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1 Introduction

A popular tool to describe phenomena and problems in physics and engineering is the usage
of partial differential equations. They pose an abstract model to the actual situation and
allow theoretical as well as application based investigations. Since an analytical solution is
often unknown, this approach leads to numerical simulations, making use of computers in
order to find a discrete approximation. In the following, the finite element method will be
considered, which is a popular numerical technique to find these discrete approximations.

The general form of the finite element method involves choosing a grid for the domain of
the considered partial differential equation. However, if the grid is too coarse, one might not
resolve the solution sufficiently well. On the other hand, it is usually a priori not known
where the grid needs to be finer. A globally finer grid is not always within the realm of
possibility because it implies a massive increase in the limited resources of required memory
and computational power in order to obtain an approximation.

One way of circumventing this problem is the following: Instead of calculating just one ap-
proximated solution on a fixed grid, one tries to derive a posteriori error estimators, i.e., error
estimators which give information about the magnitude of the error of a given approximated
solution to the actual solution on certain portions of the grid. The hope is that refining the
areas of the grid in which the error is particularly large will increase the overall accuracy
significantly. Iterating this process results in a so-called adaptive algorithm.

A general adaptive algorithm for stationary problems can look like the following.

1.1 Algorithm [A general adaptive algorithm]. This algorithm is a modified version of
[Verl3| Algorithm 1.1]. Let the data of a partial differential equation and a tolerance ¢ be
given, then one looks for a numerical solution of the problem with an error less than e.

(i) Construct an initial coarse mesh 7y representing sufficiently well the geometry and data
of the problem; set k& = 0.

(ii) Solve: Solve the discrete problem associated with 7.
(iii) Estimate: For every element K in T compute a local a posteriori error indicator.

(iv) If the global error estimate is less than ¢, stop, otherwise:
(a) Mark: Decide by the local error indicators which elements have to be refined.

(b) Refine: Construct the next mesh 7i1. Increase k by 1 and return to step (ii).

In this thesis, three different partial differential equations are being considered: The incom-
pressible and stationary Stokes equations which model free viscous flow, the Darcy equations
which model flow through porous media and convection—diffusion equations which describe
the transportation and diffusion of scalar quantities like temperature or concentration, as
well as a coupled Stokes—Darcy system which can describe for example the free flow of a river
and the resulting flow in its riverbed in the field of geosciences.

The goal is to investigate the adaptive algorithm for these problem types theoretically
as well as practically for different kinds of error indicators and different parameters in the
marking strategy of step (iv).(a). In particular, the theoretical part of the thesis includes the
Stokes, Darcy, and Stokes—Darcy equations, numerical simulations were performed for the
convection—diffusion, Stokes, and Stokes—Darcy equations. The convection—diffusion equa-
tions were chosen for the numerical simulations because under certain assumptions they can
be seen as a generalization of the Darcy equations and it is more likely that the solution of



a convection—diffusion problem possesses features that require the application of an adaptive
algorithm, making it easier to find suitable examples.

In the following sections, steps (ii)-(iv) of the algorithm are described successively.

Section 2] deals with the Darcy, Stokes, and Stokes-Darcy equations. Existence and unique-
ness of a weak solution, as well as the corresponding finite element discretization are discussed
for the Darcy and Stokes equations, for the Stokes—Darcy equations, the coupling conditions
as well as possible finite element discretizations are introduced. Therefore, this section can
be identified with step (ii) of the adaptive algorithm.

In virtue of step (iii), in Section [3| error estimators are being derived first in an abstract
setting and then applied to the Stokes, and Darcy equations. The considered error estimators
are a residual based a posteriori error estimator in the energy norm and a dual weighted
residual error estimator, which indicates the error of the approximated solution with respect
to a functional of interest.

The next step of the algorithm is step (iv), being subject of Section 4| and Section [5, which
are the counterparts of steps (iv).(a) and (iv).(b), respectively.

Section [0] deals with numerical studies for the convection-diffusion, Stokes and Stokes—
Darcy equations. The differences between the residual based a posteriori error estimators
and the dual weighted residual error estimators as well as the performance of the adaptive
algorithm under certain configurations of step (iv).(a) are discussed.

Section [7] gives conclusions and an outlook.

2 Models for flow problems

This section deals with models for flow problems and their respective discretizations, i.e., it
considers point (ii) of Algorithm First a model for flow through porous media is intro-
duced, followed by the Stokes equations. Finally, the coupled problem of the two previously
introduced models is considered.

2.1 The Darcy equations

The Darcy equations describe the behavior of fluids in porous media like sand. First they
were obtained as results from experiments by Henry Darcy in 1856 [Dar56], later it was
found that they can be deduced from the Navier—Stokes equations and therefore also pose a
theoretical result. The dimensionless problem associated to the equations usually reads as
follows:

Let Q € R? be a bounded domain with Lipschitz boundary and f € L?(Q) a source term.
Then one wants to find the fluid velocity u : © — R? and the piezometric head ¢ : Q@ — R
such that

u+KVep =0 in (2, (1)
V-u=f in (),

where K is the hydraulic conductivity tensor, describing the characteristics of the porous
medium. The piezometric head gives information on the liquid pressure at a specific place.
This formulation of the problem is known as the “mixed form”.

2.1 Remark [On the velocity term|. The velocity u of the Darcy equations is not a pointwise
velocity like expected in a free flow, it is rather a specific discharge that happens to have the
unit of a velocity: Let Q[m?/s] be the total discharge (volume per time) and A[m?] be the



cross sectional area to flow, then the not yet nondimensionalized averaged velocity is given

by
e

Vi= —

A

By taking the divergence of the first equation of and substituting the second equation,
one obtains the simpler “primal form” of the Darcy equations:

-V -KVy = fin Q. (2)

s-m?2 S

Note that the two forms are equivalent if the functions are smooth enough. However in the
setting of a finite element discretization as introduced later the two forms are likely to yield
different solutions.

To obtain a well-posed problem, one needs boundary conditions. Therefore, decompose
the boundary 052 into two relatively open, disjoint parts I'hai, ess € 0€2, such that

fnat U fess = 8Q and Fnat N Fess = (Z)

Here, 'yt denotes the part of I' for the natural boundary conditions, i.e., the boundary
conditions that are being incorporated into the weak formulation by substitution and I'eg
denotes the part of I' for the essential boundary conditions, i.e., the boundary conditions that
are being incorporated into the ansatz and test spaces. The solution of the Darcy equations
should then fulfill

{ (—]KV(,O) ‘N = Upyy ON D'pat, (3)

© = Pess 0N Degs,

where n denotes the outer unit normal vector.

2.1.1 Weak formulation

For simplicity, in the following only the primal form with IK = K - T is being considered
where K denotes a positive scalar value and I the identity, whereas in general it can only be
assumed that K is symmetric and positive definite. Further it is assumed that the essential
boundary has positive measure, i.e., meas(I'ess) > 0.

To derive a weak formulation, consider a test function 1) which vanishes close to the essential
boundary, namely

00 o) 4 open nei orhood of I'esg
P e O (@) = {U € C(Q) N H Q) - 3T P e ™ } :

Multiplication of with 9, integration and integration by parts yields
(]K VQO, v¢)0 = (fa 7#)0 - <Unat7 ¢>Fl,at-

In order to apply Hilbert space theory, a test space is needed that is complete in the norm
of H(2), which is not the case for Cf°_(€2). The norm of H'(f2) is given by

,_ 2 2\1
[ull o) = llully = ([[Vullg + llullg)=.
Consequently, one considers the completion with respect to that norm, i.e.,
) 1 oo 7o ()
Vi=Hp (@) =Cp (@) 7, (4)
as a new test space, which now contains functions that vanish on the essential boundary in
the sense of traces. With respect to inclusion, the space V' is therefore in between H&(Q) and

HY(Q).



2.2 Remark [Homogeneous essential boundary conditions for the primal form]. For the
analysis, homogeneous essential boundary conditions can be assumed: Due to the surjectivity
of the trace operator, the boundary condition e € H'/?(I'ess) can be extended into the
interior of 2. Thus with ¢ := ¢ — @ess being the sought solution of with homogeneous
essential boundary conditions, one automatically obtains the solution ¢ = @ + @ess 0f the
original problem.

