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1 Introduction

1.1 Anisotropic adaptation in finite element method

The most physical problems considered within the area of civil engineering may be de-
scribed by partial differential equations. Examples include diffusion and heat conduc-
tion problems, the calculation of electrostatic potential distributions, and the calculation
displacement fields in linear elasticity. The aforementioned problems, as well as many
others, are in general too complex to be solved analytically. The finite element method
is one of the numerical methods that can be used in such situations. Other methods in-
clude the finite difference method, the finite volume method and the boundary element
method. In this work we will exclusively consider the finite element method (FEM). It is
the most common numerical tool for analysis of diverse structural systems. It was first
formulated for the problem of torsion of a cylinder in 1943 by Courant [19]. Since then,
it has come a long way.

When investigating real-world problems one is primarily interested in an accurate
solution computed with as little effort as possible. The presence of numerical error
in calculations has been a principal source of concern since the beginning of computer
simulations of physical phenomena. In the numerical solution of practical problems of
physics and engineering such as, e.g., computational fluid dynamics, elasticity, or semi-
conductor device simulation one often encounters the difficulty that the overall accuracy
of the numerical approximation is deteriorated by local singularities such as, e.g., singu-
larities arising from re-entrant corners, interior or boundary layers, or sharp shock-like
fronts.

The topic of our work is a special class of problems which can be solved very effi-
ciently by a non-classical finite element method. Some boundary value problems yield
a solution which exhibits little variation in one direction but much change in an an-
other direction. Such solutions are called anisotropic. Examples include functions which
are almost constant or linear on one direction, and which have a boundary or interior
layer. An equivalent description is that an anisotropic function shows an almost one-
dimensional behavior. By this we mean that the function varies significantly only per-
pendicularly to a certain manifold. Typical problems with anisotropic solutions include
the diffusion-convection-reaction equation (see e.g. [8]), the Poisson equation in a three-
dimensional domain with an edge of an interior angle larger than 7 (see e.g. [10]), and
other problems arising from fluid dynamics or weather simulation, for example. Func-
tions which are not anisotropic are called isotropic - clearly, this distinction is not a strict
mathematical partitioning of the set of functions but rather a matter of degree.

One feature of the classical finite element method is that the ratio of the diameters of
the circumscribed and inscribed sphere of a finite element is bounded. Such meshes are
referred to as isotropic meshes. But when an anisotropic solution as mentioned above
occurs it is sensible to violate this condition and to employ highly stretched elements
instead. From a heuristic point of view, as well as from anisotropic interpolation analysis
(see [6]), it is natural to use a small mesh size in the direction of the rapid variation
of the solution, and a larger mesh size in the direction of little variation (i.e. along
the manifold of anisotropy). We also say the mesh is anisotropically aligned with the
solution, and we refer to it as anisotropic mesh. In this way one hopes to capture the
important features of the solution with much less elements than when using an isotropic
mesh. Numerical evidence confirms that problems with anisotropic solutions can indeed
be solved more efficiently on anisotropic meshes (i.e. with less degrees of freedom, less
computational effort, or less memory to achieve the same accuracy). If the anisotropy



of a solution occurs along a curved manifold then the anisotropic mesh (i.e. stretched
elements) has to follow that curved manifold.

Some important problem classes which frequently yield anisotropic solutions include
diffusion-convection-reaction equations and flow simulation (see e.g. [41]). In our work
we consider the singularly perturbed reaction-diffusion equation —c’Au + k’*u = f as
a model problem. It displays certain typical features of the aforementioned problems,
for example boundary layers which can be discretized advantageously with anisotropic
meshes. In the case of singularly perturbed problems the special mesh adaptivity is
desirable. Triangles should not only adapt in size but also in shape, to fit the function to
be approximated better. The singularly perturbed reaction-diffusion problem typically
requires triangles stretched along the boundary or in the direction of the interior layer
[5, 6, 91.

1.2 Error estimation and convergence of adaptive procedure

Numerical error is intrinsic in such situations: The discretization process of transform-
ing a continuum model of physical phenomena into one manageable by digital computers
cannot capture all of the information of embodied models characterized by partial dif-
ferential equations or integral equations. The questions of the approximation error and
how the error can be controlled, measured, and effectively minimized have confronted
computational mechanicians, practitioners, and theorists alike since the earliest appli-
cations of numerical methods to problems in engineering and science.

Concrete advances toward the resolution of such questions have been made in the
form of theories and methods of a posteriori error estimation, whereby the computed
solution itself is used to assess the accuracy. The remarkable success of some a pos-
teriori error estimators has opened a new chapter in computational mathematics and
mechanics that could revolutionize the subject. By effectively estimating the error, the
possibility of controlling the entire computational process through new adaptive algo-
rithms emerges.

Of course, the calculation of the a posteriori error estimate should be far less ex-
pensive than the computation of the numerical solution. Moreover, the error estimator
should be local and should yield reliable upper and lower bounds for the true error in a
user-specified norm. In this context one should note, that global upper bounds are suf-
ficient to obtain the numerical solution with an accuracy below a prescribed tolerance.
Local lower bounds, however, are necessary to ensure that the grid is correctly refined
so that one obtains a numerical solution with a prescribed tolerance using a (nearly)
minimal number of grid points.

When the quality of error estimation is to be assessed, one often encounters the
terms reliable, efficient and asymptotically exact. To explain these terms, define the so-
called effectivity index to be the ratio of the estimated error and the true error (in some
norm). Primarily one is interested in estimators that reliably bound the error, i.e. the
error is guaranteed to be smaller then some estimated value. Such estimators are called
reliable. In other words, the error is bounded from above, and the effectivity index is
bounded from below. Secondly, an estimator is said to be efficient if it bounds the error
from below. This corresponds to the effectivity index, bounded from above. Efficient
local estimators are desirable in order to reduce the global error by refining elements
with large local error contributions. In our exposition we will refer to the lower and
upper bound of the error respectively. Lastly, an estimator is said to be asymptotically
exact if the effectivity index tends to one as the discretization becomes finer. There is
a large variety of a posteriori error estimation techniques. We do not aim at giving an



overview of all related works here, instead we refer to [4, 47] and citations therein.

Disposing of an a posteriori error estimator, an adaptive mesh refinement process
has the following general structure:

Step 1. Construct an initial mesh 7 representing sufficiently well the geometry of
the problem. Put & := 0.

Step 2. Solve the discrete problem on 7.

Step 3. For each element K of 7, compute the a posteriori error estimate.

Step 4. If the estimated global error is sufficiently small then stop.

Step 5. Based on the information obtained in Step 3 reconstruct the old mesh (refine-
ment and possibly coarsening) to get the next mesh 7;. ;. Replace k by k£ + 1 and return
to Step 2.

Beside the robustness of the error estimation the success of the adaptive process
rests itself on the appropriate mesh reconstruction procedure. In other words, the re-
lation between Step 3 and Step 5 has to guarantee in some suitable way the quality of
the solution/mesh after some steps of the adaptive process. Long time the restructur-
ing Step 5 was based only on the heuristic ideas, see George [25, 26], Liseikin [38, 39],
Dolejsi [22] and many others.

Only recently mathematicians could prove, starting with the pioneer work of Dorfler
[23], that using some special refinement techniques the error on the new, adaptively
generated mesh is significantly smaller than the error on the actual mesh. This idea was
then further developed by Morin, Nochetto and Siebert [40], Binev, Dahmen and Devore
[15], Stevenson [43] and the work for the reaction-diffusion problem by Stevenson [44].

In this context we should mention the work by Vassilevski, Dyadechko and Lip-
nikov [45] where not itself the convergence of the adaptive process is discussed, but the
quasi-optimality of the resulting mesh. This paper is based on the aforementioned ideas
stamming from George [25, 26] and Liseikin [38, 39].

1.3 Aim of this work and outline

The present work includes three main contributions to the theory of the adaptive finite
element method on anisotropic meshes:

1. The hierarchical a posteriori error estimator is developed for the reaction-diffusion
problem on anisotropic meshes.

2. The lack of the equilibrated residual method regarding insolvability of the auxil-
iary problems is considered and the solution possibility is provided.

3. Diverse adaptive algorithms based on the a posteriori error estimation for the Pois-
son and reaction-diffusion problems on anisotropic meshes are provided, starting
with the simplest idea for the Poisson problem on isotropic meshes. The corre-
sponding error reduction estimates are proved for each case.

After this introduction we start with the basics needed for the rest of the work in
Section 2, including the model problem description, the mesh requirements, some basic
inequalities and various notation.

In Chapter 3 the validity of the strengthened Cauchy-Schwarz inequality is con-
firmed. In fact, it is shown that there exists a positive constant v < 1, such that

($,y) < '-YH'ZUH ||yH7 Vr € V17 Yy e VY27



where V is the original piecewise linear finite element space, Vs is the enrichment space,
needed in Section 6.3. We emphasize that the constant v in the strengthened Cauchy-
Schwarz inequality for the chosen pair of spaces is strictly smaller then 1 and indepen-
dent of the aspect ratio and the perturbation parameters. This inequality is one of the
main ingredients for the proof of the robustness of the hierarchical error estimator. Fur-
thermore , we verify the Cauchy-Schwarz inequality for two additional pairs of spaces
which are needed for the analysis of the hierarchical error estimator and the analysis of
adaptive algorithm for the reaction-diffusion problem.

Chapter 4 starts with the repetition of the isotropic residual a posteriori error es-
timator for the Poisson problem (Section 4.1) and then deals with adaptive convergent
algorithms on isotropic meshes. The convergence of the adaptive finite element method
is understood in the sense that there exists a positive constant § < 1, such that in some
norm ||u—uy|| < CB* holds, where u is the exact solution, uy is the finite element approx-
imation in k steps of the adaptive algorithm. Such algorithms with the special marking
and refinement strategies are known for the case of Poisson and reaction-diffusion prob-
lems on isotropic meshes. Two known adaptive algorithms are described in Sections 4.2
and 4.3. The marking strategy not only takes into account the usual information given
by the edge and element error indicators, but also involves the additional control of the
data oscillation terms in order to guarantee the convergence. The refinement strategy
usually includes the creation of a new node inside each marked triangle. This, however,
is not a must — the creation of a new node can be avoided for all triangles where the
edge error indicator dominates the element error indicator. We describe this possibility
in Section 4.4 and successively prove the convergence of the corresponding algorithm
in Section 4.5. At the end of this chapter, in Section 4.6 it is noted that the edge error
indicators usually dominate in the error estimator for the Poisson problem.

Chapter 5 starts with repeating the a posteriori residual error estimator for the an-
isotropic case in Section 5.1. We find out in Section 5.2 that the weights in the edge
error indicator on anisotropic meshes is not uniquely defined. Furthermore we provide
the range of possible values of this weight, for which all the robustness estimates hold
true. Based on the idea from the isotropic case, the adaptive algorithm allowing an-
isotropic mesh refinement is developed and analyzed in this chapter — one can analyze
the edge and element error indicators separately, and according to this information only
the marked entities (edges/elements) should be appropriately refined. In Section 5.3 the
adaptive algorithm is given. It satisfies the convergence property for the Poisson prob-
lem with a parameter 5 depending on the alignment measure m1, as shown in Section
5.4.

In Chapter 6 we deal with the a posteriori error estimators for the singularly per-
turbed reaction-diffusion problem. Section 6.1 states the equilibrated residual method.
Among others, the equilibrated residual method involves the solution of an infinite di-
mensional local problem on each element. In practical computations an approximate
solution to this local problem was successfully computed. Nevertheless, up to now no
rigorous analysis has been done showing the appropriateness of any computable ap-
proximation. This demands special attention since an improper approximate solution
to the local problem can be fatal for the robustness of the whole method. In the present
work we provide one of the possible approximations in Subsection 6.1.7 and prove that
the method is not affected by the approximate solution of the local problem. As for the
rest, Section 6.1 consists of the repetition of the known results needed for the proof.

In Section 6.3 we give a proof of the error reduction property. The error reduc-
tion property signifies that using the quadratic finite element basis we achieve strictly



higher accuracy than with linear ones. That is, in some norm || - ||:
|lu —u2|| < allu —u1]|, wherea <1,

where u; is the usual linear finite element solution, us is the solution using the enriched
finite element space. However, as it was shown in the paper by Dorfler and Nochetto
[24], there are examples where the error reduction fails in this form (the equation f =
—Au was set under consideration). The modification done there concerns on additional
term — the so-called data oscillation appears in the right hand side. For more details
on data oscillation see [24]. Their proof of the error reduction property was based on
the residual a posteriori error estimator. More recently, Agouzal [1] has given a proof
for the error reduction property for the reaction-diffusion equation. The proof in this
case does not involve any theory of residual a posteriori error estimators. Since [1] is
not easy to transfer to anisotropic case the proof of the present work mainly follows the
lines of the work [24], but appears to be much more technical. The estimate obtained
in Section 6.3 is not only uniform with respect to the mesh size, but also with respect
to the aspect ratio and the perturbation parameters « and . Furthermore, in Section
6.4 the error reduction property and the strengthened Cauchy-Schwarz inequality are
utilized in order to show the reliability and the efficiency of the proposed hierarchical
error estimator. The final estimates are in accordance with [35] and [27]. The numerical
experiments presented in Section 6.5 confirm our formulas for the robustness of the
error estimator and show the validity of the saturation assumption.

In Chapter 7 we deal with the adaptive algorithm that allows anisotropic triangu-
lations works in addition for the reaction-diffusion problem. The error reduces in each
adaptive step, but the convergence property does not seem to be possible to be proven
for this algorithm because of additional data oscillation terms. Numerical experiments
in Section 7.4 confirm the theory for the adaptive algorithm. The adaptive algorithm
shows its potential by creating the anisotropic mesh for the problem with the boundary
layer starting with a very coarse isotropic mesh.



2 Preliminaries

2.1 The model problem and its discretization

Let Q C R? be an open domain with polyhedral boundary 0. Consider the reaction-
diffusion equation with homogeneous Dirichlet boundary conditions

—?Au+k*u=finQ, wu=0ondQ, 2.1

where x and ¢ is the nonnegative constants. If ¢ < 1, then we have a singularly per-
turbed problem. Many physical phenomena lead to singularly perturbed problems, for
instance, boundary value problems formulated on thin domains [49], where ¢ is pro-
portional to the domain thickness. They also arise in mathematical models of physical
problems, where diffusion is small compared with reaction and convection.

Such problems yield solutions with local anisotropic behavior, e.g. boundary and/or
interior layers. Indeed, if k = O(1) and ¢ < 1 then clearly u ~ f/k inside the domain,
but due to the diffusion term it is still possible to satisfy the homogeneous boundary
conditions. From the heuristical point of view the solution in such a situation could
exhibit boundary layers, which is also shown theoretically. The literature on this topic
is vast and we are not going to make here a complete overview, but refer the book of Apel
[6] and references therein instead. The case ¢ = O(1) and « > 1 arises when discretizing
in time [2]. To be general we incorporate both cases in one equation and do not differ
them later in work.

Assume f € Ly(Q2). The Sobolev space of functions from H'!() that vanish on 99 is
denoted by H{ (92) as usual. The corresponding variational formulation for (2.1) becomes:

Findu € H}(Q): B(u,v) = (f,v) Yve H}(Q), (2.2)

where
B(u,v) := /(52VTUVU+KQUU> dz,
Q
(f,v) = /fvda:.
Q

We utilize a family F = {7} } of triangulations 7} of Q2. By &, we denote the collection
of edges in the triangulation 7;,. Let V}, C H}(Q2) be the space of continuous, piecewise
linear functions over 7;, that vanish on 9. Then the finite element solution u; € V}, is
uniquely defined by

B(uh, Uh) = (f, Uh) Yoy, € Vy,. (2.3)

Due to the Lax-Milgram Lemma both problems (2.2) and (2.3) admit unique solutions.



2.2 Some notations

We will use the following notations

Ly-norm: [0l = (Jov? dac)l/2 : /
Energy norm: o]l = (SVul, ) + Rl )
Local energy scalar product: Bg(u,v) = [ (e2V'uVo + k2uv) dz,
Local Ly-norm: 0l oy = ([0 dw)l/2,
Local energy norm: lvllx = (52||VUH%2(K) + “2|’“H%2(K)> / ,
Length of an edge ~ le := meas(7),
Volume of an element K |K| = meass(K),
Patch of an element K WK := int {Uclosure(K"), K’ € Ty, :

0K NOK'is nonempty},
Patch of an edge Wy = int {Uclosure(K),K € 7j, : v C 0K}

Let N be the set of all the nodes in triangulation 7;,, then we denote by N (K) and
N () the set of all vertices of a triangle K and an edge ~ respectively. Let n € N be any
node and let 6, be the Lagrange function associated with the node. The set of elements
Thn influenced by this function is defined by

Tin ={K €Ty, :n e N(K)},

or, simply stated, 7j,, is the patch of elements with a vertex at z,,. Similarly, the set of
edges influenced by the basis function is

En={y€0T,:ne N>}, (2.4)

and consists of those edges having a vertex at x,,.

Let {6,, : n € N'} be a Lagrange basis for the space V}, including the basis functions
corresponding to the nodes on the Dirichlet boundary 0f2, characterized by the condi-
tions

Om(xn) = O0mn myneN

so that
> On(z) =1in Q.

neN
The nodes on an element K are denoted by NV (K), and it follows that the Lagrange basis
functions on the element satisfy

> Op(z)=1inK. (2.5)
neN(K)

Similarly the nodes on an edge ~ are denoted by A (7) and the basis functions satisfy

Z On(z) =1 on .

neN ()
We will require an extension operator F,.; : P°(y) — P°(K) defined by
Feut(p)(2) = ¢l = const.
We will also use the following notations
arbsa>Ch,

a=bsa<Ch



2.3 Notation on the triangle and general mesh requirements

Let a triangulation 7 be given which satisfies the usual conformity condition (see [18],
Chapter 2). Following the notation of Kunert [31], the three vertices of an arbitrary
triangle K € 7 are denoted by Py, P;, P, such that PyP; is the longest edge of K. Addi-
tionally define two orthogonal vectors p; with lengths h; x := |p;|, see Figure 1. Observe
that hl,K > hggK and set hmz‘n,K = h27K, hmax,K = hl,K-

Py

D2

b1
Py Py

Figure 1: Notation of a triangle K.

In addition to the usual conformity conditions of the mesh we assume that the fol-
lowing three properties hold.

1. The number of triangles containing a node z,, is bounded uniformly.

2. The dimensions of adjacent triangles must not change rapidly, i.e.

higr ~hix VKK with KNK' #0,i=1,2.

3. The orientation of adjacent triangles must not change rapidly.
Define the matrices Ax and Cx € R?*? by

AK = (P()Pl,P()PQ) and CK = (pl,pQ)
and introduce an affine linear mapping
- 2
Fi(x) = Ag -x+ Pp, x € R%

We will use the notion of the reference triangle K = Fgl (K') which is uniquely defined
by the mapping F4.
Furthermore, for any interior face v = 0K (| 0K’ define the quantity A,n 4 by

. hmin,K + hmimK/
Bominsy = - .

The advantage of this notation is clear, we need a value that relates to the edge, in
contrast with others related to triangles. Note that h,,iny ~ hmin,k ~ hmin ik’ due to the
mesh assumptions. In addition we introduce the following notation:

Qg = min(e_lhmmK, /{_1),

ay = min(e_lhmmm K_l).

2.4 Bubble functions and their inverse inequalities

Now we introduce so-called bubble functions which are defined as usual, cf. [42]. They
play an important role in deriving lower error bounds. Denote by Ak 1, Ak 2, Ak3 the
barycentric coordinates of an arbitrary triangle K. The element bubble function by is
defined by

bK = 27)\}(’1 . )\K’g . )\K’g on K

10



Let v = int(K1 N K32) be an inner face (edge) of 7;,. Enumerate the vertices of K1 and K>
such that the vertices of v are numbered first. Define the edge bubble function b, and
the edge spline function s, by

b,y = 4)\](1.’1)\](1.72 on KZ', 1= 1,2,

Sy = —=AK 1K, 2(AK, 2 — MK, on K;,1=1,2,
oy 3K K 2( Ak, 2 — Ak, 1) i

with the obvious modification for a boundary face v C 0f). For simplicity we assume that

bk, by and s, are extended by zero outside their original domain of definition. It holds

that 0 < b (x),by(z) <1, =1 < sy(x) < 1and |[br |1 x) = 1091l Lo (i) = lsyllor) = 1.
The following anisotropic equivalences/inverse inequalities can be derived easily.

