary integral equations we refer to the
literature [13, 61, 105, 107, 118, 127, 128]. Galerkin boundary element methods
are studied and discussed in [151, 158, 159] for elliptic differential operators. The
collocation and Nystrom approaches can be found beside others in [13, 118] and we
especially mention [117, 133] for the Nystrom discretizations.

In the following presentation, we restrict ourselves to the pure Laplace problem

—Au=0 inK, u=g ondkK “.1)

with Dirichlet boundary conditions on a bounded polytopal domain K in two-
and three-dimensions. Note that K will be a polytopal element and g a piecewise
polynomial function in our application later on. This problem setting is sufficient
for the approximation in the BEM-based FEM as seen in Sect.4.5. The approach
is also applicable to the before mentioned differential operators and in particular
to convection-diffusion-reaction problems. Furthermore, other types of boundary
conditions can be incorporated when needed, for instance, in Neumann or mixed
boundary value problems. Some of the possible modifications are discussed in
Chap. 6.

4.2 Boundary Integral Formulations

Let K ¢ R, d = 2,3 be a bounded open domain with polygonal or polyhedral
boundary, and we consider the boundary value problem (4.1) with some given
function g € H'/?(dK). For the following theory of boundary integral formulations,
we need the usual trace operator yOK . For sufficiently smooth functions, it is given
as restriction of the function to the boundary. For Lipschitz domains, and thus
in particular for polytopal domains, the trace is a bounded linear operator with
)/OK tH(K) — H"Y2(3K) for 1/2 < s < 1 and it has a continuous right inverse.
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Here, the superscript indicates that the trace is taken with respect to the domain K.
Let v € H'(K) with Av in the dual of H'(K). Due to Green’s first identity [128],
there exists a unique function le v e H Y2(3K) such that

/ Vu(y) - Vw(y) dy = / vy wly) dsy — f wy)Av(y)dy  (4.2)
K 0K K

forw € H'(K). We call le v the conormal derivative of v. If v is sufficiently
smooth, e.g. v € H2(K), we have

VX =ngx) - (¥ Vo)(x) forx € 9K ,

where ng (x) denotes the outer normal vector of the domain K at x. The trace and
the conormal derivative are also called Dirichlet and Neumann trace for the Laplace
equation. Additionally, we make use of the fundamental solution of the Laplacian.
This singular function is given as

1
— In|x —y]| forx,yeR2,
2

1
4 |x —yl

U*(x,y) =
forx,y e R .

The fundamental solution satisfies the equation
—AyU*(x,y) = o(y — %)

in the distributional sense, where &g is the Dirac delta distribution. If we substitute
v(y) = U*(x,y) in Green’s second identity

/K WM Au(y) — uy)Av(y)) dy = /8 . (v @ um = urfom) dsy

see [128], we obtain a representation formula for the solution « in every pointx € K.
It reads

u(x) = fd LU Ny uly) dsy - /6 . YU vy uly) dsy | (4.3)

where yl{(y denotes the conormal derivative operator with respect to the variable y.
By differentiation of (4.3), we obtain formulas for the derivatives of u. Conse-
quently, if the data )/OK u and le u is known, it is possible to evaluate the function
u and its derivatives everywhere in the domain K. Furthermore, it is possible to
compute the Neumann data if the Dirichlet data is known as in (4.1). We apply the
trace and the conormal derivative operator to the representation formula and obtain
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a system of equations

leu Dx I+ K} leu ’ '
where
(x) li ! ! / d f € 0K 4.5)
X) = 1m S or x . .
s 6—02(d — D gd—1 Y
yeK:|ly—x|=¢

The system (4.4) contains the standard boundary integral operators which are well
studied, see, e.g., [128, 151, 159]. For x € dK, we have the single-layer potential
operator

VkO® =y /aKU*(X’ Ve dsy forg e H'20K),
the double-layer potential operator
(Kg§)(x) = lim / YU, y)E(y) dsy  for& € H'/2(3K)
E—>
yedK:|ly—x|>¢
and the adjoint double-layer potential operator
Keow=tim [ KU x e fore e H@K)
e— ’
yedK:|ly—x|>¢

as well as the hypersingular integral operator
Dké)(x) = —yf fa Y U (%, y)E(y) dsy for& € H'/?(0K) .
0K

These integral operators

Vi : H V2 @QK) - HY/*HQK) ,
Kk : H'/?™0K) — H'?T0K),
Ky : H'2H0K) - H'2T0K) |
DK :H1/2+S(8K) - H—1/2+S(8K)

are linear and continuous for s € [—1/2,1/2], see [61, 128]. The system (4.4)
can be utilized to derive the following relations between the boundary integral
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operators

VkDg = (cI+K)((1 — I -Kg) ,
Dx Vg = (cI+Ki)((1 — )T - Kj) ,
VK = Kk Vg ,
KiDx = DgKg .
Remark 4.1 The function u = 1 obviously satisfies the Laplace equation and it is

yOK u = 1 and le u = 0. Consequently, we obtain from the first equation in (4.4)
that

c(x) = — f YU (x, y)dsy forx € 9K . (4.6)
K

If the boundary K is smooth in a neighbourhood of the point x € 9K, i.e., it can
be represented locally by a differentiable parametrization, then (4.5) yields

1
g(X)—z.

Thus, we have ¢ = 1/2 almost everywhere on 9K for a polytopal domain K. On
the other hand, if x € dK is on an edge in 3D or it is a vertex, then ¢ is related to
the interior angle of K at the point x. In the two-dimensional case K C R?, it can
be shown that

_ o
s(x) = o

for a corner point x of a polygonal domain, where o € (0, 2) denotes the interior
angle of the polygon at x, see, e.g., [118].

4.2.1 Direct Approach for Dirichlet Problem

For K C R? with hx < 1 and K C R3, the single-layer potential operator
induces a bilinear form (Vg -, -) 1,3 k), whichis H -123k )-elliptic and continuous
on H*1/2(a K), see [128, 159]. Here, the Ly-inner product has to be interpreted as
duality pairing. According to the Lax—Milgram Lemma the single-layer potential
operator is invertible. Therefore, the first equation of system (4.4) yields a relation
between the Dirichlet and the Neumann trace, namely

yKu=Skyfu with Sg=Vg! (;I+KK) . 4.7)
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The operator
Sk : H'?(0K) > H™'?(0K)

is called Steklov—Poincaré operator and (4.7) is its non-symmetric representation.
This operator is linear and continuous due to its definition. With the help of the
second equation in the system (4.4), we find the symmetric representation

Sk =Dx + (31+ Ky ) Vi (J1+Kx) - (4.8)

The inversion of the single-layer potential operator is not desirable in the evaluation
of the Steklov—Poincaré operator. In order to compute the unknown Neumann data
t = yfu € H7'2(3K) from given Dirichlet data g = yfu € H'?(3K), it is
more convenient to use the Galerkin formulation

Findr € H™'?(3K) :

(Vkt, D10k = ((;HKK) 2, g)Lz(aK) Ve € HTV2(9K) .

4.9)

This formulation admits a unique solution according to the Lax—Milgram Lemma
and is consequently equivalent to the evaluation of Sk. Thus, in order to solve the
Dirichlet problem for the Laplace equation (4.1), we may choose the representation
formula (4.3) for # and compute its Neumann trace with the help of the Galerkin for-
mulation (4.9). The solution obtained this way satisfies u € H 1(K), see [128, 159].
This is a direct approach since the Dirichlet and Neumann traces of the unknown
solution are either known or computed and used in the representation formula.

4.2.2 Indirect Approach for Dirichlet Problem

Alternatively, one may follow an indirect approach. Instead of computing traces of
the unknown function, the solution is sought as a potential of an unknown density.
It is known, see, e.g., [128, 151, 159], that the double-layer potential

u(x) = / yllfy U*(x, y)&(y) dsy forxe K (4.10)
0K

with arbitrary density & € H!/?(dK) satisfies the Laplace equation. Thus, the
density & has to be determined such that the Dirichlet boundary condition in (4.1)
is satisfied. Applying the trace operator to (4.10) yields the following boundary
integral equation of second kind

(I -cxNEx) — (Kgé)(x) = —g(x) forx ek . (4.11)
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It admits a unique solution & € H'/?(dK) which is formally given as a Neumann
series

EX) =— Y (cT+Kgp)'gx) forxedk .
=0

Furthermore, the series is convergent since ¢I + Kk is a contraction in H 1/ 2(8 K),
see [160].

4.2.3 Direct Approach for Neumann Problem

Although this chapter focuses on the Dirichlet problem for the Laplace equation, we
briefly consider the Neumann problem:

—Au=0 inKkK, leuzt ondkK ,

where t € H~Y/2(3K) satisfies the solvability condition

/ tdsx =0 (4.12)
IK
such that there exists a unique solution

ue HNK)={ve H(K): (v, D)0k =0} .
We follow a direct approach and derive a boundary integral equation for the
unknown Dirichlet data g = yOKu € H'2(3K). Afterwards, the representation
formula (4.3) gives the solution of the boundary value problem.

In order to find a connection between the Dirichlet and Neumann traces we
consider this time the second equation in (4.4), which yields

Dy u = (31— K ) vfu. (4.13)
The hypersingular integral operator Dk is self-adjoint and has a non-trivial kernel

on H'/2(3K), namely it is kerDg = span {1} for a simply connected domain K.
Thus, we define the subspace

H?(0K) = (& € H'?(0K) : (€, D 10k) = 0)

of HY 2(8 K), containing the functions with vanishing mean value, on which Dg
is bounded and elliptic. H*1 / 2(81{ ) can be interpreted as trace space of H*I(K ).
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Consequently, (4.13) has a unique solution )/OK u in H*l/ 2(81{ ) for given data
t = leu With a slight abuse of notation, we denote by DEI the inverse of the

1/2

hypersingular integral operator on the subspace H,'~(d K), and thus we can write

v&u =PyyKu  with PK=D;1(§1—K’K) (4.14)

1/2 1/2

on H,'”(dK). The operator Pg : H-Y20K) — H,'°(dK), which maps the
Neumann to the Dirichlet data, is called Poincaré—Steklov operator. (Depending
on the literature it is sometimes also called Steklov—Poincaré operator.) Employing
the properties of the boundary integral operators, the symmetric representation

Pk = Vi + (31— K¢ ) D! (31— K} ) (4.15)

follows. To compute the unknown Dirichlet data g = yOK ue H*l / 2(8 K) from given
Neumann data t = leu e H™Y2(3K), we apply a Galerkin formulation once
more, namely

1/2

Find g € H,'"(0K) :

(4.16)
Okz. 100 = (GI- K)o v e mIP0K).

This problem is reformulated into a saddle point formulation, which reads
Find (g, 1) € H'/?(0K) x R :

Dk g O)1,0%) + 2E Draor) = (GI-Kjng) Ve e H20K),
L2(3K)
0 YueR.

n(g, Dok

For g € HY2(0K) \ H,*(0K), we write u = 1/(g. D,0k) — @ witha € R
and obtain from the second equation A = «(g, 1)1,(3k). The expression for the

Lagrange multiplier A also holds for g € H*1 / 2(8 K), since testing the first equation
with &y = 1 yields

AL, Do) =0
and thus A = 0. Here, we employed

kerDg = ker(él—i—KK) = span {1},
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Dy is self-adjoint and the solvability condition (4.12), such that

Dk g, &0)r,0k) = (& Dké0)r,00x) =0

and

(Gr=Kpr &) =)0k — (1. AT+ Koh)

Ly(3K) Ly(dK) -

Inserting A = (g, 1)1,(3k) into the first equation of the saddle point formulation,
we obtain for fixed « the Galerkin formulation:

Find g € H'/?(3K) :

- 4.17)
(Bxg.£),05) = (1~ K)o v e HPGK) .

where
(Dk o, é)Lz(aK) =Dk, 8,0k + @, Diyok) (€. Diyok) -

For o > 0, the operator Dy is bounded and elliptic on H'/?(d K) and consequently,
the Galerkin formulation has a unique solution g € H 1/2(3K). This solution even
belongs to H*1 / 2(8 K) since plugging &y = 1 into (4.17) yields with the same
arguments as above

& Do, D) =0.

Hence, the formulation (4.17) is equivalent to the initial variational formulation and
the solution g is independent of o because of the unique solvability.

4.3 Boundary Element Method

The aim of this section is to introduce discrete Galerkin formulations for the direct
approaches of the Dirichlet and Neumann problems derived in the previous section.
Thus, we discretize the variational formulations (4.9) and (4.17). For this reason,
we have to introduce approximation spaces for H 12(3K) and H~'/2(3K) as well
as in particular a discretization of d K. We follow standard approaches as described
in [144, 151, 159], for instance.

First, the boundary 0K of the domain K is decomposed into non-overlapping
line segments in two-dimensions and triangles in three-dimensions, see Fig.4.1,
such that the resulting boundary mesh, which is denoted by %, is regular. More
precisely, we assume that %), is shape-regular in the sense of Ciarlet such that
neighbouring elements either share a common node or edge and the aspect ratio
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Fig. 4.1 A domain and its boundary mesh for d = 2 (left) and d = 3 (right)
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of each triangle is uniformly bounded. In order to present approximation estimates
later on, we additionally assume a uniform boundary mesh in the sense that all
elements have comparable size. The elements of the mesh %), are denoted by T'.
For the approximations, we utilize standard spaces of piecewise polynomials. Let
k € N be the desired approximation order in the boundary element method. We
discretize H~'/2(3K) and thus the Neumann traces by piecewise polynomials of
degree smaller or equal k — 1 which might be discontinuous over element interfaces.
This approximation space is given by

PN (B = [g € Ly(0K) : ¢|, € P UT)VT € %1} . (4.18)

The space H'/>(3K) and thus the Dirichlet traces are discretized by piecewise
polynomials of degree smaller or equal k which are continuous over element
interfaces. This approximation space is given by

P By) = Wﬁw,d(%h) NcYHK) . (4.19)
The choice of spaces yields conforming Galerkin approximations since

Py(B) C HP@K)  and  PEW(%) C H'P0K) .
These spaces are equipped with the usual Lagrangian bases used in finite element
methods. In two-dimensions we might also apply the polynomial basis defined in
Sect. 2.3.1, cf. Fig. 2.9. The set of basis functions for Wgw (%) and c@l])“;ld(%h) are
fixed once and they are denoted in the following by @ p and @y, respectively.

4.3.1 Dirichlet Problem

In order to treat the Dirichlet problem (4.1) for the Laplace equation, we utilize the
direct approach and approximate the Galerkin formulation (4.9) for the unknown
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Neumann trace t = leu € H™Y2(3K) from Sect.4.2.1. This yields the discrete
Galerkin formulation

Find 1, € 25, (%) :
(4.20)

(Vktn, Oy0k) = ((él +KK> 8 Z)LZ(BK) V¢ € L@]’;‘;’ld(%’h) ,

where g is the given Dirichlet data. Since the bilinear form induced by the single-
layer potential operator is H~!/2(3 K )-elliptic as well as continuous on H~/2(3 K)
and ﬁg‘;’h(%’h) C H~'2(3K), the variational formulation (4.20) admits a unique
solution according to the Lax—Milgram Lemma. Furthermore, Céa’s Lemma yields

||t — lh”Hfl/Z(aK) <C %lillf lz — §||H*1/2(8K) .
Ce'@pw.d(’%h)

From known approximation properties of polynomials, see [151, Theorem 4.3.20],
we obtain

It — il g-12k) < CHHV 21t 1, ok 4.21)

when assuming ¢ € HSW(BK )yand 0 < s < k. Here, h denotes the mesh size
in the boundary element mesh Z),. After the computation of #;,, we utilize it for
approximating the solution u(x) of the Dirichlet problem in an interior pointx € K
by the representation formula (4.3). This yields

7(x) = f U (x, )i (y) dsy — / VK U*(x, y)g(y) dsy | (4.22)
0K 0K

and under the assumption of sufficient regularity we obtain for k = 1 the pointwise
error estimate

(0 = FE)| < CO R Ity o (4.23)
for x € K and in the HI(K)-norrn
~ 3/2
lu = itll gy < C R 1ty o) -

Because of x € K, the integrands in (4.3) are non-singular and consequently
approximation formulas for the derivatives of u# can be derived by simply differ-
entiating (4.22). These pointwise approximations of the derivatives converge with
the same order as the approximation #(x) of u(x). We point out, that the integrals
in (4.22) can be evaluated analytically for piecewise polynomial data #;, and g.
In our later application g is already piecewise polynomial. In the general case,
however, the Dirichlet data is approximated by its Ly-projection g, € Wgw (%)
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and the error analysis additionally relies on Strang-type arguments. Utilizing the

basis functions in @p and @y for ng (%)) and ﬁg\;’h(%’h), respectively, we make
the ansatz
g =Y g and Hx) =Y t1(X), (4.24)
pedp ey

where x € dK. Furthermore, we identify the approximations g, and #, with their
vectors g, = (g(p)(p o) and 1, = (fr);cq, containing the expansion coefficients.
Due to the Lj-projection, the coefficients in g , are given as solution of

> 8@ )isok) = 8. E)yok) VE € PE(B) . (4.25)
YEePp

The system of linear equations (4.25) involves the symmetric, positive definite mass
matrix

DD
Mg = ((‘/” S)Lz(BK))se%,(pepD )

Inserting the ansatz (4.24) into the discrete Galerkin formulation (4.20) yields a
system of linear equations for 7, namely

ity = (3Mks +Kkn) g, - (4.26)
where the matrices are defined as

Vg = ((VKT, ﬁ)Lz(BK))z?ePN,TE‘pN

and

Mg n = ((¢. ﬁ)Lz(aK))ﬁeq)N"pE(pD . Kk = (Kkeo, ﬁ)Lz(BK))ﬁgpN’(peq)D .

The system (4.26) is uniquely solvable since the matrix Vg ; is symmetric and
positive definite due to the properties of the integral operator V.

Remark 4.2 In the computational realization the matrices can be set up in different
ways. Either a semi-analytic integration scheme is utilized, which evaluates the
boundary integral operators applied to piecewise polynomial functions analytically
and approximates the outer integrals by numerical quadrature, or a fully numerical
integration scheme is applied. The semi-analytic scheme as well as the analytic
formulas are given in [144] and an appropriate fully numerical quadrature is
presented in [151] for the three-dimensional case. Corresponding formulas are also
available for the two-dimensional case.
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The approximation of the Dirichlet to Neumann map with the help of the system
of linear equations (4.26) corresponds to the representation (4.7) of the Steklov—
Poincaré operator. But, we have also derived a symmetric representation (4.8)
which can be utilized to define a symmetric approximation of the Steklov—Poincaré
operator. Since the Neumann trace satisfies

1=V (M+Kk)eg.
we use the previously derived approximation ¢, and define
Skg =Dxg+ (;1+K’K)th. (4.27)
This yields the symmetric discretization of the Steklov—Poincaré operator
Sk =D+ (AME , + Ki )V, GM s + K p) (4.28)

with the matrix entries

Sk.n = ((SK(/’v ¢)L2(8K))¢E¢Ds‘ﬂe¢0 ,

where

DK,h = ((DK(/), ¢)L2(3K))¢E¢D,¢E¢D .
The matrix entries of Dg j, can be assembled with the help of the single-layer
potential matrix Vg ;. For piecewise smooth functions one can show that

Dxo, D),k = (Vi curtlygx ¢, curlyk @), k) »

where curlyg denotes the surface curl of a scalar valued function on 0 K. For more
details, we refer the interested reader to [144, 159].

Example 4.3 'We demonstrate the performance of the boundary element method and
give the numerical orders of convergence, cf. (1.7), for a model problem. Let K be a
regular octagon centered at the origin with diameter 0.8, and consider the boundary
value problem

—Au=0 inK, u=g ondk,

where the Dirichlet data g is chosen such that the unique solution of the problem
is given as u(x) = exp(2mw(x1 — 0.3)) cos(2mw(x2 — 0.3)). The boundary element
method is applied on a sequence of meshes for the approximation orders k = 1, 2, 3.
The first mesh is defined to be the eight sides of the octagon and the following
meshes are constructed by subdividing each line segment of the previous mesh
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into two new line segments of the same length. In the following tables we
distinguish the meshes and the approximation orders by the number of degrees of
freedom (DoF) used to approximate the Neumann trace. In Table 4.1, we present
the convergence of the Neumann data in the L-norm. The observed numerical
order of convergence (noc) is k that reflects the theoretical considerations, cf. (4.21).
Furthermore, we evaluate the approximation and its gradient with the help of the
representation formula (4.22) in the point (0.2, 0)" € K and present the relative
errors as well as the numerical orders of convergence in Tables 4.2 and 4.3,
respectively. We observe that the pointwise evaluation of the approximation as well
as the evaluation of its gradient converge till numerical saturation is reached. For
k =1, the pointwise errors converge with cubic order for the function evaluation as
well as for the gradient. This coincides with the estimate (4.23). For k = 2, 3, the
tables indicate numerical convergence orders of 4 and 5, respectively.

Table 4.1 Degrees of freedom (DoF), error ||z — #;||1,(2) (err) and numerical order of conver-
gence (noc) for k = 1, 2, 3 in Example 4.3

k=1 k=2 k=3

DoF err noc DoF err noc DoF err noc
8 3.22x 1010 — 16 8.06x10°! - 24 153x 1070 -
16 9.90 x 10~ 1.70 32 221x1070 187 48 176 x 1072 3.13
32 537 x 107" 0.88 64 598 x 1072 1.89 96 2.01x1073 3.12
64 263x 1071 1.03 128 156x 1072 193 192 242x107* 3.05
128 129 x 1071 1.03 256 396x 1073 198 384 297x107° 3.03
256 640 x 1072 1.02 512 9.89x10~* 200 768 3.68x 107 3.02
512 318 x 1072 1.01 1024 247 x107* 200 1536 4.57 x 1077 3.01

1024 159 x 1072 1.00 2048 6.17x 107> 2.00 3072 570 x 10~% 3.00
2048 7.92x 1073 1.00 4096 1.54 x 107> 200 6144 801 x 1070 2.83
Theory 1 2 3

Table 4.2 Degrees of freedom (DoF), relative error |u(x) — #(x)|/|u(x)| for the point evaluation
inx = (0.2,0)" (err) and numerical order of convergence (noc) for k = 1, 2, 3 in Example 4.3
k=1 k=2 k=3
DoF err noc DoF err noc DoF err noc
8 346x1072 - 16 255x1074 - 24 157 x107% -
16 994 x107* 512 32 3.80x107° 275 48  445x 107 514
32 1.12x107* 3.5 64  9.06x1077 539 9 1.19x1077 522
64 1.62x107° 279 128 121x1077 291 192 3.02x107° 531
128 203x107% 299 256 8.17x107° 389 384 746x107'! 534
256 254x 1077 299 512 470x 10710 412 768 1.83x 10712 535
512 322x107% 298 1024 253 x 107! 422 1536 352 x107'* 570
1024 4.09x107° 298 2048 1.28x 10712 431 3072 451x10714 -
2048 520x 10710 298 4096 1.69x 10713 292 6144 121x10713 -
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Table 4.3 Degrees of freedom (DoF), relative error [Vu(x) — Vu(x)|/|Vu(x)| for the point
evaluation of the gradient in x = (0.2, 0)T (err) and numerical order of convergence (noc) for
k =1,2,3 in Example 4.3
k=1 k=2 k=3
DoF err noc DoF err noc DoF err noc
8 229x 107! - 16 6.68x1073 - 24 356x 1074 -
16 153x1072 3.90 32 5.64x107° 689 48 224x 107 731
32 523x107*  4.87 64 209 x107° 475 96 5.15x107% 545
64 558x1075 323 128 8.13x 107 469 192 146x107° 5.4

128 6.84x107% 3.03 256 514x107° 398 384 372x10"!1 529

256 842x 1077 3.02 512 3.06x10710 407 768 943 x 10713 530

512 1.04x 1077 3.01 1024 1.66x 1071 420 1536 5.04x107% 422
1024 130x 1078 3.01 2048 7.57x10713 446 3072 1.13x1071 -
2048 1.62x107% 3.00 4096 7.73x 10713 - 6144 821 x 10713 -

4.3.2 Neumann Problem

The Neumann problem (4.2.3) is treated along the same lines as the Dirichlet
problem in the previous section. We utilize the direct approach and approximate the
Galerkin formulation (4.17) for the unknown Dirichlet trace g = yOK ue H/?OK)
from Sect. 4.2.3. This yields the discrete Galerkin formulation

Find g, € 25,(%) :

- ) (4.29)
Bren£) 0 = (GI-Kir8) Ve ).

)
where ¢ is the given Neumann data with fa g tdsx = 0. Since ﬁK is bounded
as well as elliptic on H'/2(dK) and c@gw(%h) Cc HY%*@K), the discrete

Galerkin formulation has a unique solution according to the Lax—Milgram Lemma.
Furthermore, Céa’s Lemma yields

lg — gnllgrrpry = C  inf g =&llgrpk)
H2(0K) s Phuit) H2(0K)

where known approximation properties of polynomials, see [151, Theorem 4.3.22],
can be applied once more, such that

g — gnllgrpx) < CH2lghas @x) (4.30)

for 1/2 < s < k + 1, when assuming g € H*(dK). Arguing as in Sect.4.2.3,
we even see that g5 € H*l/z(aK) since &y € ﬁgw(aK). Inserting gj into the
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representation formula (4.3), we obtain for x € K the pointwise approximation

u(x) = / U™ (x, y)t(y) dsy — / YU (%, y)gn(y) dsy
K K

for the solution u#(x) of the Neumann problem. Under the assumption of sufficient
regularity the approximation satisfies for k = 1 and x € K the error estimate

ux) — 7@ < CO R I8l ok - 4.31)

As in the Dirichlet problem we may approximate the given Neumann trace ¢ by its
L,-projection t, € f@k_ld(al{ ). Utilizing the ansatz (4.24) yields the coefficient

pw, . . . .
vector ¢;, and therefore the approximation #; as unique solution of

Y (@ OneK) = Onek) ¥ € Ph (B - (4.32)

Tedy

The system of linear equations (4.32) involves the symmetric, positive definite mass
matrix

NN
Mih = (0. O 10,05 coy ey -
The solvability condition f 9k thdsx = 0 is retained since span {1} C 3”{;; 1(1(%;,).

Inserting the ansatz (4.24) into the discrete Galerkin formulation (4.29) yields a
system of linear equations for g e namely

Dk g, = (éM},h — K},h) t s (4.33)
where
Dis =Dis+adks d},h ,
with @ > 0 and
Dg.» = (Dko, ¢)L2(3K))¢€¢D,¢E¢D . A = ((o, I)LZ(BK))goeq)D :

The system (4.33) is uniquely solvable since the matrix f)K,h is symmetric and
positive definite due to the properties of the integral operator D .