Even though V is the completion with respect to the H'(£2)-norm, one can apply a different
norm simplifying the analysis with the following result.

2.3 Theorem [The Poincaré-Friedrichs inequality]. Let © C R? be a bounded domain with
Lipschitz boundary and meas(Iess) > 0. Then, for all u € Hf, _(£2) one has

[ullo < C[[Vullo. ()

Proof. The proof relies on the “Norm Equivalence Theorem of Sobolev” which can be found
in [Ste08, Theorem 2.6]. It states: Let f : H!(Q2) — R be a given linear bounded functional
satisfying

0<|f()] <erlolly Vo e HY(Q)
and f(c) =0= ¢ =0 for c € Py(QN), where Py(2) denotes the ring of polynomials mapping
from Q to R of degree 0, i.e., constant polynomials. Then

olls == (1F )2 + [Vo]2) "

defines an equivalent norm in H'(Q).
Now let

It is
1/2 1/2

0<|f(0)] = / 2| < / = ol < esllvlane
ess Q

where the last inequality is due to the boundedness of the trace operator. Further one has
for ¢ € Py(2) that

1/2
0= f(c) = / | =lel (meas(Tess))
=c=0.
Therefore all the requirements for the equivalence theorem are satisfied and || - ||1,¢ defines

an equivalent norm on H'(2).
Let u € H%QSS(Q) be arbitrary. Since u vanishes on I'ess in the sense of traces, one has
f(u) = 0. Due to the norm equivalence it is

lull = ulld + [ Vulls < C1 (£(u) + [[Vul)
= Jlullg < C2 (f(w) + IVullg) = Col|Vull3

for some constants Cq, Cs, Cs. O



Now V can be equipped with the H'(Q2)-semi-norm |u|; := ||Vul|g which in this case is
even a norm since H'(Q) C L?(Q) and therefore

1
0=luls =[Vullo = Fllullo = u=0.

The weak formulation then reads as follows: Find @ := ¢ — @ess € V with ¢ € H'(£2) such
that

(@, %) = (f,9) = (tnat, V) Tpa, — (K Vipess, Vib)o =: (f,) Vo €V, (6)
with
a:VxV =R, (p,0)— (KVe, V). (7)
Here @ess denotes an extension of the essential boundary data pess € H 1/ 2(Tess) into the
interior of ().
2.4 Theorem [Existence and uniqueness of a weak solution]. Problem @ with f € L?(),

Upat € H™1/2 (T'hat) and homogeneous essential boundary data has a unique solution.

Proof. This theorem’s proof is based on an application of the theorem of Lax-Milgram, which
states that there exists exactly one solution to

a(p,¥) = (f,¥)
ifa:V xV — R is bounded and coercive and f is linear and bounded.

e Boundedness of a(+,-): By applying K = K I for some scalar K and the Cauchy—Schwarz
inequality one obtains

la(e, )| = K|(Ve, Vib)o| < Klpl1[¢]1

e Coercivity of a(-, ) follows directly from the definition of the V-norm: a(y, ¢) = K|¢|?.

e Boundedness of the right-hand side is obtained by the triangle inequality, the Cauchy—
Schwarz inequality and the boundedness of the trace operator:

’<f7¢>\ = ’(fa 77/})0 - <unat7w>Fnat - (]K v‘Pes&vw)O’
< [IFlollello + Clliunal| -1 [l + Klpess|1 [ < oo

O]

2.5 Remark [Existence and uniqueness for inhomogeneous essential boundary data]. When
considering the problem with inhomogeneous essential boundary data @ess Z 0, it can be
reduced to a problem with homogeneous essential boundary data by subtracting an extension
of it from the sought solution, see Remark[2.2] Since then the sought solution is in V, existence
and uniqueness can be provided with the above theorem and therefore holds for the original
problem by readding the extension as well.

2.6 Remark [Recovering the Darcy velocity in the primal form]. One can recover the Darcy
velocity in the primal form by
u=-KVoep.

However in a discrete setting by taking the gradient of the pressure, one loses accuracy and
V-u=f

might no longer be satisfied.



2.1.2 Finite element discretization

In order to solve the Darcy equations numerically, one can use a finite element approach.
This section corresponds to points (i) and (ii) of Algorithm Concerning the first point,
let 7 be a partition of the domain €2 which satisfies the following conditions:

a=Jr

TeT

(i) Tt is

i.e., there is no additional approximation of the boundary necessary.
(ii) The essential boundary e is the union of (d — 1)-dimensional faces of elements in 7.

(iii) Affine equivalence: T consists of simplices and parallelepipeds. Therefore every element
in T is the image under an affine map of either the reference simplex

d
IA(d:{XEIRd:XZO,Zx,;Sl}

=1

or the reference cube R
Kq=1[0,1]%

(iv) Admissibility: Any two elements in 7 are either disjoint or share a complete lower
dimensional face of their boundaries. This property prevents hanging nodes, see Defi-

nition B.11

(v) Shape regularity: For any element K € T, the ratio of its diameter hx to the diameter
pi of the largest ball completely contained in K is bounded from above independently
of K, as sketched in Figure

Regarding the last point, to every partition 7 the shape parameter
Cr7 := max — (8)

is associated. When considering families of partitions which are for instance obtained by
global or local refinement, it must be uniformly bounded with respect to all partitions. In
two dimensions, this property ensures that the element angles are all bounded away from
zero and therefore do not become too small.

Denote for every partition 7 the sets N containing all 0-dimensional faces, i.e., all vertices,
and £ containing all (d — 1)-dimensional faces, i.e., all facets, of all elements of 7. The
skeleton Y of 7T is given by the union of all facets in £. Whenever there is a subscript
character denoting a set like K, Q, I'ess on N or &£, the restriction to the faces of N or &
respectively contained in the subscript set is being considered. For every d-face and (d — 1)-
face F' € TUE, denote its diameter by hp := diam(F). Further, let wg, 0k, wp, wg,w, be
subsets of T for K € T, E € £, and z € N as shown in Figure [2] defined by

wi =K', @x=|JK, wp=K, @p=K, w.=JK.
K'eT K'eT K'eT K'eT K'eT
Ex NE 170 N NN g1#0 Ec& NENON i1 #0 ZENK/

The second point of Algorithm is based on the Galerkin method, i.e., the infinite-
dimensional function space V is being approximated by a finite-dimensional subspace V* c V



Figure 1: Sketch of the shape parameter of a single simplex in two dimensions.

with a basis {¢;}¥, where h represents the refinement level and N is the dimension and
therefore the number of degrees of freedom of V.

It however remains to specify how to choose the space V", In finite element methods, one
can either define the space directly on the elements K € T or on reference elements which
then get mapped onto the respective elements in 7. Here, the latter approach is outlined.
To this end, let P(K) C C*(K), s € N, be a finite-dimensional space on a mesh cell K € 7.
Usually, P(K) consists of polynomials. Due to the affine equivalence property of 7 these
local spaces can also be defined on the reference element by

P(K) = {po Fg': ¢ € P(Ky)}, (9)

where F is an affine transform mapping IA(d onto K € T. Let Pk 1,...,Px N, : C(K) —
R be linear functionals on the mesh cells and assume that the local spaces’ bases can be
transformed into {¢ Kz},]i X such that

P i(Prj) = 0ij

for all 4,5 = 1,2,..., Ng. Further let ®1,...,®x be linear functionals whose restriction on
K ¢ T yields the previously defined ®x ;.

The subdomain w; denotes the union of all mesh cells K such that there is a ¢» € P(K)
with ®;(¢)) # 0. A function ¢ defined on Q with <p|K € P(K) for each K € T is called
continuous with respect to the functional ®; if

(I)i((p’[(l) = (I)Z(@’KQ) VK1, Ko € w;.
The global finite element space is then defined by
vh = {Y: Q= R: w}K € P(K), v is continuous with respect to ®1,..., oy} NV. (10)

The weak problem @ discretized by the finite element method is then to find ¢" — go?ess cevh
such that

a (" — b ") = (B V(" — ), Vi) = (") (11)

for all " € V", where gp?css denotes an extension of the essential boundary data into the
domain.