Lemma 2.1. Assume that i € P°(K) and ¢, € P°(y). Then

b0k oy ~ ol o) (2.6)
1breklLy ~ ekl 2.7
IVOrer) o) = P s |05 Lo(50) (2.8)
ICkV (b)) = ekl (2.9)
lbrexllx = ag'lexlr.) (2.10)
mllbrekllc = ag'llerl o) (2.11)

Proof. Inequalities (2.6) and (2.8) are copied from [31] (page 27, Lemma 2.7) without
changes. Inequality (2.7) can be obtained analogously to (2.6). Inequality (2.9) is a
refined version of (2.8) obtained by avoiding additional estimation on page 26, lines 3—4
from above in [31]. Indeed, using the inverse inequality on the reference triangle and
the standard scaling argument we get:

ICKY (br )17 5 50) ~ 6|K||W(5K<PK)H%2(K) = ekl

Another refined inequality (2.11) may be obtained in the same manner. Finally, combin-
ing (2.7) and (2.8) we show (2.10):

bxexllie = IVxer)liym + & Ibxexli, )

92 -2
< (o i + KT 00y 2 R lleox N, (0)-

2.5 Special edge bubble functions

Following [35], we define the squeezed edge bubble functions, extend the definition also
for the squeezed spline functions and state the corresponding inverse inequalities. The
definitions are given first for the reference triangle X and then for the actual triangle
K.

Consider the reference triangle K and an edge 4 thereof. Without loss of general-
ity, assume that it lies on the axis Of. By v we denote the corresponding edge on the
boundary of actual triangle K. For a real number § € (0, 1] define a linear mapping
Fs:R2 - R by

0 0
Fg(X) := Bs-x with By = ( 1-9 1 ) S R2*2,
2

11



yh yll
1 1
0 ¥l
X K
K (1—5)/2---6--|
» I »
1 7 5 &

(a) (b)

Figure 2: Definition of squeezed edge bubble functions: (a) — reference triangle K, (b) -
squeezed reference triangle Kj.

. . 1-46
Set K5 := F5(K), i.e it is the triangle with the edge 4 and a vertex at <5, T), see

Figure 2. )
Let b5 be the usual edge bubble function of 4 on K. Define the squeezed bubble

function bs s by bs 5 := by o F; ', i.e. bs s is the usual face bubble function of 4 on the
triangle K. For clarity we recall that b5 s = 0 on K \ K.

Consider now an actual triangle K. The squeezed edge bubble function b, 5 € H(K)
of an edge v of K is defined by b, 5 := b5 50 Fgl. Analogously we can define the squeezed
edge spline function s, 5 := s5 0 Fgl o Fgl. The actual value of parameter ¢ will be spec-
ified later. The usual and squeezed edge bubble/spline functions are drawn in Figure 3.

VAVAS\\ _
vévé%i;%\\\{t{fﬁ%;ez -

AN

NN
77 IS

AN
AN

\
vﬂﬁ‘ /

R
\ \\Q\\\\‘

Figure 3: Bubble and spline functions: (a) — edge bubble function b, (b) — edge spline
function s, (c) — squeezed edge bubble function b., 5, (d) — squeezed edge spline function

Sy,

The value for the parameter ¢ will differ for various applications and will be specified

12



when needed.

2.6 Refinement functions and their inverse inequalities

For the proof of the diverse convergence results we will utilize hat functions of the next
refinement level and inverse inequalities/equivalences thereof.

From now on, while speaking about the refinement, we will conventionally use the
notation 7y for the course mesh and 7;, for the corresponding refined mesh. Consider
a triangle K € 7y. The different ways of possible refinements are shown in Figure 4.
We do not differ the hat functions corresponding to distinct resulting meshes 7;, since
they have the same behavior regarding to the inverse inequalities. We can mention
that there are cases when the refinement based on marking is not identical. The lack
of uniqueness can be avoided in practical computations, e.g. by connection the center
of the longest (marked) edge or of the edge with dominating error indicator with the
opposite vertex. According to the author’s experience the way of resolution of this lack
of uniqueness does not essentially influence the numerical results.

We define by i the hat function on the triangulation 7;, associated with the node
lying inside the triangle K , if such a function exists in 7;,. For the edge v C 0K we
analogously define a function 1), as a hat function on the triangulation 7;, associated
with the node lying on the edge ~.

The following anisotropic equivalences/inverse inequalities can be derived analo-
gously to the corresponding edge and interior bubble functions in Section 2.4.

Lemma 2.2. (Inverse relations for refinement functions). Assume that o € P'(K)
and ¢, € P°(v). Then

lWkerlam = ekl /Ve (2.12)

IV@rer) o) 2 Pominic 19K Lo() (2.13)
\/6 K 1/2

Faitetiolagr < %5 (') el forvcon  @1e

KN\V2
V)l = (1) hdolionling foracor @15)

19220 Loy~ NyllLag- (2.16)

13



4

Figure 4: The possible triangle refinement possibilities according to the marked entities.



3 The strengthened Cauchy-Schwarz Inequality

The strengthened Cauchy-Schwarz Inequality plays an important role in the analysis
of the hierarchical error estimator as well as in some other parts of this work. In the
case of the hierarchical error estimator we enrich the space V; by the squeezed bubble
functions for all edges and the interior bubbles. Namely, we introduce the space

Vo := {u, € HY(Q) : VK € T, vy|je € Pi(K) + span{b,bys, v € 0K\ 9Q}} = Vi @ Vs,

where V5 is the space spanned by the interior bubble functions for each triangle and the
squeezed edge bubble functions for each edge.

3.1 Theoretical background

Definition 3.1. Let X,Y be two subspaces of a Hilbert space equipped with a scalar
product (-,-) and induced norm || - ||. A strengthened Cauchy-Schwarz Inequality is said
to hold for this couple of spaces if there exist a non-negative constant v < 1 such that:

(z,y) <Allz| lyll, VreX, yeY. 8.1

Let X,Y be finite dimensional spaces. Consider a stiffness matrix B corresponding
to the space X* =X @Y,

B_ [ Bxx Bxy }
Byx Byy |’

We state here without a proof the following theorem from [4].

Theorem 3.2. The constant v in the Cauchy-Schwarz inequality 3.1 may be expressed
in the following way:
9 XTBxyB;/%/BYXx

= max
v *x€RAIm(X) xI'Byxxx

Now come back to our problem. Suppose that for each element K of triangulation
the constant vx is known:

Bi (u,v) < yklllullxllvllx, Vue Xk, v e Yk,

where Xy and Yy are restrictions of corresponding spaces to the element K. Now,
prescribing v = maxg vk, we obtain the constant ~ for the whole mesh:

B(u,v) =Y Brc(u,0) <v ) lulllwllolllzx < Al - [lo]l, (3.2)
K K
where we utilized the discrete Cauchy-Schwarz inequality.

3.2 Pure Laplace problem x =0,c =1

We state this result here because it could be used in other applications. In the case of
a pure Laplace problem the Cauchy-Schwarz constant has a nice structure and may be
expressed explicitly (see below). We assume here that ¢, = 1, for all edges 7 in trian-
gulation. In other words V, is the space spanned by three usual edge bubble functions
together with interior bubble functions for each triangle. Recall that Vo, = V; @ 172.
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Let a triangle have angles ¢1, ¢o, ¢3. After straight forward maple calculations we
get the matrices needed to obtain the strengthened Cauchy-Schwarz constant for H;
semi-norm:

% — cot ¢3 — cot ¢y
sin ¢9 sin ¢3 o
S1 Q9
By,y, = 3 — cot ¢3 prr—— 35N 01 —cot ¢ ,
sin gb3
— cot —cot _—
02 1 sin ¢ sin ¢o
t
D —cot 3 —cot g CO5¢1
t
1| —cotegs D — cot ¢ CO5¢2
Bs o ==
VoV t ’
2 —cot o —cotd D cot @3
cot ¢y cot ¢o cot ¢3 g
5 5 5 15
1
where D — &% .¢1 cos.¢2 cos. o3 +
sin @1 sin ¢ sin ¢3
% — cot ¢3 — cot ¢
sin ¢9 sin ¢3 )
1 — cot ¢3 % —cot ¢
By =—% sin ¢3 sin ¢ )
2 6 t (;5 t ¢ sin ¢3
—co —co _—
2 ! sin ¢ sin @2
0 0 0
~ =BT
BVI Vo T BV2V1 ’

e T _p-1 p_ 3x3.
Compute the matrix L = By v, B%% By, €R X3

A1p3 B3i12 Bagzi
Bs12 Asz1 Bia2sz |,
By31 Bips Az

where we used the notation:

(2 — cos? ¢ — 2 cos ¢; cos ¢; cos Py, sin ¢;

Aijr =
gkt : : ’
sin ¢; sin ¢y,
B COS ¢j COS P, — 2 cos P;
gk = - .
,L’]a sin ¢Z
What remains is to find
9 x!' Lx
v* = max

x€ER3 XTBV1V1X '

If By,v, was a non-singular matrix then we would solve an eigenvalue problem

Lx = ABy,y,x and maximal eigenvalue )., would be our wanted constant 2. However,
it is not possible in this case since By,y, has a vector e = [1,1,1]7 in its kernel. It turns
out that e lies in the kernel of the matrix L as well. There exist two vectors e; and es
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such that {e, e, e} is the basis in R?. We have

9 (046 + Grer + BQ@Q)TL(Cte + Grer + ﬂgeg)
max T

a,01,62€R (e + Brer + faea)T By, vy, (ae + frer + [aes)
e (Bie1 + Baea)T L(Brer + Baea)

a,01,02€R (Bre1 + Bae2)T Byyv, (Bier + faes)

BTETLEp
max —————————,
per? BTET By, v, Ef3

where the matrix £ = (ej,e2) € R3*2 can be chosen in such a way that {e, e, ez} is the
basis in R3. Choosing for simplicity

1
FE = 0
0

o = O

and solving eigenvalue problem ETLES = AET By,y, E3 we get two eigenvalues

1 1

Bi2 = 2 + 6\/1 — 8.¢0os ¢1 €OS g COS P3.

Choosing the maximal of these two numbers we formulate the following lemma.

Theorem 3.3. The constant v in the strengthened Cauchy-Schwarz inequality for the
spaces Vi and V5 is expressed by

1 1
72 =3 + E\/l — 8 cos ¢1 cos ¢ cos ¢3.
Proof. For the proof see above arguments. O

In the inequality of Theorem 3.3 maximum angle condition naturally appears in the
sense that, if one angle of a triangle goes to = then the strengthened Cauchy-Schwarz
constant goes to 1. It leads to the fact that induced hierarchical error estimator will fail
in general on meshes where the maximum angle condition is not satisfied.

3.3 Squeezed case

Divide a triangle K into three parts K 1 where the central point is the center of mass.
Mention that support of each special edge bubble function lies inside exactly one part
K.. Evaluate (estimate from above) the Cauchy-Schwarz constant for each part inde-
pe?)ndently assuming that the squeezing parameter ¢ of the special edge bubble function
can be any number from 0 to 1/3. The constant for the whole triangle and subsequently
for the whole mesh may be chosen as the maximum value of three corresponding con-
stants as we did in (3.2).

Lemma 3.4. Let K € 7;, and K1 be a part thereof described above (see Figure 5). Then

3
the following estimate for the H'-semi-norm holds

2v2

2 -
(u,v)H1(K%) < T‘U/’HI(K%)"U’HI(K%), Yu € Vi,v € Va.
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K
A B

W=

Figure 5: Notation of a trangle, the vertices have the following coordinates: A = (0,0),
B =(a,0),C=((a+q)/2,b),D=(A+B+C)/3.
Proof. Write down matrices in notation from Figure 2.

P4+ (1-q)? 4?-14¢ 1—¢q

J24 o 24b C12b
By, = A —14¢ W°+(1-¢q)° 1+g
24b 24b 12b
_1-q _1+g L
12b 12b 6b
52q% + 45%b* + 3 5%¢% — 36% + 46%b* + 106 — 8
B — 48b0 240b
VaVe 62¢% — 362 + 46%b> + 106 — 8 ¢+ 4b2 4+ 51 ’
240b 194400
1-¢ 14¢ 1
B — 12b 12b 6b
VaVi 1—¢q 1+g¢ 1

~108h  108b  54b

. —1
Compute the matrix I = By, B‘~/2 7, By, v,

proof of Theorem 3.3 we solve eigenvalue problem ETLES = AE? By,y, E3. One of two
eigenvalues of this problem equals zero, the second one is the constant of interest:

€ R3*3 and using the same trick as in the

8 8
v = §f5}%44%M¢+%%ﬁ+7wﬁ44%%2+%%

—56% + 816%)¢*

194463 + 648001 + 1806 — 60 — 19446° — 12052)b*

—300% + 16200% — 15 + 455 — 4866° — 4865°)¢*

12966° — 806%)b* + (64855 — 406%)¢?b?]

(51846 — 1296062 — 48605% — 765 + 72955 + 119884°

502 + 816°)¢* + (64806 — 60 — 102062 — 51845°% — 19446°)p?

12966% — 25562 + 16206 — 4866° — 15)¢® + (12960° — 806%)b* + (6485° — 405)¢*b?

(
(
(
(

+ o+~ + + +

<_
(_
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Observing that for 6 € [0, 1]
—90 — 48605* + 95582 + 7298° — 486052 + 9995
1\N? 1
=9(36 — 1) (243 (5 — 6) - Z?’ +962%(36 — 1)(6 — 6))

—56% + 816° = §2(816% — 5) < —252
—1944683 + 64808* + 1805 — 60 — 19448° — 12046°

40 4 3 Z 203
=-7 - 5(35— 1) (5(155+7)(35— 1) + 962 (54 <§ —5> - 7))

4 4
g—?o_g(?)é—l) (5(156 +7)(30 — 1) = 25-95%) < 0

—3062 + 16205* — 15 + 456 — 4866° — 4865°

IN
o

IN
o

10 1 2 9

ey <5(155+ (35 — 1) + 95° (54 <§ _ 5) - ﬁ)) < 0
3 3 2 2
12966° — 8062 = 166%(816> —5) < 0
6486° — 4062 = 85%(816° —5) < 0
51846 — 1296052 — 486056* — 765 + 7295° + 119885>
107\% 6571 10 2
_ “ 1[4 _ I 2202 153 = _ —111] <

9(30 )(77(5 318>+212> 86(9(3 5> ) < 0

—552+816° < 0
64800% — 60 — 102062 — 51844° — 194445°

= —60 — 126> (85+5 (162 (g —5)2 — 18>> <0
—12960° — 25562 + 16206* — 4860° — 15
= —15— 342 (85—1—5 (162 (g — 5)2 — 18)) < 0
12966° — 8062 <
6488° — 406% <
we finish the proof. O

Lemma 3.5. Let K € 7;, and K 1 be a part thereof described above (see Figure 5). Then
the following estimate for the Lo-norm holds

31927 74193953
(u7 ’U)LQ(K%) S

The approximate value of the Cauchy-Schwarz constant is given by

~ 0.9905637561 < 1.

31927 n 7193953
35680 35680
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Proof. The matrices in the L, case has the following form:

3 17 5
324 648 6§8
Buw =d’b| — = |,
im0 GI8 324 648
5 5 1
648 648 324
K 62(36% — 146 + 19)
B~ ~ — 2b 180 10080
Rl T T 52(362 — 146 4 19) 1 ’
10080 15120
5(5-46) d6-9 &
2 240 240 120
Byy, =a’® 17 17 13

14580 14580 29160
Computing the matrix L and then solving the eigenvalue problem Lx = ABy,y;x we
get three eigenvalues, from which one is zero and the maximal is

1
2 5 (18767705 + 4082405° + 32413506” — 3024005” — 221480 — 12757509

— 70(6123015450% — 1146474006 + 1201056665 — 12544369566
49789526316% — 959412405657 + 108536960885 — 82792048866°
46950550836 — 20176086425 + 10010896)"/2)

(5467567 — 51030085 + 18832500° — 32319006* + 21930756 — 226800).

~ + +

In Figure 6 we can see dependence of the strengthened Cauchy-Schwarz constant v on

0.982

0.981

0.979

0.978

0977

0.976
0

Figure 6: dependence of the strengthened Cauchy-Schwarz constant on the parameter §.

the parameter §. The maximum is reached for 6 = 1/3 and is equal to the aforemen-
tioned constant. O

Theorem 3.6. Let K € 7;, and K 1 be a part thereof described above (see Figure 5). Then
the following estimate for the energy norm holds

31927 7193953
BK1 (u7 2}) < +
3 35680 35680

lellsc, Mol Vu € Vi, € Vo,
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Proof. This is an immediate consequence of the previous two lemmas. O

Corollary 3.7. The global strengthened Cauchy-Schwarz Inequality holds in the form

31927  7,/193953
B(u,v) < +
35680 35680

[lelll - Mwlll, Ve € Vi,v € Va.

Proof. For the proof see (3.2). O

We will also need the Cauchy-Schwarz constant between the space of edge bubble
functions and the space of interior bubble functions. Introduce the following notation:

V:Eb — @ spcm{b%gv},

yedT

Vo = @ spanibic)

KeT

We express the resulting strengthened Cauchy-Schwarz inequality in the following
theorem.

Theorem 3.8. Let the spaces V,, and Vj, be defined as above. Then

2v/2
Br(u,v) = —=lullxllvlll, V€ Vey,v € Vip.

Proof. Prove this inequality for .. The statement of the lemma will be a direct conse-
3
quence.

1. Verify first the inequality for H; semi-norm and corresponding scalar product. The
matrices for computing the strengthened Cauchy-Schwarz constant are now re-
duced to scalars. Therefore we simply state the constant and estimate it from
above.

%[(4052 — 7296°)(¢* + 4b°)?

+ (43746° — 145808* + 120 + 116646° + 204052)(¢> + 4b°%)

— 65616° + 6120 — 1078925° + 437405 + 1166406% — 466560]
/(34 6%(q® +4b?) (¢ + 4b* + 51)

Observing that for § € [0, ]

_ 8
7Ty

4062 — 7298 = 6%(40 — 7296%) > 1362 > 0
43746° — 145800 + 120 + 116645° + 204052
= (120 + 729063 + 204062) + 145853(36 — 1)(6 —3) > 0
—65610° + 6120 — 10789263 + 437406* 4 11664062 — 466566
{5213+ 18V/105 + (1 — 30)(60 + 2v/105 — 156) | (1 — 36) + 1755 + 204v/105 }
27 15048 36288 15048 36288
— (156 — 1 1052+ == - = 2V105 > = - T 0V/105 ~ 34.8 >
><625( 50 — 15 + v105)% + = oy V106> — oy V106~ 348 > 0
we conclude
2V2
(u, U)Hl(K%) < T|U|H1(K%)|U|H1(K%)a Vu € Vep, v € Vip. (3.3)
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2. It remains to verify the inequality for Lo scalar product. In this case the constant
of interest has the following structure:

9 3

_ 9 32 2
= 0%(357 — 145+ 19)*.

Y
It is easy to verify that the maximum is reached for § = 1/3 and is equal to 121 /567.
Thus,

121

(uav)Lz(K%)S %HUHLZ(K%)HUHLQ(K

) Yu € Vep, v € Vip. (3.4)

=

Combining (3.3) and (3.4) and choosing the maximal constant among two we get the
result claimed. O

3.4 Additional pair of spaces

In this subsection we investigate the strengthened Cauchy-Schwarz constant that will
be used to prove the error reduction theorem for the adaptive algorithm for the case of
singularly perturbed problem in Section 7.3. Consider an inner edge e together with two
triangles K1, K> sharing this edge. Define the space W in the following way

W:{wGC(Klqu): w = 0on Ko, wEPl(Kl)}. (3.5)

The second space V is expressed via

2
V = Pi(K1UK) + [ [ Po(K)). (3.6)

=1

Lemma 3.9. There is a constant C < 1, such that for any inner edge e the Strengthened
Cauchy-Schwarz inequality

(0, W) Ly (K UKs) < YNV Lo ur) V] Lo (K UKS), Y0 €V, w €W

holds, where v < C <1

Proof. Place the coordinate system so, that the edge e lies on the axis Oy and the origin
is exactly at the center of this edge (see Figure 7). Moreover, by homogeneity argument,
it is sufficient to make the proof for |e| = 1.

Proceeding as before, according to the theory from Section 3.1, we get the expression
for the Cauchy-Schwarz constant in dependance on parameters from Figure 7.