Example 4.4 We demonstrate the performance of the boundary element method
for the Neumann problem. Let K be a regular octagon centered at the origin with
diameter 0.8 as in Example 4.3, and consider the boundary value problem

—Au=0 inK, yXu=1r ondk,
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where the Neumann data ¢ is chosen such that the unique solution of the problem
in H*l(K) is given as u(x) = exp(2w(x; —0.3)) cos2r(x2 — 0.3)) — C with
C € R such that (yu, 1)1,(5x) = 0. The boundary element method is applied
on a sequence of meshes for the approximation orders k = 1, 2. The first mesh is
defined to be the eight sides of the octagon and the following meshes are constructed
by subdividing each line segment of the previous mesh into two new line segments
of the same length. In Table 4.4 we give the results for k = 1 and in Table 4.5
those for k = 2. The meshes are distinguished by the number of degrees of
freedom (DoF) used to approximate the Dirichlet trace. From (4.30) we expect
that the error ||g — g ll1,ok) of the Dirichlet trace in the L>-norm converges with
order k1. This is verified by the numerical order of convergence (noc) in the tables.
For the point evaluation, it has been shown in [159] that for k = 1 the optimal error
estimate (4.31) is not achieved when the Neumann data has to be approximated

Table 4.4 Degrees of freedom (DoF) and errors ||g — gnll1,(2), [4(X) — W (X)|/|u(x)| as well as
|Vu(x) — Vi(x)|/|Vu(x)| for x = (0.2, 0) " and numerical orders of convergence (noc) for k = 1
in Example 4.4

llg — gnllr) lu(x) — u(x)|/|ux)] [Vu(x) — Vi(®)|/|Vu(x)|
DoF err noc err noc err noc
8 3.23 x 107! - 2.25 % 1071 - 1.60 x 1071 -

16 7.57 x 1072 2.09 4.49 x 1072 2.32 3.90 x 1072 2.04
32 1.67 x 1072 2.18 9.92 x 1073 2.18 8.97 x 1073 2.12
64 3.85 x 1073 2.12 241 x 1073 2.04 221 x 1073 2.02
128 9.19 x 1074 2.07 5.98 x 1074 2.01 5.51 x 1074 2.01
256 224 x 1074 2.04 1.49 x 1074 2.01 1.38 x 1074 2.00
512 5.52 x 1073 2.02 3.71 x 107 2.00 3.44 x 1072 2.00
1024 1.37 x 1073 2.01 9.28 x 1070 2.00 8.59 x 107© 2.00
2048 3.41 x 1076 2.01 2.32 x 1070 2.00 2.15 x 1076 2.00

Table 4.5 Degrees of freedom (DoF) and errors ||g — gnll1,(2), [4(X) — W (X)|/|u(x)| as well as
|[Vu(x) — Vi(x)|/|Vu(x)| for x = (0.2, 0)" and numerical orders of convergence (noc) for k = 2
in Example 4.4

lg — gnlli 2 lu(x) — u(x)|/|ux)] [Vu(x) — Vi(x)|/|Vu(x)|
DoF err noc err noc err noc
16 3.46 x 1072 - 257 x 1073 - 2.45 % 1072 -

32 452 %1073 2.94 488 x 1074 2.40 5.24 x 1074 5.55
64 6.06 x 1074 2.90 9.06 x 107 243 2.06 x 1073 4.67
128 8.02 x 1073 2.92 2.18 x 107 2.06 9.46 x 1077 4.45
256 1.04 x 1073 2.95 5.61 x 1076 1.96 5.56 x 1078 4.09
512 1.34 x 1076 2.95 1.44 x 1079 1.96 4.15 x 1070 3.74
1024 1.79 x 1077 291 3.65 x 1077 1.98 3.16 x 10710 3.72
2048 2.66 x 1078 2.75 8.99 x 1078 2.02 2.30 x 10711 3.78
4096 458 x 107 2.54 2.04 x 1078 2.14 8.61 x 10713 4.74
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by (4.32). Instead, only

lu(x) — 7(x)| < CX) I 18l o)

is obtained. This theoretical result is confirmed in Table 4.4. Furthermore, the
quadratic convergence also holds for k = 2 in the numerical experiment, see
Table 4.5. For the pointwise convergence of the gradient, the tables indicate
numerical convergence orders of 2 and 4 for k = 1 and k = 2, respectively.

4.4 Nystrom Approach

The Nystrom method is an alternative approach for the approximation of integral
equations. It was initially designed for domains with globally parametrized and
smooth boundaries and was later adapted to domains with corners. Here, we restrict
ourselves to the two-dimensional case and we utilize the indirect approach for the
Dirichlet problem discussed in Sect. 4.2.2. The main idea is to replace the integral by
a suitable quadrature formula and to approximate the resulting equation by means
of collocation.

First of all, we seek the solution of the Laplace equation in the form (4.10)
such that the unknown density £ has to be approximated. In the case of the two-
dimensional Laplace equation we have

(x—y) -ng(y)

2 Ix— 3P (4.34)

yiGU*x,y) =

almost everywhere, where ng (y) denotes the outer normal vector of K in the bound-
ary pointy € dK. The density & satisfies the boundary integral equation (4.11).

4.4.1 Domains with Smooth Boundary

If the boundary of the domain is smooth, i.e. C2, and there is a global parametriza-
tion x(6) such that

aKz[x(e)eR2:9059591]

with X' (8)| # 0 for all & € [0, 0], then (4.34) holds for all x,y € 9K with a
removable singularity at x = y. Furthermore, let the parametric curve be given as
x(0) = (x1(0), x2(0)) T in counter-clockwise orientation. Hence, the outer normal
vector can be expressed as ng (x(6)) = (x5(0), —xi(@))T/|x’(9)|. Respecting
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Remark 4.1, the integral equation (4.11) for the density £ now reads

4

1
éS(X(Q))Jer Kk (x(0), x(1))&(x(7)) dr = —g(x(0)) forf €[6p,01], (4.35)

0
with the integral kernel

1 x{(0)(x2(0) — x2(7)) — x5 (T) (x1(0) — x1(7))
27 (x1(0) = x1(1))? + (x2(8) — x2(1))?

1 xj(0)x}(t) — x5(0)x] ()
4w (x((1)? + (x5(1))?

, forf #rt,
Kk (x(0), x(7)) =

, for0 =r1.

Next, we apply the composite trapezoidal rule to the integral with N + 1 uniformly
placed quadrature points x;, j = 0, ..., N and weights. Since & is periodic on the
closed boundary, this quadrature rule is especially suited for the integration, see [62].
Furthermore, we have £(xy) = &(xo). The resulting equation cannot hold for all
0 € [6p, 61] and therefore we enforce its validity by collocation in the quadrature
notes. Consequently, we find due to the periodicity the following system of linear
equations for the unknown values & = &£(x;) of the density:

N
égi —l—ZK(X,’,Xj)%'ja)j =—gkx;) fori=1,....N, (4.36)
=1

where the quadrature points and weights are given by

01 — 6 01 — 6
Xj=X<90+j1 0) and wj = INO.

It is known that this trapezoidal Nystrom method converges with order &'(1/N?) in
the maximum norm, where ¢ > 0 is related to the smoothness of the boundary 9 K
as well as to the smoothness of &, see, e.g. [118]. Having the values &; at hand we
can approximate u(x) for x € K with the help of (4.10) and the trapezoidal rule by

N
H(x)=— Kk(xx)§w; forxek. (4.37)
j=1

Since the integrand in (4.10) is smooth for x € K, differentiation and integration can
be interchanged. Thus, we obtain an approximation of the gradient of the solution
Vu(x) as

N
Vi(x) = — Z Vi(x,X;)Ejo; forx e K . (4.38)
j=1
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Fig. 4.2 Domain in 3 ; ; ; ; ; ;
Example 4.5 which is given
by a globally smooth curve
describing its boundary 2 r b
1 4
0 | 4
1 + 4
2 L 4
-3 1 1 1 1 I I

The gradient of the integral kernel can be computed analytically by a small exercise
and does not involve any difficulties.

Example 4.5 We consider the boundary value problem
—Au=0 inK, u=g ondk,

where g is chosen such that u(x) = In |x — x*| with x* = (3,3)" & K is the exact
solution. The domain K is given by its boundary that is defined as a globally smooth
curve with parametrization

cos(f)

X(6) = (2 + cos(30)) <Sin(9)

) for 0<60 <27,

see Fig.4.2. In Table 4.6, the convergence of the approximation (4.37) as well as
of its gradient (4.38) is presented in the point (1.5, 0) T for an increasing number of
quadrature points (QP) which is equal N in this setting. Furthermore, the numerical
order of convergence (noc) is given with respect to 1/N. Obviously, the Nystrom
approach converges very fast till machine precision for domains with smooth
boundaries.

4.4.2 Domains with Corners

Often, boundary value problems are considered on domains whose boundaries are
not given as a globally smooth parametric curves and which may contain corners.
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Table 4.6 Number of quadrature points (QP = N), pointwise error of approximation and its gra-
dient in the point x = (1.5, 0)" as well as numerical order of convergence (noc) for Example 4.5

QP lu(x) = 7(X)|/|uXx)] noc [Vu(x) — Vi(x)|/|Vu(x)| noc

4 5.12 x 107! - 1.59 x 1010 -

8 1.71 x 107! 1.58 2.47 x 1010 —0.64
16 6.80 x 1073 4.65 1.86 x 107! 3.73
32 1.92 x 1073 8.47 1.64 x 1073 6.83
64 2.69 x 1078 9.48 2.38 x 1077 12.75

128 5.80 x 10714 18.82 412 x 10713 19.14
256 1.83 x 10716 8.31 5.27 x 10716 9.61

Consequently, we consider domains with piecewise smooth boundaries next. Thus,
the boundary 0K is decomposed into boundary segments such that each can be
parametrized by a smooth curve. Without loss of generality, we concatenate these
parametrizations to a piecewise smooth and globally given parametrization which
is oriented counter-clockwise. Therefore, let M € N be the number of boundary
segments, we write

8K={X(9)€R2:9g59594+1,£=0,...,M—1} .

Here, |X'(0)| # O forall € (0y,0,+1),£ =0,..., M — 1 and z; = x(0;) are the
corner points or vertices of the domain. Since the boundary is closed we obviously
have x(6p) = x(6u). A special case are the polygonal domains which are used
throughout this book. In this situation the boundary segments are given as straight
lines and x/(0) is constant on each interval (8¢, 8¢1). Furthermore, the vertices z,
coincide with the nodes of the polygonal elements.

In order to derive the Nystrom approximation we consider once more the
boundary integral equation (4.11). But, since the boundary of the domain is not
smooth in the points z;, we have to take care on ¢(z¢) which depends on the
interior angle of the domain. This dependency is resolved by using (4.6) and
reformulating (4.11) to

EX) +E@

) faK VLU D) (E®Y) — £(2) dsy = —g(x) forx € 0K ,

where z is the closest vertex z, to x. Next, the boundary integral is split into its
contributions over the single boundary segments. The parametrization and the outer
normal vector are treated within each smooth segment as in the previous section.
This yields

0 M-1 9,4y
O v /9 K(X(0), (D) EX(T)) — £@)) dT = —g(x(6))
=0

4
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for 6 € [60,0m].1f0 = 604, £ =0, ..., M, ie. x(6) = zy, there is a singularity in
the integral kernel and the formula of the previous section for «(z¢, z¢) is actually
not well defined. Instead of applying the composite trapezoidal rule directly, Kress
proposed to perform a sigmoidal change-of-variables first, which copes with the
singularity, see [117]. This variable transformation n(e) 2 [0, 1] — [0¢, Op41] is
strictly monotonic increasing and it is defined by

(c®))” (Be+1 — 60)

O@) =6, +
) =0 (c®)? + (1 = c())”

where ¢ : [0, 1] — [0, 1] with
_ 1_1 3 1 B 1
c(t) = (2 p) 2t -1+ p(2t 1)+ )

and p > 2 is an integer. It is straight-forward to see that (n(z))/ has a root of order
p—1 ateach endpoint of the interval [0, 1]. Thus, we obtain with sufficiently large p
and the composite trapezoidal rule on each boundary segment

Or+1 N-1

/6 KO, xO)EXD) — E@) dr ~ Y 1 (x0).x) () — 6@ ) )

(4 j=1

where the quadrature points and weights are given by

©OY /N
X' =x(#0G/N)  and w;f)z(" )N]/ ,

j =0,..., N. The summands for j = 0, N vanish because of the roots of (n(f))/.
A careful convergence analysis of this quadrature is given in [117], showing that it
is convergent for the kinds of integrands we encounter here of increasingly higher
order in N as p is increased.

Applying the sigmoidal transform and the trapezoidal rule as above to the
modified boundary integral equation and using collocation in the quadrature points

yields the following system of linear equations with unknowns él.(k) = E(xgk)):

é__.(k) é__(k) M—1N-1
i + K (k) (Z)) (g(f) é(k)> © _ g(ka)) (4.39)

fori =0,. —1,k=0,...,M —1, where §i(k) is either é(gk) or é(k) depending

which point x(k) or xg\l,{) is closer to xl(k). After we have solved the system, the

function value u(x) can be approximated for x € K with the help of (4.10) and
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the quadrature by

M—1 N
i(x) = > k(x, “) g“) (“ forx e K . (4.40)
£=0 j=1

Analogously, we obtain for the gradient Vu(x) the approximation

M—-1 N
Vi) =— Y > Vk(x, “) g“) “) forx e K . (4.41)
(=0 j=1

Example 4.6 'We consider the boundary value problem
—Au=0 inkK, u=g ondk,

where g is chosen such that u(x) = In|x — x*| with x* = (6,8)T ¢ K is the
exact solution. The domain K is given by its boundary that is defined globally as a
curve which is piecewise smooth. More precisely, we use the parametrization of an
epicycloid that is

©) = (8 cos(8) — cos(86)
~ \ 8sin(#) — sin(86)

) for 0<0 <27,

with corners for6 = 6y = 2n€/7,¢£ =0, . , see Fig. 4.3. The Nystrom approach
is applied with the parameter p = 4 in the s1gm01dal change-of-variable. Each of
the M = 7 smooth parts of the boundary is decomposed into N segments and thus
N + 1 quadrature points. In Table 4.7, the convergence of the approximation (4.40)

Fig. 4.3 Domain in 10 B S —
Example 4.6 with piecewise
smooth boundary which is 8 7
given as parametrization of an 6 _
epicycloid
picy 4L i
2+ ]
ok i
2 L 4
4 L i
6 ]
8 L ]
— 10 1 1 1 1 1 1 1 1 1
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Table 4.7 Number of quadrature points (QP= M N), pointwise error of approximation and

its gradient in the point x = (5.6, 0)" as well as numerical order of convergence (noc) for
Example 4.6 with parameter p = 4
QP lu(x) — u(x)|/|ux)] noc [Vu(x) — Vix)|/|Vu(x)| noc
28 3.79 x 1072 - 3.41 x 107! -
56 7.18 x 1073 9.04 3.19 x 1072 3.42
112 9.03 x 1076 2.99 6.54 x 1073 8.93
224 8.00 x 10710 13.46 2.26 x 1077 8.18
448 1.73 x 1012 8.85 6.89 x 10710 8.36
896 1.28 x 1013 10.40 3.43 x 10713 10.97
1792 8.54 x 10710 0.58 1.36 x 10713 7.98

as well as of its gradient (4.41) is presented in the point (5.6, 0) " for an increasing
number of quadrature points (QP) which is equal M N in total. Furthermore, the
numerical order of convergence (noc) is given with respect to 1/QP. Obviously, the
Nystrom approach also converges very fast till machine precision for domains with
piecewise smooth boundaries when the singularities at the corners are treated with
an appropriate quadrature scheme.

4.5 Application in BEM-Based FEM

Throughout this book all numerical experiments and test have been performed with
the help of a local BEM solver as described in the following. However, we also
give a brute-force application of a local Nystrom solver and discuss its potential
advantageous and disadvantageous in the next sections for a test problem.

4.5.1 Incorporation of Local Solvers and Quadrature
on Polytopes

Before we discuss details of the realization of the BEM-based FEM and the
incorporation of the local BEM and Nystrom solvers, we recapitulate the problem
setting. An isotropic diffusion equation with mixed boundary data and a non-
vanishing source term is considered as model problem (2.1) on a domain £2 C R?,
d = 2,3 withboundary I" = I'pUIy. The domain 2 is decomposed into polytopal
elements and the discrete Galerkin formulation (2.28) reads:

Finduhegp—i-V;fD:

b(un. v) = (f. v)y) + QN VW Lary)  Yon € Vip



4.5 Application in BEM-Based FEM 131

where b(up, vy) = (@Vup, Vup)r,(2), and the approximation space admits the
decomposition V,f’ p = V}ﬁ up ® V}f g into two types of functions. The first
ones are harmonic on each element and have piecewise polynomial data on the
skeleton of the discretization, whereas the second ones vanish on the skeleton and
have a polynomial Laplacian on each element. In particular, the discrete Galerkin
formulation decouples for these kinds of functions as given in (2.31) and (2.32) in
the case of a piecewise constant diffusion coefficient.

It remains to discuss the realization of the different terms in the discrete Galerkin
formulation with the help of the local boundary element method and the local
Nystrom solver from this chapter. First of all, we recognize that every function
vy € V,f’ p is given uniquely over each element K € %, by the local boundary
value problem

—Avy,=px inK and v, =pyx onokK

with prescribed data px € 2*~2(K) and pyx € ng(al(), cf.(2.14) and (2.15).
Since pg is a polynomial, we can write v, = vy g + g withg € 3”"(1{) such that

—Avpp=0 inK and vy,g=psxk —q ondk (4.42)

with pyx —¢q € ﬁgw(aK ). Therefore, it was sufficient to consider the pure Laplace
problem in the previous sections for the local solvers. A constructive approach for
finding ¢ is presented in [113]. For a homogeneous polynomial p € 2™ (R?) of
degree m, i.e. p(cx) = ¢ p(x), the polynomial

R DT d/2 4+ m— ) (|x|2

1= P2 +m+ D+ D\ 4

l+1
) Alp(x) e 2" TH(K)
=0

satisfies Ag = p, where |m/2] denotes the integer part of m/2 and I'(:) the
gamma function, see [113, Theorem 2]. For non-homogeneous polynomials p the
construction can be applied on the representation of p in the monomial basis, whose
basis functions are homogeneous.

Let us focus on the two terms (f, vy)r,(2) and (gn, Vi) L, (ry)- The latter one
does not cause any difficulties. The Neumann boundary Iy is given as collection
of line segments (d = 2) or triangles (d = 3) and the restrictions of the functions
vy € Vfﬁ p onto I'y are piecewise polynomials. Consequently, we apply Gaussian
quadrature on each segment or standard numerical integration on each triangle in
order to approximate the integral value of the product of the given Neumann data gy
and the piecewise polynomial data of v, over I'y. We also have to apply a quadrature
scheme to approximate ( f, v;) 1, () since no additional information on f is given
in general. For this reason, we decompose the integral first into its contribution
over the elements K € ., and afterwards we decompose it even further to its
contributions over the triangles (d = 2) and tetrahedra (d = 3) of the auxiliary
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triangulation .7, (K), i.e.

Fom@ = Y Fmnw= >, Y. (Fomm - (4.43)

Keoy Ke, TeT,(K)

Now, we apply Gaussian quadrature over each triangle/tetrahedron 7'. Instead of
utilizing the auxiliary discretization 77, (K) introduces in Sect. 2.2, we may also
triangulate the elements with some software tool like triangle or TetGen,
see [155, 157]. This strategy has been especially performed in the numerical tests
in order to compute accurate errors in the Ly- and H'-norm. The evaluation of
vy inside the elements is realized by means of the reformulation vy, = vy, g + ¢
with (4.42) and the approximated representation formulas (4.22) and (4.40), respec-
tively. This natural idea to apply a quadrature rule over a subtriangulation in order
to approximate an integral over a polygonal domain has been applied in [164] for
instance. An alternative approach is presented in [131], where quadrature points and
weights for fixed polygonal domains are precomputed.

In order to treat the bilinear form we have different possibilities. We assume here
that the diffusion coefficient is constant on each element and we split the integral
into its contributions over the single elements

b(up, va) = (@Vup, Vop)ry(2) = Z ax (Vup, VUp) Ly (k) -
Keoy

A brute-force approach would be to approximate the term (Vuy, Vug),k) by a
quadrature as described above using the representation formulas for the evaluation
of Vuy and Vv, in the quadrature points. Alternatively, we may use Green’s first
identity (4.2) on each element such that

(Vun, Vo) Lok) = G un, v on) 1aok) — (Attn, V) 1y (k) -

Obviously, if either uj, or v, is harmonic, the volume integral vanishes and we end
up with a boundary integral solely, where the product of a Dirichlet and a Neumann
trace has to be integrated. Since the approximation space V,f’ p= V,f’ up® V,f’ g 18
given as a direct sum, we distinguish three cases:

1. up, vy € Vfﬁ u.p: We end up with solely boundary integrals

(Vun, Vo) 1) = i un, v& o .0k -

2. up, vy € V;ﬁB: Let vy, = v, g + g with (4.42), where pyx = 0, then

Vup, Vop) k) = —(Aup, vp)Lyk) = (VlKuh, J/()KUh,H)Lz(BK) — (Aup, @)Ly (k) -
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3. up € V}f"H’D, v, € V}ﬁB or vice versa: As we have seen in (2.30), it is
Vup, Vop) L, k) = 0.

The only volume integral which is left is (Auy, vy) 1, (k). Since Auy, € Pk2(K),
the integrand is a polynomial of degree smaller or equal 2k — 2. The integral can
thus be computed exactly by the quadrature over the auxiliary discretization or
alternatively by applying the divergence theorem followed by a quadrature over the
boundary of the element.

Local BEM Solver
The local BEM solver, which is used throughout this book, makes use of the
reformulation of the bilinear form in order to reduce the volume integrals to integrals
over the skeleton of the domain. More precisely, we end up with integrals over
the element boundaries, where we have to integrate the product of a Dirichlet and
Neumann trace of functions in V,f. This setting nicely fits into the boundary element
strategy. The Dirichlet trace of the functions is known whereas their Neumann trace
have to be approximated. Here, we proceed as described in Sect. 4.3.
Let K € %, and %), be an appropriate boundary element mesh of d K consisting
of line segments (d = 2) or trlangles (d = 3). Furthermore, we denote by @p and
~ the basis of BZk (Ay) and BZk 1(%n), which are used as approximation spaces

for H'/?(0K) and H~'20K), respectlvely. Since Vo uy is already polynomial
of degree k over each edge/face of K, the trace is represented exactly in the
basis @p such that in the notation of Sect. 4.3 it is g( “) 7/0 u, € & W(%h)
The Neumann trace V1 uy is approximated by t(”) € 9]‘ d(93;1) according to the
discrete Galerkin formulation (4.20) with the ansatz 4. 24) With the help of the
Steklov—Poincaré operator we write

W un, v& o) a0k = Sk vd un, v& v L,k -

Next, we may either use the non-symmetric, see (4.7), or the symmetric, see (4.8),
representation of the Steklov—Poincaré operator. According to (4.26), the non-
symmetric representation leads to

(u)

W un, v o ex) ~ (th . 8 Wy oK) = (g(”))TMK nty (v))TSunSym (”)

=(g
with

S =My, Vil (AMicn + K ) -
On the other hand, the symmetric representation with (4.27) leads to

& un, vEom a0 ~ Skel, e a0k = (g(v))TSK h g(u)
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Both matrices S;‘;?m and Sk j originate from the same symmetric bilinear form.

Whereas Sl;(nshym is a non-symmetric matrix, Sk 5 retains the symmetry because of
its Definition (4.28).

Without saying, we have already linked the approximation order in the BEM with
the one of the global FEM formulation naturally. For V}f in the BEM-based FEM,

we have chosen Wgw (%) and 9&; 5(93;1) with the same degree k in the local BEM

solver. This choice is appropriate, since the trace of functions in V,f on the boundary
of an element lies in the used boundary element space. Furthermore, we point out
that 2K(K) c V}ﬂK and for a polynomial p € 2¥(K) itis y£p € EZSW(BK)
and, in particular, yIK p € gzr’;;}d(a K). Thus, the local BEM solver is exact, up to
quadrature errors, for all polynomials contained in V}f‘ . The choice of the boundary
mesh %), however, is still open. It turns out that 8, = .7, (dK) is an adequate
choice, i.e., the naturally given boundary mesh consisting of edges (d = 2) and
triangular faces (d = 3) of the polytopal elements. This mesh is also the coarsest
possible one to discretize 0K .

The boundary element matrices only depend on the geometry and on the
discretization of d K, but they are independent of the basis functions of the BEM-
based FEM. Thus, the matrices are precomputed once per element and they are used
throughout the simulation for the setup of the global FEM matrix as well as for
the evaluation of all functions of V,f insight elements and for the approximation of
their Neumann traces on the skeleton of the domain. If the mesh %}, consists of
a few element types only, it is possible to compute the BEM matrices solely for
the representative elements since they are invariant under translation and rotation.
Consequently, a kind of lookup table can be used to reduce the computational
cost by using the same matrices for several elements, see Sect. 6.2.6. Beside this
improvement, we point out that the boundary element matrices in our application
are rather small because of the coarse meshes B), = .7, (0K) and the fact that the
number of nodes and the number of edges/faces is uniformly bounded, cf. Sect. 2.2.

Finally, the assembling of the global FEM matrix is performed as usual by adding
up the local element-wise contributions. Here, the matrix

unsym
SK,h or SK,h

serves as a local stiffness matrix in the BEM-based FEM simulation.

Remark 4.7 The 2D implementation of the BEM-based FEM, used in all numerical
examples in this book, utilizes Sk , as local stiffness matrix. The entries of the
boundary element matrices are computed by means of a fully numeric integration
routine involving adaptive quadratures techniques. The 3D implementation, in
contrary, is set up on a semi-analytic integration technique for the computation
of the boundary element matrices and the assembling of the global FEM matrix
is performed using Sl;(n’shym as local stiffness matrix. In both cases, the represen-
tation formulas are evaluated with analytic expressions. As already mentioned,
the boundary element matrices are rather small. Therefore, no additional matrix
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compression techniques like the Adaptive Cross Approximation (ACA) have been
applied, cf. [20, 144, 148]. Furthermore, the inversion of the single-layer potential
matrix Vg j is done with the help of an efficient LAPACK [6] routine.

Local Nystrom Solver

We restrict ourselves to two-dimensions and proceed as in Sect. 4.4. The bound-
ary 0K of a polygonal element is prescribed as a union of straight lines and can
thus be parametrized by a piecewise smooth curve easily. The number of boundary
segments M corresponds to the number of edges, and the vertices z; are given by the
nodes of the element. For the approximation of the bilinear form of the global FEM
formulation, we proceed with the local volume integrals (Vuy, Vv,)r,(k), since
the Neumann trace le uy is not accessible directly by the Nystrom approximation.
Consequently, the elements are subdivided into triangles and a quadrature rule is
applied on each of them, where the evaluations of Vuj and Vv, are realized by
means of (4.41).

The Nystrom approximation has to be performed for each basis function. This
involves the solution of a system of linear equations (4.39) each. In contrast, the
local BEM solver only inverts one matrix per element. Furthermore, an effective
generalization of the Nystrom approximation to 3D is not obvious and the use of
volume quadrature is unpleasant. But, the implementation of a Nystrom code is
much easier than the appropriate numerical approximation of the BEM matrices.
Furthermore, due to the sigmoidal change-of-variables the Nystrom approximation
copes with singularities that appear at reentrant corners. The BEM, which is
applied on the coarsest possible mesh, might need additional attention on this, see
Sect.4.5.2.2.