10



Figure 2: Subsets wg (top left), wgr (top right), wx (lower left), wx (lower right) and w,
(middle) for z € N, E € £ and K € T, i.e., all elements, which have in case of wg
or wi at least one edge and in case of W and Wy at least one vertex in common;
in case of w, all elements which share z.

2.7 Remark [On the test functions|. The formulation of the weak problem @, suggests
that one tests with all elements of V. However it suffices to test with the basis functions,
ie.,

a (" — ") = (F, ") Yt e VI e a(eh — of vl = (f.ul) Vie {1,2,... N}

Indeed, one can represent every 1" € V" as linear combination of the basis functions
N
h h
=" )]
i=1

for some a; € R and insert this into the problem’s equation. Applying that a”(-,-) and the
dual pairing are bilinear yields

N N
(" =t ") = D aid" (0" — ol W) = D el ) = (FL ).
i=1 i=1

This equation holds for all basis functions. On the other hand it also holds for all functions
from V", so for the basis functions in particular. Altogether it is equivalent if one tests with
all functions from V" or just with its basis functions.

Since one now is in the setting of a finite-dimensional space V" and a bilinear operator
a(-,-), one can express the discretized problem 1) in terms of a system of linear equations.

To this end, let
N
o' =" oy
i=1

11



be the sought solution. Inserting it into yields

(") Zaz (i, 5) = (f24) + a" (ot )

for all basis functions 9, of VP j=1,2,..., N, which is equivalent to the matrix-vector form
equation

Ap =T,

where A is a N x N matrix with
(A)’Lj = ah(d)jawi)a

£ = ((f, 1) +ah(gp{£ess, V1), (f 0N —i—ah(go’ﬁess, ¥n))7 is a vector containing the right-hand
side entries and ¢ is the solution vector containing the weights a; for each row 7.

2.2 The Stokes equations

The Stokes equations model flows of fluids with high viscosity and can be derived from the
Navier—Stokes equations. In direct comparison, they are identical except for the additional
convective term in the Navier—Stokes equations. Here they are not discussed in their full
generality but in the incompressible and stationary case. They read in the dimensionless
Cauchy stress form as follows:

Let Q ¢ R?, d € {2,3}, be a bounded domain with Lipschitz continuous boundary 99, its
outer unit normal n and a source term f. Then find (u,p) : @ — R? x R, such that

{—V-’E(u,p):f in Q, (12)

V-u=0 in €,
where u and p denote the fluid’s velocity and pressure, respectively. The map
T(u,p) :=2vD(u) — pI

is known as the Cauchy stress tensor giving information about the stress inside the fluid,
v := Re~! the kinematic viscosity and

D(w) = 5(Vu+ V)

the so-called deformation tensor, which is the symmetric part of the gradient Vu. Similarly
to the Darcy equations, in the smooth case an equivalent formulation can be found, which
however yields a different discretization and therefore other results in simulations. This
alternative form is known as the Laplace form and is given by with

T(u,p) :=vVu—pl. (13)

2.8 Remark [On the equivalence of the Cauchy stress and the Laplacian form]. The equiv-
alence holds if V- u = 0 is given. In a discrete setting however, this condition usually is only
fulfilled approximatively by u”.

12



The problem can be completed by setting boundary conditions. Here, the focus is on
Dirichlet and Neumann-type boundary conditions. Similar as for the Darcy equations, split
0%} into two relatively open disjoint sets I'ess denoting the essential and I'y,¢ denoting the nat-
ural boundary conditions which correspond to Dirichlet and Neumann boundary conditions
respectively, such that

fess U fnat = 0Q and Tegs N That = 0.

Further, the essential boundary conditions are assumed to be homogeneous. The conditions
are then given by

u=0 on g,
{ T(U-,P) ‘n =Ty on Iy, (14)

where Ty € H_I/Q(Fnat) and T is defined as in or .

2.9 Remark [Homogeneous essential boundary conditions]. If the essential boundary condi-
tions are not homogeneous, the problem can still be transformed into an equivalent problem
with homogeneous essential boundary conditions by searching for @1 := u — ueg instead of u.
Here, uegs denotes an extension of the essential boundary conditions into the interior of €.
The existence of such an extension is provided by the surjectivity of the trace operator.

2.2.1 Weak formulation
Let u € (C%2(Q) N CY(Q))? and p € CH(Q) N C(Q) be classical solutions of or . Let
v and ¢ be corresponding test functions for velocity and pressure, where

00 : ] o0 d n nei T ess
(CRE (@) with G2, (2) := {v € (@) 0 H' (@) : TR open weighborbood of x|

and C*°() are first candidates for the respective spaces. In the test space for v is not enough
structure to make Hilbert or Banach space theory applicable, thus its completion with respect
to the H'(Q)-norm is being considered. This also explains the intersection with H'(f) in
the definition, as C>®(Q) ¢ H(Q), but C>°(Q) N H() is dense in H'(), see, e.g., [MS64].
For the same reason, C*() is being completed with respect to the L?(Q)-norm, yielding as
test spaces

—H(Q ——12(Q)

d
veV:= <C’1‘3:SS(Q) ( )> and g € Q := C>®(Q) (15)

2.10 Theorem [On the pressure test space]. In fact, one obtains a pressure space

Q=L*9).

Proof. The space L?() is usually defined as the set of measurable functions f on 2 satisfying

1 <o,
Q

under the equivalence relation ~ defined by f ~ g :& f = ¢ almost everywhere together
with the L?(f2) scalar product. In Lemma 4.2.1 and Corollary 4.2.2 of [Bog07] it is shown
that C5°(€2) is dense in L?(f2), in particular this holds for C*°(£2). Thus by definition, the
completion of C>°(2) with respect to the L?(Q)-norm yields the L?(2) Hilbert space. O

13



Multiplication of with the test functions, integration, and integration by parts results
in equations of the form

(2vD(w),D(v))o — (V- v,p)o = (£, v) , for (12),
(vVu,Vv)y— (V- -v,p) = (f,v) , for , (16)
—(V-u,q)o =0,

where (f,v) := (£,v)o + (T, V), is the source term including the natural boundary con-
ditions. These equations can be expressed in terms of bilinear forms a : V x V — R and
b:V x@Q — R with

a(u,v) := (2vD(u),D(v))g , for ,

a(u,v) := (vVu,Vv) , for ,
b(V,p) = _(v : V’p)Oa
satisfying
a(u,v) +b(v,p) = (£, v),
{ bu.q) = 0. 1"

The analysis can be simplified by applying the H!(Q)-semi-norm instead of the H'(£2)-norm
for the velocity space. The semi-norm is in fact a norm on V due to the Poincaré-Friedrichs
inequality (5) and V C (H'(Q))? C (L2(Q))%:

1
0= fuli =[ullo = Zllullo = u=0.

2.11 Remark [On the pressure space]. If I'pat = 0, there are no boundary conditions for p.
This has the consequence that p is only fixed up to a constant: Let ¢ € R\{0} be a scalar
value and (u,p) be a solution of the Stokes problem without natural boundary conditions,
then (u,p + ¢) is also a solution, as

b(v,c):c/v:c/v-n:0:>b(v,p+c):b(v,p)—i-b(v,c):b(v,p).
Q Fess

A possible remedy for this issue is changing the pressure space into
Q=13 :={se¥@: [ 10
Q

In practice one can use the original pressure space and simply fix p on a single node and then
modify the approximated solution by p — P, where py denotes the space average of p.

2.12 Lemma [Estimate divergence by gradient]. For all v € V it is |V - v|o < vV/d||VV]o.

Proof. Let v = (v1,...,v4) € V and denote

d.— Iu1 % ’
T\ Oz Oy

14



Then one can estimate

d
0v;
. 2: 4
Vvl = [ (: a)

:o\

|(1,d)pe]?* < /HlHEQHdHEQ , using Cauchy—Schwarz,

O]

2.13 Theorem [Existence and uniqueness of a weak solution]. There exists exactly one
solution of the Stokes problem in its weak formulation .