24 aBla+1)
7T T 307 1308 + 3a + 3+ da(abs + b2)?’

where oo = ha/hi. Due to the requirements to the mesh described in Section 2.3 o« = O(1)
and |ab; + bz| is bounded from above. Thus, if the mesh requirements are satisfied the
Cauchy-Schwarz constant is bounded from above by some constant C < 1. O
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Figure 7: Notation of two neighboring triangles.
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4 Convergence results for Poisson problem on isotropic
meshes

In this chapter we consider the pure Poisson problem (¢ = 1, x = 0) and introduce some
convergent adaptive algorithms on two-dimensional domains 2. We restrict ourselves
to isotropic meshes, which in terms of Section 2.3 means

hmax,K

sup max < C < o0,

T,eF KeTy hmm,K

with a moderate constant C. The anisotropic case will be considered in the next chapter.

In regard to the converging algorithms, we should mention the work by Babuska and
Rheinboldt [13], where the one dimensional elliptic equation was considered and conver-
gence for an adaptive procedure was shown. The authors used there the exact solution
representation for controlling the error. However, the computable approximation of the
error arising from the a posteriori error estimation also provides sufficient information
for our convergent algorithm as we show in the current chapter.

The technique of this chapter was developed by Dérfler in his pioneering work [23].
We recall the residual a posteriori error estimator in Section 4.1 and proceed with his
results in Section 4.2. In [23] a kind of preadaption of the mesh before applying the
algorithm is needed. This preadaption ensures the sufficient resolution of the input
data on the initial mesh. A further modification of his approach, without additional
preadaption, is done by Morin, Nochetto and Siebert in [40]. We describe the main
differences in Section 4.3.

Further in work, in Section 4.4 with proofs given in Section 4.5, we discuss a possibil-
ity of avoiding a new inner node among some of the marked elements. This possibility
stems from a more precise analysis of the information provided by local error indica-
tors. Moreover, for the Poisson problem we can fully avoid inner nodes as we describe
in Section 4.6. The resulting algorithm converges as soon as we make some additional
assumptions on the mesh.

4.1 Isotropic residual error estimator

We recall shortly the model problem (2.1) with k = 0 and € = 1. For any f € Ly(Q2) there
exists a unique weak solution u of the following problem:

u € H&(Q) : (Vu, Vo), = (f,0) Ly @) Yo € H&(Q) “4.1)

Let V), be a space of continuous piecewise linear functions over 7, that vanish at the
boundary. Let u; denote the solution of the discrete problem

up € Vi, : (Vuh, VUh)LQ(Q) = (f, 'Uh)LQ(Q)7 Yoy, € Vy,. 4.2)

Denote by fx the mean value of the function f on element K € 7j:

fK:]—II(\/Kf'

The jump discontinuity in the approximation of the normal flux at an interelement
boundary v = 0K N JK’ is defined by

[8uh

%L =nk - (Vup)k +ng - (Vup)gr,
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and the usual boundary residual R is given by
[%ﬂ} for v ¢ 0Q
R, = "1y
0 for v C 00

which are defined as in e.g. book by Ainsworth and Oden [4].

We recall now a residual a posteriori error estimator for (4.1) and (4.2) according to
the work by Babuska and Miller [11] and the book by Verfiirth [47]. Define the error
indicator 7, associated with an edge v by

1y = [YY2IR Ly,
and the error indicator 7y associated with an element K by
i = K[V fxll )

Then the local residual error estimator nr x and the local data oscillation (local approx-
imation term) (i for the element K are defined via

1
Mhi = Mty Y M
YCOK
C%( = h%{”f—fKH%Q(K)-

Let nr and ¢ be their global counterparts, given by

2 2
MR = Z NR.K>
KeT,

¢ o= ) ke

KeTy,
The following robustness result is well known [11, 47].

Theorem 4.1 (Global upper error bound). There exists a constant C depending only
on the minimum angle of 1, such that

IV (u = un) 17, @) <k + ¢

Theorem 4.2 (Local lower error bound). There exists a constant C' depending only
on the minimum angle of T, such that

e 2NV — w00 + D ke
KCwg

4.2 The convergent algorithm due to Dorfler

In this section we repeat the main results of [23]. We do not give the proof for Theorem
4.3 since we prove the analogous Theorem 4.8 for the new modification of the approach
in Section 4.5. As it was already described in the introductory Section 1.2 the adaptive
procedure involves usually a marking strategy and a refinement strategy. For the method
in the current section an initial triangulation also plays an important role. The mesh 7},
is said to have fineness u with respect to y if

1/2

> ikl im0 < px. (4.3)
KeTy
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Mesh fineness is the condition on the data approximation that we require to be satisfied
for the initial mesh. We assume first that the initial mesh satisfying (4.3) is given. In the
next section, in Remark 4.6, we will describe a rigorous way of creating an appropriate,
“fine” mesh from any given macro triangulation.

We present now the marking strategy from [23] and then the corresponding error
reduction theorem. We do not discuss in detail the refinement strategy but refer to [46]
for the appropriate algorithm using so-called red, green and blue refinement.

Marking Strategy B

Given a parameter 0 < < 1 and a mesh 75, mark a set
of elements 7y C Ty for which
1/2 1/2

S| el X

Kely 7COK YEEH

The Marking Strategy B ensures that we mark sufficiently many elements 7;, with
1/2
total contribution from edge associated indicators proportional to Z n,% . In this
YEEH

marking strategy and in all further strategies of the present work the collection of
elements/edges is not uniquely defined. Although the concrete choice does not influ-
ence theoretical considerations, in practical computations it makes sense to mark ele-
ments/edges with the largest contribution to the estimated error. For this strategy we
have the following error reduction result shown in [23].

Theorem 4.3. Let Ty be a triangulation of ), and let T}, be the triangulation obtained
from Ty by refining every element marked according to Strategy B in such a way that
all three edges of any marked triangle are divided. There exist constants ;. > 0 and
0 < a < 1, depending only on the minimum angle and 0, such that for x > 0 satisfying

1/2

Z Wl 112, < px
KeTy

one of two statements holds: either ||V (u — un)||r,Q) < X, or the solution uj, on the mesh
T}, satisfies
IV (u—un)llLy @) < allV(u = un) @)

One could mention a lack of asymptotic convergence in the following sense. As soon
as the prescribed tolerance y is reached the further error reduction cannot be guaran-
teed by the theory. In order to achieve further error reduction one needs a new initial
mesh having fineness p with respect to xnew < x. This leads to the 2-stage algorithm
which may be not flexible enough for some practical simulation. In the next section we
describe an approach that does not have this difficulty and leads to an asymptotically
convergent algorithm.

4.3 Convergent algorithm due to Morin, Nochetto and Siebert

In Section 4.2 we dealt with the marking strategy taking into account only the edge
associated error indicators (see [40]). The resulting algorithm needs an additional mesh
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preadaption and does not have asymptotic convergence. We can avoid any preadaption
of the mesh and get an asymptotically convergent algorithm. Two ingredients are to be
involved in marking and remeshing strategies. Namely,

1. data oscillation ¢ should be controlled on each iteration step,

2. constructing a new mesh, one should introduce new nodes not only on all the edges
of marked triangles, but also at least one node in the interior of each marked
triangle.

To this end we are in need of a marking strategy that takes into account together with
the edge error indicators also the element error indicators.

Marking Strategy E

Given a parameter 0 < 6 <1 and a mesh 7y, mark the
set of elements 7y C 7y for which

1/2

Y ki | =6ng
KG'ZA—H

Marking Strategy E differs from the original in [40] where the authors suggest to
mark the edges first and then based thereof mark the triangles. We consider only trian-
gle based marking since it is widely used. The differences are only technical.

Theorem 4.4. Let Ty be a triangulation of ), and let T, be the triangulation obtained
from Ty by refining every element marked according to Strategy E in such a way that
all three edges of any marked triangle are divided and a new node inside any marked
triangle is introduced. Then, there exist constants > 0 and 0 < « < 1, depending only
on the minimum angle and 0, such that, for x > 0 satisfying

¢ < px
one of two statements holds: either ||V (u — upy)|/1,) < X, or the solution uj, on the mesh
T}, satisfies
IV (=)l Ly < allV(u = um)l L, 0)-
Proof. See [40] for the proof. O

The following lemma ensures the resolution of data oscillation ¢ according to a de-
creasing tolerance [40]. Since the proof is simple it is given.

Lemma 4.5. Let 0 < v < 1 be the reduction factor of element size associated with one
refinement step. Given 0 < 6 < 1, let & := (1 — (1 —~42)0%)'/2. Let Ty C Ty be a collection

of elements, such that
1/2

S| = (4.4)
Kely

If T;, results from Ty after refining at least all the elements in Ty, then the following data
oscillation reduction holds:

Cnew S d<7
1/2

where Cpew = Z C?{ is the value of data oscillation on the refined mesh T,
KeTy,
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Proof Let K € 7y be an element to refine. Since fx = K|~ [ i [ 18 an Ly-projection of
f on piecewise constant functions, then the following inequality holds:

oW =l < = Frlliy

K'eT,, K'CK

Using this inequality, the assumption of Theorem 4.4 and h,c, < Yhoq We have:

C72lew = Z h%(”f_fKH%Q(K)

KeTy,
< 30 HllS = Feltao + D0 BRI - fxlEu
KeTy KeTg\Ty
= (-1 Y G+ < -DPC+ 2 <ai?

KE']A-H
O

Based on the Lemma 4.5 we can formulate marking strategy D leading to a reduction
of data oscillation on each iteration step.

Marking Strategy D

Given a parameter 0 < § < 1 and the subset 7y C Ty
produced by marking strategy E:
Enlarge 75 such that

> k| =6

KGTH

Remark 4.6. We are now in a position to explain the idea of making an initial mesh
from any given starting triangulation 7,. To this end we can utilize Lemma 4.5 to-
gether with the marking strategy D, where we always replace (x and ¢ by A f|1,x)
1/2
and Z oA f||%2( K) respectively. Successively refining all elements marked by
KeTy
strategy D we can obviously come to the initial mesh with any prescribed fineness y,
which is guaranteed by Lemma 4.5.

Combining the a posteriori error control and data oscillation control we end up with
the following algorithm.
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Convergent Algorithm C
Choose parameters 0 < 6,0 < 1.

1. Take some initial mesh 7.

2. Solve the discrete problem on 7j, denote by ug its
solution by wuy.

Let £ = 0.
Compute the local indicators 7.

If the global estimated error is small then STOP.

SIS

Construct 7, € 7;, by marking strategy E and pa-
rameter 6.

7. Enlarge 7;, by marking strategy D and parameter
6.

8. Let 77€+1Abe a refinement of 7, such that each ele-
ment of 7, as well as each of its sides contain a node
of 7,11 in its interior.

9. Solve the discrete problem on 7, denote its solu-
tion by uj1.

10. Let k := k+ 1 and go to Step 4.

Theorem 4.7 (Convergence result). For 0 < 0,0 < 1, let 0 < a < 1, > 0 be given by
Theorem 4.4 and 0 < & < 1 by Lemma 4.5. Let

(3 := max(«, &), Cp := max <||V(u — o) Lo(02) 5—;) .

Algorithm C produces a convergent sequence {uy}ren, of discrete solutions satisfying for
allk >0
IV (u = )| Ly) < CoB”. (4.5)

Proof. We perform this proof by means of mathematical induction. The desired inequal-
ity (4.5) holds evidently for £ = 0. Assume (4.5) holds for £ and show it for & + 1. Then
we have either

() |V (u = ui)l £,(0) > CoB or (i) [V (u = up)l| ) < CoB .

In case (i), we see from Step 6 of Algorithm C that ¢, < 4*¢y < 3¢y, and, consequently,
that for y := CopF+!

G < B¢ < BFapmax <HV(U = U0) | Ly (w)5 O%)
= BrauCo < ' uCo = px.
Since ||V (u — u)||1,(Q) > X, we may then combine Theorem 4.4 with (4.5) to arrive at
IV (w = k1) | Lagey < BIV (= ur) || o) < CoB
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On the other hand, exploiting that 7;. is a refinement of 7;, and thus the error must
not increase, we can handle case (ii) as follows:

IV (1 = wer) o) < IV — wi) 1,00y < CoBF
Which completes the proof. O

We would like to emphasize that the creation of a new inner node per marked trian-
gle is required in the Algorithm C.

4.4 Avoidance of the new inner nodes

We can avoid the creation of a new node inside some marked triangles. Two possibilities
are at hand, first we can carefully analyze data gained from the a posteriori error esti-
mator. The second possibility is to use the fact that the error estimation for the Poisson
equation is edge dominant, we describe this approach in Section 4.6. In this section
we focus on the careful analysis of data stemming from the error indicators. Namely,
in Algorithm C’ we prescribe the creation of a new inner node only for the elements K
with dominating element error indicator 7. This approach still leads to a convergent
algorithm with the same convergence properties as the original algorithm described in
Section 4.3.

Marking Strategy E'

Given a parameter 0 < 6 <1 and a mesl} Ty, select the
sets of elements 7y C 7y and Ty C Ty (Tg N Ty = 0) for
which

1/2

52 SR Y wha| zom

KeTy 7COK KeTy

The marking strategy E' ensures that we mark sufficiently many elements 7 U Ty
with a total contribution from the edge associated indicators of Ty and the edge and
element associated indicators of 7y proportional to nz. We have the following error
reduction theorem.

Theorem 4.8. Let Ty be a triangulation of Q, and let T;, be the triangulation obtained
from Ty by refining every element marked according to Strategy E' in such a way that
all three edges of any triangle K E~T 1 U Ty are divided, and additionally a new node is
created inside each triangle K € Ty. Then, there exist constants ;1 > 0and 0 < a < 1,
depending only on the minimum angle and 0, such that for x > 0 satisfying

¢ < pux (4.6)

one of two statements holds: either ||V (u —up)||1,) < X, or the solution uj, on the mesh
7T}, satisfies
IV (u = un)llLy @) < allV(u = un)Ly@)-

Proof. This theorem will be proved in Section 4.5. O

We keep the same idea for controlling the data oscillation leading to the marking
strategy similar to marking strategy D.
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Marking Strategy D’

Given a parameter 0 < 6 < 1 and the subsets 7; H, 7~'H -
Ty produf:ed by Marking Strategy E'.
Enlarge 7y and 7y such that

oGkt D k| =6c

KETH KE%H

Although it is not important for theory which collection Ty Ty is enlrarged, it is
recommended to enlrage in strategy D’ the collection 77 in order to avoid unnecessary
nodes.

Convergent Algorithm C’
Choose parameters 0 < 6,6 < 1.

1. Take some initial mesh 7.

2. Solve the discrete problem on 7, denote its solution
by ug.

Let £ = 0.
Compute the local indicators 7.

If the global estimated error is small then STOP.

U

Construct 75,7 € T, by Marking Strategy E" and
parameter 6.

7. Enlat:ge 75, 7w by Marking Strategy D' and param-
eter 0.

8. Let 7;.1 be a refinement of 7; such that

e each element of 7} contains a node of Ti+1 in
the interior of every edge and

e each element of 7, as well as each of its sides,
contains a node of 7, in its interior.

9. Solve the discrete problem on 7., denote its solu-
tion by Uk+1-

10. Let k£ := k + 1 and go to Step 4.

The following convergence result holds for Algorithm C'. We present it without a
proof due to its similarity with Theorem 4.7.

Theorem 4.9 (Convergence result). For 0 < 0,0 < 1, let 0 < a < 1, > 0 be given by
Theorem 4.4 and 0 < & < 1 by Lemma 4.5. Let

£ := max(«, &), Cp := max <||V(u - U0)||L2(Q), j—i) .
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Algorithm C' produces a convergent sequence {ur}ken, of discrete solutions satisfying for
allk >0

IV (u = k)| Ly(e) < CoB”. 4.7)
4.5 Error reduction

This section is aimed to prove Theorem 4.8. We follow the lines of [23] and [40] in the
proof.

Lemma 4.10. In the notation of Theorem 4.8 the following error reduction holds:

IV (= un)|7, ) = IV (w = um)ll7,0) = IV (un —ur)l|7,q
Proof. The proof follows directly from the Galerkin orthogonality. O

This lemma gives the idea for the proof of Theorem 4.8. We have to show that ||V (u;,—
urr)|l Ly () 18 a certain part of the error ||V (u — ug)||1,()-

Lemma 4.11. Let K € Ty be any element and v € £ be any edge of triangulation Ty.
In the notation of Theorem 4.8 the following estimates hold:

M = IV = w7, ) + Cios (4.8)
1
no< Y. (CIHV(Uh —un)|7, 5 + 617%( + Cg%) (4.9)
KCuw~y

provided there exist the basis functions ¢ and 1., on the new mesh T;,. We denote by 1k
and 1., the hat functions corresponding to the new nodes introduced in the interior of the
triangle K and on the edge ~ respectively.

Proof. We show (4.8) first. Using the fact that [, Vuy - Vi do = — [ Auy - i dx =0,
we have

PR /waKdmz/wade—/KU—wade

— [ Y Vowds~ [ (7= fopvncdo
K K

= /V(uh—uH)-Vwkdw—/(f—fK)dex
K K

Squaring and using the Cauchy-Schwarz inequality we get:

(K| frelZ 050y 2 IV (un = wm) 17,0 VKT 0y + 1 = Frell oo 10K I o)

The desired inequality (4.8) follows now from the estimates ensured by the isotropy of
the mesh:

VUK Loy = O(1),
hi.

%

1¥5 Nl Lo k)
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We show now the second inequality (4.9). Taking into account that R, is a constant
over any edge v, we have:

1
5]’y|]~hY = /vayds:—/ Vugy - Vb, dz
v w

= / V(’U,h — ’U,H) . V’Lﬂv dx — f@bv dx
_ /w Vo )V K%; | v - Kg [ (=t da

Squaring and using the Cauchy-Schwarz inequality we come to the following:

1
SRS, < D (IIV(Uh—UH)H%Q(K)IIV%H%Q(K) + IRl 0 19311 )
KCuw~y

+ S = el ol )

We finish the proof observing that for KX C w, the following relations hold:

||V¢VH%2(K) = 0(1),
K]
||1M|%2(K) < ?

O

Lemma 4.12. Let 7, be a triangulation resulting from Ty by applying one cycle of algo-
rithm C'. Then:

1. We have the following global lower bound for the error reduction

62 —
C

If an additional condition on the marking holds:

1
IV (un = wr) I3, 0 > [V (u = um)ll, ) — CC*.

N 1
VK ey nk < 5 2, (4.10)
YEOK
then
v 2 > i \Y, 2 Cy(?
IV (= sl 0y > 19 =) ) = Cac®
Proof:

1. By Lemma 4.11 and the first step of the marking strategy E' we have

nf, < % YooY w2+ > nkk
KeTy 7COK KeTy
1 1
= 52 D hty 2 DRt Xk
Kedy 7COK KeTy YCOK KeTw
< 01( Yoo D> Ml D Y D C%(')
KeTyUuTy YCOK KeTyuTy YCOK K'Cuwy

A DM

KETHU%H YCOK K/Cw"/
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Each triangle K’ is counted at most three times in the last sum. Thus,

2 1

4,2 2

19 (ur — )20 >

2. Proceeding analogously to the first part and utilizing the condition 4.10 we obtain

0y < %Z S+ > mhk

Ke’j'H’YCaK KE%H
1 1 1 1
= 52 DMt XMk X Mty 2L XMt DMk
KeTy 7COK Kely KeTy KeTy 7COK KeTy
6 1 1
S T DR X mkty X DM Dk
Kedy 7COK KeTy KeTy YCOK KeTy
cal X Tlm-wler ¥OX Y G
KedyuTy 7COK KeTyuTy 7COK K'Cw,,

We are now in position to prove Theorem 4.8.

Proof of Theorem 4.8. Using Lemma 4.10 and Lemma 4.12, we have

IV(u—un)lliy = IV —ur)li,q = IIV(un —um)li,q
2 1

0" — 1
Cy(?
c )—i— 2¢

< IV(u—un)l7, @ (1 -

Assume now that [|V(u — upy)|| ) > x. Since ¢ < uy, then

92 1
[V (u— uh)H%Q(Q) <|[[V(u~— UH)H%Z(Q) (1 — 1 44 CQ[LQ) .

Therefore,
IV (u—up)lo0) < V(U= un)llLy0),

2_1 1/2
where o := (1 0 o T CQHQ) < 1 provided i > 0 is sufficiently small. Moreover, if

we assume the condition 4.10 to hold the error reduction constant reduces to

92 1/2
= (1= =— + Cyp? .
« ( Cy + Cou >

O

Remark 4.13. The smaller we choose i the smaller is « but the larger Cy. But most
important is that . is independent of 7;,.
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4.6 Advantage of edge dominance in error estimation regarding
adaptive refinement

It was shown in [17] that the edge residuals are dominating in a posteriori error esti-
mation for the pure Poisson problem (see [36] for anisotropic case). However, to ensure
this, the mesh properties formulated in [17] are required. To define these properties we
need some additional notation.