In order to bypass the unpleasant volume integration in the evaluation of the
global FEM bilinear form using the local Nystrom solver, it is possible to apply
an advanced strategy. In [135], the authors have proposed a Nystrom discretization
using harmonic conjugates which directly gives access to the Neumann trace of
the approximation. Consequently, this approach can be applied to approximate the
boundary integrals (le up, )/OK Un)L,(9k) in the reformulation of the FEM bilinear
form such that volume integrals are avoided. Beside this, the Nystrom approach
relies on a piecewise smooth boundary curve only and therefore, it opens the
developments towards polygonal elements with curved edges, see [5].

4.5.2 Numerical Examples and Comparison

In this section we substantiate our considerations on the local solvers. Numerical
examples for the Nystrom approximation as well as for the BEM have been
presented in the previous sections. Furthermore, the whole book contains examples
for the BEM-based FEM using the local BEM solver. Therefore, we restrict
ourselves here to demonstrate the applicability of the local Nystrom solver and
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discuss a comparison of the two solvers in the case of the presence of singularities
in the approximation space V,f.

4.5.2.1 Interpolation with Local Nystrom Solver
To demonstrate the interpolation properties, we first interpolate the smooth function
v(x) = sin(2wx1) sin(2w x2) forx e 2 = (0, 1)2

on two different families of meshes which have already been used in a former exam-
ple. The first family has been generated by the software package PolyMesher [167],
and consists of convex polygons that are primarily pentagons and hexagons. The
second family consist of rectangles and L-shaped elements, and has been chosen to
illustrate that the presence of non-convex elements does not negatively impact the
interpolation properties of the associated local spaces. The meshes with the convex
and L-shaped elements are depicted in Figs. 2.14 and 2.16, respectively. The relative
interpolation errors for

K HY(R2) > Vf

in the H!- as well as in the L,-norm are presented with respect to the mesh size &
in logarithmic scale in Fig. 4.4 for different approximation orders k. The results for
the meshes generated by PolyMesher are visualized with a solid line whereas the
results for the meshes with L-shaped elements are given with a dashed line. We
observe optimal rates of convergence for both families of meshes as expected from
the theory developed in Chap. 2.
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Fig. 4.4 Relative interpolation error in H'-norm (left) and L,-norm (right) with respect to the
mesh size 7 on meshes produced by PolyMesher (lines, cf. Fig. 2.14) and meshes with L-shaped
elements (dashed, cf. Fig. 2.16), for k = 1, 2, 3 and local Nystrom solver
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4.5.2.2 Comparison of Local Solvers for L-Domain

In a second example, we make use of polar coordinates X = (r cos ¢,  sin ¢ ".The
function

v(x) = r?sinQ2(¢p — 7/2)/3)  forx € 2 = (-1, 1)*\ [0, 1]?

is interpolated in the space Vhl. This function exhibits the typical singularity at
the reentrant corner, which is located in the origin of the coordinate system. We
compare the Lj-interpolation error for three families of meshes, see Fig. 4.5, using
the local Nystrom solver. Afterwards, we compare the Nystrom solver with a naive
application of the local BEM solver and we discuss improvements.

We specify the meshes by a discretization parameter n ~ h~! instead of the mesh
size h. The first family is denoted by Jf/nl and the nth mesh consists of one L-shaped
element, (—1/3, 1/3)%\ [0, 1/3]?, and 24n? squares of size (3n) ' x (3n)~!. Thus,
jifll has (2n + 1)(12n 4+ 1) + 1 vertices. The second family J/nz solely consists
of congruent squares of size (3n)~' x (3n)~! such that, the nth mesh has 271>
elements. The third family jifl?’ is obtained from J/nz by agglomerating the three
squares that have the origin as a vertex. The vertices in the meshes coincide with the
nodes in the corresponding FEM discretization. For all square elements in either
mesh, the local spaces are the bilinear functions. If K is the L-shaped element
in Jf/nl, then it contains 6n + 2 nodes, i.e. degrees of freedom, on its boundary

and Vh1 | x contains functions having the correct singular behaviour at the reentrant

Fig. 4.5 First four meshes of first family %l (top), second family ,}{,/,12 (middle), and third
family (/(n% (bottom)
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Table 4.8 Relative L,-error (err) for interpolation in Vh] for the three families of meshes depicted
in Fig. 4.5, and numerical order of convergence (noc) with respect to the number of degrees of
freedom (DoF)

First family Second family Third family
DoF err noc DoF err noc DoF err noc
40 324x107% - 40 1.26x 1072 - 40 324 %1073 -

126 8.02x107% 122 133 400x1072 096 133 1.12x1073 0.89
260 355x107* 112 280 2.04x1073 090 280 587x107* 0.86
442 199 x 107*  1.09 408 1.46x 1073 089 408 425x107* 086
672 127x107* 1.07 833 785x107* 087 833 232x107* 0.85
950 8.79x 107> 1.06 1045 6.45x10~* 086 1045 1.92x10~* 0.84
1276 644 x 107> 1.05 1281 542x107* 086 1281 1.61 x10~* 0.84

corner. If K is the L-shaped element in %3, then it contains only 8 nodes, i.e.
degrees of freedom, on the boundary and Vh1 | x also contains functions having the
correct singular behaviour at the reentrant corner.

In Table 4.8, the relative interpolation error in the Lj-norm is given for all
three sequences of meshes, maintaining comparable numbers of degrees of freedom
between the spaces. Furthermore, the numerical order of convergence (noc) is given.
This is an estimate of the exponent ¢ in the error model C DoF~4. Standard bilinear
interpolation theory for functions v € H!T(£2) on the second family of meshes
yields [v — 3} vl 1, (2) = O(DoF~U/2) ie. g = (1 +5)/2. Since v € H!*5(2)
for any s < 2/3, we expect to see essentially g = 5/6 for the second family, which
is what the experiments indicate.

For the first family of meshes, we achieve ¢/(DoF~!) convergence, and we
explain why this is expected. Let K denote the L-shaped element in %, ;. Since
v — j}lv is harmonic in K, its extreme values occur on 0 K, where 3}11) is piecewise
linear and agrees with v at the vertices. We note that v — ﬁ}lv = 0 on the two (long)
edges touching the origin, so |jv — 3},v||L°O(K) = |v — jlllv”Loo(aKl)’ where 0K
is 0K \ 052. Let E be an edge of dK;, having length » = 1/(3n). Standard 1D
interpolation estimates imply that |[v — 3;1,U||L30(E) < h2||82v/8t2||LOQ(E), where
the derivatives are taken in the tangential direction. We deduce that

lo=T4vlL, k) < IKlIv=T4vll] k) < KNI 0/0C17 ok, < 3002 (o) -

For each square element K’, essentially the same argument yields

~1on2 61,2
v—J,v n<h’ .
I W,y = A7 |W§O(.Q\K)
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From this, we determine that
~l 2 1,4 6 1 2 1,4, 8,4 2
=TI, ) < <3h + 8 — 1)) W k) = <3h +3h )'”'W&(ﬂ\l@'

In other words, v — J}vll1,@) = O(h*) = O(DoF ).

Now suppose that K is the L-shaped element in Jiff with edge length /. Since
the maximal interpolation error happens on the boundary 0 K, we estimate it directly
by computing the linear interpolant on each edge, and comparing it with v on that
edge. We determine that

lo=T4vll7, k) < 3% Iv=Tpvl] k) < 31°(0.023201h°3)> < 0.00161494'/3 |

For comparison, we estimate the interpolation error for the three 7 x h squares in
jifnz that touch the origin, namely for K1 = [—h, 0] x [0, h], K2 = [0, h] x [—h, O]
and for K3 = [—h,0] x [—h, 0], noting that K = K; U K U K3. Since v is
most naturally expressed in polar coordinates, we convert the bilinear interpolant
J ,1111 to polar coordinates on each square, and compute upper and lower bounds on

~1
lv—T,vllL,k )
o = FhvliLomy) < v = FpvllLa, < v = Tpoll,p
hUIlL2(Dj) = hUILa(Kj) = hPlLy (D)) »

where D, D j are sectors of disks centered at the origin, having radii # and V2h
respectively, and satisfying D; C K; C D;. These bounds are

0.1721°3 < |lv = Thvll L,k = v = Thvll Ly (ky) < 0.3640°73

0.571h°3 < ||v — T} vll Ly (k) < 0.9417°73

This explains why the interpolation error for the third family, while being of the
same order as that of the second family, is slightly smaller.

Finally, for the first family of meshes, only the local interpolant on the (fixed)
L-shaped element K, has to be approximated numerically. For the results above
in Table 4.8, we used the Nystrom approach. For comparison, we repeat the
interpolation error experiment for the first family, using instead three versions of the
local BEM solver to treat j}l v on K. For the first version (large edges), the boundary
element mesh is precisely that suggested by K itself, consisting of two edges of
length 1/3 touching the origin, and 6n edges of length & = 1/(3n), cf. Fig. 4.6
(left). For the second version, the two long edges are each partitioned into n sub-
edges of length &, cf. Fig. 4.6 (middle). As seen in Table 4.9, the convergence for the
first version stagnates almost immediately, whereas the convergence for the second
version is similar to what has been seen for the second and third families above. So,
we see that the BEM discretization error dominates the interpolation error in these
cases, but the Nystrom discretization error does not. Recalling that the BEM integral
formulation is attempting to compute le vondK,and le v(x) = —g ~1/3 on both
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Fig. 4.6 Zoom of L-shaped element for different BEM discretizations with two large edges (left),
small edges (middle) and a graded mesh (right)

Table 4.9 Relative L,-error (err) for interpolation in Vh1 for the first family of meshes depicted
in Fig. 4.5, and numerical order of convergence (noc) with respect to the number of degrees of
freedom (DoF) with three versions of the local BEM solver

Version 1 (large edges) Version 2 (small edges) Version 3 (graded mesh)

DoF err noc DoF err noc DoF err noc
40 6.65x1073 - 40  665x1073 - 40  6.65x 1073
126 488 x1073 027 128 216x1073 097 128 1.29x1073 141
260 4.56x 1073 009 264 1.10x1073 093 264 526x107* 1.23
442 445 x 1073 005 448 7.09x 107* 0.83 448 2.64x107* 1.31
672 439x1073 003 680 5.06x10~* 081 680 1.60x10~* 1.20
950 436x1073 002 960 3.83x107* 0.81 960 1.08x107* 1.15
1276 434x 1073 0.02 1288 3.02x107* 082 1288 7.75x 107> 1.12

of the edges touching the origin, it is not surprising that the BEM struggles in its
discretization. This challenge is mitigated for the local BEM solver by employing
the a priori knowledge of the singular behaviour or by a self-adaptive procedure. We
prescribe an appropriate graded mesh along the two large edges, cf. Fig. 4.6 (right),
which copes with the singularity in the Neumann trace. The underlying regularity
theory and the construction of graded meshes for the boundary element method has
been studied in [88, 161, 171]. We repeat the convergence test with the adapted
BEM discretization on the first family and retrieve the optimal rates of convergence
for the interpolation error in Table 4.9.



Chapter 5 )
Adaptive BEM-Based Finite Element Shethie
Method

As long as the solutions of boundary value problems are sufficiently regular, the
refinement of the mesh size i and the increase of the approximation order k in the
discretization space V}{C yields an improvement in the accuracy. In particular, this
yields optimal convergence rates. But, in most applications the regularity of the
solution is restricted due to corners of the domain or jumping physical quantities.
Therefore, it is essential to adapt the solution process to the underlying problem
in order to retrieve optimal approximation properties. In this chapter, we deal
with a posteriori error estimates which can be used to drive an adaptive mesh
refinement procedure and we recover optimal rates of convergence for the adaptive
methods in the numerical experiments in the presence of singularities. For the error
estimation, we cover the classical residual based error estimator as well as goal-
oriented techniques on general polytopal meshes. Whereas, we derive reliability
and efficiency estimates for the first mentioned estimator, we discuss the benefits
and potentials of the second one for general meshes.

5.1 Preliminaries

In the following derivations we restrict ourselves to the model problem and the
BEM-based FEM formulation given in Chap. 2. Therefore, let £2 C Rd, d=2,3be
a polygonal or polyhedral domain. Its boundary I" = I'pUIy is splitinto a Dirichlet
and a Neumann part, where we assume |/ 'p| > 0. Given a source term f € Ly(£2),
a Dirichlet datum gp € HI/Z(FD) as well as a Neumann datum gy € L>(I'y), the
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problem reads

—div@Vu)=f in£,
u=gp onlp,

aVu-n=gy only.

Furthermore, we restrict ourselves for the presentation in this chapter to piecewise
constant diffusion coefficients which are aligned with the mesh, i.e.

a(x) =ag forxe K and K € %,

for the initial mesh and consequently for all meshes in the refinement process. The
Galerkin as well as the corresponding discrete Galerkin formulation are given in
Sect.2.5. We assume for simplicity, that the extension of the Dirichlet data gp can
be chosen in Vé‘ . The Galerkin formulations thus read

Findu € gp + HH(82)
5.1
b(u,v) = (f, V)1,@) + (N, Viory) Yo € Hp(2),

and

Find u, € gp + V;ﬁD :
. (5.2)
b(un, vi) = (f, vi)Ly2) + (8N VW) Ly(ry)  Yvr € Vi p -

In Chap. 2, the approximation spaces are defined and we have derived a priori error
estimates for the Galerkin approximation u;, € V,f of the form

lu — unll g1y < ch* lulgrsi gy foru e H*(82) . (5.3)

As already mentioned, the convergence rate k in these estimates is linked to, and
restricted by the regularity of the solution u € H**1(£2). Furthermore, the estimate
cannot be evaluated for computational purposes since it contains the unknown
solution u in the right hand side. The aim of an adaptive FEM is to retrieve the
convergence ¢ (h¥), k € N of the error although the exact solution is not regular
atall,ie.u ¢ H 2(£2). In order to achieve this, we need an error estimator that is
computable and can serve as an indicator for local refinement. We consider estimates
of the form

2 2
lu —unl <cn for n*= Y k.
Key,
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where n = n(uyp) is desirable for practical considerations. Here, || - || denotes
some norm and 7 is a computable error estimator, which depends on the current
approximation uj; but not on the unknown solution u explicitly. Therefore, the
inequality is called a posteriori error estimate. The values ng, which are assigned
to the elements K € %, serve as error indicator over the corresponding elements.
With their help, we can monitor the approximation quality over the single elements
and we can use this information for local mesh refinement.

The preceding considerations lead to an adaptive finite element strategy, which
is often abbreviated to AFEM in the literature. This scheme can be sketched as

SOLVE — ESTIMATE — MARK — REFINE — SOLVE — ... .

First, the discrete boundary value problem is solved on a given mesh and the error
estimator n and the error indicators nkx are computed for all elements. If the desired
accuracy is reached according to 1, we are done. If not, some elements are marked
for refinement. These elements are chosen on the basis of the error indicators 7g.
Next, the marked elements are refined, and thus we obtain a new mesh which is
adapted to the problem. Afterwards, we can solve the boundary value problem on
the refined mesh and continue this procedure until the desired accuracy is reached.

For triangular meshes and piecewise linear trial functions, the first convergence
proof for the adaptive finite element method applied to the Poisson problem can be
found in [67]. Here, the mesh has to satisfy some fineness assumption. In [129], this
condition is removed and the notion of data oscillation is introduced. A general
convergence result for conforming adaptive finite elements, which is valid for
several error estimates and for a class of problems, has been published 7 years
later in [130]. The first convergence rates are proven in [36], where an additional
coarsening step is introduced and the refinement is done in such a way that a new
node lies inside each marked element of the previous mesh. In [55], the authors
show a decay rate of the energy error plus data oscillation in terms of the number of
degrees of freedom without the additional assumptions on coarsening and refining.
A state of the art discussion and an axiomatic presentation of the proof of optimal
convergence rates of adaptive finite element methods can be found in [53].

Whereas the cited theory is done for triangular meshes, we state an adaptive finite
element method on regular and stable polygonal meshes. In the SOLVE step, we
approximate the solution of the boundary value problem on the current mesh 7.
This is done as described in Chap.2. Solving the discrete problem, we obtain an
approximation uy € V;{‘ on the current mesh for a fixed order k.

The ESTIMATE part serves for the computation of the a posteriori error
estimator n and local error indicators ng. There is a great variety of estimators
in the literature. The most classical one is the residual error estimate which goes
back to [15]. This estimator measures the jumps of the conormal derivative of the
approximation uj, over the element boundaries. Other estimators are obtained by
solving local Dirichlet [16] or Neumann [19] problems on element patches. The
engineering community came up with an error indicator that uses the difference
between Vuy, and its continuous approximation, see [183]. The equilibrated residual
error estimator [39] is obtained by post-processing of the approximation and belongs
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to the more general class of functional analytic error estimates [142]. Finally, we
mention the hierarchical [64] and the goal oriented [18] error estimates. For a
comparison of all these strategies see for instance [54].

After the computation of the estimator and the local error indicators, we have
to MARK several elements for refinement. There are different strategies in the
literature for this task. The most classical one is the maximum strategy which has
been proposed already in [16]. Here, all elements K € .%#}, are marked which satisty

NK > 60 Nmax

for a given parameter 0 < 6 < 1 and nmax = max{ng : K € J#,}. So, the elements
with the largest error indicators are chosen for refinement. For large values of 6, the
strategy becomes more selective, whereas for small 6, we obtain almost a uniform
refinement. A similar idea is used by the modified equidistribution strategy. For a
given parameter 0 < 6 < 1 and the global error estimator 7, all elements K €
are marked which satisfy

n
ng >0 .
V1]

In this strategy one tries to reach a state where the error is distributed equally over
all elements. The parameter 6 controls again the selectivity. This kind of strategy
has been used in Sect.3.4.6 for the generation of anisotropically adapted meshes.
Finally, we mention Dorfler’s strategy, see [67]. Here, a set of elements £y C %),
is marked such that

172
( > n%) >(1-6)n,

Kexty

where 0 < 6 < 1 is again a given parameter and n the global estimator. It is
advantageous to choose the set .#)s as small as possible. This can be achieved by
sorting the elements K € % according to the value of their error indicators 7.
Since every sorting algorithm is computationally expensive, Dorfler proposed
in [67] the following procedure with given parameter 0 < v < 1, which is chosen
to be small.

sum = 0.0
mw =1.0
while (sum < (1-0)2 n?)
do
Ho=pn -v

for all K € %,
if (K is not marked)

if (nk > K Mmax)
mark K

sum = sum + 17%(
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Dorfler’s marking strategy was one of the key points in the proofs of convergence
and convergence rates of AFEM in the literature mentioned above.

As the name of the last step REFINE already indicates, this is the time
where the marked elements are refined. Usually, this step is more complicated for
standard methods working on triangular or quadrangular meshes because of the
strict admissibility conditions on the mesh. In such cases, it has to be guaranteed
that no hanging nodes appear. Therefore, the mesh has to be completed in the sense
that neighbouring elements are refined until all hanging nodes disappear. In the
literature, one can find several strategies like red-green refinement or newest vertex
bisection with completion algorithms, see [36, 170]. Another possibility to handle
hanging nodes is to treat them as conditional degrees of freedom, i.e., to fix the value
of the finite element functions in these points to be a suitable interpolation of their
neighbouring regular nodes. Nevertheless, the first idea with completion spreads the
local refinement into a neighbourhood and the second one produces artificial nodes.
Both scenarios are somehow unpleasant for the numerical realization. Due to the
use of the BEM-based FEM, we are in the fortune situation to cope with arbitrary
polytopal meshes. Therefore, we do not have to worry about hanging nodes because
they are incorporated as ordinary nodes in the strategy and thus contribute to the
approximation accuracy. This behaviour is discussed more precisely in Sect. 5.2.3.
The refinement only affects the marked elements and is done as described in
Sect. 2.2.3. During this refinement process with the discussed bisection algorithm,
the stability of the sequence of meshes is not preserved automatically. Thus, we
might want to enforce this property explicitly in the mesh refinement.

In certain algorithms and applications an additional COARSEN step is necessary
which reverses the local mesh refinement in some areas of the domain. This has been
introduced in [36] for theoretical reasons in order to prove convergence rates for
the adaptive algorithm. But also in time-dependent problems, this additional step is
meaningful if, for instance, the singularity of the solution travels through the spacial
domain. The coarsening often relies on the hierarchy of adaptive meshes obtained
during the refinement. For polytopal meshes, however, one might agglomerate
almost arbitrary elements in this step since the union of polytopes is a polytope.
This demonstrates once more the flexibility of these general meshes.

5.2 Residual Based Error Estimator

In this section, we consider one of the most classical a posteriori error estimators,
namely the residual based error estimator, and formulate it on polytopal meshes. For
the classical results on simplicial meshes see, e.g., [4, 170]. This a posteriori error
estimate bounds the difference of the exact solution and the Galerkin approximation
in the energy norm || - ||, associated to the symmetric and positive definite bilinear
form, i.e. || - ||i = b(-, ). Among others, the estimate contains the jumps of the
conormal derivatives over the element interfaces. Since we are dealing with the
three- and two-dimensional case simultaneously, F' € %), denotes a face (d = 3) or
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edge (d = 2), respectively. Such a jump over an internal face F € .%, o, is defined
by

[un]r = (aKleuh +aK’V1K/Mh) ‘F ,

where K, K’ € %}, are the neighbouring elements of F with F € % (K) N .%(K').
The element residual is given by

Rx = f +agAu, forK € %, ,

and the face/edge residual by

0 for F e #hp,
Rr = {gnv —axyfuy forF e Fy with F € F(K),
_;[[uhﬂF for F e 0 .

We can proceed as for the two-dimensional case in [174, 180] in order to formulate
the residual based error estimator and to prove its reliability and efficiency on
polytopal meshes. This estimator involves the previously defined element and face
residuals and gives an upper bound for the Galerkin error in the energy norm which
does not contain any unknown quantity.

Theorem 5.1 (Reliability) Let %, be a regular and stable mesh. Furthermore,
letu € gp + Hll)(.Q) and up € gp + V}ﬁD be the solutions of (5.1) and (5.2),
respectively. The residual based error estimate is reliable, i.e.

, 2 2
lu—unlly <cnr  with ng = Z Nk »
Keoy

where the error indicator is defined by

Nk =hxlRelT, 00+ Y. helReIT, ) -
FeZ(K)

The constant ¢ > 0 only depends on the regularity and stability parameters of the
mesh, see Sect. 2.2, the approximation order k, the space dimension d and on the
diffusion coefficient a.

In this presentation it is assumed that we can compute le uy analytically. However,
in the realization these terms are treated by means of boundary element methods
as discussed in Chap.4. This approximation of the Neumann traces has been
incorporated in [180] and yields an additional term in the estimate.
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Fig. 5.1 Example of
modified neighbourhoods of E
edges and elements in two ()
space dimensions, cf. Fig.3.1 K

*

Wk

Whereas the reliability gives an upper bound for the error, the efficiency states
a local upper bound for the error indicator in terms of the approximation error and
the problem data. Beside of the neighbourhoods (3.2) of nodes, edges, faces and
elements defined in Sect. 3.1, we additionally need the following modified versions

oy=|J K. o= |J K. ox= | o, (5.4)

K'ey:E€&(K) K'ety:FeZ(K') FeZ(K)

cf. Fig.5.1. Furthermore, we introduce the notation || - |5, for @ C £2, which
means that the energy norm is only computed over the subset w. More precisely, it
is ||v||§ » = (@Vv, V), for our model problem.

Theorem 5.2 (Efficiency) Under the assumptions of Theorem 5.1, the residual
based error indicator is efficient, i.e.

Nk <c (nu = unlly o + 0% = 1T,

e~ 1/2
+ > hrlgn =3l the Y IS uh—yl’fuhuizm) ,
FE,,@(K)Q,,@/,YN K/Ca)*K

where f, gn and le,uh are piecewise polynomial approximations of f, gy and
le/uh, respectively. The constant ¢ > 0 only depends on the regularity and
stability parameters of the mesh, see Sect. 2.2, the approximation order k, the space
dimension d and on the diffusion coefficient a.

The terms involving the data approximation || f — f Il La(e) and |lgny — EnllLy(F)
are often called data oscillations. They are usually of higher order. Additionally,

we have the term ||le /uh — le “un L,(9k") measuring oscillations in the Neumann
trace of the approximation u; on the boundaries of the elements. The piecewise

polynomial function le "uj, might be chosen as the approximation of the Neumann
trace obtained as solution of the derived boundary integral equation from Chap. 4.
Thus, known error estimates from the boundary element method can be applied in
order to bound this term further if needed.
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Remark 5.3 Under certain conditions on the diffusion coefficient it is possible to
get the estimates in Theorems 5.1 and 5.2 robust with respect to a, see, e.g., [139].

5.2.1 Reliability

We follow the classical lines in the proof of the reliability, see, e.g., [170]. However,
we have to take care on the polytopal elements and the quasi-interpolation operators.

Proof (Theorem 5.1) The bilinear form b(-, -) is a inner producton V = H é(.Q)
due to its boundedness and ellipticity, and thus, V is a Hilbert space together with
b(-,-)and || - ||p. The Riesz representation theorem yields

lu —upllp = sup %) with R(v) = b(u — up, v) . (5.5

vev\ioy Ivlls

Thus, in order to prove the theorem, we reformulate and estimate the term |R(v)|
in the following. Let v, € Vh1 p- the Galerkin orthogonality b(u — up,, vy) = 0 and
integration by parts over each element lead to

Rw)= Y ((RK7 V=)L) + Y, (RFv— Uh)Lz(F)) : (5.6)

Keoty FeZ(K)

The Cauchy—Schwarz inequality yields

Bl Y (IRclwolo = vilw + 2 IREIL@ I = vilLym) -
Keoty FeZ(K)

We choose v, = Tcv, where J¢ is the Clément interpolation operator from
Sect. 3.3, which preserves the homogeneous boundary data on I'p. Estimating the
Ly-norms of v — Jcv over the elements and faces with the help of Theorem 3.7, we
find

1/2
R <c Y (hK||RK||L2<K>|v|H1(wK>+ > oy ||RF||L2<F>|v|H1(wF))

Ke, Fe7(K)
12 /2
(X ) (X wliey) e vl
Keoy Keoy,

where in the last two estimates we utilized several times Cauchy—Schwarz inequality
and the facts, that each element has a bounded number of faces, see Lemmata 2.7
and 2.16, and that it is covered by a uniformly bounded number of patches only, see
Lemma 3.1. Because of v/a/amin > 1, it is |v|H1(9) < |lvllp/+/Amin and thus (5.5)
together with the previous inequality completes the proof. O
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5.2.2 Efficiency

The classical proof of efficiency for the residual based error estimator makes use of
special bubble functions over the simplicial meshes. These functions have support
over single elements and are used to localize the residuals. We adapt the bubble
function technique to polytopal meshes. Therefore, let ¢7 and ¢r be the usual
polynomial bubble functions over the auxiliary discretization 7, (%) consisting
of triangles (d = 2) or tetrahedra (d = 3), see [4, 170]. Here, ¢ is a cubic (d = 2)
or quartic (d = 3) polynomial over the triangle/tetrahedron T € 7, (%)), which
vanishes on §2 \ T and in particular on d7'. It is usually defined as the product of the
barycentric coordinates of the triangle and tetrahedron, respectively, and scaled such
that its maximum is one. The edge bubble ¢ is a piecewise quadratic (d = 2) or
cubic (d = 3) polynomial over the adjacent triangles/tetrahedra in .7, (J4},), sharing
the common edge/face F, and it vanishes elsewhere. This bubble function can also
be defined as scaled product of barycentric coordinates.