Proof. This problem can be applied to the framework of saddle-point problems introduced
in Chapter I of [GR81]. According to Theorem 4.1 of § 4 of Chapter I thereof, this type
of problem has a unique solution if a(-,-) is continuous and coercive on the space of weakly
divergence free functions

Vav ={veV:(V-v,qo=0q € Q}

and that b(-, -) is continuous and satisfies the so-called inf-sup condition. The inf-sup condition
is fulfilled if there is a constant (§is > 0 such that

b
inf sup &
1<Qvey Ivilvilalle

> fis- (18)

The continuity and coercivity of a(-,-) has to be shown separately for the Cauchy stress form
and the Laplacian form.

(i) Continuity of a(-,-):
e For it is
la(v,w)| = |(2vD(v),D(w))| < 2v||D(v)|lo|| D(w)||o , using Cauchy—Schwarz,

Y <||VV||0 +2||VVT||0 IVwlio +2!VWT||0>

= 2v|viviwlv ; using [[Vvl]lo = [[Vv

, using triangle inequality,

Tlo.

e For it is
la(v,w)| = |(¥Vv,Vw)o| < v|v|v|w|v, using Cauchy-Schwarz.

(ii) Coercivity of a(-,-):

e For coercivity can be shown by using Korn’s first inequality. It states that
if @ ¢ R? is a bounded domain with Lipschitz boundary, I' C 99 open with
meas(I') > 0, then there is a constant x > 0 such that

ID)§ = K1Vl
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for all v € HL(Q), see, e.g., [Nef02)].
With this inequality one obtains

(2vD(u), D(u))o = 20 D(w)[|* > 2vxllul,

and therefore coercivity of a(-, ).
. . _ _ 2 .
e For it is a(v,v) = (vVv,Vv)y = v||v||y, thus coercive.

(iii) Continuity of b(-,-): One has for all v € V, ¢ € @ that

b(v, )l = [(V v, @)ol < IV - vlollgle ~ using Cauchy-Schwarz,
< Vd||Vv(ollalle , using Lemma
= Vd|vllvliqle-

(iv) Inf-sup condition: Let ¢ € @ be arbitrary. Due to [GR81, Lemma 3.2], there is a unique
v E Vj‘iv such that
q="V-vand [[v]lv < Clqlle,

where the space Vé‘iv is the orthogonal complement of Vg;, with respect to the scalar
product of V

(v,w)yv = /(VV,VW).
Q
It follows with the above result, that
b(an) _ (V 'VaQ)O o (qv(J)O . HQHEQ

1
= = = > = llalle-
[vlv Ivilv Ivilv — lvllv — C

Since the right-hand side does not depend on v anymore and b(v,q) = 0 for all v €
V\ Vi, = Vaiy, it is

b(v,q) _ 1
— = =lldllo-
vev [[Vllv
v#0
Because ¢ was arbitrary, one obtains
b 1
inf sup (v, q) > — =: B > 0.

€Qvev IVllvilale ~— C
470 v£0

2.2.2 Finite element discretization

Similarly to the discretization of the Darcy equations, one considers finite-dimensional sub-
spaces V! € V and Q" C Q denoted by V*/Q". With regard to the existence and uniqueness
of a solution in the discrete setting, these spaces should be connected by a discrete variant
of the inf-sup condition , i.e., there is a constant ﬁi’; > 0 such that

bh h h
inf sup o T gh (19)
M S o e Y P
qh750 Vh7£0
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where b : VI x Q" — R is the discrete variant of b(-,-). Since it is assumed here that V"
and Q" are actual subspaces of V and @, i.e., conforming finite element discretizations are
considered, it is

a(u?,v") = a"(u*,v") and b(u",¢") = b (", ¢") V', v e Vg e QN

where a” : VP x VP — R denotes the discrete variant of a(-,-). The discretization of the
weak problem then reads: Find (uh, ph) € VP x Q" such that

ahuhvh hvh h:~vh
[t sty - fon

for all v € V* and ¢" € Q™.
In order to obtain a matrix-vector form of the problem, let

dNy N,

P
(uh7ph) = ZU?WM ZP?QZ
i=1 i=1

be the sought solution with {w;}% and {qi}fv:pl being the respective bases for V and Q"

as well as u = (u?)®¥ and P = (pf)fvzpl being the unknown coefficients that need to be

determined. Inserting this expression into (20]) yields

dNy, N ~
>t “?ah(wia“’j) +Zi:plp?bh(wjﬂq¢) = (f, w;),
Sl bh (wy, qr) = 0,

for all j € {1,2,...,dN,} and k € {1,2,...,N,}, which is equivalent to the block-matrix-

vector form
A BT\ (u\ [(f
B 0 P —\o

with
(A);; = a"(w;,w;) Vi g e{1,2,...,dN,},
(B)ij = b"(wj, q:) Vie{1,2,...,N,}Vj € {1,2,...,dN,},
(£); = (£, wi) Vi€ {1,2,...,dN,}.

2.14 Remark [On the structure of the block A]. When it comes to the implementation
and therefore memory requirements, one can investigate if there is some inherent structure
that allows to reduce these requirements. A possible approach to construct finite element
functions for the vector-valued space V" is to choose its basis like

Vh:span{wi:izl,...,dNu}:span{wiej:jzl,...,d, i=1,..., Ny},

see, e.g., Chapter 1, § 4 of [Tem0O1]. Here, N, denotes the number of unknowns for one
component of the velocity space. By this specific way of constructing the basis functions,
each of them does not vanish in one component only. In the following, assume that d = 3,
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the case d = 2 is analogous. Let w; = w;e; and w; = w;e; be basis functions. In the Cauchy

stress case , it is

i + VW Tws o TwT
Aij = ah(Wj,Wi) = (21/ ]D(Wj)v]D(Wz))O =92 ( W W] VWZ —+ VWZ >
0

2 ' 2
- % ((Vwj, Vw;)o + (Vwj, Vw! )o + (VW]T, Vw;)o + (Vw;‘-F, vw)o)
= (Vw;, Vw;)o + (VWJ-T, Vw;)o.
The first term is the term of the Laplace case and vanishes if k # [, for example

(V(wiel), V(wjeg))() = / 0 0 0 : aij 8ywj 8ij dx = 0.
o\ 0 0 0 0 0 0

Further, if £ = [, the result of the first term’s scalar product is independent of the chosen
component, yielding
An N
A= A + A,
An

where A = 0 in the Laplace case. In the Cauchy stress case the terms of A do not vanish
anymore if k£ # [ but it holds that Ay = Aﬁ, since

(V(wjer)", V(wier))o = (0a,wj, Oaywi)o = (V(wser)", wjep)o.

This gives
A+ ﬁn 1112 213
A= AT, Agy + Agy Ay
AT, AT, Agz+ As

and therefore one needs to store six matrix blocks instead of just one in comparison to the
Laplace case.

2.3 The Stokes—Darcy equations

This section deals with the coupled Stokes—Darcy system, i.e., free flow of high viscosity
coupled with flow through porous media. The coupling is realized by splitting the domain 2
into two parts €2y and (2, for the Stokes and Darcy system respectively, such that

QZﬁfUﬁp, QfﬂQp:@, ﬁfﬂﬁpzr,

where I is the so-called interface between 2; and (2, being responsible for the information
exchange between the two systems. Such a domain could look like the illustration in Figure
Bl One obtains

-V 'T(Uf,pf) = ff s in Qf,
V-oup =0 ,inQy, (21)
-V KV, = f, ,in Q,,

where uy : Qf — R? denotes the Stokes velocity, ps : 1y — R the Stokes pressure and
p : 2 — R the piezometric head or Darcy pressure. To complete the problem one has
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np

ny

Figure 3: A sketch of the domain used in the Stokes—Darcy problem.

to assign boundary conditions. To this end, split 92 into relatively open, disjoint parts
L¢n,Tre C O\ T and ', I'pe € 09, \ I' denoting natural and essential parts of the
boundary of the Stokes and Darcy domains respectively, such that

ff,n Uffye =0Q \ T, 1—\f,n N Ff,e = ®7
Tpn ULy =00\, T,,NTye=0.