Given an arbitrary triangle Ky € 7, define Ry(K) := K, and then, recursively, for
j > 1, Rj(Ko) as the union of all K € 7;, which are not contained in |J;_; Ri(Ko) but
which have at least one vertex in R;_1(Ky). Thus R;(Kj) is the union of all triangles
K which may be connected by a path P;, P, ..., P; with a vertex P, of K, where P; is a
vertex of K, and P, P, is an edge in &, for 1 < i < j, and not by any shorter such a path.
For K € R;(Ky) we set I(Ko, K) := j. It follows, in particular, that I(K, K) is symmetric
in Ky and K. Denote by n;(K() the number of triangles in R;(K,). We assume that 7},
satisfies the following condition:

(A) There are constants ¢, co, o, 3, 7 with o > 1, 3> 1 and
a'?3 < V34 V2~ 3.146
such that, uniformly for small A,

|K|/|Ko] < !Bl YK KyeT,,
nj(K) < coj"p VK € 7T.

Remark 4.14. For the discussion of the condition (A), the examples and the counter
examples of appropriate meshes we refer to [17] and [20].
The condition (A) leads to the following form of the error bounds.

Theorem 4.15 (Global upper error bound). Assume that the condition (A) holds true.
Then there exists a constant C depending only on the minimum angle of T, such that

IV (u =), ) = D5 + ¢
ve€

Theorem 4.16 (Local lower error bound). Assume that the condition (A) holds true.
There exists a constant C depending only on the minimum angle of Ty, such that

n =V (u— Uh)H%Q(wW) + Z -
KCuw~y

We are now in position to formulate the algorithm C” where we do not any more pay
attention to the element error indicators.
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Convergent Algorithm C”
Choose parameters 0 < 6,6 < 1.

1. Take some initial mesh 7.

2. Solve the discrete problem on 7, denote its solution
by ugp.

Let £ = 0.
Compute the local indicators 7).

If the global estimated error is small then STOP.

AU S

Construct 7;, € 7; by marking strategy B and param-
eter 6.

~

Enlarge 7;, by marking strategy D and parameter 6.

8. Let 73,1 be a reﬁngment of 7;, such that all the sides
of each element in 7, are divided.

9. Solve the discrete problem on 7,1, denote its solution
by ug41.

10. Let k£ := k + 1 and go to Step 4.

For the algorithm C” we can formulate analog of the convergence Theorem 4.7. The
proof can be derived analogously.

Theorem 4.17 (Convergence result). For 0 < 0,0 < 1, let 0 < a < 1, p > 0 be given by
Theorem 4.3 and 0 < & < 1 by Lemma 4.5. Let

B = max(a, &), Cp := max <||V(u —u0) || 22 (02) S > .

ap

Algorithm C produces a convergent sequence {ur}ken, of discrete solutions satisfying for
allk >0
IV (u = k)| £y0) < CoB* (4.11)

Proof. Proof follows the lines of the proof of Theorem 4.8 by utilizing the bounds for the
error and the error indicators formulated above. O
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5 Convergence results for Poisson problem on anisotropic
meshes

We restrict ourself in this chapter to the case of the pure Poisson problem ¢ = 1, x = 0.
We start with repeating the a posteriori residual error estimator for the anisotropic case.
Then we investigate the possibilities to choose the weight in the edge error indicator on
anisotropic meshes. Furthermore we provide the range of possible values of this weight,
for which all the robustness estimates hold true. Based on the idea from the isotropic
case, the adaptive algorithm allowing anisotropic mesh refinement is developed and
analyzed in this chapter — one can analyze the edge and element error indicators sep-
arately, and according to this information only the marked entities (edges/elements)
should be appropriately refined. In Section 5.3 the adaptive algorithm is given. It satis-
fies the convergence property for the Poisson problem with a parameter 3 depending on
the alignment measure m1, as shown in Section 5.4.

5.1 Residual anisotropic error estimator

For any f € Ly(Q2) there exist a unique weak solution u to the following problem:
u e H&(Q) : (Vu, Vo) p,0) = (f50) 12(9) Yv € Hé(Q) (5.1)

From a heuristic point of view one should stretch the triangle in that direction where
the (directional) derivative of the function shows little change. The better the aniso-
tropic mesh 7 is aligned with the anisotropic function v, the more accurate one would
expect the error estimates to be. In order to measure the alignment of 7 with v, Kunert
[31, 32] has introduced the alignment measure m1(v,7) which is defined as follows.

Definition 5.1 (Alignment measure m1). Let v € H'(Q) be an arbitrary non-constant
function, and F be a family of triangulations of ). Define the alignment measure mi(-,-) :
HY(Q) x F —Rby

1/2
(£t ICET ol )
S

[Voll

my(v,T) := (5.2)

Furthermore the local matching function m1(-,-) : H'(Q) x T — R is obviously defined by

o 1CEVl Ly
mi (v, K) min, K ”VU||L2(K)

The alignment measure satisfies the following property:

h
1< mi(v,T) < Cmax 22k
KeT hmin,K

The definition implies that a mesh 7 which is well aligned with an anisotropic func-
tion v, results in a small alignment measure m; (v, 7).

Let V}, be the space of continuous piecewise linear functions over a triangulation 7;,
that vanish at the boundary. Let u;, denote the solution of the discrete problem

up € Vi : (Vuh, vvh)Lg(Q) = (f7 Uh)LQ(Q), Yo € Vp. (5.3)
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Denote by fx the mean value of the function f on element K € 7},: fx = Wl‘ I} i [ The

jump discontinuity in the approximation of the normal flux at an interelement boundary
~v = 0K NoK'is defined by

Oun
on
and the edge residual R is given by

R [6%} for v ¢ 90
= v
! 0 for v C 002

=ng - (Vup)x +ngr - (Vup) g,
y

which is defined as usual (see [4]).
We recall now residual the a posteriori error estimator for (5.1) and (5.3) from [32].
Define the error indicator 7, associated with an edge v by

v\
= i (W) T

and the error indicator 7y associated with an element K by
K = hmin, ik | f& || 2o ()

Then the local residual error estimator nr x and the local data oscillation (local approx-
imation term) (i for the element K are defined via

1
Mhi = 77%(+§ Z Ty
YCOK
Ck = T lf = FxlI, -

Let nr and ¢ be their global counter parts, given by

2 o 2
Nr = Z NR.K>
KeTy,

¢ o= > (ke

KeT,
The following robustness results was shown in [32].

Theorem 5.2 (Global upper error bound). There exists a constant C that does not
depend on the aspect ratio of the mesh, such that

IV (= w1)[|7, ) = mi(u—un, Th) (nf +¢?) -

Theorem 5.3 (Local lower error bound). There exists a constant C that does not
depend on the aspect ratio of the mesh, such that

M 2V (u = w7, 00 + Z (k-
KCwg
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5.2 On the possible choice of weights for the edge error indicator

As one could see in the previous section the a posteriori residual error estimator can
underestimate the exact error by a factor of m; (u—wy, 7;,). In discussions on this concern
the idea of choosing larger weights in edge indicators was proposed. We investigate this
idea in this section and provide the answer how large the weights in edge indicators can
be still remaining smaller than the exact error. Write the edge error indicator in the
form

Ty = p’YHR’YHLz(’Y)a

where p, is a weight. For the isotropic meshes p, = h'/? is typically used. In this
section we are concerned with the possible values for p,, such that Theorems 5.2 and

1/2

5.3 hold true. One of the possible values for anisotropic meshes, p, = hyin (%) ,
Wy

was given in Section 5.1. In the current section we derive the upper bound p, 1ax for p,

which ensures Theorems 5.2 and 5.3 to hold. It turns out that p, nax = hylr{fnﬁ, which
is quantitatively larger than p, given in Section 5.1. We assume in this section the

uniform maximum angle condition, i.e.

sup max max «a<C <.
T, €F K€T, acangles(K)

From the standard derivation of the a posteriori error estimator we know that the
weight of the edge error indicator is directly defined by an edge bubble function ¢ €
H{(w,) in the following way

. IVl Lyxukr
py (@) = — (5.4)
! 161l L2+
We would like to find a largest value of p,, or in another words we wish to solve the
minimization problem
\Y /
ph=  min Vol Ly xur ) (5.5)
’ peH(KUK")  [|19llL(y)
Since we can not solve this minimization problem exactly, we do the following. First
we make some simplifications, then we estimate the largest possible value of p, and at
the end we give a function that brings the asymptotic optimum.

Theorem 5.4. In notation of Figure 8 the inequality

v , |V¢ 7288 2l
IVolliageoreny o VOl iokn (5.6)

seH (KUK 9oty gemiruiy  19llLaey)
holds.

Proof. Without loss of generality we assume that o = max(«, 3). For the proof we use the
transform F : K — K (the transformation F' : K’ — K’ can be considered analogously)
defined via
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b
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—aq a2 €T
K/
------------------ by

Figure 8: Edge and two neighboring triangles. K, K’ — actual triangles; K, K’ — trian-
gles after applying the transformation F~1Q, @ — the smallest rectangles containing
triangles K and K’ respectively.
This transform has the following jacobian matrix
P o A T
2 1] Lcot(a) 1)

a
with |J| = 1. We also will use the fact that ||.J|| is bounded. Indeed,

cot?(a) cot?(a)

<(C < oo (5.7)

+ \/ cot?(a) +

due to the uniform maximal angle condition. Now we proceed estimating the enumera-
tor of the target functional

1)1 = Amax(JTT) =1+

IVoltu = [ 190l dody= [ 17 76|P1| dady
K K
> 172 [ 96l dody = [ [|F dady.
K K
Performing the same computations for F : K — K we complete the proof. O

Theorem 5.5. In notations of Figure 8

Vol L, zur: \Y :
min LRURY e | ¢HL2(QUQ)' 5.8
sert(RuR)  9llLaey) oeH (QuUQ)  [[BllLyy)
Proof. The proof is evident since H} (K UK') C H}(QU Q). O

The last minimum in Theorem 5.5 is nothing else, but the Rayleigh quotient of the
eigenvalue problem

Find (A,¢) e Rx Hy(QUQ') 1 (Vo, V), quay = A0 ¥)La(y) Y0 € Hy(QUQ'),
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or in the classical formulation
—A¢ = N\25(z),

where §(x) is the Dirac delta function of the variable x. Search for the eigenfunction in
the form ¢ = a(y)5(z)

o(y) _ p(x)

12 T
oly) o) 0@

The problem is now split into two ordinary differential equations. The first of them
involves constant parameter v to be defined later.

The solution thereto is obtained directly
a(y) =sinvy, v=wnk/b, keN (5.9
The second equation reads:

2 B(x)

= \25(x

14

or
—f"(a) + v*B(x) = N*6(z)B(x)

We search for the solutions in the form

| Bi(x), =<0,
Blz) = { 5;(37), x>0,

which satisfies the system of equations

—B!'(x) +v2Bi(x) = 0, i=1,2,
p1(=0) = [a2(+0),
35(0) = 31(0) = A*B1(0),
Bi(—a1) = 0,
ﬁg(az) = 0.

Solving this system we get:

sinh (v(a1 + x))

8e) i) = sinh (vaq)
T) =
Ba() = sinh (v(ag — x))
2 sinh (vag)
and
o vsinh(v(a1 +a2))  cosh(vay) cosh (vag) (5.10)
~ sinh(va;)sinh(vaz)  sinh(va) sinh(vag) )

Proposition 5.6. If a;, as are two positive parameters then the function

) = ¢sinh (§(a1 +a2)) cosh (§ar) n cosh (£az)
~ sinh(€a;)sinh(€as) " sinh(€ay) sinh(&asg)

monotonically increases for £ > 0.
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Proof. We can rewrite the function in the following way

_.cosh (¢ay) cosh (£a2)

f(g) - Sinh(&al) sinh(ﬁag) = 9(57 al) + g(&v CLQ),
where h (¢a)
COS a
9(57 a) = fm‘

It is enough to show that the function ¢g(¢, a) is a monotonically increasing function with
respect to ¢ for any positive parameter a. Therefore we differentiate g(§, a):

89(5’ a) _ %sinh(%a) — §a
oc sinh?(£a)

It is easy to see that % > 0 for all (o > 0 since x < sinhx for all x > 0. It means

that ¢(¢,a) and consequently f(£) are monotonically increasing functions which was
claimed. O

We are interested in the smallest possible value for A\?. Due to Proposition 5.6 the
minimum is reached for £ = 1 in (5.9) and the corresponding value

™
vy = —.

b
The function that minimizes the last functional in Theorem 5.5 reads as follows:

sinh <%(a1 + x))
o)
sinh (%(ag - x))

sinh (%@)

This function together with the traditional bubble function are drawn in Figure 9.
We arrive at the following result:

in (%), ) ed.

sinh

Sl

sin (%y) , (z,y) € Q.

Theorem 5.7. For any function ¢ € H}(K U K') the following estimate hold:

||V¢H%2(KU;</) T T T T
— > —coth(—a1) + —coth [ —as ) .
o117, b (b ) b <b )

Proof. To show this we only need to substitute the optimal value v = % into (5.10). O

It remains only to give an example of a function, for which the equality or in our case
equivalence relation takes place. As an example of such a function we may consider the
function b, ; with

Theorem 5.8. The squeezed edge bubble function b, ;s with the squeezing parameter

0= ||L’hmm77 satisfies
wy|

IVl %Q(K) T coth (Wa )
T 2z~ % 702
Hbv,éui(v) b b
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Traditional edge bubble function

Figure 9: Two bubble functions on quadrilateral.
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Proof. For the bubble function b., s we have

||Vb%5||%2(K) ~ Bl

Hb'y,5 ”%2(7) min

We show now that the right hand side of the desired equivalence relation is also of the
same order as h;ﬁnﬁ. To this end we consider two cases:

1. a2 ~ hmin~. Then
m 7r mmo o\l -1 _1
g coth (ECL2> ~ E (3@2) = CL2 ~ h’min,’y'

2. b~ hmin,. We have
7'(' T T 1 1
3 coth (gag) ~ 3 ~b ~ hmin,’y’

where we used the knowledge on the behavior of the function coth:

2~ for small z,
coth(z) ~ { 1, for large z.
O
This theorem shows that the optimal value of the weight p max = h}fn , is asymp-

totically reached by the squeezed edge bubble function. There is a natural mapping be-
tween the possible bubble function and weights in the edge error indicators. Although
the optimal weight h%fnﬁ is good for the hierarchical error estimators it cannot be used
in the convergence proofs of the adaptive algorithms. The functions appearing in the
refined mesh cannot be any kind of squeezed functions, and thus we use the weight

1/2
Pmin,y <%> in the adaptive algorithm.

5.3 Marking strategies and convergent algorithm on anisotropic me-
shes

In this section we present marking and refinement strategies which produce suitable
anisotropic meshes.

Marking Strategy E

Given a parameter 0 < 6 <1 and a mesh 7; H, select the
set of elements 7y C 7y and the set of edges £y C £y for

which
1/2

donk+ D> M| =0

KEj-H 'yEgH

Theorem 5.9. Let Ty be a triangulation of (), and let T, be the triangulation obtained
from Ty by refining every element marked according to Strategy E in such a way that new
node is created in the interior of each marked triangle K € Ty and on the each marked
edge v € Ep.
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Then, there exist constants 1 > 0 and 0 < a < 1, depending on 6 and the alignment
measure, such that for x > 0 satisfying

¢ < px (5.11)

one of two statements holds: either ||V (u —upy)||1,) < X, or the solution uj, on the mesh
T}, satisfies
IV (u = un)llLy @) < allV(u = un)Ly@)-

The dependence on the alignment measure has the following form:

1 1/2
— (1=
@ ( le(u—uH,TH)>

Proof. Proof is is postponed to Section 5.4. O

Remark 5.10. It is clear that if the alignment measure m(u — ug, 7y ) is of moderate
size then the error reduction factor o will be strictly smaller than 1. Thus it makes
sense to control the alignment measure m;(u — uy,7y) in order to have guaranteed
error reduction.

Marking Strategy D

Giver} a parameter 0 < 6 < 1 and the subsets Ty C Ty
and £y C £y produced by Marking Strategy E:

Enlarge 7y so that
> k=0

Ke'j—H

Combining the marking strategy we formulate the adaptive algorithm.
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Convergent Algorithm C

Choose parameters 0 < 0,60 < 1.
1. Take some initial mesh 7.

2. Solve the discrete problem on 7, denote by ug its
solution.

Let k = 0.
Compute the local indicators 7.

If the global estimated error is small then STOP.

U

Construct T € T and &, € 9T, by Marking Strat-
egy E and parameter 6.

7. I:]nlarge 7;, by Marking Strategy D and parameter
6.

8. Let 7;.1 be a refinement of 7; such that

e each element of 7; contains a node of 7;,; in
its interior and

e each edge of &, contains a node of 7, in its
interior.

9. Solve the discrete problem on 7., denote its solu-
tion by Uk+1-

10. Let k£ := k + 1 and go to Step 4.

In the anisotropic case the analog of convergence Theorem 4.7 reads similarly.
Theorem 5.11 (Convergence result). For 0 < 0,0 < 1,let 0 < o < 1, pn > 0 be given by
Theorem 4.4 and 0 < & < 1 by Lemma 4.5. Let

B = max(«, &), Cp := max <|]V(u —u0) || 22 (02) of_i) .

Algorithm C produces a convergent sequence {uy}ren, of discrete solutions satisfying for
allk >0
IV (u = k)| £y(0) < CoB¥, (5.12)

provided that there exists a constant M such that the alignment measure satisfies

mi(u — ug, Tp) < M, forall k > 0.

5.4 Error reduction theorem

This section is aimed to prove Theorem 5.9. Mention that Lemma 4.10 holds true for
the anisotropic case as well as for the isotropic one.
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Lemma 5.12. Let K € Ty be any element and v € £y be any edge of triangulation. In
the notation of Theorem 4.8 the following estimates hold:

Me = IV (un —um)lg, k) + e (5.13)
1
773 < Z (Cle(“h - UH)”%Q(K) + gﬁ%{ + C'lC%g) , (5.14)
KCuwy

provided there exist the basis functions i and 1., on the new mesh T;,. We denote by 1k
and 1., the hat functions corresponding to the new nodes introduced in the interior of the
triangle K and on the edge ~ respectively.

Proof. We show (5.13) first. Using the fact that [, Vuy - Vi dz = [, Vug - Vipg de =0,
we have

fK@ = /KleﬁKdiEZ/waKdﬂU—/K(f—fK)l/JdeE

- /Vuh-vadx—/(f—fK)dex
K K

= /V(uh—uH)~V1[)Kdl“—/(f—fK)¢Kd=’E
K K

Squaring and using Cauchy-Schwarz inequality we get:

(K| frelZ 050y 2 IV (un = wm) 17,0 IVOr T 0y + 1 = Frell oo 10K 1 o)

The desired inequality (5.13) follows now from the estimates (2.12) and (2.13).
Show now the second inequality (5.14). Taking into account that R, is a constant
over any edge ~, we have:

1
5’7|R'Y = /Rﬂ!),yds:/ Vugy - Vb dz
v

Wy

= V(up, —up) - Viby do — fiydx

Wy
= [ Y —um) Viyde— Y /fK%— S /(f—fK)wvdx
Wy KCw~ K KCuwsy K
We finish the proof observing that for K C w, the relations (2.14), (2.15) hold. O

Lemma 5.13. Let 7}, be a triangulation resulting from Ty by applying one cycle of algo-
rithm C. Then:

1. we have the following global lower bound for the error reduction

62 — 1

> 4 _ 2 _ 2.