At first glance, we might define the bubble functions over polytopes as product
of the first order basis functions defined in Sect. 2.3.1 or one might use the element
bubble functions defined in Sect.2.3.2. However, in these cases the functions are
no polynomials that complicates their treatment in the analysis. In contrast, we
define the new bubble functions over the polytopal mesh with the help of the bubble
functions over the auxiliary discretization, namely

k= Y. ¢r and  gr=¢r

TeTh(K)

for K € %, and F € %y,

Lemma 54 Let K € %), and F € 7 (K) of a regular and stable mesh ). The
bubble functions satisfy

supp ok =K, O0=<¢x =<1,

supp o C wp, 0<gr =<1,
and fulfil for p € P*(K) the estimates
1PIZ, k) < € 9k P2 PILa(k) - 0k Pl k) < chg 1Py -
—1/2
P12, cry < € @FP, P)Lo(F) » Pl < chp 2 IplLar) »
1/2
loFPlLacky < ch > IpllLscr) -

The constants ¢ > 0 only depend on the regularity and stability parameters of the
mesh, see Sect. 2.2, the approximation order k and the space dimension d.
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Proof Similar estimates are valid for ¢7 and ¢r on triangular and tetrahedral
meshes, see [4, 170]. By the use of Cauchy—Schwarz inequality and the properties
of the auxiliary discretization 7}, (#,) the estimates translate to the new bubble
functions. The details of the proof are omitted. O

With these ingredients the proof of Theorem 5.2 can be addressed. The arguments
follow the line of [4].

Proof (Theorem 5.2) Let ﬁK e Z*(K) be a _polynomial approximation of the
element residual Rx for K € J#,. Forv = px Rk € H(}(K) and vy = 0 Eq.(5.6)
yields

b(u — up, 9x Rx) = R(px Rx) = (Rx, px Rx) 13k -

Lemma 5.4 gives

||EK||%2(K) < c(pk Rk, RK)1,x)
=c ((wKﬁK, Rg — Rg) k) + (¢x Rk, RK)LQ(K))
< ¢ (IRk I, I Rk — R llLocky + b(u — un, ok Rg))

and furthermore,
b(u—up, ok Rx) < ¢ lu—unl g1 lox Rl iy < chig! lu—unllo.k | Rk Nl Lycx) -
We thus get

IRk llLyk) < ¢ (h}I lu —unllp.x + IRk — RK||L2(K)) ,

and by the reverse triangle inequality
IRk k) < € (hE1|IM — upllp.x + | Rx — RK||L2(K)) -

Next, we consider the face residual. Let Ry € 2% (F) be an approximation
of Rp, with F € Zn.. The case F € Zj n is treated analogously. For
v=¢@FrRF € HO1 (a)j;) and v, = 0 Eq. (5.6) yields in this case

bu—up. pr Rr) = R(prRr) = Y ((Rk.0r R 1yk) + (RE. 9F RE) 1y(F)) -
KCwy,
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Applying Lemma 5.4 and the previous formula leads to

IRFNT,r) < c(@rRE. RE)LyF)

=c ((wFEF, Rr — RFE)L,(F) + (¢r RF, RE)Ly(F))

IA

c (”ﬁF”Lz(F)”ﬁF — RrllLyr) + (9FRF. RF)Ly(F))

and

b(u —up, 9rRp) = Y (R, 9r RF)Ly(k)
K Cwy,

|(0rRF, RF) Ly(p)| = 1

IA

c (lu = Un| g i) |9FRF g1 (1) + Z | Rk ||L2(K)||§0FRF||L2(K)>

s
K Cop

IA

—1/2 1/2 5
c(hF/ e —unllpoy + > by ||RK||L2<K>) IRFlLor) -

*
KCop

Therefore, it is

=5 —-1/2 1/2 5
IRF Loy 5c<hF/ I —unllp.o + Yy ||RK||L2<K>+||RF—RF||L2<F)>.
KCo},

By the reverse triangle inequality, h}l < h;l and the previous estimate for
IRk llL,(x), we obtain

—1/2 12,5 5
IRFIlL,(F) < C(hF llu—uy, Ip,e% + Z hp/ ||RK_RK||L2(K)+||RF_RF||L2(F)>-
KCwy,

Let f, gn and le up be piecewise polynomial approximations of f, gy and le up,
respectively. We choose Rg = f + ax Auy, for K € %, and

0 for F e #, p,
Rp = §N—¢1K)’1Kuh for F € &), y With F € Z(K) ,

-3 <aKy1Kuh +aK,y1K’uh) for F e #), o with F ¢ Z(K)N Z(K') .

Consequently, we have R K € BZ"(K ) and R F € BZ"(F ). Finally, the estimates for
IRk ll,k) and || RF|l1,(F) yield after some applications of the Cauchy—Schwarz



152 5 Adaptive BEM-Based Finite Element Method

inequality and due to hr < hg and |.% (K)| < ¢, see Lemmata 2.7 and 2.16,

IA

c(uu—uhuﬁ,wﬁh% > IR = Relf,on+ Y. thRF—RFuiz(F))
K'Coly FeF (K)

IA

2 2 2
c (nu —unl} e RIS = T

+ Y hellgy =&l e Y Iy un - le’uhniW,)) :
FeZ(K)NTn N K'Cowly

5.2.3 Numerical Experiments

The residual based error estimate can be used as stopping criteria to check if the
desired accuracy is reached in a simulation on a sequence of meshes. However, it
is well known that residual based estimators overestimate the true error a lot. But,
because of the equivalence of the norms || - ||, and || - ||, on H 5 (£2), we can still
use ng to verify numerically the convergence rates for uniform mesh refinement
when 2 — 0. On the other hand, we can utilize the error indicators in order to
gauge the approximation quality over the single elements and drive an adaptive
mesh refinement strategy with this information. The adaptive algorithm discussed
in Sect.5.1, has been implemented with Dorfler’s marking strategy. During the
refinement of the mesh we enforce the stability condition. This is done by refining
elements that do not satisfy hx < crhg for a threshold parameter cr.

In the following we present numerical examples in 2-dimensions on uniformly
and adaptively refined meshes. For the convergence analysis, we consider the
error with respect to the mesh size h = max{hgx : K € #,} for uniform
refinement. For the adaptive BEM-based FEM, the convergence is studied with
respect to the number of degrees of freedom (DoF). On uniform meshes the relation
DoF = ¢(h~2) holds, whereas on adaptive meshes the mesh size does not decrease
uniformly.

Experiment 1: Uniform Refinement Strategy
Consider the Dirichlet boundary value problem

—Au=f inR2=0,1)7?, u=0 onl,

where f € L2(£2) is chosen in such a way that u (x) = sin(mx) sin(rxy) forx € 2
is the exact solution. The solution is smooth, and thus, we expect optimal rates of
convergence for uniform mesh refinement. The problem is treated with the BEM-
based FEM for different approximation orders k = 1, 2, 3 on a sequence of meshes
with L-shaped elements of decreasing diameter, see Fig.5.2 left. In Fig.5.3, we
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Fig. 5.2 Mesh with L-shaped elements for uniform refinement (left), initial mesh for adaptive
refinement (middle), adaptive refined mesh after 30 steps for k = 2 with solution having a
singularity in the origin of the coordinate system (right)
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Fig. 5.3 Convergence graph for sequence of uniform meshes with L-shaped elements and V¥,
k=1,2,3, where ng/|ul g1 g is given with respect to & in logarithmic scale

give the convergence graphs in logarithmic scale for the value ng/|u|g1 (), which
behaves like the relative H'-error, with respect to the mesh size 4. The example
confirms the theoretical rates of convergence stated in Sect.2.5 on a sequence of
meshes with non-convex elements. The highly accurate computations for Vh3 involve
approximately 690,000 degrees of freedom. Due to the decoupling of the variational
formulation discussed in Sect. 2.5 into (2.31) and (2.32) the global system of linear
equations has about 540,000 unknowns and the remaining degrees of freedom are
determined by local projections.
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Experiment 2: Adaptive Refinement for Solution with Singularity
Let 2 = (—1, )% c R? be split into two domains, £21 = £2\ £2, and £2, = (0, 1)2.
Consider the boundary value problem

—div(@Vu) =0 in £, u=gp onl,
where the coefficient a is given by

y— 1in £, ,
" 1100in £, .

Using polar coordinates (r, ¢) such that x = (r cos ¢, r sin )T, we choose the
boundary data as restriction of the global function

o cos(r(¢p — m/4)) forx € RZ,
gp() = { Bcos(A(T — | — 1/4])) else,

with

s b
A= 4 arctan <\/103> and B =-100 o ()L4) .
T 301 sin ( A 3411 )

This problem is constructed in such a way that u = gp is the exact solution in 2.
Due to the ratio of the jumping coefficient, it is u ¢ H?(§2) with a singularity in
the origin of the coordinate system. Consequently, uniform mesh refinement does
not yield optimal rates of convergence. Since f = 0, it suffices to approximate the
solution in V,f’ g With the variational formulation (2.31). Starting from an initial
polygonal mesh, see Fig.5.2 middle, the adaptive BEM-based FEM produces a
sequence of locally refined meshes. The approach detects the singularity in the
origin of the coordinate system and polygonal elements appear naturally during the
local refinement, see Fig. 5.2 right. In Fig. 5.4, the energy error ||u — uy,||p as well as
the error estimator ng are plotted with respect to the number of degrees of freedom
in logarithmic scale. As expected by the theory the residual based error estimate
represents the behaviour of the energy error very well. Furthermore, the adaptive
approach yields optimal rates of convergence in the presence of a singularity, namely
a slope of —k/2 in the logarithmic plot.

Experiment 3: Adaptive Refinement, Closer Look
Using polar coordinates again, let £2 = {x € R%:|r| < land0 < ¢ < 37/2} and
the boundary data gp be chosen in such a way that

u(rcose, rsing) = 213 sin (2f>
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Fig. 5.4 Convergence graph for adaptive mesh refinement with V}f -k =1,2,3, the energy error

and the residual based error estimator are given with respect to the number of degrees of freedom
in logarithmic sale
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Fig. 5.5 Closer look at the error distribution |u —uy | for the first three meshes in the adaptive

refinement approach

is the solution of the boundary value problem
—Au=0 1in $2, u=gp onl.

The function u is constructed in such a way that its derivatives have a singularity at
the origin of the coordinate system. The boundary value problem is discretized using
the first order approximation space Vh1 and we analyse the first steps in the adaptive
refinement strategy in more detail. This will stress the use and the flexibility of
polygonal meshes in adaptive computations. For this purpose the error distribution is
visualized in Fig. 5.5 for the first three meshes. Each element K is colored according
to the value |u — uy, |%11 K The adaptive algorithm apparently marks and refines
the elements with the largest error contribution. The introduced nodes on straight
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edges (hanging nodes for classic meshes) are not resolved. Each of these nodes
corresponds to a degree of freedom in the finite element computation and thus,
improves the approximation within the neighbouring elements. For example, the
upper right triangle close to the reentrant corner in Fig.5.5 is not refined. But,
the error reduces due to the additional nodes on the left edge, namely, the triangle
became a pentagon in the right most mesh.

Experiment 4: Solution with Strong Internal Layer
Let £2 = (0, 1)? and f be chosen such that

u(x) = 16x1(1 — x1)x2(1 — x3) arctan(25x; — 100x3 4 50) ,
is the exact solution of
—Au=f in$, u=0 onl .

Since u is arbitrary smooth, we expect optimal rates of convergence in the case
of uniform mesh refinement in an asymptotic regime. Although the solution u is
smooth, it has a strong internal layer along the line xo = 1/2+4x1/4. The initial mesh
is visualized in Fig. 5.6 (left). Furthermore, the first uniform refined mesh is given
in the middle of Fig.5.6. In the right most picture of Fig. 5.6 the adaptively refined
mesh for Vh1 and a relative error of approximately 0.2 is presented. This mesh has
been achieved after 19 refinement steps. It is seen that the adaptive strategy refines
along the internal layer of the exact solution.

In Fig. 5.7, we give the convergence graphs for the first, second and third order
method and for the uniform as well as the adaptive strategy. In all cases we
recover the optimal rates of convergence which correspond to a slope of —k/2.
But, for the uniform refinement, the internal layer has to be resolved sufficiently
before the optimal rates are achieved. Since the adaptive strategy resolves the layer

Fig. 5.6 Initial mesh (left), uniformly refined mesh (middle), adaptively refined mesh for k = 1
and ||u — up||p/|lullp = 0.2 (right) for the solution with an internal layer
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first order (k = 1)

second order (k = 2)

third order (k = 3)
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Fig. 5.7 Convergence of the relative energy error ||u — uyp||p/||u||p With respect to the number of
degrees of freedom for the approximation orders k = 1,2, 3 on uniformly and adaptively refined
meshes

automatically, the adaptive BEM-based FEM is much more accurate for the same
number of unknowns.

In Chap. 3, we have introduced the notion of anisotropic polytopal meshes. Such
meshes are especially suited for the approximation of functions with strong layers.
In Sect. 3.4.6, an algorithm has been given in order to adapt the mesh to the layers
of a function sought to be approximated. In this algorithm, it has been assumed
that the function and its derivatives are known. The anisotropic polytopal meshes
clearly outperformed the uniformly and adaptively refined meshes with isotropic
elements in that case. In this section, we have investigated an adaptive refinement
method that does not need the knowledge of the exact solution and the refinement is
done fully automatic. So the next step would be to combine the adaptive algorithm
driven by a posteriori error estimates with anisotropic mesh refinement for problems
containing strong layers in their solutions.

5.3 Goal-Oriented Error Estimation

In the previous section, the adaptive algorithm has been driven by an error indicator
penalizing the error measured in the energy norm. In engineering applications,
however, this quantity might not be of importance for the considered simulation.
In this case, goal-oriented error estimation techniques are advantages that enable
adaptive refinements with different emphases. The dual-weighted residual (DWR)
method allows for estimating the error u — uj, between the exact solution of the
boundary value problem and its Galerkin approximation in terms of a general (error)
functionals J. These functionals can be norms but also more general expressions,
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like point-values, (local) averages or other quantities of interest. Error estimators
based on the DWR method always consist of residual evaluations, that are weighted
by (local) adjoint sensitivity measures. These sensitivities are the solution to adjoint
problems that measure the influence of the error functional J. The DWR technique
goes back to [21, 22] and is motivated by [74]. Important further developments in
the early stages have been accomplished in [3, 4, 18, 37, 83, 134, 137, 141].

In this section, we restrict ourselves to the two-dimensional case d = 2 although
the approach is applicable in general dimensions. Thus, let £2 C R? be a bounded
polygonal domain with boundary I" = I'p U I'y and |I'p| > 0. Furthermore, we
only consider the Poisson problem, i.e.a = 1,

—Au=f in$,
u=20 onlp,
Vu-n=gny only,
with source function f, homogeneous Dirichlet condition and Neumann data gy

for simplicity. This setting is sufficient to highlight the key concepts which can be
applied to more general problems.

5.3.1 DWR Method for Linear Goal Functionals

The DWR method is aimed to measure the error in an adaptive algorithm via certain
quantities of interest, i.e., goal functionals J (-). Although the theory is applicable for
non-linear goal functionals, see [22], we restrict ourselves to the linear case. Such
quantities of interest can be mean values of the solution and its derivatives or more
involved technical values such as drag or lift in fluid dynamics. These examples
include, for instance,

J(u):/ udx, J(u):/Vu-nds, JWw) =ux*), x* € 2, (5.7)
2 r

that are a mean value, a line integral related to the stress values in elasticity and

a point value. If the exact solution u is unknown and only its approximation by a

discrete function u, is given, the question arises, whether we can bound the error
J(u) — J(up) .

The DWR approach tackles this task by exploiting a dual problem

Findz € H)(2): b(w,2)=J(@) Yve H)(R), (5.8)
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where the bilinear form coincides for the Poisson equation with the one in the primal
problem. The boundary conditions are of homogeneous Dirichlet and Neumann
type. The derivation of the dual (or better ‘adjoint’) problem follows the Lagrangian
formalism that is well-known in optimization. The original motivation is provided
in detail in [22]. The solvability and regularity theory for (5.8) follows standard
arguments. Thus, we may recognize that the last functional in (5.7), the point
evaluation, does not fall into this theory, since it is not defined for functions in
H'(£2). Consequently, one may regularize the point evaluation by a convolution
with a mollifier, i.e. with an appropriate smooth function having small local support.

Choosing v = u — uy, in (5.8) and applying the Galerkin orthogonality, namely
b(u—up, vy) =0 forall v, € V) ), yields

b(u—up,z—vp) =J@W—up) .

This is akey point in the DWR method. Since vy, is an arbitrary discrete test function,
we can, for instance, use an interpolation or projection v, = i,z to obtain an error
representation.

Proposition 5.5 For the Galerkin approximation of the above bilinear form, we
have the a posteriori error identity:

Jw—up) =bu—up,z —1ipz7) . (5.9)

We cannot simply evaluate the error identity because z is only analytically known in
very special cases. Consequently, in order to obtain a computable error representa-
tion, z is approximated through a discrete function zj;, that is, as the primal problem
itself, obtained from solving a discretized version of (5.8).

Proposition 5.6 Let z; be the discrete dual function. For the Galerkin approxima-
tion of the above bilinear form, we have the a posteriori error representation

Ju —up) ~ bu —up, zj —ipz)) -
The straight forward choice of z; = z;, € Vé‘ p as solution of
b(on,zi) = J (w)  Yup € Vi

is not applicable. Since z;, — i,z € V,f p and due to the Galerkin orthogonality this
choice yields

J(u—up) =~ b(u—up,zp —ipzp) =0.
For the evaluation of the error in the form (5.9), we have to calculate approximations

zj, — ipzj, of the interpolation errors z — i, z. This approximation is the critical part
in the DWR framework that limits strict reliability [132]. A remedy is only given by
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spending sufficient effort on the estimation of these weights on fine meshes [22, 52]
or an additional control of the approximation error in z — sz, see [132]. As just
mentioned, it is well-known that the discrete approximation of z — i;z must be finer
than the trial space for the primal variable as the residual is orthogonal on V}f D
On triangular and quadrilateral meshes there are basically two main strategies in the
literature.

* Global more accurate approximation: The dual problem is either treated on the
same mesh with a higher order approximation space or on a finer mesh with the
same order approximation space. Both variants are quite expensive [22].

* Local more accurate reconstruction: The primal and dual problem are treated on
the same mesh with the same approximation space, but, the dual approximation
is post-processed locally using a patch-mesh structure [22]. This is a cheaper
alternative, but needs an agglomeration of elements.

Both strategies are applicable on polygonal meshes. However, we even propose a
new approach which is based on a local post-processing using a single element.
This enables the treatment of the primal and dual problem with the same mesh and
approximation space followed by an element-wise higher order reconstruction in
order to obtain zj . Detailed explanations of this variant are provided in Sect. 5.3.3.2.

In order to obtain an error estimator, the right hand side of (5.9) is either estimated
or approximated by some 1 (uy, 7). The quality of this error estimator with respect
to the true error is measured in terms of the effectivity index Iof with

n(un, z)

— 1 forh— 0. (5.10)
J(u —up)

Legf(up, z) = ‘

In many applications, the asymptotic sharpness 1 cannot be achieved, but it should
be emphasized that even overestimations of a factor 2 or 4 still yield a significant
reduction of the computational cost in order to obtain a desired accuracy for the
goal functional J(u). The residual based error estimator studied in Sect.5.2 is
known to have a bad effectivity. In the numerical experiments in Sect.5.2.3 the
error estimator ng overestimated the true error by a factor between 5 and 10 in the
problem with singular solution and by a factor between 7 and 22 in the problem with
smooth solution containing an internal layer. The DWR method produces sharper
estimates.

In the following sections, we explain the realization of the dual-weighted residual
method for goal-oriented error estimation on polygonal discretizations. We first
introduce special meshes and then recall various strategies to discretize the primal
and dual problems. In particular, we introduce an element-based post-processing
of the dual solution. The above mentioned error estimator n(uy, z) is the basis for
the derivation of a posteriori error estimates. In order to use this formulation from
Proposition 5.5 for mesh refinement, we need to localize the error contributions on
each element. Therefore, two error representations are finally recapitulated: using
the classical method with strong forms of the differential operator, and secondly,
using a partition of unity for the variational form.
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5.3.2 Preparation for Post-processing: Special Meshes

The local post-processing of the dual solution might be done on coarsened meshes
obtained by agglomerating polygonal elements in a classical way. However, on these
general meshes we might alternatively use novel kinds of hierarchies. In the later
described post-processing of the dual solution, we exploit this possibility. Therefore,
we do not allow general polygonal meshes .%#;, as described in Sect.2.2. Here, we
restrict ourselves to regular and stable meshes %} with polygonal elements having
an even number of nodes, such that every second node lies on an straight part
of the boundary of the element. Furthermore, we assume that by removing these
nodes from the mesh we obtain a coarsened polygonal mesh %), which is still
regular. In Fig. 5.8, we visualize such meshes ., in the middle column and their
corresponding coarsened meshes %3, in the left column. Using these meshes we
define the approximation spaces V;{‘ and Vzkh, respectively.

The condition on the node count for %}, is not a real restriction. We can always
introduce some additional nodes in the mesh to ensure the requirements. This is also
done when we refine some given meshes. The middle column of Fig. 5.8 shows a
sequence of uniform refined meshes which are used in later numerical experiments
in Sect. 5.3.5. In the refinement procedure each element in the mesh .%}, is bisected
as described in Sect. 2.2.3. This yields a mesh which does not satisfy the requirement
on the node count for each element in general, see Fig. 5.8 right. However, we can
ensure the required structure of the mesh by introducing some additional nodes.
This can be observed by comparing the refined, but inappropriate mesh, in the
right column of Fig. 5.8 with the next mesh in the sequence depicted in the middle
column.

5.3.3 Approximation of the Primal and Dual Solution

The primal and dual problems are approximated on polygonal meshes as described
in Chap. 2. For this reason, let 2 C R? be a bounded polygonal domain meshed into
polygonal elements satisfying the regularity and stability assumption and, in most
experiments, the requirement on the node count as described above. The primal
variable u is approximated by u; € V}f‘ , which is given by the decoupled weak
formulation (2.31) as well as (2.32) and reads in this setting for u, = up g + un,
withup g € V,f’H and up p € V}ﬁB:

Find upn € Vi y p:
7 . (5.11)
b(up,,ve) = (f, vn)Ly2) + @N- Vi) Lyry) YV € Vimp
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Fig. 5.8 Each row corresponds to the mesh in one FEM simulation, the middle column corre-
sponds to the actual mesh %7, the left column shows the mesh %5 after coarsening and the right
column shows the mesh after refinement before the nodes are added to ensure the condition on the

node count
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and
Findup g € Vi g blunp, vw) = (f. o)Ly Yo € Vig. (5.12)

For the approximation of the dual solution z we have a corresponding decoupling
and we focus on two strategies. Either we use globally a higher order for the
approximation, which is, however, practically expensive, or we apply a local post-
processing to z, € V,f . The local post-processing is especially attractive for the
approximation space of the BEM-based FEM, since there is no need for local
agglomerations of elements as we see in the next sections.

5.3.3.1 Dual Solution with Globally Higher Order Discretization

A brute-force strategy to obtain an approximation of the dual solution, which is
suited for error estimation, is to solve the discrete variational formulation with
higher accuracy. To track the approximation order, we write u, = uﬁlk) € V,f for
the approximation of the primal solution. The dual solution can be approximated by
z;lkH) € Vé‘“ on the same mesh. The choice 7}, = z;lkH) is applicable for the error
representation, cf. (5.9). Here, we do not need the restriction on the node count for
the mesh %},. As we already mentioned, this strategy is computationally expensive
in practical applications. However, it serves as a good starting point to verify the

performance of the dual-weighted residual method on polygonal meshes.

5.3.3.2 Dual Solution Exploiting Local Post-Processing

A more convenient and efficient strategy is to approximate the dual solution by
Zn = z,(lk) € Vé‘ on the same mesh with the same approximation order as the
primal solution. Afterwards zj is chosen as a post-processed version of z; on a
coarsened mesh with higher approximation order. This strategy is well discussed
in the literature for simplicial meshes, see [143] and the references therein. In fact,
this has already been introduced in the early studies [22]. The key point is, how
the meshes, and especially the coarse meshes, are chosen. Since polygonal meshes
are very flexible and inexpensive for coarsening and refining, they are well suited
for this task. It is possible to just agglomerate two or more neighbouring elements
to construct a coarsened mesh and to proceed in a classical way for the local post-
processing.

In the following we describe a slightly different strategy that does not need the
agglomeration of elements and is applicable on single elements. We use the meshes
Jn and Jf5y, discussed in Sect. 5.3.2 satisfying the requirement on the node count.
The approach relies on two key ingredients: the hierarchy of the discretization of the
element boundaries 9 K in these two meshes and the decoupling of the dual problem
analogously to (5.11) and (5.12) for the primal problem.
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Let zp, € V,f be the approximation of the dual problem over the mesh .%j,.

We construct zj € V2kh+1 as locally post-processed function over the mesh #5.

We write the mapping z; = z}(,k) > 7 € Vzth also in operator notation with

fp’;[l : V,f — V2kh+ ! such that 7y = fp’;[lz}f). It is sufficient to define the post-
processing on a single element K € %, since it directly generalizes to the entire
mesh. By construction, each element K = Kj € %, has a corresponding element
K»y € Jtp, which is obtained by skipping every second node on the boundary 9 K.
Thus, the shapes of these elements coincide and they only differ in the number
of nodes on the boundary. Consequently, d K can be interpreted as a refinement
of 0Ky, or in other words, d K and 0 Ky, are one-dimensional patched meshes of
the element boundary. Therefore, it is 3”3 (0Kap) C Wgw(a Kp). In terms of the

w

approximation space we set Vzkh (Kp) = V,f (Kap) C V,f(K n). Since it is clear from
the approximation space which element is meant, we skip the index 4 and 2/ again.

Suppose we would approximate the dual problem globally in Vzkh“. Then, the
weak formulation decouples into a global system of linear equations in order
to compute the expansion coefficients of the harmonic basis functions and into
a projection of the error functional into the space of element bubble functions.
We similarly proceed with the post-processing. Exploiting the hierarchy of the
boundary, we construct zj; = ZZ’H + ZZ’B € V2kh+1(K) = Vzkhfll_l(K) ® Vzkh'fllg(K)

from the approximation z, = zp, 57 + 2n.B € V,f (K) in the following way: We set
2. € Vay 4y (K) as interpolation of zj i1 € Vi 1 (K) (5.13)
and
* k+1 : X * _ k+1
B € V2h,B(K) as solution of:  (Vz, g, Vo)1 ,(k) = J(9) Vo € Vzh,B(K) .
(5.14)

The interpolation process in (5.13) is equivalent to an interpolation of a function in
ng(a Kp) by a function in 95; 1(3K>p). Thus, a standard point-wise interpolation
procedure is applied. The definition of ZZ, g 18 exactly the projection of the error
functional into the space of element bubble functions. Both operations are local
over a single element and are thus suited for a computationally inexpensive post-
processing.