On these parts one can now impose the conditions

Uf = Ufess ;, ON I‘f,ea
T(Uf,pf) n = Tf,nat , On Pf,nv
Pp = Ppess , ON Fp,ea
(—KVep) -n = upna ,onp,.

(22)

To obtain a well-posed problem and actual information exchange between the two systems,
further conditions on the interface are imposed. To this end, let ny be the outer unit normal
vector of {2 and n, be the outer unit normal vector of €, with ny = —n,, on I". Then,

e to obtain a continuous normal velocity, impose
up-ny=u,-ny=—(KVyp,)-ny, (23)
e to preserve normal stress, impose
—ny - T(uy, py) -0y = gop, (24)
where g denotes the gravitational acceleration,

e and to exchange information about the tangential velocity, impose the so-called Beavers—
Joseph—Saffman condition. For this last condition, let 75, i € {1,...,d—1}, be pairwise
orthogonal tangential vectors on I' and let

_ [T
o = apy\/ 7, Ky,

be a constant where apj is dimensionless and depends only on the structure of the
porous medium. It then reads

Uf~Ti—|-OéiTi~’]r(Uf,pf)~nf:O, (25)

see, e.g., [GKR13|, Section 2.1].
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2.15 Remark [On the interface conditions]. The Beavers—Joseph—Saffman condition is strictly
speaking no coupling condition, as it does not relate quantities from {2y and €2, but rather a
boundary condition on I' for the Stokes problem. It was developed out of the Beavers—Joseph
condition which included the Darcy velocity u, but it was found out that it can be neglected
compared to the other quantities in the condition, see, e.g., [DQ09. Section 3].

Further, in the first condition the Stokes and Darcy velocities are coupled directly in normal
direction, even though the Darcy velocity is an averaged quantity whereas the Stokes velocity
is of a pointwise nature.

2.3.1 Weak formulation

To derive a weak formulation, consider test functions from spaces similar to the ones used in
the Stokes and Darcy problems, namely

Vf = {V S (Hl(Qf))d : V‘Ff,e = O}, Qf = LQ(Qf), ‘/;) = {U c Hl(Qp> . 'U‘Fp’e _ 0}’

corresponding to Stokes velocity, Stokes pressure and Darcy pressure, respectively.

Multiplication of the equations of with respective test functions v € Vs, ¢ € Qy, 9 €
Vp, integration and integration by parts yields the weak formulation of the Darcy equations
@ and of the Stokes equations with different right-hand sides. Decomposition of the
Stokes velocity test function v into its normal and tangential components

d—1
V:(V'nf)'nf-i-Z(V'Ti)'Ti

=1

allows substitution of the Beavers—Joseph-Saffman condition (25)), yielding, after rearranging
terms, a system of the form

ap(ug,v) +bg(v,pr) = (ng - T(us,ps) -mp,v-ng)r = (f},v),
by(ur.q) = (ff.), (26)
ap(pp, ) + KV, - ng, Vv = (fp, V),

with bilinear forms

d—1
1 2vD D f 12
ar: Vf X Vf — R, (Uf,V) g Z —‘<uf T, V- Ti>1" —+ {( v (uf)’ (V))O’Qf or 7
% (vVuy, Vv)oq, for ((13)
bp: Vi xQp =R, (v,pr) = —=(V-v,proay,

Qp : QP X Qp — ]Ra (‘Pp»@z)) = (]K VQO, v¢)0,Qpa
and right-hand sides

f} = Vf/7 (f}v V> = (ffv V)O,Qf + <Tf,nata V>Ff’n;
f2 € Qla <f27Q> = (v'uf,essaQ)O,Q y
f fr NS s
fp S Vz!? <f777 ¢> = (]K V@p,ess» Vlb)o,ﬂp - <up,nat,w>F-
There is more than one way to include the remaining two interface conditions and ,

in particular they can either be included such that they pose Neumann conditions or as a
weighted linear combination, i.e., as Robin conditions.
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(i) The Neumann—Neumann coupling. In the Neumann—-Neumann coupling, the interface
conditions are included as Neumann conditions into the systems, yielding the problem
to find (uf,pr,¢p) € Vi X Qf X Qp such that

af(ug,v) +br(v,ps) + (9pp, v -np)r = (f},v),
br(uy,q) = (f7,9), (27)
ap(sopﬂ/}) - <uf ' nfﬂwh‘ <fp7¢>7

is satisfied for all (v,q,1) € Vi x Q5 x Q).

If meas(I's,,) = 0, the Stokes pressure is, as in Remark only fixed up to a constant
and one can change the pressure space to Q; = L%(Q 7).

(ii) The Robin—Robin coupling. In the Robin—Robin coupling, a weighted linear combination
out of the conditions is inserted into the systems. To this end, let 4 > 0 and v, > 0
be weights, such that

vrag-ng+ng-T(up,pr) -np = —7(KVep) nf— gpp ,onT,
—ypur-ng+nyp-T(ur,pr) np =K Vep) nr—gpp ,onT.

These equations can now be inserted as Robin boundary conditions into the weak
Stokes equations and weak Darcy equations, respectively. The problem then is to find

(uyp,ps,op) € Vi x Qf X @, such that

af(up,v) + (ypup-ng,v-ng)p +b(v,ps) + (nf, v -nyp)r = (£},v),
by(uy, q) = <ff’ q), (28)
ap(gppa Y) + <’Yp_190p7¢>F + <77p7 Y)r <fp7 (F

for all (v,q,v) € Vy x Q¢ x Qp, where

np = -7 (KVey) 15— gpp 1y = —ug-ng+7, ng-T(ug,py) -0y

are interface variables which correspond to the information exchange between the Stokes
and the Darcy system. The restrictions on 7 and +, are such that

af(ug,v) + (ypug -ng,v-ng)r and ay(@p, ¥) + (3, @p, ¥)r

are coercive.

2.16 Remark. Considering the Robin—Robin coupling, one still can approximate the Neumann—
Neumann coupling by v = 0 and 7, — 0.
2.3.2 Finite element discretization

Combining the results of the finite element discretization of the Darcy problem in Section
and of the Stokes problem in Section [2.2.2] one obtains finite-dimensional subspaces
V? C Vy, Q? C @y and QZ C @p. Since a conforming finite element discretization is
considered, the discrete bilinear forms are restrictions of the continuous ones, i.e.,

a?(“?avh) = af(u}lavh)a bl}(v ) = bf( h h)a a;((ﬁh7wh) = ap(()oha ¢h),

21



for all u’},vh e Vh ph e Q’}, goé,‘,ibh € Q;}. The discretization of the Robin—Robin coupling
then reads: Find (u?,p’}, 90;,‘) € V? X Q? X Q;‘ such that

af(u?,vh) + <’yfu9” ‘ng, vhong)r + b(vh,p?) + <77f, ng)r = ( v,
bf(uf,qh) = (f,? "), (29
ap(pp, ") + (o ol e+ (g M = (fp "),

for all (v", ¢",4") € V’} X Q? X QZ? where

0f == (BVep) g —ggp, = —u}-ng+7, 'ng T(uf,pf) n

are the discrete versions of 7y and n,, respectively. As before, with vy = 0 and v, — oo, the
discretization of the Neumann—Neumann coupling can be derived.
For obtaining a matrix-vector form of the problem, let

Ny Np Ny
(u}}m?, w’;) = (D ulwid pla > el
=1 =1 =1

be the sought solution with
Vi = span{w;}, Q" = span{g;},",, Q" = span{y;};7,

as well as
Ef:( h)z 1 pf (pz)z 1 ‘P _(Soz)

being the coefficients that need to be determined. Further, define
N,
£1 = (8}, wa), £2 = ((FF @i, £5 = ((Fo )ik