IV (un — um) 17,0

If an additional condition on the marking holds:
Vy€&p VK 1y € 0K ni <n, or K €7, (5.15)
then
92
>
— Om¥(u —up, Ty)

[V (un —UH)||%2(Q) HV(U—UH)H%Q(Q) — Oy
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Proof. 1. By Lemma 5.12 and the first step of the marking strategy E we have

Pnp < > M+ Y nk

"{GEAH KE'ZA—H

1
Cr( D lun —urlliywy + D lun—unlg, ) + ¢ + 35 S vk

vE€n KeTy ~eéy KCwy

IN

Each triangle K is counted at most three times in the last sum. Thus,

2 1

_ 2 S i 2 o2
IV (un — ur)ll7, ) = Com3(u —um, T) C(¢

2. Proceeding analogously to the first part and utilizing the condition 5.15 we obtain

P < > M+ Y nk

’YEéH KE'ZA—H
1 1

= D mtz D> DL k-3 D Mkt )k

ve€y ve€y KCw~y, K¢T1 ve€y KCw~y, K¢ Tt Kely

6 2 1 2 2
Iy Y ely Y g+ Yo

KETH ’YcaK ’YEE,A‘H KCW'WKgTH KETH

< G Z ||Uh_UHH%2(M)+ Z lun = wr |7, ) + ¢

’YE(C:'H KE'j-H

We are now in a position to prove Theorem 5.9.

Proof of Theorem 5.9. Using Lemma 4.10 and Lemma 5.13, we have

IV(u—un)lliy = IV —ur)li,q = IIV(un—um)li, o

02 _1
a2 (1 3 2
IV(u—um)ll7, @ ( Cym2(u — ug, TH)) e

Assume now that ||V(u — ug)|| 1) > x. Since ¢ < ux, then

IN

62 — 1
4 +C2N2 .
(v —up, TH)

2 2
IV (u— Uh)HLQ(Q) <|V(u— UH)||L2(Q) (1 - Cym?

Therefore,
IV(u = un)llLy@) < @l V(u—un)llry9),
02—1
C’lm%(u—uH,TH)
sufficiently small. Moreover, if we assume the condition (5.15) to hold the error reduction
constant reduces to
2 1/2
i +Cs u2> .

1—
< C’lm%(u —up, TH)

1/2
where o := (1 + C’Q;ﬂ) < 1 provided p > 0 and m?(u — uy,Ty) are

o =
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6 Error estimation for the reaction-diffusion problem

Some types of a posteriori error estimation methods have already been generalized for
anisotropic meshes. They include the works on residual error estimators [32, 34, 36],
hierarchical error estimator [21] and Dirichlet local problem error estimators [33, 35].
In this chapter we give

6.1 Equilibrated residual method with computable error approxima-
tion

The modified equilibrated residual method [2] has been shown to provide one of the
most reliable error estimates for the singularly perturbed reaction-diffusion problem.
We will refer to this method as Ainsworth-Babuska estimator. The equilibrated residual
method dates back to [16] and was further developed in [37, 14, 2, 3]. The purpose of the
current section is to consider the estimator from [2] on anisotropic meshes and to give
upper and lower error bounds on anisotropic meshes obtained in [27].The equilibrated
residual method is shown to fail on anisotropic meshes due to a (potentially unbounded)
factor appearing in the lower bound. This factor is O(1) on isotropic meshes, but it can
be of size of the maximum aspect ratio on anisotropic meshes. We recall the modification
for anisotropic elements from [27] leading to a robust error estimator. The upper error
bound of the modification contains an alignment measure which is in accordance with
the results by Kunert [35].

Among others, the robustness of the equilibrated residual method relies on the solu-
tion of a local residual problem on each element. This problem is infinite dimensional
and does not allow an exact solution in general. In practical computations it is therefore
solved approximately by means of the finite element method. According to the exist-
ing theory, however, the equilibrated residual method is guaranteed to be robust if the
exact solution to the local problem can be computed. The potentially fatal role of the
approximation of this solution has been poorly investigated up to now, which gives rise
to heavy criticism of the whole method. In this section we provide an appropriate basis
for the solution of the local problem and show that the whole method is not affected by
this approximation.

Regarding to the history of the equilibrated residual method, the reaction diffusion
equation was always put under consideration depending only on one parameter «, in
other words ¢ = 1. In this section we also restrict ourselves to the case ¢ = 1 although
all the considerations may be generalized to arbitrary e.

6.1.1 The equilibrated residual method

In this section a brief overview over the equilibrated residual method is given since
we strongly require parts of this method for our subsequent analysis. The equilibrated
residual method may be found in [4] and its modification for the singularly perturbed
case in [2].

Consider the model problem (2.1). Then the error ¢ := v — ux belongs to the space
H{}(Q) and satisfies the variational formulation

B(e,v) = B(u,v) — B(ux,v) = (f,v) — Blux,v) Yv & H}Q). (6.1)

For an element K with boundary 0K, let nx be the outer normal vector. Next we
introduce a set of boundary fluxes {gx : K € 7} which approximate the actual fluxes of
the exact solution on the element boundaries, gx ~ nxVu|x. Taking into account that
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the trace of the true solution is continuous on the edges, we construct the approximate
fluxes gx so that the condition

gK—|—gK/:00n8Kﬂ8K,, K,K/GT (6.2)

holds true. With this definition the residual on the right hand side of (6.1) can be de-
composed into contributions from the individual elements

(£.0) = Blux.o) = 3 {(Fohx = Bctuxo) + [

UKV ds} Vo € Hy(Q). (6.3)
KeT

The term in parentheses defines a linear functional on the space of the locally ad-
missible functions
Vi = {v: v = w|q for some w € H(NQ)}.

If the parameter « in (2.1) is not zero, there is a unique solution ¢; € Vi to the local
residual problem

Br(¢r,v) = (f,v)k — Bi(ux,v) +/a grvds Vv € V. (6.4)
K

If k vanishes then the problem will have a solution if and only if the collection of fluxes
{9k : K € T} satisfies the so-called equilibration condition

0= (. 1) — Brc(ux, 1) + /8 gxc ds. (6.5)
K

This condition means that the boundary flux g is in equilibrium with the interior load.
Note that the local problem (6.4) is infinite dimensional. The solution ¢ is treated as
an approximation of the true error on the element K. It yields the a posteriori error
estimation ||[e[||*> ~ Y ||¢x]|%, which will be shown later.

KeT

The substitution of (6.4) into (6.3) implies
B(e,v) = (f,v) — Blux,v) = »_ Bg(¢x,v), forallve V.
KeT

An immediate consequence of this result is the upper bound on the true error. We
obtain from the Cauchy-Schwarz inequality that

1/2
1B(e,v)] < Y Mol xllollx < { > ||¢>KH|§<} o]l

KeT KeT

and conclude that

1/2
llelll = sup  Be,v) < { > H|¢>KH|§<} :

vEHG (Q):[lv|=1 KeT
These developments lead to the following theorem:
Theorem 6.1 (Upper error bound). Let {gx : K € T} be any set of boundary fluxes
satisfying condition (6.2). Additionally, if k vanishes, then (6.5) is assumed to hold on all

elements that do not abut the boundary 0S). Then, the global error in the finite element
approximation is bounded by

llell’® < > Mol

KeT

Proof. For the proof see the argumentation above. O
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6.1.2 Construction of the equilibrated fluxes

For the construction of the equilibrated fluxes we adopt the theory of [4] which we will
briefly repeat in this section. It will be assumed that the finite element subspace X
is constructed using linear elements on a partition 7 of the domain 2 into triangular
elements. The key issue of the lower bound of the error is the construction of appropriate
approximate fluxes. The procedure that will be developed produces a set of fluxes {gx}
that satisfy the first-order equilibration conditions:

(f,0n)k — B (ux,0n) + [ 9x0n ds 0 VneN(K)

9k + 9K = OonﬁKﬁaK’.} (6.6)

It is convenient to look for gx |, belonging to span{6,, : n € N'(v)} on all edges. Ainsworth
and Oden [4] suggest to choose the degrees of freedom for the fluxes to be the moments
u}{m = fﬂ{ g0, ds with respect to the FEM basis functions 6,, associated with x,, € N'(v).
Thereby we avoid a global problem by reducing the construction of fluxes to computation
of the moments over local patches of elements.

Let N'(v) = {z;,x,}, then it can be shown that the actual flux may be reconstructed
from its moments:

2
9y = T @ukes = ke )0+ (Spikey 203, )on ) 6.7
Note that (6.7) could be rewritten in the form

9K|'y = N’}(,ﬂbl + ,UJ}/(WW“’

where 1, and v, are the dual basis functions corresponding to ¢; and 0., i.e. (vi,0;)1,(y) =
d;j fori,j € {l,r}:
2

2
= 2090, 0,), = 2 (—0)+20,).
0 M( ! ), M( 1+ 26,)

In order to determine the boundary fluxes, it is sufficient to determine the moments
of the flux with respect to the basis functions. The first-order equilibration conditions
(6.6) for the flux g5 may be rewritten in terms of the flux moments in the form

Socor Mk = Ax(0n) VneN(K) 6.8)
B T g1, = 0 Vn e N(v), vy=0KNOoK' '
where
Ag(0n) = Br(ux,0n) — (f,00) K. (6.9)

In (6.8) we used the convention that x}., = 0if n ¢ N (v).

The conditions in (6.8) have one of two distinct structures depending on the location
of the node x, in the interior or on the boundary of 2. Here we omit the case of a
boundary vertex, see [4] for details. Assume z,, to be an interior vertex. The elements
and edges are labeled as shown in Figure 10. The moment equilibration conditions (6.8)
for the elements K € T, associated with the node z,, may be rewritten in the form

ENn + BN = AN(0n)
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72 3

71

Figure 10: The patch of elements influenced by the basis function 6,, .

with constraints on the edges

i TN, = O
Ham T il = 0
M,J);;\,]n—i_uy\fol,n = 0.

It is shown in [4] that this system of 2V equations for 2N unknowns has a one-parametric
family of solutions. We recall from [4] which solution should be selected.

The ideal situation would be to choose the flux moments {gx} satisfying ,u}m R~
fv O,nrVuds. Since the true fluxes are unknown, the flux moments are selected so that

/l;(,n ~ ﬁ}(n = /GnnKVuXh( ds. (6.10)
v

We seek flux moments that minimize the objective
1 » 2
5 2 2 (Mhen = Fkn) (6.11)
Kez, yCOK
Introducing Lagrange multipliers we come to the optimality condition. The La-

grangian is given by

(b D (o)) =3 = 5 (ke k)

Kez, yCOK

—+ Z O'K7n (AK(H’VL) — Z /,L,Z(yn> + Z )\ry,n (lu}/(,n + ,Uf’[y(/m) .
Kex, YyCOK y=0KNOK'

Here we used the convention that \,,, = 0 on v C 99Q2. We conclude that the conditions
for a stationary point consist of two parts; the first part is (6.8), the second part is

fm = P = Ok + Ayn = 0. (6.12)

Using the second part of (6.8) we obtain

p— 3 (UK,n + oK 0 ey, ﬁ}(,m) v=0KnNOoK',
T
! 0 v = 0K N Q.
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Using the last formula together with (6.12) the flux moments are expressed as

,u'y — % (UK,n—UK’,n‘Fﬁ’IY(,n _ﬁ;(’,f) 728Kﬂ8K/7 (6.13)
Kin OKn + iy, 7 =0KNo.

Substituting this into the first equation of (6.8) we obtain the following conditions for
{okn: K ezy}:

1 N ~
5 Y (kn—oxa)+ Y okn=Ak(0a) VK €T, (6.14)
Y=0KNOK' ~COKNIN
where ;
arx \OnK
Oux %”K{(VUX)KJr (Vux)g'} on dK NOK'
<3m<> ) nk(Vux)x on OK N O (6.16)

The conditions (6.14) form a linear system of equations over the element patches 7,
with unknowns {0k ,, : K € z,,} corresponding to the elements in the patch. The specific
form for an interior vertex is

[ 2 -1 —17 [ o1 ] A1(0n)
N I A B 0 o2 Ay (6,)
0 Lo-1 2 -1 ON_1 An_1(6,)
| -1 -1 2| | o~ | An(6,)
The kernel of this matrix is the vector 1 = [1,1,...,1]", which implies that a solution

exists if and only if the sum of the components of the right-hand data vanishes. This
may be easily verified thanks to the Galerkin property (see [4]).

Since the system (6.14) is singular the least square solution is selected. As a con-
sequence, there exists a constant C, depending only on the number of elements in the
patch z,, surrounding a vertex z,,, such that (for proof see for ex. [28])

Y okn = Y Ag(0n)% (6.17)

Kez, Kez,

6.1.3 Minimum energy extensions

Minimum energy extensions were first introduced in the work of Ainsworth and Babuska
[2]. These extensions play a key role in the construction of an estimator which is sta-
ble with respect to the perturbation parameter . The original equilibrated residual
method is described in the work of Ainsworth and Oden [3]. However, as it is shown in
[2], it is not stable with respect to . Ainsworth and Babuska [2] propose the following
modification of the previous method for the singularly perturbed case. The functions 6,,
in (6.14) are replaced by an approximate minimum energy extension 6 to 0,|sx. The
system (6.14) then is solved in a least-square sense, since it has no solution in general.
As in (6.17), one gets the solution that depends continuously on the data:

> ok =Y Ag(03)% (6.18)

Kez, Kex,
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The error estimator we propose is derived from the estimator of the work [2] but differs
in two details. Firstly, we pay more attention to the minimization of the appropriate
function energy norm and even obtain the minimum. We will develop this in this section.
The second modification is described in §6.1.6.

Let K be any element and let v € H'/?2(0K). The minimum energy extension Ev of v
to the interior of the element is characterized by the conditions

Eve HY(K):Ev=vondK, Bg(fv,w)=0Ywe H}(K).

The definition of the minimum energy extension has an advantageous property. Let
v € HY?(OK). The minimum energy extension Ev of v to the interior of the element has
the minimal energy norm among all functions coinciding with v on the boundary OK.
Indeed, consider the energy norm of the function £v + w:

ll€v +wll* = llEvlI* + llwll? + 2Bx (Ev,w) = IEvIl* + llwl* > [I€v]lI*. (6.19)

The proof easily follows from (6.19) observing that £v+w coincides with £v on the bound-
ary 0K.

For the one-dimensional case it is possible to find a minimum energy extension ex-
plicitly (see [2]).

Consider now the two-dimensional case. We look for an approximation for the min-
imum energy extension of the first-order basis function. Let the element K = AABC
be a triangle. Consider the basis function 6 corresponding to the vertex A. We seek an
approximation to the minimum energy extension £6 in the following class A of functions.
Set

A: = {veCYK): v=00on0K,v=0in ACDB,
v is linear in each triangle ACAD and ABAD, D € AABCY}.

We obtain now an approximation for the minimum energy extension of this basis func-
tion. To this end we put an arbitrary point D in the triangle (see Figure 11).

c A

Figure 11: Original hat function and the family of functions used to approximate the
minimum energy extension £6.

Next we choose that function from the set A that minimizes energy norm. Our devel-
opments here differs from the original paper [2]. There a point (1/k,1/k) is introduced
in the reference triangle and D is the image of this point after the corresponding affine
transformation. The corresponding function does not necessarily minimize the energy
over A but it is shown to be sufficiently accurate. For us, however this is not sufficient
and we instead consider the point D to be in the actual triangle in order to obtain the
optimal position of this point.
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Introduce a local coordinate system such that the vertex A coincides with the origin
and the edge AC lies on the axis Oz. Let D = (a,b), C = (h1,0) and B = (hs, ha) (see
Figure 12).

Y
B
L ;
b [ D
0 - ¢
A h3 a hl

Figure 12: Notations for the parameters of an arbitrary triangle.

Let ©(a,b,z,y) € A be an admissible function, see Figure 11. The squared energy
norm of this function is

®(a,b) = Br(0(a,b,2,y),0(a,b,z,y))
2

K 2h1h2h3 — ah1h2 — bhlhg + bh%
= —(bh1—h h
12( ( 1 3)+a 2)+ 2h1h§
(M + W)@ —ha)? | (a— M)’
2h§(ah2 — bhg) 2h1b

For given parameters h, he, hs we want to minimize ®(a,b)with respect to a and b.
A number of calculations leads to a stationary point of this function

e V6hi(hs + /b3 + h3)
V12 +120/RE T 3 + r2h3hy
—% h3 h3 2 —
A (L 2 41 ]a
Iy + (h2> + a

To prove that this solution is a minimum point it is sufficient to show convexity of the
function. Therefore consider the Hessian matrix D?® of the second-order derivatives. By
direct computations one obtains

a7 = _+(2+ 3)( 32) _—
Oa bhq (h2a _ h3b)
det D?® = (h% + hg)(hlb — h3b + hoa — h1h2)2 .

(hga — h3b)3b3h1 -

Hence ®(a,b) is convex and (a*,b") is the unique minimum.

We have found the function ©*(a*, [ y) which minimizes the energy norm over the
set A. However, in practice it is sufficient to take not the exact values of a* and b", but
some values a*, b* that are equivalent for k — oo, namely

V6 (h3 + \/W)

ha

;‘%m
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Note that the corresponding point D = (a*, b*) lies on the bisector of the angle /BAC =
aand |[AD| = Ksm‘/; 75 The analysis given neglects the fact that (a, b) should be contalned
in K. Therefore, we construct the function 6* as follows

o { O(a*, b*, x,y), if (a*,b*) € K

0, otherwise.
Lemma 6.2. Under the above notations and assumptions the following holds
107183 a0y = 1K min(L bt ™) ~ meas(OK) min(honin s, ),
where hpn, i 1S the height corresponding to the largest edge of the triangle K.

Proof Consider K for which (a*,b*) € K. A short calculation yields k! < hmin,x and
min(Amin i, K1) ~ k1. Furthermore one obtains

VB (h + /I3 +13)
12k
meas(0K )k~ ~ meas(OK) min(Apin 1, 57 0).

167117, x0)

A

It remains to consider the case k! > hmin, k- In this case we have min(1, hmm Kk H=1
and 0* coincides with 6. The estimate

167117 55y = 10117, (xy ~ K| = [K | min(1, g wer ™)

completes the proof. O

6.1.4 Estimates for element and face residuals in the anisotropic case

Further we will need the anisotropic trace inequality and some more facts concerning
approximation properties on an anisotropic triangle.

Lemma 6.3 (Anisotropic trace inequality). Let K be an arbitrary triangle and ~ be
an edge of it. For v € H'(K) the following trace inequality holds:

<l

o) = g lellzac (llzao + ICE Vel

Lemma 6.4 (Anisotropic approximation properties). Let K be any triangle, v C 0K
be any edge thereof and v € H'(K). Denote by T = \_11<| [5 v the mean value of v over an
element K. Then

v =0lL,xy < 0l Loi)s (6.20)

o =Bl ) = 1CKVYI L) (6.21)

v =",y = armllvllx = axmi(v, K|k, (6.22)
— el 1/ T

o=l = () ICETolbai (6.28)

_ 7] 1/2 1/2 1/2
o=l = (@ B2 allllolx

1/2
= (%) h717{z2n Ka}(/2m1(va)H|v|HK~ (6.24)
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Proof. Estimate (6.20) is obvious. For estimate (6.21) see for instance [32]. Estimate
(6.22) evidently follows from (6.20) and (6.21). Combining Lemma 6.3 and estimate
(6.20) of the current lemma and observing that [[v| 1, k) |Ck Vol L,x) < ||UH%2(K) +

||CI—|;VU||%2(K) we verify (6.23). In order to show (6.24) we use (6.23) to obtain

~ 1l < 1l
H UHL2 (v) = |K‘HCKV HL2 ‘K’hgmn Km‘”””‘%{

Furthermore, with the aid of Lemma 6.3 and estimates (6.20), (6.21) we get the follow-
ing:

_ ol hly,
o =13 = 17 /200, oy oty P i ICT V0 ) < e hminscr” ol

Combining the two previous estimates we get the result claimed. O

We are interested in a particular value of parameter § depending on the edge ~ for
which the squeezed functions are defined. From now on we let
0y :=min(l,k 1h;“n,y) = hmin,ymin(hmmm k).
For the modification of the equilibrated residual method that will be done in Sec-

tion 6.1.6 we will need the modified energy scalar product and the modified energy
norms defined as follows.

Definition 6.5 (Mesh dependent energy scalar product). Let K € 7 be any trian-
gle, u € H}(Q) and v € H'(K), then we define the mesh-dependent energy scalar product
and norms by

mBi(w,v) = bt (CRVu,CRVY) 452 (w o)
mllwllx == mBr(u,u)"’?,
1/2
mlllulll = <Zm\HUH§<> :
KeT

The local mesh-dependent energy norm satisfies the following property

hmax K

Nullle < mlllulllx < [llll -

min,

Note that the standard and mesh dependent energy norms are equivalent in the case of
isotropic elements.