Remark 5.7 The first idea might be to use the interpolation operator j’;l studied in

Sect.2.4and toset 7} = 3’57{112‘). But, this strategy does not work. The interpolation

affecting the harmonic basis functions yields the same results as described above.
However, the transition from the lower order element bubble functions to the higher
order ones is not well suited. Since there is no agglomeration of elements and
the process is kept on a single element, there is no additional information in the
interpolation using higher order element bubble functions. This is reflected by
the fact that V}f g(K) = Vzkh’ 5(K). The choice (5.14) overcomes this deficit and
includes the required information for the element bubble functions by exploiting the
dual problem.
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5.3.4 The Localized Error Estimators

In this section, we discuss the localization of the error representation derived in
Sect. 5.3.1 on polygonal meshes. The representation involves the adjoint sensitivity
measure z—iz withi, : V — V,f . Since the dual solution is not known in general, it
is approximated in the numerical tests as discussed in Sect. 5.3.3. In the realization,
we replace z in the error estimates by z;;. The operator i, is realized in the following
with the help of the interpolation operator Sﬁ, which is given and studied in Sect. 2.4.

5.3.4.1 The Classical Way of Localization

The error identity in Proposition 5.5 is realized in the classical way by using the
concrete problem, followed by integration by parts on every mesh element K € %,
yielding

J(u—up) = Z ((f + Aup, z — ihZ)Lz(K) - ()/lKuh, (z— ihZ))Lz(aK))
Keo,

+ (eny = 12)) 1y -

Following the usual procedure for residual based error estimators as in Sect. 5.2.1,
we combine each two boundary integrals over element edges to a normal jump and
proceed with the Cauchy—Schwarz inequality to derive an upper bound of the error.

Proposition 5.8 For the BEM-based FEM approximation of the Poisson equation,
we have the a posteriori error estimate based on the classical localization:

[ —wp)l <= > ngh (5.15)
Key,

with

N = IRk llao) 12 = hzllaky + Y IRENLyE 12 = zlliyy . (5.16)
Ec&(K)

where Rk and Rg are the element and edge residuals defined in Sect. 5.2, namely
Rk = f+ Aup  for K €
and

0 for E € &.p
Re = ygn —yKup for E € &y with E € £(K) ,

—é[[uhﬂE forE €&y 0.
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According to the definition of the trial space we have Auj, € 2*~2(K) in each
K € #,. Since most of the basis functions are harmonic, Auy, is directly obtained
by the expansion coefficients of uj, corresponding to the element bubble functions.
The term le uy, is treated by means of boundary element methods in the realization
and therefore it is approximated in gzr’j;}d(al( ).

The local error indicator (5.16) is usually estimated in order to separate it into
two parts such that U%L < tx(up)twk(z), see, e.g., [4, 18, 21, 22, 143]. The first
part vg (up,) contains the residual with the discrete solution uj, and the problem data
and the second part g (z) contains the adjoint sensitivity measure z — i,z. The
separation is obtained by further applications of the Cauchy—Schwarz inequality
and reads in our notation

—-1/2
@ —unl = > (IRkllLok) + kg P IRE N Lyo))
ke :t;’(‘uh)

. 1/2 .
Iz = nzllac + 1Nz —nzler) - (5.17)
=tk (z)

In order to incorporate the polygonal structure of the elements and in particular the
different numbers and lengths of their edges, we propose to split the L-norms over
the boundaries of the elements. This refined manipulation yields

- 12
NEIDIERY (”RK“%z(KW > hEl”RE”%ﬂE))
Ke it Eeé(K)

=tg (un)

. . 1/2
(=il + Y helz—izllg) - G18)
Ec&(K)

- —_ -
=tk (z)

The powers of hg and kg in (5.17) and (5.18) are chosen in such a way that the
volume and boundary terms contribute in the right proportion. This weighting of
the norms implicitly makes use of hg ~ hg, which is guaranteed by the stability of
the polygonal meshes. For triangular and quadrilateral meshes the terms A g and kg
only differ by a small multiplicative factor. (For quadrilaterals it is hx = ~/2hg.)
In polygonal meshes, however, the ratio hg/hg < c_ can be large and it might
even blow up in the numerical tests, if the stability is not enforced. Due to these
reasons, it seems to be natural to weight directly the volume term || Rk ||, (k) with
llz —inzll L, (k) and the edge term | Rg ||, (k) With ||(z —ip2) |l 1, (E) Which gives rise
to Proposition 5.8.
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5.3.4.2 A Variational Error Estimator with PU Localization

We use a new localization approach [143] based on the variational formulation.
Localization is simply based on introducing a partition of unity (PU) into the
global error representation Proposition 5.5. In the case of triangular or quadrilateral
meshes, the (bi-)linear basis functions are usually utilized, which are associated
with nodes. The same is possible for polygonal meshes and the corresponding
nodal basis functions, cf. Sect.2.3.1, which satisfy the partition of unity property.
However, this yields a node-wise error indicator, whereas the adaptive refinement
is an element-wise procedure. Therefore, we define an element-wise partition of
unity in order to obtain directly an element-wise indicator. For this reason, let
nwz) = {K € J#, : z € A (K)}| be the number of neighbouring elements to
the node z € .4},. We can write

1
=TT Y s T me,
ze N, Kety ze /' (K) Keoy,
and thus obtain a new partition of unity employing the element-wise functions
1
XK= Vs . (5.19)

ze NV (K) n(z)

The support of xx is local and covers the neighbouring elements of K, namely
supp xk = {x€ K': K' € 4, KNK' # @} = wk .

Inserting the partition of unity into the global error representation Proposition 5.5
yields

J(Ww —up) = Z b(u —up, (2 —ihz))(K) .

Key,

Consequently, when we refer from now on to the PU-based localization technique,
we mean the following error representation.

Proposition 5.9 For the BEM-based FEM approximation of the Poisson equation,
we have the element-wise PU-DWR a posteriori error representation and estimate

Juw—w)=n"V= "0 and |Jw—up)| <nipi= Y Il
Keoy, Keut,
(5.20)

respectively, with

g = (fs G=DxK) 1, @)+ (88 @=nDxk) 11y~ (Vi VIE=12DXK)) () -
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We finish this section by a comment on the practical realization. Even if high-
order approximations are used for the primal and dual problems, the PU can be
realized using a lowest order method involving the nodal basis functions only.

5.3.5 Numerical Tests

In this section, we substantiate our formulations of the dual-weighted residual
estimator and the treatment of the dual solution with several different numerical
tests and various goal functionals. In the first example, we consider the standard
Poisson problem with a regular goal functional. The second example considers a
norm-based goal functional. In the third example we study adaptivity in detail. In all
examples, we compare the classical and PU localization techniques. Moreover, we
compare as previously mentioned different ways to approximate the dual solution.

In analyzing our results, we notice that the tables and graphs are given with
respect to the number of degrees of freedom (DoF) in the following. This highlights
the fact that the considered sequences of meshes may have the same shapes of
elements, but have different numbers of degrees of freedom. This behaviour is due
to the mesh requirement for the local post-processing involving additional nodes on
the boundaries of the elements. The degrees of freedom are also the usual criterion
for adaptive refined meshes.

The adaptive algorithm discussed in Sect.5.1 has been realized in a slightly
adjusted way. In the SOLVE step, we additionally have to compute the approximate
(higher order) dual solution zj . For the error estimator we now distinguish between
n = Y gnk and nas = Y g Ink| in ESTIMATE. Note that nG: = 7" but
17;% # nPU. This also influences the formulation in the marking later on since
the error indicators are not squared here. In the MARK step, we utilize this
time the equidistribution strategy such that all elements K are marked that have
values |ng| above the average 0n,ps/|#;|. Furthermore, we point out that not all
theoretical assumptions on the regularity and stability of the mesh from Sect. 2.2
are enforced in REFINE for the following tests. During the refinement, the edge
lengths may degenerate with respect to the element diameter. If not otherwise stated,
all appearing volume integrals are treated by numerical quadrature over polygonal
elements as described in Sect.4.5.1.

Problem 1: Verification in Terms of a Domain Goal Functional
Let 22 = (0, 1)>. We consider the boundary value problem

—Au=1 in$2, u=0 onl,

on two uniform sequences of meshes depicted in Fig. 5.8 (left and middle columns).
With a little abuse of notation we denote the sequence of meshes by %5, and %}, for
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the left and middle column in Fig. 5.8, respectively. The goal functional is chosen as

J(v) =/ vdx,
Q

such that the dual and primal problems coincide. The regularity of the solutions is
only limited by the corners of the domain and consequently, itis u, z € H37%(£2) for
arbitrary small ¢ > 0. We use the reference value J (1) =~ 0.03514425375 + 10710
taken from [143] for the convergence analysis.

In the first experiment, we compare the different representations of the classical
localization technique given in Sect. 5.3.4.1. Here we detect a significant difference
depending on the partition into residual terms and dual weights of the classical
estimator. The primal solution is approximated in Vh1 and the dual solution is

treated by globally higher order, i.e. z; = z;lz). For this choice, we do not need
the requirement on the node count for the meshes. Therefore, we perform the
computations on the mesh sequence %5, of the unite square §2. The effectivity
index I is presented in Table 5.1. For comparisons, we also provide results
computed on a sequence of structured meshes with rectangular elements. Obviously,
the sharpened estimate (5.18) performs better than the usual form (5.17) of the
estimator. We observe, however, that the effectivity index is indeed closest to one
for the estimate (5.15) which does not separate the residual part from the sensitivity
measure. Therefore, we only apply (5.15) in the following experiments for the
classical localization. Furthermore, the comparison with structured meshes indicate
that the polygonal shapes of the elements do not influence the effectivity on these
uniform refined meshes.

Next, we compare the effectivity index for the PU-based and the classical
localization with (5.15). The problems are approximated with k = 1, 2. In Table 5.2,

we show I for the choice z; = zglkH) on a sequence of meshes .%3;. The

Table 5.1 Problem 1 approximated with u; € Vhl, and dual solution treated by globally higher
(2)

order, i.e. zj = z;; comparison of effectivity for different representations of the classic
localization on a mesh sequence %5, and on structured meshes
Polygonal-meshes Quad-meshes
DoF  J(u—ul") ISE5.15) 1S (5.17) ISE(5.18) DoF  J(u—ul") ISk (5.15)
4 552x1073 3.0l 6.30 331 9 256x 1073 291
8 348 x 1073 221 6.56 4.03 49 6.51 x107* 293
13 430x 1073 1.74 4.83 2.59 121 2,90 x 10~* 2.93
25 233 %1073 2.02 5.42 2.98 225 1.64 x 1074 2.92
57 132x 1073 1.99 5.89 3.37 361 1.05x 1074 2.92
129 536 x 107 2.29 6.47 3.64 529 7.27 x 107> 2.92
289 2.63 x 107* 234 6.73 3.84 729 535x 1075 292
620 1.17 x 107* 2.65 7.45 4.28 961 4.09 x 107> 2.92

1297 567 x 1075 2.66 7.48 4.24 1225 323 x 1075 292
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Table 5.2 Problem 1 approximated with u;, € th, k = 1,2 and dual solution treated by

globally higher order, i.e. z = z/ikH); comparison of effectivity for PU localization and classical

localization with (5.15) on mesh sequence %5,

DoF  J(u—u) 1615 1Y DoF  Ju—u?)  1S-Ga5 1Y

8 348x1073 221 1.16 35 1.76 x 10~*  2.09 1.30

13 430x1073 174 0.99 65 736x107°  1.59 1.24
25 233x1073  2.02 1.00 129 141 x107° 165 1.30
57 132 x 1073 1.99 1.01 273 4.00x 107%  1.60 1.27
129  536x107% 229 1.03 577  7.80x 1077  1.68 1.34
280 2.63x107* 234 1.04 1217 1.93x1077  1.66 1.34
620 1.17x107% 265 1.07 2519  3.63x107% 1.80 1.41
1297 567 x 107>  2.66 1.07 5153  495x107° 3.62 2.90

Table 5.3 Problem 1 approximated with u; € V}{‘ , k = 1,2 and dual solution treated by local

post-processing, i.e. z; = &]3’2‘;:12,2,{) ; comparison of effectivity for classical with (5.15) and PU

localization on mesh sequence .,

DoF  J(u-u) 1615 1BV DoF  J(u—u?)  ISEG15) IR
25 341 %1073  1.40 0.92 69 121x107°  1.20 0.57
45 176 x 1073 1.96 0.96 129 107 x1075  1.27 0.86
89  9.17x107* 2.05 0.95 257 8.69x1077 1.19 0.68

193 4.63x107* 236 0.96 545  6.76 x 1077 1.50 1.08
465 231 x107%  1.99 0.93 1249  436x 1078 134 0.79
953  1.14 x107* 2.10 0.95 2545  2.65%x107%  1.56 1.14

2069  5.66 x 107> 2.12 095 5417 150x107° 201 1.39

4269  2.83x107°  2.09 096 11,097 <107? - -

effectivity index for the PU localization is close to one whereas the classical
localization lacks on effectivity for the first order approximation k = 1. For k = 2
the effectivity IeCﬁL is improved.

Furthermore, in Table 5.3, we applied the local post-processing of z;lk) in order to

construct z;; = ’ﬁg;lz#) and therefore the computations are done on the sequence

of meshes %}, which satisfy the condition on the node count. Although the elements
have the same shapes in the sequences of meshes, the number of degrees of freedom
is larger in 7, than in J%;. Both localization strategies show good effectivity in
Table 5.3. Due to the local post-processing instead of the globally higher order
approximation for the dual solution, the computational cost is significantly reduced
compared to the experiments for Table 5.2. We finally remark that for obtaining
errors of similar order in the case of k = 2, the meshes in Table 5.2 are one times
more refined in comparison to the method presented in Table 5.3. However, as just
explained, the mesh itself is coarser but the number of degrees of freedom is higher

on the other hand when using the local post-processing of z,(lk).
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Problem 2: A Norm-Based Goal Functional
In our second example, let again £2 = (0, 1)2. We consider the boundary value
problem

—Au=f inf2, u=0 onl,

where f is chosen such that u(x) = sin(;rx1) sin(;rx7) is the analytical solution. As
in the previous problem, we compare the different localization techniques and the
two choices of zj. The computations are done solely on the sequence of meshes
satisfying the node count condition, which is depicted in Fig.5.8 in the middle
column. The error functional is chosen as

(0 —up, V), (2)

J(v) =
l — upllL,(2)

such that J (u—up) = |lu—upl 1,(2). Ourresults of the effectivity indices are shown
in the Tables 5.4 and 5.5. All indices are close to one and behave similar to those
of the previous Problem 1. e’;fU is hardly effected by the different approximations
of the dual solution and also the classical localization shows comparable effectivity.
Consequently, the computationally less expensive post-processing is to favor over
the higher order approximation of the dual solution in practical applications.

Problem 3: Adaptivity

Finally, let 2 = (—1,1) x (—1,1) \ [0, 1] x [—1, 0] be an L-shaped domain and
its boundary is split into I'p = {(x1, x2) € R2:x; € [0,1], xp = 0orx; = 0,
x3 € [—1,0]} and I'y = 082 \ I'p. We consider the mixed boundary value problem

—Au=0 in$2, u=0 onlp, Vu-n=gy only,

Table 5.4 Problem 2 approximated with u; € th, k = 1,2 and dual solution treated by

globally higher order, i.e. zj; = z/(1k+1) ; comparison of effectivity for PU localization and classical

localization with (5.15) on mesh sequence %},

DoF  J(u—u) 1SG15) 1B DoF  J(u—u?)  ISFG15) 1Y
25 380x1072 1.76 0.92 69 5.64x1073 138 0.95
45 210x 1072 1.99 0.98 129 290x1073  1.26 0.95
89  1.05x1072 191 0.81 257 848 x107* 1.27 0.97

193  534x1073 205 0.83 545  357x107*  1.29 0.96
465 259 x 1073 1.98 082 1249 1.17x107* 146 0.93
953  135x107% 2.6 083 2545 4.04x107% 135 0.98

2069 675 x 1074 2.11 082 5417 159x107% 137 0.99

4269 338 x 107% 2,04 0.84 11,097 526 x 1076 1.36 1.05
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Table 5.5 Problem 2 approximated with u; € V}f‘ , k = 1,2 and dual solution treated by local

post-processing, i.e. zj = &B;}:lz;k); comparison of effectivity for classical with (5.15) and PU

localization on mesh sequence %,

DoF  Ju—ul) ISFG15) 1Y DoF Ju—u) 1G5 1Y

25  3.80x 1072  1.65 0.83 69 5.64x1073  1.26 0.95
45  2.10x 1072 1.79 0.86 129 290x 1073 1.8 0.96
89 1.05x1072 229 0.84 257 848 x107* 1.28 0.97
193  534x107% 216 0.80 545 357 x107*  1.30 0.95
465 259 x 1073 224 0.82 1249 117 x107*  1.29 0.89
953  135x 1073 220 0.82 2545 4.04x107° 132 0.97
2069  6.75x107% 225 0.82 5417 1.59x107> 133 0.97
4269 338x107* 219 0.82 11,097 526x107° 134 1.01

Fig. 5.9 Initial mesh of the L-shaped domain in Problem 3 with triangular elements (left) and

adaptive meshes for k = 2 after 10 refinements for classical (middle) and PU (right) localization,

where the dual problem is treated by globally higher order, i.e. zj; = z;,kH)

where gy is chosen with the help of polar coordinates (r, ¢), such that

u(rcos¢,rsing) = r?/3 sin (%d))

is the exact solution. This is a classical problem for mesh adaptivity, since the
gradient of the solution inherits a singularity at the reentrant corner in the origin
of the coordinate system. It holds u € H>/3(£2). The considered goal functional is
a point evaluation

J(v) = v(x") ,

where x* is chosen as the upper right node inside the domain, which is adjacent to
six elements of the initial mesh, see Fig.5.9 (left). We apply the adaptive strategy
and compare the resulting meshes for the different localization techniques and
approximations of the dual solution.
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Fig. 5.10 Zoom into L-shaped domain in Problem 3 with adaptive meshes for k = 2 after 10

refinements for classical (left) and PU (right) localization, where the dual problem is treated by

globally higher order, i.e. zj; = Z,(JH—I)

Fig. 5.11 Initial mesh of the L-shaped domain in Problem 3 with triangular elements (left), which
are actually degenerated hexagons, and adaptive meshes for k = 2 after 10 refinements for classical

(middle) and PU (right) localization, where the dual problem is treated by local post-processing,

. k
ez =5}

In Fig.5.9, we display the initial mesh and the adaptively refined meshes for
k = 2 after 10 refinement steps for the classical and the PU localization. A zoom-
in highlighting the resulting shapes of adaptively refined elements is provided in
Fig.5.10. The dual problem is treated by a globally higher order discretization, i.e.
7 = z2k+l). This experiment has been carried out on sequences of meshes, which
do not satisfy the condition on the node count. The elements in the initial mesh are
triangles. The adaptive process, however, produces naturally polygonal elements
during the local refinements. These refinements are located in the expected regions.

The resulting meshes for the experiments with local post-processing for the
dual solution, i.e. zZ = ‘I?g;[lzzk), are visualized in Fig.5.11. As before, a zoom-
in highlighting the resulting shapes of adaptively refined elements is provided
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Fig. 5.12 Zoom into L-shaped domain in Problem 3 with adaptive meshes for k = 2 after 10

refinements for classical (left) and PU (right) localization, where the dual problem is treated by

: : * k+1_(k)
local post-processing, i.e. zj = Py, z,,

in Fig.5.12. This strategy is carried out on a sequence of meshes satisfying the
condition on the node count, and thus, the triangular elements in the initial mesh
are actually degenerated hexagons. The refinement pattern is similar to the one in
Fig.5.9. But we observe that there are less refinements far from the singularity
and the point x* after 10 steps. Due to the additional nodes on the boundary of
the elements, there are more degrees of freedom per element. Consequently, the
approximation over the degenerated hexagonal elements (with triangular shape) is
more accurate compared to the corresponding triangular elements in Fig. 5.9.

In order to study convergence, we plot the absolute values of the errors and
the estimators with respect to the number of degrees of freedom on a logarithmic
scale. The abbreviation e = u — uy, is used in the key of the plots. If we run the
computations on a sequence of uniform refined meshes, the convergence slows down
due to the singularity located at the reentrant corner. The tests are performed on a
uniform sequence .%3;, which does not satisfy the condition on the node count,
and on a uniform sequence %}, which satisfies this condition. The initial meshes
are visualized in Figs.5.9 and 5.11, respectively. The corresponding convergence
graphs are given in Fig. 5.13 for k = 1, 2. In these graphs, the error estimator 7*V is
given additionally, which clearly reflects the behaviour of the true error J(e).

Next, we apply the adaptive refinement strategy. The following computations
are run on meshes satisfying the condition on the node count only. We have
performed 25 adaptive refinement steps for the different localization techniques and
the two choices of zj. Since f = 0 in this test, we directly obtain from (5.12)
that up g = O and thus u, = up g € Vé" ;- Consequently, we can reduce the
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Fig. 5.13 Convergence of uniform refinement strategy with respect to the number of degrees of

freedom for Problem 3 with PU localization and z,‘; = zikﬂ)

volume integral in n”Y to the boundaries of the elements. Let K’ € %, with
K’ C wg = supp xk,itis

(Vl/lh, V((Z - ihZ)XK))Lz(K’) = (YIK Up, )/()K ((Z - ihZ)XK))Lz(aK’)

according to Green’s first identity. This reformulation improved the accuracy of
the numerical results. The convergence graphs are given in Fig.5.14 for the PU
localization and in Fig.5.15 for the classical localization stated in Prop.5.8. In
contrast to the uniform refinement strategy, we recover higher convergence rates,
which are not limited by the regularity of the primal solution. Both localization
techniques show comparable performance in Figs.5.14 and 5.15, respectively. The
PU localization, however, has a better effectivity while less computational effort
is spent for the dual problem. Furthermore, we point out that the convergence is
actually faster than expected. Indeed for finite elements, Lo, regularity results for
irregular meshes have been established in [153] and further references to regular
meshes are cited therein. In particular, assuming enough regularity, we would expect
for k = 2 a behaviour like ¢(DoF~/?). For k = 1 we would expect ¢(DoF~!)
including a logarithm term [153]. However in our computations, we observe for
k = 2 a behaviour like ¢(DoF~3). For k = 1 the error J(e) seems to converge
with & (DoF~2) rather than with ¢(DoF~!) indicated by the estimators Y and
nCL. These effects might be caused by the special meshes, which include additional
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Fig. 5.14 Convergence of adaptive refinement strategy with respect to the number of degrees of
freedom for Problem 3 with PU localization
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Fig. 5.15 Convergence of adaptive refinement strategy with respect to the number of degrees of
freedom for Problem 3 with classic localization

nodes in order to satisfy the condition on the node count during the refinement.
Furthermore, the implementation allows edge degeneration, that is excluded in the
current theory of most polygonal discretization techniques, but which might be
beneficial. These observations rise open questions for future research.



Chapter 6 )
Developments of Mixed and Shethie
Problem-Adapted BEM-Based FEM

In the final chapter some extensions and improvements of the BEM-based FEM
are discussed which have not been addressed so far. In particular, the focus lies on
two topics: The use of the method within mixed finite element formulations and
the generalization of the construction of basis functions to polyhedral elements with
polygonal faces in 3D with an application to convection-dominated problems.

The challenge in the treatment of mixed formulations is the proper construc-
tion of a H(div)-conforming, vector valued approximation space over polytopal
discretizations. In contrast to the previous definitions of basis functions, the
construction involves local Neumann problems, which are treated in the numerical
realization by appropriate boundary element methods.

The forthcoming generalization to 3D gives a H'-conforming discretization
once more which makes use of a hierarchical construction of basis functions. This
adapted construction shows in particular advantageous properties when applied
to convection-diffusion-reaction problems in the convection-dominated regime.
The experiments indicate an improved resolution of exponential layers at out-
flow boundaries for the proposed approach when compared to the Streamline
Upwind/Petrov-Galerkin (SUPG) method.

6.1 Mixed Formulations Treated by Means of BEM-Based
FEM

Mixed finite element methods have been instrumental in the development of flexible
and accurate approximations of elliptic problems with heterogeneous coefficient on
triangular and rectangular grids. The flexibility can even be improved when using
polygonal and polyhedral meshes. Such general cells are very desirable in many
applications, e.g. flows in heterogeneous porous media as models in hydrology and
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reservoir simulation. Therefore, a variety of approximation and solution methods on
general grids, such as mixed finite element methods [120], mimetic finite difference
methods [27] and the virtual element methods [29, 30, 42], have been considered,
studied, and tested in the last decade. This issue has also been addressed for
generalized barycentric coordinates, see [85, 166].

The goal of this section is to introduce a mixed formulation for the BEM-
based FEM which has been proposed in [73]. The key idea is to construct a
finite dimensional approximation space by implicitly defined basis functions which
satisfy certain Neumann boundary value problems on a local, element-by-element-
wise level. These problems are treated once more by means of boundary integral
formulations which are discretized by boundary element methods.

Since these ideas are applied to the mixed formulation of the problem, we need
a suitable discretization of the vector valued Sobolev space

H(div, 2) = {v e Lo(2) : div v € L(£2)}

on polytopal meshes. This is done by implicitly generating trial functions. A
construction of suitable trial function for the mixed FEM on polygonal meshes was
done by Kuznetsov and Repin in [120] by using subdivision of the polygonal cell
into triangular elements and subsequently generating the test functions locally by
mixed FEM. Also similar ideas were implemented in the mixed multiscale finite
element method [56, 72]. The novelty in our approach is that instead of treating the
local problem by the classical mixed FEM (as in [120]) or by the multiscale FEM
(as in [56]) the local problems are treated by means of boundary element methods.
Thus, we avoid an additional triangulation of the elements.

6.1.1 Mixed Formulation

We consider the classical model problem of Darcy flow in a porous medium in
two-dimensions. Let 2 C R? be a convex polygonal domain which is bounded,
and let n be the outer unit normal vector to its boundary I” = 9£2. The boundary
I' =TI'p Uy is divided into I'p (with non vanishing length) and Iy, where
Dirichlet and Neumann data is prescribed, respectively. For a given source func-
tion f € L(82) and Dirichlet data gp € H'/?(I'p), the boundary value problem
for the pressure variable p € H 1(£2) reads

—div(AVp)=f inf2,
n-AVp =0 only, 6.1)

p=gp onlp,
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where the tensor A € Lo (§2) represents the permeability of the medium. We
assume that A(-) € R?>*? is symmetric, positive definite with

VTA(X)V

vy < amax Vv € R? \ {0} for almostall x € £2

0 < amin <
for constants amin and amax, and piecewise constant with respect to the polygonal
mesh later on. Vector valued Lebesgue and Sobolev spaces are indicated by bold
letters. We further assume that every interior angle at any transient point between
the boundary I'p and I'y is less than m, so that the solution of (6.1) with A = I,
f =0and gp = 0is in the space H*(£2), s > g, see [87].