(i) In case of the Neumann-Neumann coupling, this yields the problem to find uy, ps, p,
such that

vaul uhaf(wz,wj) +Zz 1P bh(w],ql) +Zz 1902 <9¢uWJ ny)p = <ff’W]>
Zz L ulb (Wi, qr) = (fF ar),
Zz 1902 p(wuwl) Z uh<W1 ng, ¢1>F - <fp7¢l>7

for all j € {1,2,..., Ny}, k € {1,2,...,Np}, L € {1,2,...,N,}. This is equivalent to
the block-matrix-vector form

A B C¥ u; f,
BT 0 0| |Ps|=|f
cl o D f
r P, I3
with
(A)ij = ag(wj,w;) € RN N, (B)ij = by(wi, q;) € RN*Np,
(CR)ij = (gj, wi -np)p € RN Ne, (CE)ij = (wj -np, ¢y)p € RNe*Nu,

(D)ij = ap(thj, i) € RN Ne
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(ii) In case of the Robin—Robin coupling, one has two possibilities. Either one re-substitutes
ny and 7, into the equations or one treats them as separate variables, reducing the
direct coupling between the two systems to the interface. The former approach yields
the block-matrix-vector equation

Arob B Cg gf £1
BT 0 0 P, | = (£,
Cq? CpD D rob fp £3

with

ap(wj, w;i) + (yfW; -ny, w; -ny)r € RN“XN“7
i b (W27QJ) € ]R’NHXNpu

)
)
(Drob)ij = ap(hy, i) + (3, "1y, i) € RNe*Ne,
)
)
)

iy = (g wj;Wz nf>p+<’yf(]KV1/Jj) nfawi’nf>f‘ GRN“XNW,
g = < V"Yp nf ]D(W]) npy, w2>1—‘ — <W] . nfﬂ¢i>r c ]RN<P><NU,
i = (= g5, vi)r € RNo 7N

The latter approach yields a more comphcated but less coupled block-matrix-vector
equation. For its derivation, let n; = ZZ i an and 7, = va”lp n;A- be sought as

well, where A; are basis functions restricted to the interface I'. Defining n ;e =(n f)z nlf
and n,: (np)Z i”, one obtains a system of the form
D'Yp 0 0 0 Ep fp f3
R, —-I 0 0 0 Ny 0
0 Ef A, B 0 u | = | £
0 0 B1 ()2 0 P, £,
0 0 R; R:; -1 0
f f n,
with
(A’Yf)ij = (lf(wijz) + <’yfwj ngw; - nf>F c RNuxNu,
(R}‘)u vy, nf D(w;)-ns —w; - ny € RNuxNu,
(B)ZJ bf(wl’ q]) RN“XNP (D’Yp)ij = Clp(qzz)ja sz) + <7p_lea ¢Z>F S RN"QXN“),
(By)ij = (Aj;wi-np)r € RN, (Ep)ij = (Aj,abi)r € RNe*Nnr
(R?)’Lz =p 1qi RNPXNP7 (Rp)ii = —’yf(]K Vp;) - ny — gib; € RNe XN

and I being the identity.

Instead of solving the whole system at once, one can consider to solve the system iteratively
by, e.g., a block Gauss—Seidel method, as it otherwise might be too large. For the formally
decoupled Robin—Robin Stokes—Darcy problem, one obtains a method as presented in the
following algorithm.

2.17 Algorithm [Block—Gauss—Seidel for the Robin—Robin coupling]. This algorithm solves
the Robin—Robin coupling of the Stokes—Darcy equations in a Block—Gauss—Seidel manner.
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(i) Initialization. Let

T
(f;(oO) ﬂ;o) E5(0) EE@O) QI(JO)> € RVe N p+Nut NNy

be a randomly chosen start vector.

(ii) Forward substitution in step k — k+ 1. For iteration step k, update the solution vector

by
£;k+1) D'?pl <£3 _ Epﬂz(?k)
ﬂg‘kﬂ) Rpf;kﬂ)
)\ 0 (- ()
Py B 0 £, 0
ﬂl()k:-i-l) R}Egckﬂ) "'R?fEka)

(iii) If not converged, go back to step (ii), otherwise stop.

3 A posteriori error estimates

Motivation. Sometimes one faces problems that have singularities in their solution or quan-
tities of interest which simply cannot be resolved by global grid refinement. This issue can
be addressed by locally refining the grid appropriately.

One kind of error estimates are so called “a priori” error estimates. A priori means from
the earlier which already indicates, that these estimates can be performed before the actual
simulation. However, they usually depend on the continuous solution, only yield information
on the asymptotic error behavior and therefore are not of great use concerning adaptive grid
refinement.

Thus, one needs estimates that somehow integrate an already approximated solution and
do not depend on the continuous solution. These estimates are called “a posteriori”, i.e.,
from the later. Generally, they are needed for two tasks:

(i) Control adaptive grid refinement by local error estimates.
(ii) Estimate the global error to be used as stopping criterion.

To meet the above mentioned requirements one considers two types of inequalities:
Given the data of a partial differential equation on a domain €2 with solution w and ap-
proximated solution u” the estimate dealing with the overall accuracy is of the form

lu —ut(lo < Cn, (30)

where C' is a positive constant which is independent of 2, the refinement level h and wu.
Concerning the size of C' at least the order of magnitude should be known and 7 is an error
indicator computable using v and not w.

For identifying the regions at which refinement is needed a local estimate of the form

nk < Cllu— u|| ) (31)
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is considered, where w(K) denotes a small neighborhood of a mesh cell K and ng is com-
putable using u” and not w. Such a small neighborhood can, e.g., look like one of the
neighborhoods that are shown in Figure 2l Typically, n and nx are related by

- (34)-

The idea is that large values of 1 indicate large local errors, so one needs to prove that the
constant C' in equation can be bounded from above and below independently of K. On
the other hand one hopes that refining regions with large local errors will have a great impact
on the overall error. In Figure 4] an example of a local grid refinement is displayed. One can
see that, in contrast to global and uniform refinement, the refined cells concentrate around
the midpoint, i.e., where the values of ng are largest.

In this section and the contained subsections, a few a posteriori error estimates will be
derived, therefore they correspond to step (iii) of Algorithm

3.1 Definition [Reliable error indicators]. If n < “tolerance” holds and this implies that
the true error is also smaller than the tolerance up to a multiplicative constant, the error
indicator is called reliable. In particular an error indicator satisfying the upper bound
is reliable because

n < TOL = Hu—uhHQ < Cn < CTOL.

3.2 Definition [Locally efficient error indicators]. If nx > “tolerance” implies that the true
error is also greater than the tolerance up to a multiplicative constant, the error indicator is
called locally efficient. In particular an error indicator satisfying the local lower bound
is locally efficient because

\
NK > TOL = CHU — U ||w(K) > NK > TOL.
Sometimes this property is also referred to just as “efficient”.

In order to classify a posteriori error indicators by quality, one can consider the so-called
efficiency index.

3.3 Definition [Efficiency index]. The efficiency index of an a posteriori error indicator is
given by the ratio of the estimated error to the actual error, i.e.,

- n
[

Iogg: (32)
If I.g and [ e_ﬁl are bounded for all meshes, the overall process, i.e., Algorithm is called
efficient. It is called asymptotically exact if its efficiency index tends to one when the mesh-
size tends to zero.

If the reliability of the error indicator is not given, it might happen that even if it is smaller
or equal than the tolerance, the true error might still be large. On the other hand, if it is
reliable but not efficient, a large local estimate does not necessarily indicate large local errors
and one therefore might refine more than actually necessary or in the wrong subregions.

Thus, reliability is a crucial property of an a posteriori error indicator, if one wants to
resolve the features of the solution that can be controlled with the considered norm up to a
certain tolerance; efficiency is a good property with respect to run time and usage of resources,
but it is not necessary.
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Figure 4: Local grid refinement. The upper six images display from left to right the adaptively
refined grids Ty, ..., 75 for values of nx as in the lower picture, i.e., a peak of
the estimated error in the middle. The background color of each cell is tinted
correspondingly to which T of the grid hierarchy it belongs.
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3.1 Residual based a posteriori error estimates

One possibility to obtain a posteriori error estimates is estimating the error by the strong
form residual of the problem in a suitable norm.