Lemma 6.6 (Inverse inequalities for squeezed edge bubble/spline functions).
Let v be an arbitrary face of K. Assume that ¢, € P(y), s, € {bys,sSy6,} and
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vys, € span{bys. ,sys,}. Then the following inverse inequalities hold:

1/2
Hb’y{éf'OVHLz(’Y) ~ H‘P”/”L2(~y) (6.25)
7,6, 09l Loy~ Ny lla () (6.26)
IKI\'? 1) o2
s Pl )z 2 (7 ) Pnacast Nosllaey (620
IG5, Pt () i <m> PR Q2o (a9
_ K\ /2 ,
Pomin i ICE Y (11,6, Feat () | o) = (%;%) nngakﬁmuwﬂhéw) (6.29)
K\ /2
lliey.5, Feat (o)l = <||7,’) o2 lonlliy  (6.30)
KNY2 o ip
mllitys, Feat (o)l = <%> mi,/lKaKl/ ool (6.31)
K| _
(L2 (7 <W) B0 s oy (6.32)
|K]|

12 1/2 1/2
) h’man K HV’Y5 HLQ (7)- (633)

Vys |l = (

Proof. We observe first that (6.25) is identical to (2.26) in [31] (page 27, Lemma 2.7) and
(6.26) can be obtained analogously. Inequalities (6.27) and (6.28) follow directly from
the corresponding inequalities in [35] (page 247, Lemma 3.7) extended also to the spline
functions s, s, . Inequality (6.30) follows from (6.27) and (6.28) in the similar way as
(2.10) in Lemma 2.1. The proof of refined estimates (6.29) and (6.31) follows the lines
of the corresponding proof of (2.9). In order to show (6.32) we express v, 5 in the form
vy, = Cpbys, + Cssy s, where C, and C; are two constants, and show (6.32) utilizing
the triangle inequality, (6.27) and (6.26) subsequently:

v, Wy = 1Cobvs, + Cosns, Iza(rey < ICobas, Iz ac) + 1Cs5.6 I
K
o (101 + 1€l )

K]
e (1€0035, 1)+ 1Cos, )

K],
= ‘ ’hmanaK||Cbbv5 +0876 ”LQ

IA

where we used the orthogonality of functions b, s, and s, s over edge v. Estimate (6.33)
may be obtained analogously. O

In this section we prove two lemmas which we will need later. Namely, we derive the
upper bounds for interior and face residuals. The jump discontinuity in the approxima-
tion of the normal flux at an interelement boundary is defined by

0
[%] =ng(Vux)x +ng(Vux ) g

and the usual interior and boundary residuals r and R are given by

ri=f+ Aux — Kuy
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and
R~ [85—5‘} on 0K NOK'
' 0 on 9K N o9

Lemma 6.7 (Residuals estimates). Let K € 7 and ~ be any interior edge. Then

7l Loy = e el + e = Fll Ly o) (6.34)
| K| 1/2 ~1/2 —1/2 _
1Blleaey = D0 (57 ) ineoie”™ (el +asellr =Flzyuen) - 6:35)
K'cwy

Proof. Let v € H}(Q). Integrating by parts on each element yields
B(e,v) = Z / rodr — Z Rv ds, (6.36)
KeT 7K ~eaT '
where 07 denotes the collection of interelement edges. Hence for any v € H}(12)
B(e,v) = Z / Tudxr — Z /Rvds+ Z / (r —7F)vde.
KeT 7K ~eaT 7 KeT /K

Now, choosing v := bxT in the previous equality gives
/ b7 dx = Bg (e, bxT) — / (r — 7)bkT da.
K K

Using (2.6), with the aid of Cauchy-Schwarz inequality we obtain
7117, ) = /K b7 de < |llelllxllbrTlllx + 17 = 7l o) 10T Lo (x0)-

Estimates (2.7), (2.10) together with the triangle inequality imply (6.34).
We show now (6.35). Let v € 97 . Suppose that v = K1 N K». Then w,, = int(K; UK>).
Choosing v := Fep(R)bs5, € Hy(2) in (6.36) implies

/ b Rds = 3 / P Font(R)bys. dt — By (€2 Feat (R)by 5.).
v KCuwxy K
Furthermore, applying the Cauchy-Schwarz inequality and (6.25), one obtains
IRIIZ, () = /b%aﬁRQ ds < Il o) | Feat (B3, [ o (1) + el | Fee ()b 6, [l -
v KCuw~y

The desired inequality (6.35) follows now from (6.27), (6.30) and the first result of the
current lemma (6.34). O

Recall that we use the procedure for finding approximate fluxes described in Sec-
tion 6.1.2 with the functions 6,, replaced by 6 in the system (6.14). In the singularly
perturbed case and using anisotropic elements we have the following theorem.

Theorem 6.8 (Stability of the approximate fluxes). Suppose that the finite element
subspace X is constructed using first-order (linear) elements on a partition T of the do-
main () into triangular elements. Let {gx} be the set of approximate fluxes, produced
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by the algorithm described in Section 6.1.2 with the functions 0,, replaced by 0, n € N.
Then, for each edge ~ of any element K,

Oux | K| V2 e 1
H9K—<%> = Z <— hmi'r/z,K’aK’/

L) oo N\ D
< (llelllzer + axcrllr =7l £y xcry) -
Proof. Let K € T be a fixed element and v C K be an edge thereof. Then
Jux
(o (i)

Following Section 6.1.2 the moments of this quantity are

* Y auX >>
My = —( — 0, ds.
K, /7 <9K < D s
_ [ 9ux
9K I
_ [ Oux
9K Ong

9el17,5) = Il 70 = ClI™

auX > 2 -1
>
H s /Ly neEN(v)

With the aid of (6.16), we conclude that

/<0ux>0 o 3 (Fen—ik,) ony=0KNOK’
S\ong /" . on~y=90K NN

€ P1(7).
,

By analogy with (6.7),

* Y * Y
=lgy it Py
N

Therefore,

* Y *7
= e L P T I R e

La(y

and since

it follows that

* Y
. (6.37)

with ﬁ](’n defined in (6.10). Hence, thanks to (6.13),

i = 5 (0kn —00p) ony=0KNIK'
Kn— OKn onq/:aKﬂaQ

where the unknowns {0k, } are determined from conditions (6.14) and satisfy (6.17). It
follows that

*
'LLK,n

’ =D ka3 Y Agi(03) (6.38)

K'ex, K'ez,

The terms appearing on the right-hand side may be bounded by first recalling (6.15),

~ 0 *
Bao(67) = Bro(ux.03) = (£. 00w~ [ < o >0n ds;
OK! Nk
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then, integrating by parts reveals that
Agr(0%) = —(r,05) o — RO’ ds.
OK'

We proceed applying the Cauchy-Schwarz inequality and using Lemma 6.2 and Lemma
6.7:

)AK'(HZZ) <Nl 105y + > IR o) 1051 2o
~' COK'NER
—1/2 1/2
< (agilllellxr + lIr = Tll o)) IK’\l/thM/m i

—1/2 —1/2
+ Y K 1/%,,”,{[(,, w2 (lelllzer + agerllr = 7l rem)
v COK'NER K" Cw.ps

—-1/2 1/2 1/2 —
= >0 K2 h e (i Pllellir + agflr = Fllaen)

K€y,
Hence,
X |2 / -1 2 112
> Bk =2 X K b (arH el + anclir = 7350 ) - (6.39)
K'ezy, K'exy,
Combining (6.37), (6.38) and (6.39) leads to the result claimed. O

6.1.5 Lower error bound of the original Ainsworth-Babuska estimator in the
anisotropic singularly perturbed case

Describing in §6.1.1 the equilibrated residual method, we derived the upper error bound.
The original analysis of the lower error bound for isotropic triangles dates back to the
work by Ainsworth and Babuska [2]. Here we analyze the anisotropic case. It turns out
that the original error estimator described in [2] has degenerating lower error bound.

The right hand side of the local problem (6.4) is originally defined as a linear func-
tional only for the functions v € V. We will need, however, to apply this functional also
to the functions outside of Vi, namely to those not preserving the Dirichlet boundary
conditions. To this end we introduce a new notation for the residual functional on the
right hand side of (6.4):

Br(v) :== (f,v)k — Bx(ux,v) —|—/ grvds Yv € HY(K). (6.40)
oK

From this notation it is clear that By (v) = Bg(¢x,v) for all v € Vi, but the domain of

definition of the functional B is larger for the elements K touching the boundary. The

next lemma states some stability properties of the residual functional By which we will

require in the lower error bound estimates.

Lemma 6.9. Let ¢ denote the solution of the local residual problem (6.4) for the error
estimator on element K. Then, for any v € H'(K),

B (v =) 2 ma(v, K) (lefllwx + axllr = Fll L) vl (6.41)

Furthermore, if k = h ! then

min,K?

|0k B (1)) (lellww + &7l =7l 2y i) mlléxllx

m1(éxc, K) (lelllwox + 67 I =7l ryi) ol (6.42)

VASPN
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Proof. 1. Integrating (6.40) by parts yields

BK(U—E):/r(v—U)d:chr1 R(v—ﬁ)ds—l—/ <gK—<au—X>> (v—"1)ds.
K 2 Jox oK ong
and it therefore follows that

0
s g o (3)

YCOK

Flrll o) lv = ll Lo ) + 5 Y IRl =Bl - (6.43)
YyCOK

v =0l £y
La(v)

Combining results from Lemma 6.7, Theorem 6.8 and Lemma 6.4 we get (6.41).
2. Suppose that x = h_ Then

min,K*

Bk (1) :(fal)K_BK(UX,l)—F/ gK ds.

0K

Integrating by parts, applying the Cauchy-Schwarz inequality, and estimating each
term using Lemma 6.7 and Theorem 6.8 yield
_ [ Oux
8nK

where the inequality ax =< s~ ! has been used. Inequality (6.42) now can be easily
obtained

|0 Bre (1)l

1
IBk(1)] < ’K\l/ZHT|’L2(K)+§ Z V2R () + Z Y2 g
yeEOK YEOK

= /K (llelllox + 5 =Tl gor)

La(v)

RIE 210k ] (el + 57 =Tl L)

Kllox sy (lelllowe + 57 = Tllryr) < (elllox + 5717 = Fll o) mlloxlx-

[PNENPN

O
For the lower bound we have the following result.

Theorem 6.10 (Lower error bound). Let gi be the set of fluxes produced by the algo-
rithm described in Section 6.1.2 with the functions 0, replaced by 0*, and let ¢ € Vi
denote the solution of the local residual problem (6.4). Then,

n2

llorllx = mi(or, K) (lellwx + axllr =Tl oy wi)) -
If k vanishes, then oy is replaced by hpn K.
Proof. Observe that for any v € Vi,
B (¢x,v) = Bx(v) = Bx(v —0) + TBg(1). (6.44)

First, suppose rkhn,in k = 1 so that, in particular, « is positive and af_(l ~ k. Therefore,
with the aid of Lemma 6.9,

B (¢ — ¢x)l = mu(o, K) {lllelllux + axllr = Fll i b lléxllx-

Choosing v to be equal to ¢ in (6.44), together with the above estimate, proves that the
result holds for all elements K satisfying xh,in x > 1.
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The remaining elements satisfy xh,,;, x < 1. Thanks to the assumptions on the par-
tition, the condition khy+ < 1 is satisfied by all elements K’ contained in the patch wg.
Therefore, Lemma 6.2 reveals that the modified basis functions reduce to the standard
basis functions on the patch. Consequently, the approximate fluxes will actually satisfy
the equilibration conditions (6.6) exactly. Moreover, since

Bk (1) = (f, 1)k — Br(ux,1) + / gi ds =0, (6.45)

oK
the second term in (6.44) vanishes. The first estimate in Lemma 6.9 then completes the
proof. [

Theorem 6.10 gives the lower error bound of the true error. The main danger for
reliability of the estimator is the function m(¢x, K) presented on the right hand side.
One cannot guarantee that the approximation for the error ¢ is aligned as well as the
true error e. Unfortunately, it may happen so that the alignment of the approximation
¢k on the element K is much worse then e: m;(¢x, K) > mi(e,K). To avoid this
problem a modification is proposed in the next paragraph.

6.1.6 Modified equilibrated residual method

For finding the equilibrated fluxes we use again the equilibrated residual method de-
scribed in Section 6.1.2. In this paragraph, we propose an alternative method by chang-
ing the local problem, namely, instead of (6.4) we use

mBr (¢r,v) = (f,v)k — Bx(ux,v) + /81( grvds Yv € Vi, (6.46)
where on the left hand side stays the modified energy scalar product (see Definition 6.5).
The modified local problem (6.46) differs from the original local problem (6.4) only in the
scalar product ,,, B (u,v) on the left hand side. The quantity ¢ is then not equivalent
to the error e, but we will show that the ,,|||¢x|| ; is related to |||e||| k. The following two
theorems give upper and lower bounds for the error.

Theorem 6.11 (Reliability). Let {gx : K € T} be any set of boundary fluxes satisfying
condition (6.2). In addition, if the absolute term x vanishes, then it is assumed that
the fluxes satisfy the equilibration condition (6.5) on all elements that do not abut the
boundary 0Q. Then, the global error residual may be decomposed into local contributions

B(e,v) = L(v) — Blux,v) = »_ mBgl(¢x,v) veH'(K)
KeT

where ¢ € Vi is the solution of the local problem (6.46). The global error in the finite
element approximation may be bounded by

llell? < mi(e, T)* Y mllloxl.

KeT
where my (e, T) is the matching function introduced by (5.2), page 37.

Proof. Using the representation of B(e, v) in the local terms and subsequently applying
the Cauchy-Schwarz inequality and the definition of the matching function, we have:
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Blew)| = | % {(f,wK—BK(ux,v)}\

KeT

= | > {(fiv)k — Br(ux,v) + [, gxvds}

KeT
= Z mBK(d)K,'U)
KeT
< Z mll| @l gm0l
<

/ mmqﬁKHWZ Pt ICERVUI2, ey + 121012 10))
< ‘/KGTmmqﬁKmewT V0l + R2I01E,

< ma, Dl [ 3 mlloxl-

KeT

The substitution v := e completes the proof. O

Theorem 6.11 gives the usual result for anisotropic error estimators. See for instance
[35, 32].

Theorem 6.12 (Efficiency). Let gi be the set of approximate fluxes produced by the
algorithm described in Section 6.1.2 with the functions 0 replaced by 6*, and let ¢ € Vi
denote the solution of the local residual problem (6.46). Then,

mlloxllx =2 llellz +axllr =7, &
Proof. The proof follows the same lines as the proof of the Theorem 6.10. O
These two theorems are part of the main result of this work and guarantee the reli-
ability and efficiency of the estimator, assuming an exact solution of the local problems.

6.1.7 Computable approximation for the solution to the local problem

Up to this time we considered the infinite dimensional local problems (6.4) and (6.46).
The author has not found any result in the literature saying that some computable
approximation ¢y is equivalent to ¢ x in the energy norm,

léxlll ~ llexll, (6.47)

even not for isotropic elements. In the current section we construct an approximation 5 K
so that (6.47) holds. To this end we restrict the space Vi to the space of bubbles/splines
Vp(K) defined in the following way:

Vi(K) := span{bg, bys. , Sy5,: v € OK \ 00} C Vi.

By means of the space V,(K) we can define the function ¢x € V;(K) as the solution of
the local finite dimensional problem

Br (o, v) = (f,v)x — B (ux,v) —1—/(9 grvds Yv € Vy(K) (6.48)
K

We prove the lower bound for ¢ first.
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Theorem 6.13. Let ¢ and qz~$ K be the solutions to the problems (6.46) and (6.48), respec-
tively. Then

mlloxllx < mlloxllx-

Proof. Substituting v = ¢ € V3(K) C Vg in (6.48) and subsequently utilizing the
Cauchy-Schwarz inequality we estimate ,, Bx (¢, ¢ ) as follows:

B (¢, oK) = (fagK)K_BK(uXMgK)"i‘/ 9K b ds
oK
= mBr(9r, 9x) < mllldxlllrmllléxl K.
Dividing both sides by |[|¢x ||| x we get the result claimed. O

For further investigations we need the following preliminary result.

Lemma 6.14. Let ¢ i denote the solution to the local residual problem (6.46) for the error

estimator on the element K. If k = hmm > then

- 1/2
[@xBre(1)] = (’ilTLQ(K) + ) s (%) 9K —

Ouy
8n K

mlloxllx, (6.49)
yCOK La(v)
where By is the residual functional defined in (6.40).

Proof. The proof is done analogously to the proof of (6.42) in Lemma 6.9. O

For the upper bound we employ the technique that is usually used in obtaining the
lower error bound in the residual a posteriori error estimation (see e.g. [12]).

Lemma 6.15. Let ¢x be the solution of (6.46) and let ¢y be its mean value over the
triangle K. Then the following estimate holds:
L2(7)) .

Proof. We use the definition of the residual functional (6.40) and apply subsequently
the Cauchy-Schwarz inequality and the anisotropic approximation properties (6.22) and
(6.24) obtained in Lemma 6.4:

Br(¢rx — ¢r) = mlléxllx <04K!7“HL2(K)

1/2 Y| 1/2 Oux
+ Z h’n{an<|K|> aK/ 9K — 35—

YCOK

an](

Bk(¢ox — dx) = (f.¢x — dx)x — Br(ux,dx — ¢) + /BK 9Kk (dx — o) ds

Oux

= (T7¢K—5K)K+/E)K<9K—a—) (6 — dx) ds

8’U,X
9K — 5—

IN

lox — Loy

La(v)

Il 6% — Brclloagie) + H
YCOK

A

mllloxlllaxllrllL

1/2
1/2 il 1/2
Fullonllc 5 2 (1) ol s

YCOK

_ Oux
K 87‘&[(

La(y)

which completes the proof. O
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Lemma 6.16. Let ¢ be the solution to (6.46). Then the following estimate holds:

1/2
S nl2 il 1/2
m|H¢K|HK = QKHTHLQ(K) + hw{m,K (m) O(K( g
yCOK

B Oux
K ong

La(v)
Proof. We represent ,,||¢x|||% as a sum of two terms:

mlllék i = mBr (oK, dr) = Br(¢x) = B (dr — b) + B (¢x)- (6.50)

In Lemma 6.15 we constructed already the estimate from above for the first term. We
proceed estimating the second term analogously to the proof of Theorem 6.10.
Consider the case rhy,in k = 1. Thus, the second assertion of Lemma 6.9 holds, i.e.

A

B 1/2
Br(3x) = mr||¢Kr||K< Urllpay + 3 ('”') =t ||g

YCOK

= mH|¢KH|K<aKHTHL2(K)
n Z 12 (!’Y) TLY - Oux
min, K |K‘ K 871[( La(s) )

YCOK

where we used « = hmin K-
The remaining elements satisfy Khmin,k < 1. With the same arguments as in the
proof of Theorem 6.10 we verify that for these elements (6.45) holds, and thus, the second
term in (6.50) vanishes.
Summing up the contributions from the two terms on the right hand side of repre-
sentation (6.50) and dividing the concluding inequality by ,,|||¢x|||x We get the result

claimed. O

In order to prove the main theorem of this section we need some additional elemen-
tary facts.

Lemma 6.17. Let ¢ € Pi([-1,1]) be a linear function. For the Ls-projection operator
I: P([-1,1]) — span {1 — 2%, (1 — 2?)} the following inequality holds:

6 10
\/%HIWLQ([—M]) <N ella-1,1) <4/ 7HI¢HL2([—1,1])-

Proof. Denote 11 := 1 — x and 3 := 1 + x. The desired constants are the square roots
of the maximal and minimal eigenvalues of the eigenvalue problem Ax = ABx, where

- {fjl Vit d:c} € R2X2 B = {j}l ey dx} € R22 and x € R2. m

Lemma 6.18. Let  be an edge of a triangle K. We define the operator I, : Pi(y) —
span{b, s , 5., } so that for any function ¢ € Pi(v) the restriction of the resulting function
I,¢|y to the edge vy is the L projection of ¢ to the space span{b,s. |v,5+s,|y}. In other
words, we project a function ¢ onto the space of two functions on the edge v and then
take the corresponding constant to produce the function 1,¢ inside the triangle K. For
the operator I, and any function ¢ € Pi(v) the following estimate holds:

6 10
612 <1620 < 20l
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Proof. The functions 1 — 22 and (1 — z?) coincide with the functions b, 5 |, and s, |,
whenever 7 = [—1, 1]. Thus, the assertion follows from Lemma 6.17 and standard trans-
formation techniques. (]

We proceed with the main result of this section, that guarantees the estimate from
above for the solution of the local problem (6.46).