Next, a new unknown flux variable u = AV p is introduced and the boundary
value problem is presented as a system of first order differential equations:

—divu=f ing$,
AVp=u in 2,
(6.2)
n-u=0 only,
p=¢gp onlp.
This yields the following variational formulation in mixed form, which is actually a
saddle point problem:
Find (u, p) € Hy(div, £2) x L2(£2) :
a(,v) +b(v,p)=m-v,gp)r,(rp) VYV E Hy(div, 2),
bu,q) = =(f. Dry2) Vg € La(£2) ,

(6.3)

where
a@,v) = (A"u Ve . bv.g) = [div V.0
and
Hy(div, 2) ={veLy(2):divve Ly(2)andn-v=0o0n I'y}.
The space H(div, £2) is equipped with the norm
IVlIraiv.2) = V1T + iV VIZ, () -
It is easily seen that the bilinear forms a(:, -) and b(-, -) are bounded, i.e.

la(u, v)| < o1llullaiv, ) lIVllH@iv,2) foru, v e H(div, £2) ,

[b(v, q)| < o2IVIlH@iv,2) 191, (2) for v e H(div, £2),q € L2(£2) ,
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with some constants p1, po > 0. Let us set
Z = {veHy(div, £2) : b(v,q) =0 Vg € L2(£2)} .

Obviously, we have for v € Z that div v = 0 and hence, the bilinear form a(-, -) is
Z-elliptic, i.e., there exists a constant o > 0 such that

2
a(v,v) = a|lvllggiy.e) forveZz.

Furthermore, the form b (-, -) satisfies the so called inf-sup condition, i.e., there exists
another constant 8 > 0 such that

. b(v,q)
inf sup >
q€L2(2) yeH y (div,2) | VIIH@iv.2) 191l L, (s2)

Consequently, the Babuska—Brezzi theory [43] is applicable and thus, the saddle
point problem (6.3) has a unique solution.

Next, we discuss the approximation of the mixed variational formulation (6.3)
with the help of BEM-based FEM on polygonal meshes. Therefore, we first need to
introduce a H(div)-conforming approximation space.

6.1.2 H(div)-Conforming Approximation Space

The construction of an approximation space for Ly (§2) is rather easy, later on we
use

My ={q € Ly(2) : qlxk = const VK € J},} (6.4)

for this purpose. We concentrate in this section on the definition of a conforming
approximation space for H(div, £2). We consider a regular and stable polygonal
mesh %}, according to Sect.2.2. The finite dimensional subspace of H(div, §2) that
serves as approximation space is defined through its basis. We restrict ourselves
to the lowest order method in which the basis functions are associated with edges
only. For E € &}, let ng be a unit normal vector, which is considered to be fixed
in the sequel. Furthermore, let K1 and K, be the two adjacent elements sharing
the common edge E with the outer normal vectors ng, and ng,, respectively. The
function ¢ is defined implicitly as solution of the following local boundary value
problem

div(AVog) = kp(K)/|IK| in K € {Ki, K2},

h,}l onE , (6.5)

ng - AVog =
0 on all other edges ,
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Fig. 6.1 Adjacent elements
to E for the definition of ¢ g
(left) and vector field Y g
(right)

K, K>

see Fig.6.1. Here, kg (K) = ng - ng = %1, such that the solvability condition for
the Neumann problem is satisfied and (6.5) has a weak solution ¢ € H 1(£2) which
is unique up to an additive constant. For £ € &(K1) N &(K>), we define

_ AVepgp(x) forxe K1UK»,

VE(X) (6.6)
else .
Due to this definition one easily concludes that
IVE L (kUK = IVOEIL (K UKy =€, (6.7)

cf. also [51]. By construction, ¥g has continuous normal flux across E and zero
normal flux along all other internal edges of 2 so that Y g € H(div, £2). An edge
E C I'p has only one neighbouring element K, and therefore the basis function is
constructed in the same way by considering problem (6.5) solely on K.
We set the finite dimensional approximation space as
X, = span{yg : E € &,} C H(div, £2) ,
and the subspace with vanishing normal traces on I'y as
Xn.n =span{yg : E € &, \ .8} C Hy(div, £2) . (6.8)
The corresponding vector valued interpolation operator

;- H(div, 2) — X,

is defined by

V=Y v Ve, (6.9)

Eeé

where

szan-Vdsx forE € &, .
E
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For v € Hy(div, £2) and E € &), n, we point out that vg = 0. Consequently, the
operator satisfies

np  Hy(div, £2) = Xp N -

Recall, that the space X}, in general does not consist of piecewise polynomial func-
tions. The approximation properties of the interpolation operator rj, are established
below. First of all, we have the boundedness of this operator.

Lemma 6.1 Let %}, be a regular and stable polygonal mesh. The interpolation
operatorry, : H*(2) — X, s > é, defined by (6.9) is bounded in H* (§2). Namely,
there is a constant ¢ > 0 independent of h = max{hg : K € J,} such that

I7nvllL,2) < clivilmse) forve H (). (6.10)
For the restriction of the interpolation operator onto an element K € %}, it holds
nvliL, k) < cllvllask) forv e H(K) .

Proof Since mj, is defined locally, it is enough to show that this estimate is valid
over each element K € .%#}. Obviously, it holds

ThVlk = Z VEVE|K » szan-vdsx,
E

Eeé(K)

and we have

2 2 2
Vi, <c D> vi Vel
Ec&(K)

with a constant ¢ depending on the number of edges |&(K)|, which is uniformly
bounded over all elements due to the stability of the mesh, see Lemma 2.7. By (6.7)
we have ||V g|1,k) < c and to conclude the proof we need to bound vg.

We rescale the finite element K to K by using the mapping X > X = h}lx,
cf. (2.22). Then using the trace inequality [87]

1

”W”LQ(E) < C(”W”Lz(l’e) + |W|HV(I?)) forW € HY(K) , 5§ > 2
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on the scaled element, where E denotes an edge of K , we get

IA

2 2 2 <12
) hE/ [ng - v|"dsx < hE/ [V|"dsx < hphk VI =
E E La(E)

2
chehi (W@ + Flag) = (V00 + 43 W) 61D

IA

IA

2
C”V”HS(K) s

since hg < 1. Thus, ||nhv||i2(K) <c ||v||%{Y(K) and after summing for K € 7}, we
get the desired bound. O

Next, we discuss the approximation properties of the interpolation operator 7.

Lemma 6.2 Let %), be a regular and stable mesh and v € H* (§2), % <s<1It
holds

v — mnvilaaiv,0) < ch’ IVlasey + inf [[div v —qullr, )
qneMp

with h = max{hg : K € J}.

Proof On E € &, the interpolant v satisfies
ng -ﬂhV|E = h;/ ng - vdsy ,
E

and since ng = kg(K)ng for E € &(K), we have according to the divergence
theorem

/divnwdx:/ nK-nhvdsx=/ nK-VdsX=/ div vdx .
K 0K 0K K

Hence, div mp,v is the Ly-projection of div v into Mj,. Therefore, it is

ldiv v —div mpV|l1,2) = inf [[div v —gull, ) »
qnEMp,
and we obtain

1/
2 : 2
Iv = mivliaav.e) = (IV = mvlE, o) + 1divey = 7w, o))
< V=Vl + inf [[div v —gnllLye) -
qneMy
It remains to estimate the error of the projection 77, in the Ly-norm. We consider this

term over the scaled element X which is obtained by the mapping x —> X=hy 'x,
cf. (2.22). All objects on the scaled element K are indicated by a hat such as the
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gradient operator vV with respect to the variable X. Furthermore, it is w EX ('\) YE(X)
and vz denotes the basis functions defined on K for the edge Eecé& (K ) which
corresponds to E € &(K). First, we show the identity 7,v = 7, V. To this end, we
observe that

VE®X) = AVor(x) = AVPr(hg'x) = h' AVGr(®) . (6.12)

Furthermore, a £ satisfies

dV(AVE) = h% div (AVer) = K’fg) ink,

since |K| = |K|/h2, and
ng - A§$E =ng-hxgAVeog = h%l on E ,
since hz = hg/hg. The basis function ¥z :AA§¢E on the scaled element K is

given according to (6.5) and (6.6). Obviously, ¢ and ¢ are solutions of the same
Neumann problem on K and consequently it is

br = o +C
for a constant C € R. Hence, (6.12) yields
VE=hg'Vp .

For the interpolation operator we thus get on each element K € %,

— ~ -1 ~ ~
mV= Y veYr= Y vchg'vp= Y vpVp=miv.

Ee&(K) Ec&(K) Ee&(K)

because of

hE ~
vE=/nE-vdsX= _ng-Vdsg = hg vg
E hg JE

due to hE =hg/hk.

With the help of Lemma 6.1 and exploiting the reverse triangle inequality, we

have for s > %



6.1 Mixed Formulations Treated by Means of BEM-Based FEM 185

Next, in order to apply the Bramble—Hilbert Lemma, see Theorem 1.9, to the
functional

f(V) = ”’V\_ ﬁh’V\”Lz(f(\) s

we further have to show that m,d = d ifd = (dy, dz)T € R2? is a constant vector.
By construction, it is 7,d = Vd) over K where ¢ is the solution of

—A¢p=0 inK and np-Vo=np-d ondk . (6.14)

The boundary data for this problem is compatible,

/ ng -ddsg = /leddA 0,
K

and therefore the problem has a unique solution up to an additive constant. Obvi-
ously, ¢ (X) = d1x] + dyX» + C satisfies (6.14) for C € R and so 7;,d = §¢ =d.

Finally, the scaling and the application of the Bramble-Hilbert Lemma to the
functional f yields

v — ﬂhV”Lz(K) =hg ”’V\_ ﬁh’V\”Lz([?) =< ChKrV\'HS(jZ) = Ch?(|V|H~‘(K) s

and after summation over all elements we obtain the desired bound. O

Remark 6.3 The constant ¢ in Lemmata 6.1 and 6.2 only depend on the regularity
and stability of the mesh. This can be seen as in [51], since the estimates in the
proofs, which might incorporate additional dependencies, have only been performed
on the scaled element.

6.1.3 Approximation of Mixed Formulation

By the use of the previously introduced spaces, the discrete version of the variational
formulation (6.3) reads:

Find (up, pr) € Xp.n X My, :
a(uy, vp) +b(vi, pp) = M- Vi, 8D)Lyrp) YV € XpN

(6.15)
bQup, qn) = —(f, qn) L) Ygn € My, .

To prove unique solvability of the discrete problem, we use a fundamental theorem
in the mixed finite element analysis, see [43]. This theory relies on the space

Z, ={vy, € Xp,n :b(Vp,qn) =0 Vg, € My}
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and the following two assumptions.

Al: There exists a constant «* > 0 such that
a(n, Vi) = @ IVallfraiy. o) for va € Zy .
A2: There exists a constant 8* > 0 such that

. b(vi, qn
inf  sup (Vi 41) > B*.
an€Mp y,eX,, v 1VallHdiv.2) |gnllL,2)

Such assumptions hold in the continuous setting and they are used in order to prove
unique solvability of the mixed formulation (6.3). In the discrete case, however,
we have to verify these assumptions for the introduced approximation spaces.
Afterwards, the continuity of the bilinear forms a(-, ) on X, x Xj and b(-, -) on
X, x My, as well as Al and A2 are sufficient for the existence and uniqueness of the
solution of the discrete problem (6.15), see [43]. Furthermore, this theory gives an
error estimate. Thus, Babuska—Brezzi theory yields the main result of this section.

Theorem 6.4 The problem (6.15) with X n defined by (6.8) and My defined
by (6.4) has a unique solution (uy, pp) € Xp N X My. Furthermore, there exists
a constant ¢ depending only on o*, B*, 01 and 03 as well as on the mesh regularity
and stability such that

la — wll1iv, ) +lp — PrllLy2)

<c { inf |lu—villHWGv,2) + Inf |p —agnlli, @)
vheXy qneMy,
(6.16)

Proof To show existence and uniqueness we need to verify Al and A2. Assump-
tion Al is shown in a straightforward manner. Since div v, is constant on each
element it follows

Zy, ={vy €eXpn:divvy,=0in K € J}, (6.17)

and therefore we get for v, € Zj,

a(Vp, vp) = Z /A’lvh-vhdx
K

Keo,
-1 2 . 2 2
> e 2 {1000 + 1y vl | = o 19 v,y -
Keoy

To verify A2 we use the interpolation operator 7, defined by (6.9). We have
shown that 7y, satisfies (6.10). In the following we make use of an auxiliary problem.
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For given g, € My, we consider ¢ as unique solution of the boundary value problem

Ap=¢qp in$2,
n-Vo=0 only, (6.18)
¢$=0 onlp.

Since we have assumed that £2 is convex, it is well known that if either I’y or I'p
is an empty set, then the solution of this problem belongs to H?(£2), see, e.g., [87].
The general case has been studied in details by Bacuta et al. [17] by the use of FEM
tools. If all angles between edges with Neumann and Dirichlet data are strictly less
than 7, then there exists s > ; such that

Pl gies 2y < cllgnlliye) »
cf. [17, Theorem 4.1]. Let w = V¢. Due to the construction, w has a piecewise

constant divergence and the normal trace of w vanishes on I'y. On each E € &), the
function 7, w satisfies

nE-nhw|E =h51/ ng - wdsy ,
E

and since ng = kg (K)ng for E € &(K), we have

/divnhwdx=/ nK~7'rhwdsX=/ nK~wdsX=/divwdx.
K K K K

Therefore, it is
divw=divmyw=gq; forK e.z,.
Making use of the stability of the interpolation operator 7, see Lemma 6.1, we get
I7nvlLy2) < cllvlims @) < cll@llpiese) < clignlliy ) (6.19)

where ¢ > 0 is a generic constant. Finally, we obtain

2
bOvw.gqn) _ bTaW.qn)  _ lgnllz, 2
. = . - 1/
A\ ThWw .
vneXpn IVallH@iv.2) — 17 WlHdiv, 2) (||7Thw||%2(s2) + 1l le(JThW)”%Z(Q))
2
||Qh||L2(Q)

> > B*llgnllL () »
) ) ) 172
(C lanllz, o) + ||Qh||L2(Q))

that proves the inf-sup condition.
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Following standard arguments of Babuska and Brezzi utilizing Al and A2, it is
easily shown that the discrete problem (6.15) has a unique solution and that the error
estimate (6.16) holds, see, e.g., [43]. m]

6.1.4 Realization and Numerical Examples

In contrast to (6.2), the following numerical examples are a little bit more general
and involve non-homogeneous Neumann data, i.e. n - u = gy on Iy for
gn € Lo(I'y). As usual, we seek the approximation u; = up N + W gy, Where
u, N € X,y has homogeneous Neumann data and uy, ¢, € X, is an extension of
the given data gy in the discrete space, e.g.,

Wy oy = Z / gndsx Vg .

Eeéy N E
The mixed formulation for the approximation reads:

Find (us, v, pn) € Xp,n X My, :

a(p, N, Vi) + bV, pp) = M-V, gD)Ly(rp) — a(pgy, V) YVi € Xp N l6.20)

b(ap, N, gn) = —(f, qn)Lr2) — bW gy, qn) Yan € My, .

It remains to discuss the computation of the involved terms. Afterwards, the system
of linear equations can be set up for the expansion coefficients of the approximations

u;, and pj, in the form
(Ah B,'[) u,\ _ <r1> 621)
B, 0 /) \p, r

where A;, and Bj, are the matrices given by testing the bilinear forms a(-, -) and
b(-, ) with the basis functions of Xj y and M}, respectively. The vectors r; and
r, contain the corresponding right hand sides of (6.20). The system can be solved
with the favourite linear algebra algorithm. Alternatively, one might use the Schur
complement. The first equation in (6.21) yields

-1
u, =4, (’1—B;Ph) ;
and inserting into the second equation of (6.21) gives
BuAy By p, = Bady'ry

for the computation of p e
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6.1.4.1 Computational Realization

In this section we address the computational realization of the terms within the
mixed formulation (6.20). The integrals (f, gn)r,(2) and (0 - Vi, €)1, (rp) are
rather standard. The first integral is split into its contribution over each polygonal
element and then a quadrature formula is applied over the auxiliary triangulation
as in (4.43). For the second integral we recognize that n - v is constant over
each edge of the discretization. Consequently, we split the integral on I'p into its
contributions over the single edges and apply Gaussian quadrature. We recall that
div vy, is constant on each element for v, € Xj,. Therefore, the entries of Bj, have
an analytic expression. For v, € X, and g5, € M},, we obtain

b, qn) = Y K| div vi|g qn -
Keoy,

In order to treat the bilinear form a(-, -), we apply boundary element techniques.
We exploit the definition of the basis functions ¥ g in (6.6) with the help of ¢f.
Obviously, the function u, € X, can be expressed locally over each element
K € %, as

u, = AVy
where ¢, is the unique solution of

div(AVe¢y) = fu inK,
ng - AVeéy = gu onodk ,

6.22)

with a constant f, and piecewise constant g, € Wgw 4(3K). Furthermore, the
function ¢y is decomposed into ¢y = ¢u,0 + Pu, f With

Gur 0 = 3 fux —x) TAT (x — %) € PH(K)
such that
div(AVey r) = fu inK, (6.23)
and hence, ¢y, is the solution of the Neumann problem

—div(AVey,0) =0 in K ,
ng - AVéyo = gu —Ng - AVgy y onok .

(6.24)

The function ¢y ¢ is unique up to an additive constant. A small exercise shows that
gu — Nk - AVey r € BZSW 4(3K), since the gradient of a quadratic function is
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linear and since the normal component of a linear function along a straight edge
is constant. In the case of a scalar valued diffusion coefficient A € R, we apply
the discussed boundary element method from Chap. 4 for the Neumann problem of
the Laplace equation. But, there is also a boundary element method available for a
general, symmetric and positive definite matrix A € R?>*2, see [151]. We comment
on this in Sect. 6.2.3.

Consequently, we have the tools to approximate the Dirichlet trace of ¢y,0 on 0 K
and we utilize the representation formula to evaluate ¢y ¢ and its derivatives inside
the elements. This allows for a very accurate approximation of uy, inside K. Thus,
we have different possibilities to treat the bilinear form a(-, -) as in Sect. 4.5. Either
we use a numerical integration scheme over the polygonal elements and evaluate uy,
and v;, with the help of the representation formula in the quadrature nodes, or we
utilize partial integration locally in order to reformulate the volume integrals into
boundary integrals. The first strategy is analog to the volume quadrature in (4.43).
For the second strategy we write

u, = AV, and vy = AVy
with
Qu = Pu,0 + ¢u,f and Oy =y + ¢v,f

as above. This decomposition and the symmetry of A yield

-1
aui,vi) = Y (4 uh,vh)Lz(K)=K§g (AVou, Vo)L, k)
Sh

Keoy,

> { (AV6u0. Vono)p, k) + (AVu 1. Vov )k,
Keoy,

+ (Av¢u,01 V¢V’f)L2(K) + (V¢U,fs AV¢V,0)L2(K) }

3 {1+11+111+1V}.
Keoy,

The terms [-1V are treated separately employing integration by parts and the
properties (6.23) and (6.24). We obtain

Il = (nK . Avff’u,O» ¢v'f)L2(3K) and 1V = (nK : AV¢V,07 ¢u’f)L2(3K) i

and consequently the terms are given as integrals of piecewise quadratic polynomi-
als over 0K that are computed analytically. The same arguments yield

11 = (nK “AVéu y, ¢Vaf)L2(8K) - (f“’ ¢st)L2(K)



6.1 Mixed Formulations Treated by Means of BEM-Based FEM 191

with an integral of a piecewise quadratic polynomial over the boundary 0 K and
an integral of a quadratic polynomial over K, since f, is constant. Both integrals
are computed analytically, where we apply the divergence theorem to transform the
volume integral to a boundary integral. Finally, I has the form

I = (nK . AV¢U,01 ¢V,0)L2(8K)

after integration by parts. Here, ng - AV¢y ¢ is a piecewise constant function on 0 K
and ¢y o is treated by means of boundary element methods as discussed in Chap. 4.
For scalar valued diffusion A € R, we obtain with the notation of trace and boundary
integral operators

1= (avfu0 v ou), = A(r buo Prrvono),

where Px denotes the Poincaré—Steklov operator (4.14), which maps the Neumann
to the Dirichlet trace. Hence, I is approximated utilizing the non-symmetric

unsym -1 1 T T
Py =MgaDg, <2MK,h - KK,h)
or the symmetric
1 n-1 IngT T
Pxn=Vkn+ (2MK,h - KK,h) Dy, (QMK,h - KK,h)

discretization of Pk, see (4.14) as well as (4.15) and the more detailed discussion in
Sect. 4.5. For matrix valued diffusion A € R2*2, the Neumann trace is defined by

Y& buo =0k - AVéuo

for sufficiently regular functions and we can proceed analogously with the BEM.

6.1.4.2 Numerical Examples

To validate our theoretical findings, we give some numerical experiments for
the mixed formulation of the BEM-based FEM. In the realization, we set up
the matrix A, with the brute force approach utilizing numerical integration over
polygonal elements, where the test and trial functions are evaluated with the help
of the representation formula. Furthermore, the system of linear equations (6.21) is
solved by means of GMRES [150].

Two model problems are posed on the domain £2 = (—1, 1)> and we decompose
its boundary into

Ip={(x1, - :=1<x; <1} and Iy=09R\Ip.
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In the first example, we choose the data gp and gy in such a way that the smooth
function p(x) = exp(2m(x; — 0.3)) cos(2m(x2 —0.3)),x € RR? is the exact solution
of

—Ap=0 in£, n-Vp=gy only, p=gp onlp.

Thus, (u, p) with u = V p solves the corresponding mixed formulation (6.20). For
the second example, we take p(x) = sin(;rx1) sin(wrx3), X € R? as solution of

—Ap=f inf, n-Vp=gy only, p=0 onlp

with corresponding data f and gn. The BEM-based FEM is applied on a sequence
of honeycomb meshes consisting of hexahedral elements with decreasing mesh
size h, see Fig. 6.2. We analyse numerically the relative error

la — upllH@iv,2) + 1P — PrllLy2)

(6.25)
lalla@iv,2) + 121, 2)

According to Theorem 6.4, the interpolation error in Lemma 6.2 and known approx-
imation properties of the space M}, cf. Lemma 3.4, we expect linear convergence of
the relative error (6.25) with respect to the mesh size h = max{hg : K € J,}. The
numerical experiments confirm this fact, see Fig. 6.3. In Fig. 6.4, the approximations
pir and uy, of the primal and the flux variable are visualized for the second problem.

In the third and final example, we consider a problem with unknown solution.
Let £2 = (0, 1)> and we prescribe Dirichlet data on the left edge of the square and
Neumann data else, such that

Ip={0,x)":0<x2<1} and I'vn=092\Ip.
We choose the Dirichlet data as

gp(X)=1—xp forxelp,

Fig. 6.2 Sequence of honeycomb meshes with hexahedral elements and decreasing mesh size &
from left to right
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Fig. 6.3 Relative error (6.25) with respect to / in logarithmic scale for first and second example

Fig. 6.4 Visualization of the approximation of the second example, the primal variable pj, and the

flux unknown uy,
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and the Neumann data such that we have an inflow in the left part of the upper edge
and an outflow in the lower part of the right edge, namely

-3 forO<x; <1/2, x»=1,
gN(X) =13 —-3xy forx;=1,0<x<1/2,

0 elseon I'y .

We consider the mixed boundary value problem

—divu=0 in 2,
Vp=u in 2,
n-u=gy only,
p=gp onlp
in the saddle point formulation (6.20) for the unknowns u and p. The approximation
obtained by BEM-based FEM strategies is visualized in Fig.6.5 on a polygonal
mesh. The vector field u;, behaves as expected, it points form the inflow boundary

towards the outflow boundary and it is almost parallel to the boundary with
homogeneous Neumann data.

—0.80

Io.zs
-0.25

Fig. 6.5 Visualization of the approximation of third example, the primal variable p;, and the flux
unknown uy,
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6.2 3D Generalization with Application
to Convection-Diffusion-Reaction Equation

In this section, we discuss a generalization of a variant of the BEM-based finite
element method studied so far. We address the definition of basis functions on
meshes with polyhedral elements having polygonal faces. These functions are
used to construct an approximation space V;, which can be utilized in the discrete
Galerkin formulation of the finite element method. The idea of the BEM-based FEM
is to define the basis functions implicitly on each element as local solutions of the
underlying differential equation and to treat the local problems by boundary element
methods. In the following, we push this idea one step further. As model problem,
we consider once more the diffusion equation (2.1) and in addition a general
convection-diffusion-reaction equation. In particular, the forthcoming construction
of V;, will improve the stability of the discretization method for convection-
dominated problems both when compared to a standard FEM and to previous
BEM-based FEM approaches. The experiments also show an improved resolution of
exponential layers at the outflow boundaries when the proposed method is compared
to the Streamline Upwind/Petrov-Galerkin (SUPG) method [48].

6.2.1 Generalization for Diffusion Problem

In a first step we consider the generalization to polyhedral elements with polygonal
faces for the diffusion problem (2.1). This problem reads

—div@Vu) = f in$2,
u=gp onlp,

aVu-n=gy only,

with the assumptions on the data as described in Chap.2. Section 2.3 gives
a detailed construction of basis functions for the two-dimensional case and a
simple generalization for the three-dimensional case under the restriction that the
polyhedral elements only have triangular faces. These functions are not limited to
the diffusion equation, but they have been especially designed for that problem.
Here, we first examine the situation for the first order approximation space Vj, and
give an alternative construction of its basis functions allowing polytopal elements
with polygonal faces directly. Afterwards, we present the general space V}{C yielding
k-th order approximations.

If we look again into the two-dimensional case and the definition of the nodal
basis functions (2.6), we observe that the values of the basis functions are fixed in
the nodes and extended uniquely along the edges by linear functions. This linear
extension is nothing else than a harmonic extension along the edge, and thus the
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y(z) € {0,1} My=vy"=0 My =0 Ay =0

Fig. 6.6 Stepwise construction of basis functions

basis functions are also defined on the edges according to the underlying differential
equation. Therefore, we propose a stepwise and hierarchical construction for the
basis functions in the case of polyhedral elements with polygonal faces as sketched
in Fig. 6.6. This approach has been first proposed in [147]. A similar idea has been
used in two-dimensions for the construction of multiscale finite elements in [104].

In order to get a nodal basis of V},, we declare for each node z € .4} a basis
function 1, which is equal to one in z and zero in all other nodes of the mesh.
Denoting the i-dimensional Laplace operator by A;, we define the basis function ¥,
as unique solution of

—A3Y, =0 inK forallK € %, ,
—AoY, =0 inF forall F € %,
—A Yy, =0 inE forall E €&,

1 forx=1z,

e !O forx € Ay \ {z},

where the Laplace operators have to be understood in the corresponding linear
parameter spaces. The values in the nodes are prescribed. Afterwards, we solve
a Dirichlet problem for the Laplace equation on each edge. Then, we use the
computed data as Dirichlet datum for the Laplace problem on each face, and finally,
we proceed with the Laplace problem on each element, where the solutions on the
faces are used as boundary values. In the case of convex faces and elements, these
problems are understood in the classical sense and we have ¥, € C 2(K)NCY(K).In
the more general situation of non-convex elements, the weak solution is considered
such that we have at least ¥, € H'(K).