Here, following [Verl3, Section 4.1], first a common framework for abstract linear elliptic
problems is set up. To this end, let (X, || - ||x), (Y, ]| - ||y) be Banach spaces. Further, let

L(X,Y):={F:X — Y :F continuous and linear}
be the space of continous linear mappings from X to Y equipped with the operator norm

| F'olly
peX,p#£0 H‘)OHX ’

1l zxy) = (33)

let Y* := L(Y,R) and (¢, p)y be the dual pairing of Y* and Y. Moreover, let £2(X,Y,R) be
the space of continuous bilinear mappings from X x Y to R equipped with the norm

— 1Ble, )|
||BH£2(X,Y,1R) ‘= sup sSup .
eex\{0} vev\{oy el x1¥lly

3.4 Remark. The spaces £2(X,Y,R) and £(X, Y*) are isomorphic under B(y,v) = (Fp, 1)y
forall p € X, €Y for Be€ L2(X,Y,R) and F € L(X,Y™).

Given a bilinear map B € £2(X,Y,R) and a linear functional £ € Y*, consider the problem
to find ¢ € X such that

Blo.) = {64y Ve, (34)
or equivalently for L € L(X,Y™),
Lo=1¢. (35)

3.5 Theorem [Hahn-Banach, [EMT04, Theorem 3.1.2]]. Let E be a subspace of a Banach
space X, let E* be its dual space and let fy € E*. Then, there exists an extension f € X*
such that f|, = fo (i.e., f(z) = fo(z) for x € E) and ||| x+ = || follz-. That is,

£ _ o)

zeX ||$HX _er ||$|| .
x#£0 #£0

Proof. See [EMT04, Chapter 9]. O

The Hahn—Banach Theorem has one corollary which can be used to show existence and
uniqueness of a solution.

3.6 Corollary [Corollary of the Hahn—-Banach Theorem, [EMT04, Corollary 3.1.7]]. Let
L C X be a subspace of a normed space X and let z € X such that dist(z, L) = d > 0. Then,
there exists f € X* such that ||f||x+ =1, f(L) =0 and f(z) = d.

Proof. First consider L = span{x, L}; that is,

Li={M+y:AeR,ye L}
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(i)

(iii)

Let z = Az + y and define the function fy: L1 — R, z = Az 4+ y — A - d. This function
is well defined because A € R and y € L are uniquely defined by z. Indeed, assume z
had two representations

z=MT 4y =X +y2 = Y1 — Y2 = Ao — Az = (A2 — A\p)z.

If Aa — A1 = 0, one obtains y; — y2 = 0 = y; = y2 and therefore uniqueness. Otherwise
one obtains that the left-hand side is in L since L is a space. Assume the right-hand
side would be in L as well, then

1
A2 — A

(A2 —A)z) ==z € L,

which is a contradiction to the initial assumption that dist(z, L) = d > 0 and therefore
(A2 — A1)z & L, which means that z uniquely defines A € R and y € L.

The function fy is linear, it is fo(L) = 0 and fo(x) = d. Indeed, let z1 = Mz +y1, 20 =
Xz +1y9 € L1, a € R, then

fo(zl + 0422) =d- ()\1 + Oz)\g) = f0(21) + Ozfo(ZQ).

Since the pair (\,y) is uniquely defined by z, it is z € L = A\; = A2 = 0 and thus
fo(L) = 0. Analogously for fo(z) = d.

It is || follL; = 1. Indeed, let 2 € L1 and assume that the corresponding A # 0. Then

one obtains
Y
b= (-2
Ly ’ ’ . ( A)

since —¥ € L and dist(x, L) = d > 0. If A = 0, one has the same estimate

Y
2l = e+ wllzy = M- o+ 4]

L == 1f(a),

12l = 0= [fo(2)-

This means that

(11%4 2L

lollzs = sup 1fo(2)] < sup Izl _
z€Lq Hz”L1 z€Lq HZHL1
z#0 2#0

On the other hand there is due to dist(x, L) = d and L being a subspace a sequence
(Yn)nen in L such that ||z + yu||z, = |z — (—yn)|lz, = d for n — oco. This yields with
the definition of the operator norm

d = lim [fo(z +ya)| < lim [|follr; [z +yallL, = [l follzyd

and therefore the other direction | fol[zy > 1.

Now the Hahn—Banach Theorem can be applied providing the existence of an extension
f € X™ of fo such that || f||x« = || fol[z; = 1 and f‘Ll = fo. This means that f(L) =0
and f(x) =d.

O
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3.7 Theorem [Existence and uniqueness of a solution, see [Verl3l Proposition 4.1]]. Assume
the space Y is reflexive, that
sup B(p, 1) > 0 (36)
peX
for all v € Y \ {0}, and that B fulfills the inf-sup condition, i.e., that there is a constant
B8 > 0, such that

nf  sup B2V g (37)

i =
eeX\{0} pevfoy el x 9]y
Then there is a unique solution of or equivalently for every right-hand side ¢ € Y'*
and the solution depends continuously on the right-hand side.

Proof. Denote by L € £(X,Y™) the linear mapping which corresponds to B via the isomor-
phism given in Remark Condition then implies that L is injective. Indeed, assuming
it is not injective, there are @1, € X with ¢; # @2 and Ly = Lyy. Equivalently, this
means

(L1 — p2), )y = Bp1 —2,4) =0 VY €Y
and ||¢1 —p2||x > 0. Thus there is ¢ := ¢1 — o € X \ {0} for which cannot hold, which
is a contradiction.

Since L is per definition continuous and surjective on the range of L, it is a bijection on
range(L) and the range of its inverse operator is again X and thus closed. Therefore, the
Closed Range Theorem of Banach (see [Yos80, p. 205]) can be applied. It yields that the
range of L is a closed subspace of Y™*.

Furthermore, L is surjective. Indeed, assume it would not be surjective, then there exists
Yy € Y* with ¢ & range(L). Since the range of L is closed and therefore a subspace
of Y*  one can apply the above Corollary of the Hahn-Banach Theorem, yielding that
there exists a map F' € Y** such that F'(¢*) = 0 for all ©* € range(L), F(¢g) = 1 and
| E'||y=+ = dist(¢§, range(L)) > 0. By the reflexivity of the Banach space and therefore the
isometry of the canonical inclusion or evaluation map 7 : Y** — Y, the element F' can be
identified with g € Y, such that

<L(107 ZZ)O)Y =0
for all ¢ € X and |||y = ||F|ly+ > 0. Therefore, it is g € Y \ {0} which contradicts
assumption ([36]). Hence, L is surjective and thus bijective.

By the bijectivity one obtains
range(L) = Y™.

This is the case if and only if L has a continuous inverse, see [Yos80, Corollary VII.1].
Thus L is an isomorphism and since problems and are equivalent, this proves the
assertion. O

For discretization purposes, let X* € X and Y C Y be finite-dimensional subspaces on
which B" € £2(X", Y" R) and ¢" € L(Y",R) are defined. Then ¢" € X" is sought such
that

BM" ") = (€ ¢")yn V€Y. (38)

Using the isomorphism given in Remark one can equivalently express the above problem
as

Lhoh = ¢
for the map L" € £L(X", L(Y" R)) associated to B".

29



3.8 Theorem [Existence and uniqueness of a discrete solution]. Assume that

sup B"(", ") >0 (39)
(pheXh

for all 1" € Y"\ {0}, and that B" fulfills a discrete variant of the inf-sup condition, i.e., that
there is a constant 8" > 0, such that

Bh h .k
inf s - G ’wh) =g (40)
hex\{0} yreyn foy 19" [[xcn 19" [yn

Then there is a unique solution of for every right-hand side ¢* € L£(Y" R) and the
solution depends continuously on the right-hand side.