Theorem 6.19. Let ¢ and oK be the solutions to the problems (6.46) and (6.48) respec-
tively. Then:

mlloxllx 2 mlloxllx +axllr =7l x)-

Proof. We will essentially use the estimate of Lemma 6.16 and bound the terms on the
right hand side by ., ||| ¢k ||| x -

Performing the partial integration we can rewrite the finite dimensional local prob-
lem (6.48) as

~ 0
mBr(dr,v) = (r,v)g +/ (gK — au—X> vds
oK nK

0
- (’I”K,’U>K+/ <gK—aZ—i>vds+(r—rK,v)K. (6.51)
0K

Since (6.51) holds for all v € V;,(K), we substitute v := bxT,
/ bKF2 dx = mBK(¢K7 bKF) — (’I” - TK, bK?)K-
K
Using (2.6), we obtain with the aid of Cauchy-Schwarz inequality

711700y = mll ol zcmllIbTlll i + 7 = Fll 2 ) bxT | 2o (1)

Applying estimates (2.7) and (2.11) of Lemma 2.1 and dividing both parts by a ! ||7 Lo(K)»
we get B

a7l Loy 2 mllloxllx + axllr =7l
or, with the aid of the triangle inequality we derive the upper bound for the term involv-
ing the element residual:

ar Ly 2 mlloxllix +arlr =7lL,)-

Suppose v C 9K \ 09 is one of the edges of K, which is not a Dirichlet edge. We

choose now v := I, <gK — gz—x> € W(K) in (6.51), where the operator I, was defined in
K
Lemma 6.18.
~ Oux Oux / Oux Oux
B I X)) = (n1 _ =X ~ =X —=X) gs.
mBK <¢K7 p (QK 8nK)> (7’7 y (QK 8”K>>K+ - (QK 8nK) v <9K 8nK) s

(6.52)
Since I, is the Ly-projection operator over -, we rewrite the last equality in the form:

8UX 2 o ~ auX auX
I <9K - %> o) = mBk <¢K;Iv <9K - %>> - (7’, L, <9K - %>>K7 (6.53)

and utilizing the Cauchy-Schwarz inequality, we obtain:
ou
o= )
K /Lo (k)

ou ou
(- 52 ) (= G| e
(6.54)

ong
Evaluating (6.32) and (6.33) of Lemma 6.6 together with Lemma 6.18, we complete the
proof. O

2

< muasmm]

La(v)
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To complete the discussion of the equilibrated residual method it only remains to
give a definition for the error estimator that can be used in practical computations and
to give the resulting bounds provided by the preceding theory.

Definition 6.20. We define the local estimator of the equilibrated residual method and
the local higher order term corresponding to the element K by

nerk = mlloxllx,

CK

ak|r =7l Lyx)s

with the global counterparts

1/2
NER = (Z 77?53,1() and

KeT
1/2
¢ = (Z c%) ,
KeT
respectively.

Combining the bounds from Theorems 6.11, 6.12, 6.13 and 6.19 we arrive at the
robustness result for the error estimator defined above.

Theorem 6.21. In notation of Definition 6.20 the upper and lower error bounds hold

llelli® = mi(e,T) (nig + %)

merx = el + D Gk
KCwg

A

This theorem is the final result of this work and guarantees the reliability and ef-
ficiency of the estimator. The bounds are in accordance with those provided by Kunert
[35] for the Dirichlet local problem error estimator for the singularly perturbed reaction-
diffusion equation.

6.1.8 Numerical experiments

In Section 6.1.7 we gave an example for the bases for the local problem (6.46) consisting
of the very specially squeezed functions. We have good experience, however, in solving
this problem with a finite element method, where we choose the nodal basis correspond-
ing to a division of the triangles into n? parts, see Figure 13.

Figure 13: Triangle subdivisions. n = 2 and n = 3, respectively.
Let us consider the 2D model problem

—Au+r*u=0inQ:=[0,1]?, wu = ugon 9Q.
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Prescribe the exact solution
u = e*l{ﬂ? + e*lﬂy

which displays typical boundary layers along the sides z = 0 and y = 0. The Dirichlet
boundary data ug are chosen accordingly.

We use a sequence of finite element meshes generated by the algorithm described
in [7]. The idea of adaptive procedure is that the choice of a refinement direction is

done according to the components of energy norm of an error || ge | La(K)’ g—z (k) and
La(K

k2]l L, (k). One of the resulting meshes of this program is displayed in Figure 14.

U111 s RS

Figure 14: Mesh refinement.

Tables 1 and 2 show the behavior of the estimators in the singularly perturbed case
on anisotropic meshes. We observe that the new error estimator is robust while the
original one overestimates the true error when the aspect ratio is large enough.

6.2 Residual error estimator

After some additional notation we formulate an upper error bound for the error mea-
sured in the energy norm. The jump discontinuity in the approximation of the normal
flux at an interelement boundary is defined by

[8u1

%] = nx(Vur)x +ng(Vur) g,

and the usual interior and boundary residuals » and R are given by

r=f+ 2 Auy — K2uy

and
R_ 2 [%] on 0K N 0K’
0 on 0K NN
which are defined as usually (see [4]). Define by rx := ‘—}(‘ [ 7 dz the mean value of r

over an element K.
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Iteration N ‘ Unknowns N ‘ Maximal aspect ratio ‘:,gggg A‘Emeﬁlgff)
1 25 71 1.392 1.102
2 ol 71 1.301 0.896
3 97 71 1.565 0.962
4 116 142 1.903 1.032
5) 157 285 2.457 1.094
6 217 571 3.151 1.153
7 382 1142 4.264 1.169
8 714 2284 5.955 1.167
9 1481 4568 8.903 1.157
10 3274 9137 14.475 1.130
11 6847 18273 23.967 1.112
12 15187 36547 44.111 1.090
13 35536 73095 81.237 1.062
14 106819 146191 138.711 1.005

Table 1: Results for n = 4, x = 1000. The fourth column represents the ratio between the
Ainsworth and Babuska estimator and the energy norm of the true solution, while the
fifth column represents the similar ratio for the estimator defined in the current work.

" . : AB error AB er(mod)
Iteration N | Unknowns N | Maximal aspect ratio | 25 orr oxact orr

1 25 541 2.665 2.150
2 o1 541 2.177 1.587
3 120 541 1.802 1.198
4 143 041 1.995 1.187
5 192 1083 2.410 1.243
6 217 2167 3.062 1.302
7 283 4335 4.273 1.392
8 446 8669 6.207 1.436
9 814 17339 9.748 1.405
10 1553 34679 16.646 1.411
11 3053 69359 30.149 1.433
12 5809 138718 54.363 1.429
13 11357 277436 101.47 1.420
14 23376 554873 211.02 1.407
15 104916 1109745 423.10 1.383

Table 2: Results for n = 4, k = 10000.
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In addition we recall the following notation:
ag = min(E_lhmmyK,/-i_l),
ay = min(e_lhmmm /-1_1).

Theorem 6.22. There exists a constant C that depends neither on the geometry of the
mesh T nor on the perturbation parameters, such that

=] = ml(u—ul,T){Za%ITKII%Z(K)
KeT
1/2

+ > el |RIT, e+ D aklr =l ¢
yedT KeT

where 0T denote the collection of all edges in the triangulation 7.

Proof. See the proof for the anisotropic case in Kunert [34]. For the isotropic case it
appeared first in Verfiirth [48]. O
6.3 Error reduction property

In order to obtain an error reduction property in this chapter we will require the inverse
inequalities with for the squeezed bubble function with the squeezing parameter which
differs to the one defined in Section 6.1.

Lemma 6.23. (Inverse inequalities for bubble functions and special edge bubble
functions). Let ~ be an arbitrary edge of K. Assume that ¢ € P°(K) and ¢, € PO(y).
Then the following inverse inequalities hold:

IV(bker)llLax)y ~ hr_n%n,[{”(pKHLz(K) (6.55)
K1\ 1)
| Feat (92t o) ~ (W) 525 2 (6.56)

KN 2 i {5 -
IV (Feat(09)by )| o) ™~ W 6"/“ min 5Wuhmin,K o7l La(y)- (6.57)

Proof. See [34]. O

We are in a position to specify our parameter 6 = 6(7y). From now on in this section
we use

1 |y s —1 -1
0y = c——emin(e”  Aminy, K ). (6.58)
T3 |wy | !
Note that if y = 0K [ 0K’, then
el -1 —1 il -1 —1
0y ~ —emin(e™ hminx, K ) ~ emin(e™ hpin k7, K ).
T K| K|

We should mention that the definition (6.58) differs from the original definition in Kunert [34]
by a factor of 1, which however does not disturb the estimates. This modification is done
in order to avoid overlapping supports of special edge bubble functions.

In the case of a singularly perturbed problem the choice of space enrichment is cru-
cial. First, recall the definition of the space Vi:

Vl = {’Uh (= H&(Q) VK € T, Uh|K € Pl(K)}
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We enrich the space V; by the squeezed bubble functions for all edges and the interior
bubbles. Namely,

Vo i={v, € Hy(Q) : VK € T, vp| € Pi(K) + span{bg,bys v € 0K\ 00} }.
Then the finite element solution us € V5 is uniquely defined by
B(ug,v) = (f,v) Yve V. (6.59)

It is not clear at the moment wether we get the estimate similar to the estimate of
Theorem 6.25 using the usual bubbles as it was done for example in [24] for the Laplace
problem.

The proof of the error reduction property is based on the following lemma.

Lemma 6.24. Let the functions u; and us be the solutions to (2.3) and (6.59) respectively.
Then the upper error bound

llw = willl* < Cma (u — uy, T2 (Hm —ugl|*+ ) aklr - TK\%Q(K)>
KeT

holds.

Proof. Using the Theorem 6.55 we estimate the terms involving boundary and interior
residual subsequently.

1. Boundary residual. Due to the fact that R is constant over each edge + applying
partial integration we get:

2
2 iR = / Rby s ds = — / Vua Vb 5. d
Y Wy

=c? | V(up—u1)Vbys, dz + K /

Wy Wy

fbys, dz + K? / uby s, da

Wy

(ug — ul)b%(;w dx — /

Wy

= Bwy (U,Q — Ui, b%(;ﬂ/) — / ’f'b%(;V Cl.%',

Wy

where w, is the union of two triangles sharing the edge v (see Section 2.2). Squaring

and integrating over v we get
2
MIRIZ, ) = Bu,(uz —u1,bys,)? + (/ rbys, dx)
w.

<z = a2 08, 12, + 17117 ) 1076, 12 5

~

N

Estimate the first term using the inequalities for the special bubble functions (6.56),
(6.57) and the definition of §, (6.58) as follows:

2 2 2 2 2
0.6, 15, = e 1Vbys, 2,0y + £ 1078, 12,0
K|l. . K -2 K

=¥ (eZ’—H%mln{m—ﬂ,hmm,K} \v|+m2H6m\>
i\ gl gl

~ Z (53041( min {eag, hminrc} 2 7] + fizaoth/\)
KCuwy

< elyles!
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Estimate the second term using (6.56):

K]

— || ~ |7]|ea
™ Y]~ yleay

2
Hb')’767 HLQ(W—Y) j

Combining three previous estimates we come to the following:

elan BRI, = lluz —wllE, + a3, .,
< e = w2, + Y aklrel,m + Y aklr = rrlli,m-
KCuw~ KCuw~
2. Interior residual. It remains to estimate the term o3 |rx ||%2(w7). We have
K
rKu = /erKda:
5! K
= /fbde—RQ/uledx—/rbKda:—i—/erKdm
K K K K
= BK(U%bK)—BK(UlabK)_/(T_TK)bKd:L'
K
= BK(UQ—Ul,bK)—/(T‘—TK)bKdSC,
K
because [, Vu1Vbg dx = — [;- Auybg dz = 0. Squaring and integrating over an element
K we get:
2
‘K|||TKH%2(K) = BK(UQ—ul,bK)2+</ (T‘—TK)bKd:U>
K
< luz — % Moxl + llr = rrl7, 1) 10K 17
> iU = Wik IPK T T T = TK Ly (k) 19K 1 Ly (K)

Now we use (6.55) for |||bk|||x as follows

lbxli% = 2IVORIZ, 00 + K102, 00
< (Phds +17) ol
< (ki + 12 K]
or,
bscll =< o3 K],
Thus, it follows that
013y aey = Mz = wrll + el = el (6.60)

Now, applying the inequalities (6.60) and (6.60) to the estimate of the Theorem 6.55 we
get the result claimed. O

Theorem 6.25 (Error reduction property on anisotropic meshes). The following
inequality takes place:

1/2
1
— sl < 41— - 2llr —ril? : 61
s U2||\/ G, 2 N u1||!+<§ aklr TKHK) (6.61)

KeT
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Proof. Using the identity

= ual|* = fllw — w2l + fllur — ual|®
we get
2 1 2 2 2
e = wall® < (1= Gy ) Ml =l + > akllr =il -
’ KeT
Taking the square root we finish the proof. O

The estimate (6.61) we call the error reduction property on anisotropic meshes. As it
could be mentioned the constant in (6.61) depends strongly on the value of the match-
ing function mq, and only bounding m; one can claim that the error reduces its value
significantly while using refined finite element space.

6.4 Hierarchical error estimator

Let Vo = Vi & Va. The true error e satisfies the following variational formulation:
B(e,v) = (f,v) — B(uj,v) YveV.

Now let us try to reduce the space V' to the space V5, namely consider e; satisfying

B(eg,v) = (f,v) — B(u1,v) Yv € Va.

It is clear that eg = ug — u;.
Now by means of the error reduction property we prove that the approximation of
the error e; is equivalent in the energy norm to the true error e.

Theorem 6.26. There exists a constant C that depends neither on the geometry of the
mesh T nor on the perturbation parameters, such that

1/2
lealll < lllelll = male, T) { Mle2lll® + > afllr —rrlli, e |
(K)
KeT

Proof. Let us verify the first inequality:
e=U—U] =U— Uy + ey,
and due to orthogonal property we get
el = lu = ualli* + [fle2ll?,

which leads to the first inequality |||e]||| > |||e2]]|-
The second inequality is nothing else, but Lemma 6.24. O

Represent error in the form ey = eg1 + eq0, Where ey € Vi, ex9 € V5, where esq, €99
satisfy

{ B(ea1,v1) + B(eaz, v1) = (f,v1) — B(u1,v1) Vo € Vi
B(ea1,v2) + B(ea2,v2) = (f,v2) — B(u1,v2) Vg € Vo,

or,

{ B(€21,U1) + B(egg,vl) =0 Yu, € Yl
B(ea1,v2) + Bleaa, v2) = (f,v2) — B(u1, v2) Vg € Va.
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Ignoring the coupling terms we get

{ B(Ezl,vl)zo Yv, € Vi
B(EQQ,UQ) = (f, ’Ug) — B(ul,vg) Yvg € V.
From the first equation we immediately get €;; = 0. Denote € := €55. For € we have the

following equation: B
B(e,v2) = (f,v2) — Bur,v2) Vuz € Va.

It is useful to know that

{ B(621,U1)+B(622,1}1):O Vv E‘Zl
B(ea1,v2) + B(ea2,v2) = B(€, v2) Vg € Vo,
or,

{ B(ez,’l)l) =0 Yv1 € Vi (6.62)

B(ez,vz) = B(é, 1)2) Yvg € ‘72

Now by means of strengthened Cauchy-Schwarz inequality we prove that the ap-
proximation of the error € is equivalent in the energy norm to the approximation es.

Theorem 6.27. The approximation of the error € stamming from (6.62) satisfies

_ 1 _
elll < Mezlll < ——=Iell,

V1—~2
where v = \/ géggg + V193953 4o the constant from Corollary 3.7.

35680
Proof. We have

llealll> = Blear + ez, ea1 + e22) = ||lear|l|* + 2B(ear, e22) + |||ean|||*

lle2lll® = 2vlleatl llleazll + [lle22/l*.

v

Utilizing the inequality
2y lleatll lle22lll < Illeznll® +vllleazllf?,

we get
llealll* = (1 =~*)llle2z .

Applying the first inequality of (6.62) we get
llle2lll* = B(ea, e1) + Bl(ez, eaa) = Blez, e22).

Applying the second inequality of (6.62) we get

_ _ 1 _
lle2lli* = (2, e22) < IllElll llexzlll < ——==Il[elll lllezl

V1—12

So we get
1 _
le2lll < —=—=lllell|-

i

Second inequality of the theorem is shown as follows:
lelll* = B(e,e) = B(ez,e) < [[lelll [llez[ll

and thus,
el < lllezll,
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Definition 6.28 (Error estimator). For all triangles K and edges ~y define the following

terms

B(ubb%%)_/gfbméw dx Lvaaéw d8+/w rby 5, dx
a = — 2 ,
! [16+.6., 117 16,6, 1[I

B(ul,bK)—/fbde /rbde

Q K
CK = = <L
lellE 111>

By means of these terms we define approximation function to the error:

€= Z (z,yb%(;7 + Z CKbK,

~€dT KeT
ll[€]l| is then the hierarchical a posteriori error estimator.

Let v, w € 172

v = Z UfybfwsW + Z UKbK

ye0T KeT
w = Z wvb%(;w + Z ’UJKbK.
ve0T KeT

Define a bilinear form d(,) : V2 — R as follows:

d(v,w) == > vywylllbys, I*+ D vwrlllbk ||
vEOT KeT

We need also a local analogue of this bilinear form for any triangle K:

dic(v,w) =3 vyws by, Ik + vxcwr llbxll%
yCOK

This bilinear form has the following properties:

dv,w) = ZdK(v,w) (6.63)
KeT
de,v) = —B(e,v) Yve V. (6.64)

The first relation is clear, let us prove the second one. Indeed,

d@Ev) = Y

yedT

= B(ul,v)/gfvd:c:B(é,v).

B(uy, b%5w) — fb%(gW dzx
Wry

vyt Yy [B(ul,bK)—/bede] vk

KeT

In subsequent analysis we need a kind of stability property for the bilinear form
d(-,-) which we formulate in the following lemma.

Lemma 6.29. There exists a constant C that depends neither on the geometry of the mesh
T nor on the perturbation parameters, such that

d(v,v) <[> Vo € Va. (6.65)
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Proof. First we prove the claimed result locally, namely that for any triangle K the
following inequality holds:

dK(va) = HMH%{ Vv € ‘727

from which the inequality (6.65) evidently follows. Let v € Vs, then v|k can be repre-
sented in the following way:

U‘K = Z 1)717%&Y + vibk.
YCOK

We have

ol = Br | X vibys, +orbr, Y wybys, +ukb
YCOK yCOK

= Y by, i +vkllbr i + 2Bk | oxbi, Y vibys,

YCOK YCOK
> Y Bllbys I + vkllbrellE — 22 lloxbrllxll D vibys, ik
YCOK YCOK

> (1= | D Moy i+ vkllbxllE | = (1= 7)dx (v, v),
YCOK

where v is the strengthened Cauchy-Schwarz constant from Theorem 3.8. Dividing both
sides by 1 — v we get the result claimed. O

We need also the estimates from above for interior and edge residuals. The following
lemma is taken from [27].

Lemma 6.30 (Interior residual). Let K € 7. Then

17l (r) = €t selllellic + Nl =Tl o)

Proof. For the proof see Grosman [27]. O
The following lemma is an improved version of the one from [27].
Lemma 6.31 (Face residual). Let v be any interior interface. Then,

B K|\ /2 B
Rl = 3 {el/QaK%/2||e|||K/+(' ') 52— Ty b

Krew, ol

Proof. Let v € H}((?). Integrating by parts on each element yields
B(e,v) = Z / rvdr — Z Ruds, (6.66)
KeT 7K ~edT '

where 07 denotes the collection of interelement faces.
Let v € 07 . Suppose that v = K| N K. Then
wy = int(K1 U K3). Choosing v := Fept(R)by 5, € Hg(2) in (6.66) implies

/ b Rds = 3 / PFony(R)bys. d — By (€2 Feat (R)by 5.).
0 K

KCuwxy
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Furthermore, applying the Cauchy-Schwarz inequality, one obtains

| Bre (€, Feat (R)by5.,)| < [llefll Il Feat ()b 6, [l 1

Using (6.56) and (6.57) one estimates the second factor as follows:

1 Feat(R)bys, 13 = €219 (Feat(R)by s 113, () + 21| Feat (R)by 5, 10

. K] K| K|
< | &2 mln{5 —| ,hmmK} ) k26 R|? .
( "l ’ "yl T 20

Thus, we have

K]
el

|K‘ - 1/2 2
* 5min{5,ym,hmm7[(} (5/ +/£6%/ .