Building the span of these nodal basis functions, we obtain a first order
approximation space Vj, = Vh1 on general meshes containing polyhedral elements
with polygonal faces. In [147], this space has been analysed for its approximation
properties and an interpolation operator analog to the one defined in Sect.2.4
has been studied. The discrete Galerkin formulation for the model problem (2.1)
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with the generalized approximation space applicable on polyhedral elements with
polygonal faces reads as in Sect. 2.5, see (2.28).

Having this hierarchical construction in mind for the definition of nodal basis
functions it is clear how to proceed with higher order basis functions. In the two-
dimensional setting we enriched the approximation space with element bubble
functions which have a polynomial Laplacian, see the motivation in Sect.2.3.2.
Thus, instead of prescribing the Laplace equation on edges, faces and elements, we
use the Poisson equation with polynomial right hand side. Consequently, the discrete
space V}f consists of function that are polynomials along the edges, their restriction
onto a face F € %, lies in the two-dimensional approximation space V}{C (F) defined
in Sect. 2.3.3, and they have a polynomial Laplacian inside the three-dimensional
element K € J#,. More precisely, it is

vi={ve H'(2): Avly € ZUK) VK € Ay and o] € VEF) VF € Fi) .

We easily see that ZK(K) C V,f| k- such that polynomials are contained in
the approximation space locally. This ensures the approximation properties of the
discrete space.

Remark 6.5 If the polyhedral elements have by chance only triangular faces, the
approximation space described above is equivalent to the simple generalization from
Sect.2.3.4 for k = 1. In the case k > 1, however, the defined spaces differ between
each other. On each triangular face F itis Pk(F) C V}f‘ (F) and whereas the simple
generalization thus has é(k — 1)(k — 2) internal degrees of freedom per face the
above generalization has %k(k —1).

6.2.2 Application to Convection-Diffusion-Reaction Problem

The general convection-diffusion-reaction problem in a bounded Lipschitz domain
2 c R3 is given by

Lu=—div(AVu)+b-Vu+cu =0 in 2 ,
(6.26)
u=gp onl,

where we restrict ourselves to the pure Dirichlet problem for shorter notation. Here
A(x) € R¥3, b(x) € R3, and ¢(x) € R are the coefficient functions of the partial
differential operator L, and gp € H!/?(I") is the given Dirichlet data. We assume
that A(-) is symmetric and uniformly positive with minimal eigenvalue ap;p, and
that c(-) is non-negative. The corresponding Galerkin formulation reads as follows:

Findu € gp + H) (2) :

(6.27)
f (AVu-Vu+b-Vuv+cuv)ydxk=0 Vve HI(R2).
2
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We require that the coefficients A, b, ¢ are L°°(£2), and that there exists a unique
solution of (6.27). The unique solvability can be ensured under several well known
conditions. For example, if ¢ — é div(b) > 0, the bilinear form in (6.27) is
HO1 (£2)-elliptic, which guarantees the existence of a unique solution for the Dirichlet
problem. Another sufficient condition is ampinc > |b|2, see, e.g. [151]. Unique
solvability of the variational problem (6.27) can be shown under quite general
assumptions using results by Droniou [68].

For the application of the BEM-based FEM, we require that the coefficients
A(-), b(-), and c(-) are piecewise constant with respect to all geometrical objects
in the polyhedral mesh .%;,. Since this is not the case in general, the coefficients are
approximated by piecewise constant ones over the edges, faces and elements of the
mesh. If the coefficients are smooth, we take their values in the center of mass of
the geometrical objects as constant approximations. This corresponds to a first order
approximation of the differential equation. If the coefficients are already piecewise
constant with respect to the elements, we obtain their values on the edges and faces
by computing averages over neighbouring elements. To simplify notation, we omit
new symbols for this approximation. The resulting Dirichlet problem is uniquely
solvable according to the before mentioned conditions in [68].

We restrict ourselves to the introduction of the first order approximation space.
If the polyhedral elements consists of triangular faces only, we can proceed as for
the simple generalization in Sect.2.3.4. Consequently, the basis functions 1 are
defined to be piecewise linear and continuous over the surface triangulation and
satisfy the underlying differential equation inside each element, i.e., Ly = 0
in K, VK € J%,. This strategy has been introduced in [96] for the convection-
diffusion-reaction equation. We refer to it as the original approach. There is a close
relation between this original BEM-based FEM with piecewise linear boundary data
and the so-called method of residual-free bubbles [41, 44, 45, 47, 80]. Indeed, it
has been shown in [94] that the BEM-based FEM, with exact evaluation of the
Steklov—Poincaré operator, is equivalent to the method of residual-free bubbles with
exactly computed bubbles. Since the latter has been shown to be a stable method
for convection-dominated problems, it seems clear that also the BEM-based FEM
should have advantageous stability properties. It should be noted that neither the
Steklov—Poincaré operator nor the computation of the residual-free bubbles can be
realized exactly in practice.

In this chapter we follow the idea of the previous Sect. 6.2.1 and define the basis
functions in a hierarchical fashion as in [99]. Thus, we obtain for each node z € 4},
a basis function v, as unique solution of

Ly,=0 inK forallK € %, ,
LrYy,=0 inF foral F €. %,
Ly, =0 inE foral E €&,

Va(x) = 1 forx=12z,
"o forxe M\ (2.
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The differential operators Lg and Lr are projections of the differential operator L
onto the edge E and the face F, respectively, see below for a precise description.
Thus, the functions v, are defined implicitly as local solutions of boundary value
problems on edges, faces and elements of the decomposition. Equivalently, one can
say that these functions are defined via PDE-harmonic extensions. The nodal data
is first extended Lg-harmonically along the edges and afterwards, the data on the
edges is extended into the faces with the help of a L p-harmonic operator and so on.

For the definition of Lg and L, let F € %), be a face and E € &, an edge on
the boundary of F. By rotation and translation of the coordinate system, we map
the face F into the (ej, e2)-plane and the edge E onto the e;-axis of the Euclidean
coordinate system (ej, €2, e3) such that one node of E lies in the origin. Thus, we
have an orthogonal matrix B € R3*3 and a vector d € R? such that

x>X=Bx+d and ¥y® =v¢v(B 'x-B'd),
and the differential equation in (6.26) yields
—div(AVY)+b-Vir+cyr = —divg(BAB Vi) +Bb-Vayi+cy = 0.  (6.28)

Here, the coefficients BABT, Bb and ¢ are constant on F and E, respectively,
since A, b and ¢ are constant approximations on each geometrical object of the
original coefficients. Furthermore, we only consider tangential components to define
the operators Ly and Lg on the face and edge, respectively. This is equivalent to
setting

- 27 i > 27 27
alfzailfzomF and 8/1/\/=3/1/\f=8A1/f=3A1/f=00nE
%3 %7 %2 X3 9% 9%3

in (6.28). Therefore, the dependence in (6.28) reduces to two and one coordinate
directions such that Ly and Lg are defined as differential operators in two- and
one-dimensions using the described coordinate system. Overall, the basis functions
are constructed with the help of the convection-diffusion-reaction equation on the
edges, faces and elements, where the diffusion matrix and the convection vector are
adjusted in a proper way. All appearing one-, two- and three-dimensional boundary
value problems are uniquely solvable due to the global properties of A(-), which
carry over to BAB, and since ¢ — é div(Bb) = ¢ > O on F and E, respectively.
To simplify notation, we omit the coordinate transformation in the following
and abbreviate the transformed diffusion matrix BABT, the convection vector Bb
and the reaction term ¢ to Ar, br, cr and Ag, bg, cg on the faces and edges,
respectively. Furthermore, we treat the basis functions v, as functions of two or one
variable depending on the underlying domain F or E. For example, let us assume
that E already lies in the e;-axis and corresponds to the interval (0, i g). In this case,
Y, only depends on x; and the scalar valued coefficients Ag, bg, and cg along E
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and the differential equation reads
Apyy +bpyy + ey, =0 in(0,hp), (6.29)

with some boundary data ¥,(0) and v, (hg) that is O or 1 depending on the
considered basis function.
Having the basis functions ¥, at hand, we define the approximation spaces as

Vo =span{y, :z€ A} and Vyp=V,N Hol(.Q) . (6.30)
The discrete Galerkin formulation thus reads:

Findup e gp + Vup C Vi :

(6.31)
/ (AVup - Vo, +b - Vuy v, + cupvp)dx =0 Yve Vipp.
Q

Remark 6.6 In order to define a high-order approximation space Vé‘ with k > 1,
we may proceed as in the previous Sect.6.2.1. Consequently, additional edge,
face and element bubble functions are introduced which are defined to satisfy the
inhomogeneous convection-diffusion-reaction equation with polynomial right hand
side inside the edges, faces and elements, respectively.

6.2.3 Realization of the Basis Functions

Of course, the hierarchically defined basis functions do not have a closed analytical
form and they have to be treated numerically. In the following, we discuss this
issue in more detail, where we solve the boundary value problems on the edges
analytically, the problems on the faces with the help of a 2D FEM and the problems
on the elements by means of boundary integral equations. For this purpose, an
auxiliary discretization of the boundaries of the elements is needed. We apply
the construction of the triangular surface mesh discussed in Sect.2.2.2, which
yields a conforming boundary discretization 77(0K) of level I. Here, first the
faces are discretized by connecting their vertices with the point zr and afterwards,
the resulting triangles are refined successively by splitting them into four similar
triangles. According to this construction, the triangulations on all faces can be glued
in a conforming manner to obtain a discretization of the whole boundary dK. In
particular, the strategy yields for/ > 1 a discretization of each edge in the mesh into
line segments, see Fig. 6.7.

The advantage of this line of action is, that the two-dimensional finite element
spaces on the faces of the elements fit exactly the approximation spaces utilized in
three-dimensional boundary element methods. Thus, a 2D FEM approximation on
the faces can directly be used in existing boundary element codes. Alternatively,



6.2 3D Generalization with Application to Convection-Diffusion-Reaction. . . 201

y(z) € {0,1} Ley=0 Lry=0 Ly=0

Fig. 6.7 Stepwise approximation of basis functions using the auxiliary discretization with [ = 1

one might treat the boundary value problems on the faces by a 2D BEM in order to
avoid the surface triangulation, but this would result in the need of a 3D BEM on
polygonal surface meshes. Hence, we stick with the 2D FEM and 3D BEM strategy
that is explained in more detail in the following. Furthermore, we restrict ourselves
tok =1.

To be mathematically more precise, we choose a basis function v, and consider
its approximation v, ; on the edges and faces of K € %, withz € .4 (K). Here, [
refers to the level of the surface triangulation and therefore to the mesh size of the
auxiliary discretization. We seek the approximation of namely the Dirichlet
data for the three-dimensional problem on K, as

ok

gl(wgzlz c gzgw(gl(a]()) , and set 1//'z,l|3K = 8%112 :

The space of piecewise linear polynomials over .77(d K) has been endowed with a

basis @ p in Sect. 4.3. We denote by g%zl)( the vector with the expansion coefficients

of g%zlé in this basis. On all edges E € &(K) with z ¢ 4 (E) and on all faces
F € Z(K) withz ¢ 4 (F), the function v, vanishes and it remains to consider
the edges and faces with z € 4 (E) and z € 4 (F), respectively.

On Edges

For the pure diffusion problem, the basis functions are obviously linear along
the edges with prescribed data in the nodes, which is either zero or one. In the
convection-diffusion-reaction regime, however, Lg describes an ordinary differen-
tial operator of second order with constant and scalar-valued coefficients, cf. (6.29).
Thus the boundary value problems on the edges are solved analytically and ¥, can
be written in closed form on each edge E € &,. If cg = 0, for instance, a small
exercise shows

1 —exp <2§h5x1)

forx; € [0, hg] .
1 —exp<22h5>

V2 (x1) = ¥2(0) + (Y2 (hg) — ¥2(0))

(6.32)
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Here, we recognize how the data in the nodes for x; = 0 and x; = hg enter the
formula.

For the diffusion problem we can express the linear function ¢z| E
trace space of Wéw(ﬂl (0K)) on E. For the convection-diffusion-reaction problem,
however, we make use of the induced discretization of E into line segments and

exact in the

we interpolate | ., cf.(6.32), by g(wZ in the space of piecewise linear functions

&
over the discretization of E. Finally, the functions g(wz on the edges E € & (F) are

combined in order to obtain the Dirichlet data g%} on d F for the 2D problems on

the faces of the element.

On Faces
The variational formulation for v, |  reads analog to (6.27). The non-homogeneous

Dirichlet data is treated as usual in the Galerkin formulation. Therefore, we interpret

gl(lg} as extension into ng(ﬁ (F)). Furthermore, we denote by ®@p r the set of

basis functions from @ p with support in F, such that
span ®p, = Py (Fi(F)) N Hy (F) .

In the case of the pure diffusion problem, the discrete Galerkin formulation for
the approximation of the basis functions on the faces F € .% (K) reads:

Find gl(‘/ﬁ € gl(lg} + span @p F : / Vg(w’ -Vedsx =0 Vpe®PprF.

We point out that the boundary data on the edges is linear in this case. Hence, it is
represented exact in the space of piecewise polynomials. Furthermore, if the faces
F € Z(K) are already triangles, we recover the basis functions discussed in the
simple generalization to 3D in Sect. 2.3.4.

In the case of the convection-diffusion-reaction equation we might encounter
convection-dominated problems. Consequently, we propose to utilize a stabilized
FEM on the faces. We choose the Streamline Upwind/Petrov-Galerkin (SUPG)
method [48] such that the discrete formulation for the approximation of the basis
functions on the faces reads:

Find gl(f; € g%‘F + span @p f :

/ AV Vo +br Vg W o +crgh? o) dsy (6.33)
(W2) (W2) _
+5F/(bF Vg br - V§0+CFg br - Ve)dsx =0 V‘PE(I)D,F s

where 6 > 0 is a stabilization parameter which is set to zero in the diffusion-
dominated case. The choice of §f is discussed in more detail in Sect. 6.2.6. On
all faces F € %, withz ¢ A (F), it is g(wZ = 0. Here, we point out that the
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boundary data on the edges is not polynomial in general, cf. (6.32). Thus, g%Z} is

an approximation of the actual data.

Finally, the functions gl(‘pF’) on the faces F € #(K) are combined in order to

obtain the Dirichlet data g%zlé € ﬁgw(ﬁ(a K)) for the 3D problems on the whole
boundary of the element. This construction is well defined since the triangulations
of the faces form a conforming discretization of the surface d K, cf. Fig. 6.7.

On Elements

After we have computed the Dirichlet traces gl(%) of all the approximate basis
functions v, ; on the skeleton of the discretization, i.e., on the boundaries of the
polyhedral elements, the three-dimensional local problems are treated by means of
boundary integral equations and they are approximated by the boundary element
method. For the pure diffusion problem we proceed as discussed in Chap. 4. Con-
sequently, we have the Steklov—Poincaré operator (4.7), which maps the Dirichlet
to the Neumann trace, and the representation formula (4.3) for the evaluation of
the approximation inside the elements. The approximation of the Steklov—Poincaré
operator and the representation formula are given in (4.20) and (4.22), respectively.
In particular, the approximation space in the 2D FEM on the faces has been chosen
in such a way that gl(lgllg € ng(%(aK)) for Y, withz € A (K) and K € .
Hence, we can apply directly the results of Sect. 4.3.

The boundary element method is not restricted to the Laplace equation. It
generalizes to a large class of problems where the corresponding fundamental
solutions are known. This is in particular true for the convection-diffusion-reaction
equation. Here, the fundamental solution depends on Ak, bx as well as on cg
and consequently on the element K € .. In R? and under the assumption
cx + ||bK||frl > 0, we have

K

1 e (bfArx—y) —Alx =y,

forx,y e R3 ,
4 ./det Ag ||X—y||A;<1

Ug(x,y) =
where
— [xT a1 — 2
||x||A;1 = \/x Ap'x and A= \/CK + ”bK”A;I .

With the help of U (-, -), which satisfies

Ly Ug (x,y) = do(y —x)

for the convection-diffusion-reaction operator L, where &g is the Dirac delta
distribution, we can formulate the boundary integral operators as in Sect. 4.2. Since
L is not a self-adjoint operator, we have to distinguish between the conormal
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derivative le v, which is given for sufficiently smooth v as
K@ =nk® - F Ak Vo)x) forx e 9K |
and the modified conormal derivative
);li(v :lev—i—(bK ~nK)y1Kv , (6.34)

which is associated with the adjoint problem. The conormal derivative is also called
Neumann trace. For x € 9K, we have the single-layer potential operator

(VkO)®) =y /SKU;z(x, Ve dsy fore e HT'2@0K)
the double-layer potential operator
Kx)(0) = lim f YR UEx e dsy fors € H'2(0K)
£—> ’
yedK:|y—x|>¢e
and the adjoint double-layer potential operator
(K £)(x) = lim f VixUk % YEW sy for¢ € H2(0K)
yeoK:|y—x|>¢

as well as the hypersingular integral operator
Dg&)(x) =~y fa . v Uk (& VEW) dsy  for§ € H'/?(0K) .

These operators have the same mapping properties as the corresponding integral
operators for the Laplace operator. We point out that they differ in the fundamental
solution U}'; (-, -) and the use of the modified conormal derivative. As in Chap.4,
we have a representation formula and two representations of the Steklov—Poincaré
operator, which maps the Dirichlet to the Neumann trace

J/1KM =Sk V()K u,
in terms of the boundary integral operators:
Sk = V' QI+ Kg) =Dg + QI+ KV QT+ Kg) (6.35)
provided that Vg is invertible. The invertibility of the single-layer potential operator

Vi is shown for some special cases, like the Laplace operator or when the material
parameters satisfy amincx > |bx |2, where ani, is the minimal eigenvalue of Ak,
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see [151]. For general elliptic operators as in (6.26) with constant coefficients,
Costabel [61] has shown that the single-layer potential is a strongly elliptic operator
and thus satisfies a Garding inequality. The discretization of these boundary integral
operators follows the line of Sect. 4.3, where the boundary mesh %}, is chosen to
be 7/(0K). Hence, we obtain the corresponding boundary element matrices Vg y,
Mck 1, Kk 1 and so on.

6.2.4 Fully Discrete Galerkin Formulation

We consider the convection-diffusion-reaction equation only, since it includes the
pure diffusion problem, and we restrict ourselves for shorter notation to Dirichlet
boundary conditions and a vanishing source term as in (6.26). Instead of applying
the approximation space (6.30) with the implicitly defined basis functions on edges,
faces and elements, we use the spaces

Vi =span{y iz € A} and Viyp = Vi N HY(2),

which are spanned by the approximated basis function v, ; as described in the
previous Sect. 6.2.3. This approximation space is conforming, i.e. V,; C H'(£2),
due to the continuity of the functions in V}, ; over edges as well as faces and because
of the regularity of the local problems defining the basis functions. The discrete
Galerkin formulation reads:

Findup; € gp+ Viyp: blupi,vag) =0 Yo € Viip, (6.36)

with bilinear form
b(up,i, vn1) = / (AVup - Vopg+b- Vupgvpg + cupvpg) dx .
2

For the realization of the bilinear form, we proceed as in Sect.4.5. Integration by
parts and the properties of V},; yield

b(wn s, vi) = Y / (Ak Vun, - Vot +bg - Vip g vpg + ck up,ivp,1) dx
K
Keoy,

K K
= Z / Y1 Uh1 Yy Vh,l dsx+/ Lupg vy dx
Ko, V0K K

K K
= Z / Sk¥o uni vy vnidsx .
Ko, ) 0K
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Next, we replace the Steklov—Poincaré operator by its non-symmetric or symmetric
representation, cf. (6.35), and approximate it by means of boundary element meth-
ods in analog to Sect.4.5. Let gl(”a) ¥ and gl(“a) X be the vectors with the expansion

coefficients of )/OK up,; and yOK vp, in Wéw(ﬂl (0K)), respectively. These vectors

are given as linear combinations of the coefficient vectors g%’% from the basis

functions v, computed in Sect.6.2.3 on the faces. Consequently, we obtain for
b(-, -) the approximation

bi(ung, van) = Y (M) ) Sk g,
Keut,

where Sk | € RIAQK)XAOK)| ig ejther
unsym _ g T v—1 (1
Sk; =Mg,; Vg, (zMK,l + KK,Z) ,
when using the non-symmetric representation, or
-1
Sk =Dk, + (éM}, + K}’Z)VK’Z(;‘MKJ + Kg.1)

when using the symmetric representation of the Steklov—Poincaré operator. Here,
the matrices in bold letters are the corresponding boundary element matrices for
the convection-diffusion-reaction operator defined in Sect. 6.2.3. For this differential
operator, however, the hypersingular integral operator Dg is not self-adjoint and
hence, Dk ; is non-symmetric. Consequently, the symmetric representation of the
Steklov—Poincaré operator yields a non-symmetric matrix Sg ;.

Finally, the fully discrete Galerkin formulation reads:

Findup; € gp+ Viip: bi(upg,veg) =0 Yop € Viyp . (6.37)

The assembling of the global FEM matrix is performed as usual by adding up the
local element-wise contributions. Therefore, let Dx € R GEIXIAN K] pe the
matrix obtained by gathering the vectors g%’l)( € RMIGK 7 ¢ ¥ (K) with the

expansion coefficients of yOK Yz in ng(% (0K)) computed in Sect.6.2.3. The
matrix

DESK,ZDK c RIVK)IXA (K]
with either Sk ; = SL;(HSZym or Sk = Sk, serves as local stiffness matrix in the
BEM-based FEM simulation. At this point we emphasize that the local auxiliary
triangulations .77 (9 K) are used only to compute the element stiffness matrices. The
level of refinement / chosen for them has no influence on the size of the global FEM
system.
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6.2.5 Numerical Experiments: Diffusion Problem

In the setup of the local boundary element matrices, we use a semi analytical
integration scheme. The inner integral in the Galerkin matrices is evaluated
analytically and the outer one is approximated by Gaussian quadrature. For the
assembling of the global FEM system matrix we use locally the stiffness matrices
resulting from the non-symmetric representation of the Steklov—Poincaré operator,
see Sect. 6.2.4. Since this formulation yields non-symmetric local stiffness matrices
although the bilinear form is symmetric, we apply a symmetrization in order to
retain the symmetry. We write

b(wnp, vig) = Y /aKVuhl Vup,1dx

Keoy

ak K K K K
E ) (/ Vi Ukl Yy Vh,l dsx-i-/ Vi Uhl Yy Whidsx ),
Keoti 3K 3K

and use the approximation

by(un, vig) = Z (gl(v) )T( unsym+ (Sunsym) )gl(ua)K ’
Kety,

which yields locally the symmetric stiffness matrix

ag Dg (Sunsym_l_ (Sunsym) )DK c Rl"A/(K)lxM/(K)l .
2

The symmetric systems of linear equations arising on the faces and in the global
FEM system are solved by the conjugate gradient method [90] without any pre-
conditioning. Of course, for larger problems a more efficient solver is of particular
interest. It is possible to use FETI-type strategies, for instance. The application of
such solvers to the BEM-based FEM has been studied in [94, 97].

The first numerical example in this section is formulated on the unit cube. We
utilize Voronoi meshes which are a particular example of polyhedral meshes. In
Fig. 6.8, the first three meshes of the sequence are visualized which are used for the
convergence experiments. We see that the elements are non-trivial polyhedra with
arbitrary polygonal faces. The meshes have been produced by generating random
points according to [71] and constructing the corresponding Voronoi diagram in
accordance with [70]. It is assumed that the mesh generator provides the points zg
and zy from the Definitions 2.10 and 2.11. However, for convex elements and faces
we may use the center of mass instead which is computable.

In Table 6.1, we sketch the number of elements |#};| and the number of
nodes |4}| in the different Voronoi meshes. The proposed strategy approximates
the solution by a linear combination of as many basis function as nodes are in
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Fig. 6.8 Sequence of Voronoi meshes

Table 6.1 Total number of nodes and elements when working with triangulated surfaces of
different mesh levels /

|1 7 =0 =1 =2
9 46 98 424 1790
76 416 905 4170 18,011
712 4186 9081 42,446 184,170
1316 7850 17,013 79,676 345,903
5606 34,427 74,457 349,663 1,519,143
26,362 164,915 356,189 1,675,171 7,280,603

the mesh. Therefore, the number of degrees of freedom in the BEM-based FEM
is |4%| minus the number of nodes on the Dirichlet boundary I'p. The simple
generalization for the first order method from Sect. 2.3.4, initially proposed in [60],
needs to triangulate the surfaces of the elements and the number of basis functions
corresponds to the total number of nodes after the triangulation. In Table 6.1, this
total number of nodes is listed in the case that the faces are triangulated with the
level I = 0, 1, 2, cf. Fig. 6.9. We recognize that in this situation much more basis
functions and thus degrees of freedom are required in the global computations.
Roughly speaking, the number of nodes doubles if the coarsest discretization of
the faces is used. If a finer triangulation is needed, the number of nodes and thus the
number of degrees of freedom increase 10 times for / = 1 and even more than forty
times for [ = 2. Since the diameter of the elements are equal in all four situations,
the approximation errors of the finite element computations are of the same order
for fixed I. However, the constant in [60] might be better than the one obtained
for the presented strategy for vanishing right hand side in the differential equation.
This is due to the fact that if % is fixed and only [ is increased, the method in [60]
still converges since it is equivalent to a boundary element domain decomposition
approach [106]. The hierarchical construction proposed in this chapter gives for
small [ comparable approximations while requiring a minimal set of degrees of
freedoms.

In the following, we investigate the influence of the face discretization. These
triangulations of the faces are utilized to define the approximated basis functions
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Fig. 6.9 Polyhedral element with surface triangulations of level / = 0, 1, 2

Table 6.2 Number of nodes L/V(K)l 1 |,%](3K)| |<7](3K)|
|.#;(dK)| and number of
triangles | 7 (8 K))| in the 12 0 20 36
surface discretization of the 1 74 144
element in Fig. 6.9 for 2 290 576
different levels 3 1154 2304

4 4610 9216

Y1 on the faces with the help of local, two-dimensional finite element methods.
The finer the discretization is chosen the better we approximate the original basis
functions ;. Even though, the face discretization does not blow up the global
system matrix, the computational effort for the local problems increases if the
discretization level / is raised. As one example, we pick the element K from Fig. 6.9
and list the number of nodes |.#(d K )| and the number of triangles |.7;(d K )| in the
surface discretization of K for different levels / in Table 6.2. The main tasks in the
local problems are the evaluation of the boundary element matrix entries and the
inversion of the single-layer potential matrix Vg ;, which gives a local complexity
of O(|T(VK)[?).

Next, the rates of convergence are analysed for different values of /. Therefore,
consider the Dirichlet boundary value problem

—Au=0 inQ=(0,1)>7, u=gp onl,
on the sequence of Voronoi meshes, where gp is chosen such that
u(x) = exp(2x/2n(x1 —0.3)) cos(2m (x2 — 0.3)) sin(2w (x3 — 0.3)) (6.38)
is the exact solution. The relative errors in the energy and Ly-norm, i.e.

lu —unillp lu —unillL,2)
llulls lullz, (2

are given in Fig.6.10 with respect to & = max{hg : K € J#;} in logarithmic
scale for different discretization levels I = 0, 1,2. This example shows that
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100 F

relative error

1072}

mesh size h

Fig. 6.10 Relative error in || - [|5 () and || - [|z,() (V) with respect to  for levels [ = 0, 1,2 in
the example with solution (6.38)

the discretization level of the faces does not influence the rates of convergence
as proofed in [147]. Additionally, Fig.6.10 indicates that the constant in the
error estimate can be chosen to be independent of the level /. The coarsest face
discretization with / = 0 is sufficient to analyse the convergence rates in the
forthcoming numerical experiments. Due to this choice, the local complexity in the
two-dimensional finite element method on the faces F € .%#, and the local boundary
element methods on the elements K € %}, is rather small. Furthermore, in Fig. 6.10,
we recognize linear convergence for the approximation error measured in the energy
norm and quadratic convergence if the error is measured in the Ly-norm as expected,
see [147].