Applying the Cauchy-Schwarz inequality, Lemma 6.30 and (6.56) to the second term we
have

1/2
Bic(e, Fuat(R)br5)| =< ( ) el |1 Rllao)

<7l Loy | Feat (R)bry 6. || 1o (1)

‘/ 7 Fert(R)b,y s, dx
K

_ B K\ /2
< (et +5) Mellsc + N = il agae| 62 ('7|'> IRl

Combining two previous estimates we get

K 1/2 - K 1/2
IRl < 3 {(' ') 6;/2||r—r||L2<K,>+<' ‘) lelllx

e ol ol
nds | K| _151/2 -1 s1/2 4 .51/2
* | €min LAV Pomin, K 3 Pin 0y KOY :

By simple manipulations we get (with §, from (6.58)),

. | K| 7112 -1 1/2 1/2 1/2, -1
€ min {(%W?hmm’[( 57/ + hmm’K(%/ + Ké,y/ < 457/ ag

which finishes the proof. O

We are now in a position to formulate a main result of the present paper, namely the
robustness of the error estimator.

Theorem 6.32. In foregoing notation and assumptions the following inequalities hold

A

1/2
el = ma(e,T) (man? + Y aklr —T'KH%Q(K)> :
KeT
1/2

llellx = | llell% + allr —rlli, ,
K (K)
KeK

A

where K is a unit of four triangles including K itself and three triangles sharing with K
its edges.
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Proof. 1. First inequality.

1/2
el = mafe,7) <||e2m?+ Za%ur—wni(m)

KeT

1/2
1 _
lell® + > aklir - TKH%Q(K)>

= mi(e,7T) <7
\% 1_72 KeT

It remains to show that |||e||| < |||€]||. Indeed,
lell® = d(ee) < vd(e,e)v/dee) = [llell Il

2. Second inequality is obtained more or less straight forward as it is shown below.

el < > layl 115,61 + lexcl bl x
YCOK

Estimate first and second term subsequently. Utilize (6.56), (6.57), Lemma 6.30
and Lemma 6.31 subsequently.

HRHLQ(’Y) Hb’y,&/ HLQ('Y) + HTHLQ(LO,Y) Hb%% HLQ(&)»Y)

IA

|ay [ 115+,6, M2

164,5, Il ¢
IRl L, ()
= —5 Tl
/ia}/z—ksa;lm gl 2(wy)
= 5_1/2a'1y/2HR”L2(’Y)+a7“r|’L2(w7)
< lelloy + D ayllr = rrellLy)-

Kewy

Similarly estimating the second term we get the result claimed.

17[ Lo ry 10K M| 2y (1)
1ok |l &
ak|[rll L,y x)

lexcl lbxellle <

llellx + axllr —rrllL,)-

Combining two previous estimates we finish the proof.

6.5 Numerical experiments
Let us consider the 2D model problem
—Au+r*u=0in Q:=[0,1]%, u = up on 9Q.

Prescribe the exact solution
u=e "W

which displays typical boundary layers along the sides x = 0 and y = 0. The Dirichlet
boundary data ug are chosen accordingly.
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Mesh | Elements | Il vl (=g, T) | el

To—wll | o ) [l
1 8 0.80 0.60 1.42 1.92
2 32 0.73 0.64 1.41 1.14
3 128 0.64 0.69 1.42 0.65
4 512 0.56 0.65 1.42 0.34
) 2048 0.50 0.55 1.42 0.17
6 8192 0.50 0.55 1.42 0.09
7 32768 0.51 0.54 1.42 0.04
8 131072 0.51 0.54 1.43 0.02

Table 3: Results for x = 1000 with transition parameter 7 = 2In(x

\

7 | Mesh | Elements | ol | fii=s2l | my(u—uy, 7) Lﬁ';ﬁ‘l‘
1 4 512 0.56 0.65 1.42 0.34
0.1 4 512 0.41 0.91 16.6 0.45
0.01 4 512 0.40 0.97 24.8 2.56
10 4 512 0.72 0.65 1.44 2.05

Table 4: Results for x = 1000 with various transition parameters 7 = 2yIn(x)/k.

In the first table we use a sequence of Shishkin meshes with transition parameter

T =2In(k)/k.

The second table has the results for the various transition parameters m = 2v1n(x)/x,
perturbed from the original value by additional factor 4. v ~ 1 corresponds to the ap-
propriate transition parameter 7. v > 1 means that the mesh is unnecessarily course,
while v <« 1 produces an overrefinement leading to the large values of the matching
function m;. We can observe the influence of the matching function to the error estima-
tor and the constant in the error reduction property. It could be argued that moderate
values of the matching function yield the constant in the error reduction property actu-
ally smaller than 1, while the large values destroy the error reduction for enlarged finite

element space. Thus it demonstrates that the estimate (6.61) is sharp.
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7 Towards a convergent algorithm for the reaction-diffusion
problem

In this chapter we provide the adaptive algorithm that allows anisotropic triangulations
works in addition for the reaction-diffusion problem. The error reduces in each adaptive
step, but the convergence property does not seem to be possible to be proven for this
algorithm because of additional data oscillation terms. Numerical experiments in Sec-
tion 7.4 confirm the theory for the adaptive algorithm. The adaptive algorithm shows
its potential by creating the anisotropic mesh for the problem with the boundary layer
starting with a very coarse isotropic mesh.

7.1 Alternative residual a posteriori error estimation

As it was already mentioned in Section 5.2 a weight of the edge error indicator is not
uniquely defined in general. In this section we will formulate the residual a posteriori
error estimator obtained in [31].
Consider the model problem (2.1). Recall the notation for the interior and boundary
residuals r and R
r=f+e2Auy, — k2uy,
and
R, = g2 [%} on 0K NOK'
0 on 0K N o).

The mean value is defined via rx = —

[ dx as before. In addition we recall the

K]
following notation:
| ~1
ag = min(e” hpmink, K ),
| ~1
ay = min(e hminy, K )-

Define the error indicator 7., associated with an edge v by

1/2
_ 1/2 ol
= e ()1
Y
and the error indicator 7 associated with an element K by

ni = ak |7k || L, x)-

Then the local residual error estimator nr x and the local data oscillation (local approx-
imation term) (i for the element K are defined via

1
77%%,1( = 77%(4‘5 Z 7737
YCOK
k= aklr—rlli, )

Let nr and (¢ be their global counter parts, given by

2 2
Nnr = E NR,K >
KeT,

¢ = ) ke

KeT,

The following robustness results was shown in [31] for x = 1. The proof is identical for
general x > 0.
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Theorem 7.1 (Global upper error bound). There exists a constant C that does not
depend on the aspect ratio of the mesh, such that

= wpllfy = m3(u—up, Tn) (nf +C?) .

Theorem 7.2 (Local lower error bound). There exists a constant C that does not
depend on the aspect ratio of the mesh, such that

e = Mlu—unllZ,e + Y G
KCwg

7.2 Marking strategy

The marking and refinement strategies are the simplified variants of the corresponding
strategies for the case of the pure Poisson problem.

Marking Strategy E

Given a parameter 0 < # < 1 and a mesh 7 H, select the
set of elements 7y C 7y and the set of edges £y C £y for

which
1/2

Skt > 2| =6k

KETH ’YGéH

In order to formulate an error reduction theorem we need an additional condition on
the marking procedure :

Yy € &, with hyip, = e holds: VK C w, : K € Tg. (7.1)

This condition makes sense since the anisotropic refinement is usually appropriate only
inside the boundary/interior layer where A, , < ex 1.

Theorem 7.3. Let Ty be a triangulation of ), and let T, be the triangulation obtained

from Ty by refining every element marked according to Strategy Einsucha way that new
node is created in the interior of each marked triangle K € Ty and on the each marked
edge v € Eg. If condition (7.1) is satisfied, there exist a constant 0 < o < 1, depending on
0 and the alignment measure, such that

llu = unllEy < @llu = unly +CC+C Y akllf = frllf, -
KeTy

The dependence on the alignment measure has the following form:

1 1/2
a=(1-
( C’m%(uuH,TH)>

The proof will be given in Section 7.3. Before, we will state the algorithm C.

Remark 7.4. It is not possible to show the asymptotic convergence of the adaptive al-
gorithm for the reaction-diffusion equation due to the additional higher order terms. It
would be possible if the algorithm guaranteed that three new nodes are introduced per
each marked triangle each iteration step, cf. [44]. However, an algorithm with this prop-
erty that additionally allows anisotropic refinement is unknown for the author. That is
why in this chapter we do not talk about the convergence but only restrict ourselves to
the error reduction.
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Algorithm C

Choose parameters 0 < 6,0 < 1.
1. Take some initial mesh 7.

2. Solve the discrete problem on 7, denote by u its
solution.

3. Let k= 0.
4. Compute the local indicators 7.

5. If the global estimated error is small then STOP.

6. Construct 7;, € 7;, by Marking Strategy E and pa-
rameter 6.

7. Let 7311 be a refinement of 7;, such that
e each element of 7;, contains a node of Try1 In

its interior and

e each edge of &, contains a node of 7;; in its
interior and

e Condition (7.1) holds.

8. Solve the discrete problem on 7,1, denote by wuy;
its solution.

9. Let k := k+ 1 and go to Step 4.

7.3 Error reduction theorem

This section is aimed to prove Theorem 7.3. To this end we follow Stevenson [44] and
formulate a lemma that will allow us to bound an edge residual for element K on which

hmin,K t 5571 .

Lemma 7.5. For any two triangles K1, Ko that share an edge ~, for any continuous
piecewise linear function uy, over K1 U Ko, and for any piecewise constant function f over
K1 U K5 it holds

duy, lwy [\ 72
B = Tl 1f = unllpo(yUKS)-
TN La(y)
. . .. . 2K
Proof. Define the continuous piecewise linear function w by w(A;) = | | ‘1| for the vertex
Y

A7 of K1 not on v, and w = 0 on K> and note that [%th] = 1. Since any continuous,
piecewise linear function u can be rewritten as a linear combination of w and a linear

over K; U Ks function p thus having a zero jump in the normal derivative over -, it
sufficies to prove that

Pw} = <W>3/2 inf If = (w+p)|
on Al mn —(w '
on v a peP (K1UK2 ) Pl Lo (K1UK?)

el ), FEIT2, Po(K;

La(v)
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Since 3o
o\~
TN (—” ol Laromca

where V = P;(K; U Ks) + HZ 1 Po(Ki), it suffices to show that

HwHLQ(KlUKQ) j 1}161\](:‘/ Hw - UHLQ(K:{UKQ)'

We can note that the last infimum is reached for the L,-projection of w onto the space
V, in other words v should satisfy the relation:

(U - w, ¢)L2(K1UK2) = 07 \V/QZ) € V

Due to Lemma 3.9 there exists a constant C' < 1 such that:

2 2 2
”w - vHLQ(KlUKQ) = ||wHL2(K1UK2) + ||/UHL2(K1UK2) - Q(U?M)LZ(K1UK2)

v

||wH%2(K1UK2) + HUH%Q(KluKQ) - 25’”wHL2(K1UK2)HU”LQ(KIUKQ)
> (1 - C)(HwH%Q(KlLJKQ) + H’UH%Q(KNJKQ)) =z (1 o C)HwH%Q(KIUKQ)'
which finishes the proof. (]

We conclude results for the edge error indicator separately for large (hyin, = ek~ 1)
and small (A, < ek~ 1) elements.

Lemma 7.6. For any edge v € 07}, with huyiny = ek~ L we have
2 2 2 2 2 2 2 2 2
ny 20k, + 0k, T Cky S % L = Frall o) + ok — el (k0

Proof. By hminy = ek~ ! the utilization of Lemma 7.5 shows that

_ Oup,
773/ = ¢ la'yhmzn,’y ‘ | HR ||L2 _53a’yhmln'y |7| "
|y | wy ||l On |, Lo}
8 2
< | 5]
" T L2 ()
& s (o7 2 ?
= 28 T — [k, — un
i=1 "7| k La(K3)
2 1 2
= Z(ghf_nzn’y)g - _QfKi_uh
i—1 K La(K;)
2 1 2
<> R fk— un
i=1 k La(K;)
2

A

e, + iy + Coey + Ciey + 3, I = T iy + O llf = Fall T 0560
O

Lemma 7.7. Let K € Ty be any element and v € £y be any edge of the triangulation. In
the notation of Theorem 7.3 the following estimate holds:

e = M —unllf + Gk (7.2)
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if in addition hyin < ek, then

1
< 3 (Cullon —wallf + b + i), @9

6
KCuw~y

provided there exist the basis functions ¢ and 1., on the new mesh T;,. We denote by 1k
and 1, the hat functions corresponding to the new nodes introduced in the interior of the
triangle K and on the edge ~, respectively.

Proof. We show (7.2) first. Using the fact that [, VuyVig dr = — [, Augipg dx = 0,
we have

K
TKu = / erKdac
3 K

_ 2 _
= /waKdm K /Kquj}Kd:B /Kmﬁde—{—/Kerde
= BK(Uhﬂ/JK)—BK(UHWK)—/K(T—TKWde

= BK(Uh_UH,wK)_/K(T_TK)deCU-

Squaring and using the Cauchy-Schwarz inequality we get:

Kl 120y = M — el I + 1 = ey oo ey

The desired inequality (7.2) follows now from the estimates (2.12) and (2.13).
We show now the second inequality (7.3). Taking into account that R, is a constant
over any edge v, we have:

1
SRy = / Ry ds = —? / Vuy Vi, dz
Y

Wy

= &2 V(Uh—uH)v¢7d$+/€2/

ww W'y

fp dx + rﬂ/ wpihy do

Wy

(up, —ug)y de — /

Wy

— B —un) — [ rnde

Wy

Observing that i|v|R, = 1|7[Y/2||R, || La(v) We estimate the edge error indicator:

- ol - v
77'2y = ¢ 1a7hminﬁmHR7H%2(fy):€ 2h3m'n,'ym”R7H%2('y)
Y v
—272
€ inin _ 2 2 2 2
S T lun — w5y + 17, 0 19312, )
v KCw~y
—272
€ *h .
< 3 (ol =l (U W+ W21 D) 71 )
v KCuw~y
1
< % (Collun - unllf + gk + €k )
KCuwy
where we used (2.14), (2.15) and the assumption of the lemma. O

Lemmata 7.5 and 7.6 are now used to prove estimates for u; — ug.
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Lemma 7.8. Let 7}, be a triangulation resulting from Ty by applying one cycle of algo-
rithm C. Then:

1. we have the following global lower bound for the error reduction

2 1
Ilun = wrff, = Clm%fu gy el - G - € KGZTH aFllf = frcl ey
2. If an additional condition on the marking holds:
Vy €& VK iy COK : nf <2, or K € T, (7.4)
then
2 6> 2 2 2 2
o s > eyl vl = o = o 32 el = vl

In the second case the factor in the first term of the right hand side is not so small.

Proof. 1. By Lemmata 7.5, 7.7 and the marking strategy E we have

Pnp < > P+ > k= > 2+ > e+ Y 0k

’YEEAH KE'ZA‘H ’VGSH,hmin,«,<<€H71 'yEé‘H,hmin’,\/tEl&*l Ke'j—H
< 2. mHC )y om0y, Y ekl = frl + €
'YGSAH’hmin,'y<<EN_1 Kej—H ’yEgH chmhmin,wt(SN_I
2 2 2 2 2
< o Y0 Mun—ullZ, + > Mun —urlli + S+ D aklf = fellm

VEEH KeTy KeTy

1
+E Z Z 77%(.

’yEt‘jH K Cwy hmin,y<Ker™1

Each triangle K is counted at most three times in the last sum. Thus,

62 — 1
lluw —wnllly > =5tk = CaC* = Co 3 akllf = ficliauo
02 _i , ) 2 2
Crm2(u—um, ) llun — ugll|g, — Co” — Ca Z agllf — fK”LQ(K).

KeTy

2. Proceeding analogously to the first part and utilizing the condition (7.4) we obtain
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P < D M+ Y nk = > m + > Y Nk

’YEgH KETH ’YegHyhmin <er—1 ’YE(C:‘H,hmin k1 KEj—H
Y sy

= DR S > ik

YEEH hamin,y<Lek 1 'yet‘fH,hmm,w<<€H*1 KCuwy, KTy

= X > ok X B+ Yowk

’YeéH7hmin,'y<<8H/_1 KCW’nygj’H ’YeéH7hmin,'y iaﬁ_l KE/IA-H
6 21 2
5 77'\/ 5 Nk
KeTy YCOK himin,~<Ker™1 YEEH hmin, Kerk™L K Cuwny, K¢TH

+C Z i +C Z Z agllf = frll ) + ¢

KE'ZAVH ’Yeé‘H KCW’ywhmin,'yia’i_l

IN

IN

Co | D Mun —umllZ, + D Nun —uallie ++ D aellf = fxlli,

'YE‘éH KG'ZA'H KeTy

We are now in a position to prove Theorem 7.3.

Proof of Theorem 7.3. Using the Galerkin orthogonality property and Lemma 7.8, we
have

e = wnlley = Nl = wrllf, = llun — urll,

g2 1
<Ml — 2 (1_ 1 2 2011 2 ‘
< llw UHlHQ( Clm%(u—quH)) + Co( +C2K§€T axllf = T,
H

If the condition (7.4) is satisfied then we have a similar estimate:

u — wunll = o = I, n — e

92
<lu—unlld (1 - Cy¢? + C 2 f = Frl3, -
<=l (1= G ) + G+ Co 3 okl = il

KeTy

7.4 Numerical experiments

We are not able to prove the error reduction for the Algorithm C without the condition
(7.1), which is used to bound the terms involving the element residuals. The essential
point of this condition is that the new inner nodes are created per each "large” (hpin xk =
ex~ 1) triangle with at least one marked edge. We can heuristically observe that, inside
each triangle will be sooner or later created a new node throughout the refinement
process. Thus we leave this condition when implementing the adaptive algorithm in
practice and implement the simplified algorithm.

As a test example for the adaptive algorithm we consider the reaction-diffusion equa-
tion

—Au+r*u=0; u=uyondf
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with known exact solution:
u=e "L,

For large  the solution has the typical boundary layers along the Ox and Oy axes.

A sequence of meshes produced by the adaptive algorithm described in this chapter
is shown in Figure 15. As we can mention the algorithm shows its ability to produce
anisotropic meshes starting with a very coarse isotropic mesh, which is the crucial and
very important property of this algorithm. Up to now there were only a few algorithms
(including [7]) that can produce the anisotropic meshes starting from isotropic ones.

The convergence graph that shows the dependence of the error measured in the
energy on the number of triangles is plotted in Figure 7.4. The convergence line can be
conventionally split into three stages. At the beginning, the error looks proportional to
the one obtained with the Shishkin meshes (with a factor of order 10). But later at the
second stage, the algorithm starts to refine anisotropically and convergences definitely
better than the a priori designed Shishkin meshes. After the optimal aspect ratio is
reached the isotropic refinement does the job.

7.5 Discussion of the alignment measure m;

In this section we follow Kunert [32] and state it here to comment the matching which
appears on the lower error bound of the error estimator and in the error reduction con-
stant.

The alignment measure m;(v,7;,) (see [32]) has been introduced in (5.2) to measure
how good an anisotropic mesh is aligned with an anisotropic function v. The worse this
alignment is, the larger m, will be (recall that m; > 1). Simultaneously the quality of
the error estimation and the error reduction constants deteriorates. Hence it is vital to
determine m;(u—up, 7;,) to obtain a reliable estimates. Yet this is impossible since u—uy,
is not known. Two (partly overlapping) remedies seem possible.

1. Construct the mesh such that it is aligned with the anisotropic solution [42, 41,
30, 29, 50]. One can hope that using a refinement strategy given in this chapter with
isotropic initial mesh results in a small mi(u — up, 7;) and, in turn, in a useful upper
error bound and an error reduction constant. Numerical experience strengthens this
point.

2. One can try to approximate m;(u — up, 7;). For example, the gradient Vu of the
solution could be replaced by a recovered gradient V%u, (cf. e.g. [47]) giving

2
5 ek O (7T )
h

R (
my(u — up, Tp) =
= unT) IV Eup, — Vup| 1, q)

Indeed, numerous numerical examples (see [32]) yield that m(u — uy, T,) =~ m1(u —
up, T,) with only a small deviation (independent of the actual alignment of the mesh).
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Figure 15: Example of mesh sequence starting from the isotropic mesh of two triangles.

A number under each Figure stands for the number of iteration.
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Figure 16: Convergence of the adaptive algorithm for « = 1000.
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