Finally, we consider the model problem on a L-shaped domain with a singular
solution such that u ¢ H%(£2),but u € H>/3(£2). Due to the theory of interpolation
spaces, see, e.g., [34], we expect a convergence order of 2/3. With the help of
cylindrical coordinates (r, ¢, x3), where r > 0, ¢ € [7/2,2n] and x3 € R, the
function

u(rcosg,rsing, x3) = r*?sin(3(¢p — 7)) € H3(2) (6.39)
satisfies the Laplace equation in the L-shaped domain
2=(-11x (1,1 x (0, D)\ [0, 1°
with appropriate Dirichlet data. The boundary value problem is solved by means
of the BEM-based FEM on a sequence of polyhedral meshes made of polygonal

bricks, i.e., the meshes contain as elements prisms having general polygonal ends.
In Fig.6.11, we give the initial mesh of the domain §2 with hanging nodes and
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mesh size h

Fig. 6.11 L-shaped domain with polyhedral mesh made of bricks and Dirichlet data (left) and
relative error |lu — up llp/|lullp with respect to h for [ = 0 in the example with solution (6.39)
(right)

edges. Additionally, we show the relative error |lu — up ||p/||lu||p With respect to
h = max{hg : K € J,} in logarithmic scale. As expected, we obtain the reduced
order of convergence for a sequence of uniform refined meshes. To recover the linear
convergence in the energy norm for singular solutions, it is necessary to perform
adaptive mesh refinement strategies as discussed in Chap. 5.

6.2.6 Numerical Experiments: Convection-Diffusion Problem

In this section, we give some implementation details as well as numerical exper-
iments for the convection-diffusion problem. The computations are done on tetra-
hedral and polyhedral meshes. For the sake of simplicity, we restrict ourselves to
the case of scalar valued diffusion coefficients, i.e., A = «l for some ¢ > O,
and a vanishing reaction term ¢ = 0. Furthermore, the experiments are carried out
with constant and continuously varying convection vector b. Remember, that we
have to approximate the coefficients « and b by constants on each geometrical
object for the BEM-based FEM, see Sect.6.2.2. The method is studied for the
case of decreasing diffusion « — 0. Standard numerical schemes like the finite
element method become unstable when applied to this type of convection-dominated
problems. Typically, the issue manifests itself in the form of spurious oscillations.
The critical quantity here is the mesh Péclet number

hi|b
Pex = Kl K', K e X,
oK

which should be bounded by 2 for standard finite element methods. In the numerical
experiments, we give Pe;, = max{Pex : K € .#;}. When decreasing the diffusion
for fixed &, the mesh Péclet number increases and we expect oscillations. This is
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due to the fact that the boundary value problem gets closer to a transport equation
and thus, boundary layers appear near the outflow boundary.

In addition to stability, we study the number of GMRES iterations, which are
used to compute the approximate solution of the resulting system of linear equa-
tions, and we compare the presented approach with a 3D SUPG implementation.

Implementation Details

All computations regarding the convection-adapted basis functions can be done in a
preprocessing step. In the case of non-constant convection, diffusion and reaction,
these terms are first projected into the space of piecewise constant functions over
the edges, faces and elements of the mesh. Afterwards, the Dirichlet traces of the
basis functions are computed on the edges and faces. Here, an analytic formula is
utilized on each edge E € &}, and subsequently, the two-dimensional convection-
diffusion-reaction problems are treated separately on each face F € %, according
to the SUPG formulation (6.33). Let the local Péclet number be defined by

hrlb
Pepr = Tol | for T € Fi(F) .
F

The stabilization parameter 67 in the SUPG method is chosen to be piecewise
constant over the auxiliary triangulation .7} (F) on each face F € .%j. The choice

ClhT/z forPeF,T > 2 ,
Op,T = 5
cohy /ap  else,

leads to the best possible convergence rate of the discrete solution with respect to
the streamline diffusion norm on F, see [149]. However, an ‘optimal’ choice of
the constants ¢ and c¢; is not known. Since we aim to omit additional user defined
parameters, the choice

h 1 1
Sr T < ) , (6.40)

~ 2lbg| tan(Per ) Pepr

is preferred in the numerical realization, see [111].

The auxiliary triangulations .77 (F) of level | € Ny are constructed as described in
Sect. 2.2 and visualized in Figs. 2.4 and 6.9, for example. But, in case of convection-
dominated problems on the faces, we decided to move the midpoint zr of the mesh,
created in 9y(F), into the direction of the projected convection vector bp, see
Fig.6.12 (middle). If « > O is such that zr + kbr € 0F, then the translation
can be chosen as

1
zr > Zr + (1 —9)kbp , with transition point ¥ = min ’ 5’ |EF| log(l + 1)] .
F
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Fig. 6.12 Adaptation of auxiliary triangulation % (F) and projected convection vector: without
adaptation (left), by moving the midpoint (middle), as layered mesh (right)

Consequently, the auxiliary meshes get adapted to the local problems. This adap-
tation is inspired by Shishkin-meshes [156], see also [116, 123, 149], which are
graded in such a way that boundary layers are resolved. Another mesh adaptation
is to construct layered meshes. This can be achieved as follows. We compute again
the point zr + (1 — @#)xbp, but this time, we move the edges created in 7] (F)
that are parallel to 0 F towards the boundary d F such that all edges have the same
distance to 0 F and one edge lies on the computed point, see Fig. 6.12 (right). In the
numerical realization, we set ¢ = 0.25 independent of the local Péclet numbers.
Otherwise, the auxiliary triangulations .7 (F) degenerate in the computations for
small/ = 1, 2, 3 and large Péclet numbers. Furthermore, we only present the results
for the first mentioned mesh adaptation technique since the computed values in the
experiments differ slightly.

The solutions of the resulting systems of linear equations, coming from the SUPG
formulation, with non-symmetric, sparse matrices are approximated with the help
of the GMRES method, see [150]. As the stopping criterion, we use the reduction
of the norm of the initial residual by a factor of 10719,

Another preprocessing step is the computation of the matrices arising from the
local boundary integral formulations. Here, we use the BEM code developed in
the PhD thesis by Hofreither [94], which is based on a fully numerical integration
scheme described in [151]. The inversions of the local single-layer potential
matrices Vg ; are performed with an efficient LAPACK [6] routine.

The assembling of the global stiffness matrix is performed element-wise as
described in Sect. 6.2.4 utilizing the non-symmetric representation of the Steklov—
Poincaré operator in the local stiffness matrices. The resulting system of linear
equations, which is again sparse and non-symmetric, is solved by GMRES. For
the global problem, however, we use the reduction of the norm of the initial residual
by a factor of 1076 as the stopping criterion. In our numerical experiments, the
GMRES iterations are carried out without preconditioning in general. However, we
also implemented a simple diagonal preconditioner, namely a geometric row scaling
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(GRS) preconditioner, see [86], with matrix
C~' = diag(1/1IB)ll,) .

where by B; we mean the j-th row of the global stiffness matrix, and we choose the
vector norm with p = 1.

The proposed method is highly parallelizable, especially the preprocessing
steps. The two-dimensional convection-diffusion-reaction problems on the faces
are independent of each other, and can thus be treated in parallel. The subsequent
setup of the boundary integral matrices and of D} Sk .1 Dk can be parallelized on an
element level as well. Even the computations of the single entries of each boundary
integral matrix are independent of each other.

In the implementation we use another observation to reduce the computational
complexity. In the case of constant convection, diffusion and reaction terms, the
local boundary integral matrices and the problems on the edges and faces are
identical for elements which differ by some translation only. Therefore, we build a
lookup table in a preprocessing step such that redundant computations are avoided.

Experiment 1
In the first numerical experiment, a problem with constant convection and diffusion
terms is studied. Let £2 = (0, 1)3, and let us consider the boundary value problem

—aAu+b-Vu=0 1in 2, u=gp onl,

where b = (1,0,0) " and gp(x) = x1 + x2 + x3. The domain £2 is discretized with
tetrahedral elements, see Fig. 6.13. The discretization is constructed with the help of
auniform mesh with 8 x 8 x 8 small cubes where each cube is split into 6 tetrahedra.
Thus, the mesh consists of 3072 elements, 6528 faces, 4184 edges and 729 nodes

Fig. 6.13 Visualisation of tetrahedral mesh and Dirichlet data for Experiment 1
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of which 343 nodes lie in the interior of §2. Consequently, the number of degrees
of freedom in the BEM-based FEM is equal to 343 in this example. The maximal
element diameter is 2 ~ 0.22. The mesh is chosen rather coarse, but it is well suited
for the study of stability.

Since the convection and diffusion parameters are constant over the whole
domain, the lookup table is applied to speed up the computations. Instead of the
before mentioned numbers of geometrical object, we only have to treat 6 elements,
12 faces and 7 edges in the preprocessing step, where the traces of the basis
functions are computed and the local stiffness matrices are set up.

To handle the Dirichlet boundary condition, we apply pointwise interpolation of
the data gp to obtain an extension into £2. The interpolant is bounded by O from
below and by 3 from above on I". The convection-diffusion problem satisfies the
maximum principle [82, 140], and therefore, we know that 0 < u < 3 everywhere
for the exact solution. To study stability of the BEM-based FEM, the maximum
principle is checked for the approximate solution u;,; € Vj; obtained by (6.37).
Since the basis functions satisfy convection-diffusion problems on the faces and
edges and since the maximum principle is also valid there, the maximal values of
up,; should by reached in the nodes of the mesh. However, because of oscillations
coming from the SUPG method on the faces, the maximal values might be found at
some auxiliary node. Consequently, the maximum principle is tested on the whole
skeleton IT.

Table 6.3 gives a comparison of the classical finite element method with
continuous piecewise linear basis functions and without stabilization, the original
BEM-based FEM proposed in [96] with linear basis functions on the faces and
the hierarchical, convection-adapted BEM-based FEM with [ = 2 discussed in
this chapter. The classical FEM satisfies the discrete maximum principle until

Table 6.3 Verifying maximum principle in Experiment 1

Classic FEM BEM-based FEM
Original [96] Hierarchical, [ = 2
o Pe, Umin Umax Umin Umax Umin Umax
1.0 x 107! 2 0.00 3.00 0.00 3.00 0.00 3.00
5.0 x 1072 4 0.00 3.00 0.00 3.00 0.00 3.00
2.5 x 1072 9 0.00 3.00 0.00 3.00 0.00 3.00
1.0 x 1072 22 —0.55 3.00 0.00 3.00 —0.01 3.00
5.0 x 1073 43 —1.14 3.00 0.00 3.00 —0.01 3.00
2.5 %1073 87 —1.85 3.07 0.00 3.00 —0.01 3.00
1.0 x 1073 217 0.00 3.00 —0.01 3.00
5.0 x 1074 433 0.00 3.00 —0.01 3.00
2.5x%x 107 866 —142.89 399.06 —0.01 3.00
1.0 x 107% 2165 —68.85 41.00 —0.01 3.00
5.0 x 1073 4330 —0.01 3.08

25x 1075 8660 —0.01 14.72
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a = 2.5 x 1072, which corresponds to a Péclet number of 9. The BEM-based
strategies, which incorporate the behaviour of the differential operator into the
approximation space, are more stable. The method in [96] passes the test up to
a = 5.0 x 10™*, which corresponds to Pe;, = 433. In the new, proposed method
we might have oscillations occurring in the approximation of the basis functions
satisfying convection-dominated problems on the faces. If we neglect these small
deviations in the third digit after the decimal point, the proposed method reaches
eveno = 1.0 x 10’4, i.e. Pe;, = 2165, for | = 2 without violation of the maximum
principle.

Next, we study the influence of the auxiliary triangulations of the faces on
the convection-adapted BEM-based FEM. In Table 6.4, the minimal and maximal
values umin and umax of the approximate solution are listed for different levels /
of the auxiliary meshes. The higher / is chosen, the longer the discrete maximum
principle is valid. For [ = 3, we even have stability until @ = 2.5 x 107>, i.e.
Pe;, = 8660. The enhanced stability can be explained by the improved approxi-
mations of the boundary value problems on the edges and faces used to construct
the basis functions. Obviously, the local oscillations in the construction of basis
functions are reduced such that they have less effect to the global approximation.

In Table 6.4, the number of GMRES iterations are given without preconditioning.
The GMRES solver for the proposed BEM-based FEM converges faster than for the
preceding scheme. For increasing / the convergence slightly improves. Furthermore,
the iteration numbers stay bounded without the help of any preconditioning until the
maximum principle is violated.

Experiment 2
In this numerical experiment, we compare the convection-adapted BEM-based FEM
with a well established method for convection-dominated problems, namely the
Streamline Upwind/Petrov—Galerkin (SUPG) finite element method. The three-
dimensional SUPG formulation is analogous to (6.33) and the stabilization param-
eter is chosen according to (6.40). The implementation has been done in the
software FreeFem++, see [89]. For the comparison, we solve again the problem
given in Experiment 1 with the BEM-based FEM and the SUPG method on the
coarse tetrahedral discretization. Both approximations have 343 degrees of freedom.
Furthermore, a reference solution is computed by the SUPG method on a fine
tetrahedral mesh constructed with the help of 128 x 128 x 128 cubes.

Having a closer look at the considered problem, we decompose the boundary of
2 = (0, 1)3 into the inflow boundary, the outflow boundary and the characteristic
boundary which are given by

Iin ={0}x(0, Dx(0, 1), Tou = {1}x(©0, D%, 1), Teh = dL2\(IinUl out)

respectively. It is known, that the solution has an exponential layer near [y
and a characteristic/parabolic layer near I, in the convection-dominated regime,
see [149]. The hierarchical construction of the basis functions for the BEM-based
FEM is adapted to the exponential layers but not necessarily to the parabolic
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Fig. 6.14 Comparison of convection-adapted BEM-based FEM and SUPG approximation

layer because of the following reason: When we derived the local boundary value
problems on the edges, faces and elements, we incorporate the behaviour in the
direction of the convection, but we neglect the behaviour orthogonal to the faces,
and thus, along the characteristic layer. Consequently, we should study exponential
layers to see the advantages of the BEM-based FEM. Therefore, we compare the
approximations along the line s + (s,5/8, 1 /2)—r for s € [0, 1], which is far from
the characteristic boundary and which is aligned with edges of the discretization.
In Fig. 6.14, we give the approximations of the BEM-based FEM for different
levels of the auxiliary triangulations of the faces, the SUPG approximation and
the reference solution for @ = 1073 (Pe, = 217) and & = 10~* (Pe;, = 2165).
The degrees of freedom are visualized by marks. The SUPG method shows no
oscillations, but the layer in the solution is smeared out due to the stabilization. The
SUPG approximations for @ = 1073 and & = 10~ hardly differ although the layer
in the solution changes. The convection-adapted BEM-based FEM has no explicit
stabilization, and thus, we recognize some oscillations near the exponential layer.
However, the layer is resolved much better with the same number of degrees of
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freedom. Additionally, we have the possibility to improve the accuracy of the shape
functions within the BEM-based FEM by increasing the level /, i.e., by refining the
auxiliary triangulations of the faces. Doing this, the oscillations near the exponential
layer are reduced and we obtain very accurate solutions for the global problem with
only a few degrees of freedom. If we have a closer look at the plots in the right
column of Fig. 6.14 with the details near the exponential layer, the curves indicate
that the layer of the solution is already smeared out for the reference solution
computed with the SUPG method on a very fine mesh.

Experiment 3

In the final numerical experiment, we consider a convection-diffusion problem
with non-constant convection vector. In order to compare the experiments, let
2 = (0, 1)3. We solve

—aAu+b-Vu=0 1in 2, u=gp onl,
where

0.85 x—1

bx) = 0
ERV/{ TR RECY

X1

and gp is chosen such that it is piecewise bilinear and continuous with 0 < gp <3
on one side of the unit cube and zero on all others, see Fig. 6.15. The convection
vector b is scaled in such a way that the Péclet numbers in the computations are
comparable with those of Experiment 1. The convection is a rotating field around
the upper edge of the unit cube §2, which lies in the front when looking at Fig. 6.15.

Fig. 6.15 Visualisation of polyhedral mesh and Dirichlet data for Experiment 3
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Consequently, we expect that the non-zero Dirichlet data is transported towards the
upper side of the cube for low diffusion.

This time, the domain £2 is decomposed into prisms having general polygonal
ends, see Fig.6.15. The polyhedral mesh consists of 350 elements, 1450 faces,
1907 edges and 808 nodes of which 438 nodes lie in the interior of §2. Thus, the
number of degrees of freedom in the BEM-based FEM is equal to 438. The maximal
diameter of the elements is & = 0.25 and the discretization was chosen such that &
is approximately the same as in Experiment 1.

In our experiment, the polyhedral mesh has less elements, faces and edges
than the tetrahedral discretization. This is beneficial concerning the computations
in the preprocessing step. Less local problems have to be solved on edges and
faces and there are less boundary element matrices which have to be set up.
Furthermore, polyhedral discretizations admit a high flexibility while meshing
complex geometries. In Table 6.5, we list the minimal and maximal values of the
approximation u;; on the skeleton for [ = 2 to verify the discrete maximum
principle. Furthermore, the number of GMRES iterations are given with and without
GRS preconditioning.

The first observation is that the number of GMRES iterations increases when the
diffusion « tends to zero. Thus, the iteration count is not bounded in this experiment.
However, this behaviour correlates with the violation of the maximum principle and
is therefore the result of inaccuracies. Already with the help of the simple geometric
row scaling preconditioner, we overcome the increase of the iteration number.

A more detailed discussion is needed for the discrete maximum principle. In
Table 6.5, we observe that this principle is violated in a relatively early stage for
a = 2.5 x 1072, which corresponds to Pe;, = 9. However, the increase of um,x and
the decrease of up;, is fairly slow for increasing Péclet number.

Table 6.5 Verifying maximum principle in Experiment 3 for / = 2 and number of iterations
with/without preconditioning

o Pey, Umin Umax Iter. Iter. (prec.)
1.0 x 107! 2 0.00 3.00 20 20
5.0 x 1072 4 0.00 3.00 20 21
2.5 %1072 9 0.00 3.04 20 21
1.0 x 1072 22 0.00 3.07 23 22
5.0 x 1073 43 —0.01 3.26 29 23
2.5 %1073 86 —0.04 3.37 42 24
1.0x 1073 216 —0.10 3.38 45 23
5.0 x 1074 431 —0.13 3.45 48 22
25 %1074 863 —0.15 3.51 51 21
1.0 x 1074 2157 —0.15 3.53 52 21
5.0 x 1073 4313 —0.16 3.57 58 23

2.5 x 107 8627 —0.25 438 69 28
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Fig. 6.16 Approximations of basis functions on polygonal face, projected convection vector and
auxiliary triangulation with appropriately (left) and not appropriately (right) resolved boundary
layer

Here, one has to point out that the computations are done on a polyhedral mesh
with a globally continuous approximation uy_ ;. This, by itself, is a current field of
research even without dominant convection, see [28]. The geometry of polygonal
faces is more complex than the triangles in Experiment 1, and thus, the computations
on the faces are more involved.

Figure 6.16 presents the approximation of two different basis functions over
the same polygonal face, the auxiliary triangulation and the projected convection
vector. We can see how the local mesh has been adapted to the underlying
differential operator, namely by moving the node, which lay initially in the center
of the polygon, into the direction of the convection. In certain constellations, the
boundary layers are not resolved appropriately. In the left picture of Fig. 6.16, the
approximation of the basis function is satisfactory. In the right picture, however,
oscillations occur in the lower right corner due to the relatively large triangles near
the boundary. In many cases these situations are already resolved quite well by the
simple mesh adaptation. When we introduced the moving of the auxiliary nodes in
the implementation, the numerical results improved. Thus, we expect that a better
adaptation of the local meshes, and consequently a better approximation of the local
problems, improves the stability of the BEM-based FEM such that we would obtain
comparable results to Experiment 1 for the discrete maximum principle.

Finally, in Fig.6.17, the approximation uj; is visualized for / = 2 and two
different values of diffusion = 2.5x 1072 and @ = 5.0 x 107> The domain §2 has
been cut through, such that the approximation is visible on a set of polygonal faces
which lie in the interior of the domain. The expected behaviour of the solution can
be observed. The Dirichlet data is transported into the interior of the domain along
the convection vector. In the case of the convection-dominated problem, oscillations
appear near the outflow boundary.
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Fig. 6.17 Cut through the domain 2 = (0,3)? and visualisation of the approximation in
Experiment 3 for & = 2.5 x 1072 (left) and o = 5.0 x 107 (right)

Conclusion on Convection-Adapted BEM-Based FEM

We have derived convection-adapted BEM-based FEM discretization schemes for
convection-diffusion-reaction boundary value problems that considerably extend
the range of applicability with respect to the strength of convection. The numerical
results have not only confirmed this enhanced stability property of the discretization
scheme, but have also indicated faster convergence of the GMRES solver in
comparison with the original BEM-based FEM scheme presented in [94, 96]. When
compared to the SUPG method, our proposed method shows an improved resolution
of the exponential layer at the outflow boundary.
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Distributional derivative, 9

Divergence theorem, 133, 183, 191
Domain decomposition method, 3, 208
Dorfler marking, 144, 152
Double-layer potential, 110, 112,204
Dual problem, 158

Duality pairing, 111

Dual space, 11, 14

E

Effectivity index, 160

Efficiency, 147

Elliptic bilinear form, 14

Energy norm, 63, 145, 209
Equidistribution strategy, 99, 144, 168
Error estimator, 142, 146, 165, 167
Error indicator, 143

Exponential layer, see Layer

F
FEM, see Finite element method
FETI, 3, 207
Finite element method, 1, 77,200, 211
adaptive, 143
mixed, 177
multiscale, 178
Finite volume method, 1, 3
Flux variable, 179
FreeFem++, 216
Fully discrete Galerkin formulation, 206
Fundamental solution, 109, 203

G

Galerkin BEM, 108

Galerkin formulation, 14, 53,56, 112, 115,
142,197

Garding inequality, 205

Gauf’s theorem, see Divergence theorem

Generalized barycentric coordinates, 2, 178

GMRES, 15, 191,213

Goal functional, 158

Goal-oriented, 157

Graded mesh, 140,213

H

Hanging edges, 19

Hanging nodes, 2, 19, 32, 145, 156
Harmonic conjugates, 135

Harmonic coordinates, 35

Harmonic extension, 50, 195

HHO, see Hybrid higher-order method

Index

Hierarchical construction, 196
Homogeneous polynomial, 131
Hybrid higher-order method, 3
Hypersingular integral operator, 110, 113, 204,

206

I

Inf-sup condition, 180, 187
Integral kernel, 125

Internal layer, see Layer
Interpolation, 43, 95
Interpolation operator, 43, 95, 181
Isotropic element, 78, 92

L
LAPACK, 15, 135,213
Lax—Milgram Lemma, 14, 53, 65, 111, 117,
121
Layer, 4, 65, 100, 101, 104,218
boundary, 65,212, 213,221
characteristic, 216
exponential, 5,216,218
internal, 65, 156, 160
Layered mesh, 213
Lipschitz, 8
boundary, 12
domain, 12
Localization, 149, 165, 167
Lookup table, 134, 214, 215
L,-projection, 69,72, 89, 117, 118, 122, 183

M
Maximum angle condition, 24, 28, 49
Maximum entropy coordinates, 3
Maximum principle, 34, 215, 220
Maximum strategy, 144
Mean value coordinates, 2
Mesh
anisotropic, 4, 77, 80, 81, 157
auxiliary (see Auxiliary triangulation)
refinement, 31,99, 100, 143, 145, 161
regular, 20, 24
shape-regular (see Shape-regular)
stable, 20, 24
weakly stable, 28
Mimetic finite difference method, 3, 178
Mixed finite element method, see Finite
element method
Mixed variational formulation, 179
discrete, 185, 188
Multiscale finite element method, see Finite
element method
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Neighbourhood, 66, 147

Neumann problem, 113, 121

Neumann trace, 109, 191, 204

noc, see Numerical order of convergence
Non-smooth functions, 65

Numerical order of convergence, 16
Nystrom method, 108, 124

Nystrom solver, 130, 135

(0}
Order of convergence, 16

P

Parabolic layer, see Characteristic layer

Partition of unity, 10, 73,91, 167

Péclet number, 211, 212,220

PDE-harmonic, 199

Plane wave approximation, 5

Poincaré constant, 69, 88

Poincaré—Steklov operator, 114, 191
symmetric representation, 114

Polygonal finite elements, 2

PolyMesher, 31

Porous media, 178

Post-processing, 164

Preconditioner, 214, 220

Pressure variable, 178

Q
Quadrature rule
over subtriangulation, 132, 135
trapezoidal rule (see Trapezoidal rule)
Quasi-best approximation, 15,53
Quasi-interpolation operator, 72, 90
Clément (see Clément interpolation)
Scott—Zhang (see Scott—Zhang
interpolation)

R

Reference configuration, 78, 96

Regular face, 24

Regular mesh, see Mesh

Reliability, 146

Representation formula, 109, 117, 122,203
Residual-free bubble, 198

Reverse triangle inequality, 16

Riesz representation theorem, 14

S
Saddle point formulation, 114

235

Saddle point problem, 179
Schur complement, 188
Scott—Zhang interpolation, 75, 76,94, 95
Shape-regular, 21,47, 48,70, 85, 115
Shishkin-mesh, 213
Sigmoidal change-of-variables, 128
Single-layer potential, 110, 111, 204,209, 213
Skeleton, 20, 39,42, 131, 133, 134,203,215
Sobolev embedding, 12
Sobolev—Slobodekij norm, 9, 11
Sobolev spaces, 9, 10, 12
Solvability condition, 113
Spurious oscillations, 211
Stable mesh, see Mesh
Steklov—Poincaré operator, 112, 114, 133, 203,
204
non-symmetric representation, 112,206,
213
symmetric discretization, 119
symmetric representation, 112, 206
Stiffness matrix, 134, 206
Strang Lemma, 57
Streamline diffusion norm, 212
Streamline Upwind/Petrov-Galerkin method,
see SUPG
SUPG, 195,202,216

T

TetGen, 132

Trace inequality, 68, 74, 76, 182
anisotropic, 87,91

Trace operator, 13, 108

Trapezoidal rule, 125, 128

Trefftz-DG method, 5

Trefftz FEM, 3

triangle, 132

Triangle inequality, 16
reverse, 16

\'%

Variational formulation, see Galerkin
formulation

VEM, see Virtual element method

Virtual element method, 4, 178

Voronoi mesh, 31, 207, 209

W

Weak derivative, 9

‘Weak Galerkin method, 3

Weakly harmonic functions, 38, 40, 42
Weakly stable mesh, see Mesh
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