Proof. The finite-dimensionality of X" and Y” gives continuity of B" and ¢", as well as
reflexivity of X and Y. Therefore the statement follows immediately from Theorem O

After having set up the abstract framework and given conditions for existence and unique-
ness of the continuous problem and the finite-dimensional one, one can start deriving a
posteriori error indicators. To this end, assume that the conditions of Theorems [3.7] and [3.§]
are fulfilled and let ¢ € X be the unique solution of and ¢ € X" be the unique solution

of .
It holds due to the linearity of L that
- hy _ h
R:=L(p—¢")=L— L". (41)
Using the inequality , one obtains
IL(p — ")

and on the other hand

ve < ILleceymylle = @*lx = llp = llx 2 ILIZheyo I = Loy

IL7 L = ¢"llx = lle = ¢"llx = 1710 = L") llx < L7l geve x)l1€ = L" |y
yielding altogether
LIz yy e = L v+ < Nl = ¢"llx < NL7 Yl x) 1€ = Le" v+ (42)

The above inequalities establish an equivalence between the norm of the residual ||¢ — Ly"||y
and the error || —¢||x. However calculating ||¢— Lo" ||y is not really practical for a posteriori
indicators since it involves solving an infinite-dimensional problem.

Further, one should be able to localize the estimates to a single element K € 7. Therefore,
it is advantageous if one can write the residual R = ¢ — Ly" in form of an integral over the
domain. Finally, to get the a posteriori aspect into the estimates, Galerkin orthogonality is
desired, since then it holds by linearity of the integral representation, that

(R, oM =0 = (R,v) = (R,v — ")

for some v € X and v € X",
In particular, in the following subsections of this section, a posteriori error estimates will
be derived making use of the below assumptions.
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(i) Y is a subspace of HP(2) for some p. This condition obviously holds for the considered
problems.

(ii) LP representation: The residual R = ¢ — Lg" can be represented in terms of two
functions r € LP(Q2)* and j € LP(X)* such that

(R v)y = Q/ ru+ Z/ jv (43)

for all v € HE(Q2), where ¥ denotes the skeleton of the grid which was used for dis-
cretization.

iii) Galerkin orthogonality: The residual satisfies (R, ")y = 0 for all " € Y.
(iii) g y

3.9 Remark [On the Galerkin orthogonality]. The Galerkin orthogonality is no actual re-
quirement but merely a technical assumption. In the case that B" and ¢" are restrictions of
B and ¢ respectively, i.e.,

Bh(gph7wh) - B(@h7¢h)7 <€h7wh>Yh - <€7¢h>y
for all o" € X" " € Y it is
<R7¢h>y = <‘€ - Lwh’wh>y = <€a¢h>Y - B(Sohvwh) = <£h7¢]h>Yh - B(gohawh)
= B"(¢",0") = B(¢",0") =0

and thus Galerkin orthogonality is given. If B" is not a restriction of B, it is suggested in
[Ver13, Section 4.1.4] to introduce a restriction or projection operator Q" : Y — Y and split
the residual into the form

(= Le" = (Iy —Q")" (£ = L") + Q"*(£ — Ly")
where Iy denotes the identity on Y. One then obtains with the triangle inequality
106 = Le" [y~ < [Ty =Q")* (¢ = L")y~ + Q" (€ = L") ||y~
and therefore one obtains with

le = @"llx < 1L eer ) (10 =@M (€ = Ll + Q" (¢ = LeMlly+) . (44)

Note that if Galerkin orthogonality is given, the terms involving Q" vanish and the above
inequality reduces to the second part of .

Upper bounds for the error indicator now can in principal be derived by combining the
conditions with inequalities of the Poincaré and Friedrichs type.

3.10 Remark [On deriving a lower bound]. For lower bounds one can choose a finite-
dimensional subspace Y" of ¥ such that

Yhcvyhcy

and replace |[{— Lo"||y+ by || —Le"|5,... By the inclusion it is | — Lo" |5, < [[0—Lo"||y-
and therefore with :

10— L™ [lgn < LIy lle — " lx- (45)
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Here the enriched space Yhis being considered instead of Y since the lower bound is of a
local nature and one therefore can use cut-off functions to restrict the considered domain,
which could, e.g., yield spaces of the form

Yh = span{va}K,wEv’E KeT,Ec&veYhovh

where i and g are so-called cut-off functions, which basically restrict the multiplied func-
tion’s value to a small neighborhood of K and F, respectively.

In order to derive an error indicator a desirable property is
1Ty =Q™)* (¢ = L") |ly+ + Q" (€ = L") ly+ < Cll€ = L[|y (46)

for a known constant C'. It basically says that the error in the space Y*, belonging to the
continuous problem, can be bounded by some constant times the error in the enriched space
Y"* which belongs to the discretized problem and thus is easier to compute. This property
might not be easy to obtain, since the left-hand side involves a supremum over an infinite-
dimensional space, whereas the right-hand side involves a supremum over a finite-dimensional
space. However, if it can be established, finding an error indicator 77 depending on ¢" and
the data of the problem is only a matter of showing that there exists a lower bound for
|0 — L™ || 51, and an upper bound for both ||(Iy —Q")* (¢ — Le")||y~ and [|Q™* (£ — L") ||y-.

If the data of the problem needs to be approximated in the solution process, it introduces
an additional data error #7. Altogether, one obtains the following theorem:

3.11 Theorem [A posteriori error estimation for an abstract linear elliptic equation [Ver13,
Theorem 4.7]]. Assume that the conditions of Theorem [3.7|and Theorem [3.8| are satisfied and
denote by ¢ and ¢" the unique solutions of problems and , respectively. Assume
that there are a restriction operator Q* € L(Y,Y"), a finite-dimensional subspace Yhof Y
with Y c Y ¢ Y, an error indicator 1y, which only depends on the discrete solution ("
and the given data of the variational problem , and a data error 67, which only depends
on the data of the variational problem, such that the estimates

(L, —Q")* (¢ = Le")lly+ < ealnr +07), Q" (€ = L") |y~ < colnr + 67) (47)
and
wr < er (10 = Le" . +0r) (48)
are fulfilled. Then the error ¢ — ¢" can be estimated from above by

le — " lx < NL e x) (ca + co) (nr + 07)

and from below by
nr < et (IZleacys)le = " lx +67)

Proof. For the upper bound it is

lle = ©"llx < IL7 e x) (H(]IY —Q")* (€= L") v+ + Q" (¢ — L") Y*) , with ([E4),
< 1L ev=x)(ea + ce) (nr + b7) , with (@7).
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For the lower bound it is

nr < cr (Hf — Le" |5, + 97) , with (48],

<er (HLHc(x,y*) e —¢"x + 97) , with (@5).

O]

3.12 Remark [On the Galerkin orthogonality, continuing Remark . If the Galerkin
orthogonality is given in terms of a bilinear map B” that is simply the restriction of B, the
constant co in the upper bound vanishes and so does the second inequality of , the first
inequality simplifies to

16— Le"|

v+ < calnr +07).

3.13 Remark [Quality of the error indicator]. The quantity

Ll 2y 1L e x) (ca + coder

measures the quality of the error indicator ny. It corresponds to the condition number of the
linear operator, except that it also takes the constants c4,cc and ¢y into account. If they
become large, so does the condition number. It should be uniformly bounded with respect to
parameters of the differential equation and its discretization. This uniformity is often referred
to as robustness, cf. [Verl3, Remark 4.8].

The quantity ||L~}| £(v+,x) is actually the inverse inf-sup constant 1. Indeed,

L—l *
||L_1||£(Y*,X) = . S;flli{o} W , per definition of the operator norm,
*CY'* *
HSOHX f L _ * . . . .
sup @ , for Ly = 9™ since L is an isomorphism,

" Lpeva\(op 1Ly

_ ( inf HLQP| Y*)_l
= 11 Erre—
eex\{0} |lellx

-1
L
= ( inf sup (<P,¢>) , per definition of the operator norm,

eeX\{0} pev\ {0} llellx 9]y
=571

3.1.1 Application to the Darcy equations

This section applies the results of Section to the abstract framework presented in the
previous section. The corresponding parameters are

X=Y=H}_(Q),

B(e, ) = a(p,v) = (K Ve, Vi) , see (7)),

)y = (f.) , see (),
Xh=yh=yh ,See,
B"(", ¢") = B(g",¢") = a" (", 0" , see (),
(") yn = (69")y = (") = (unats ) e , see (LI).
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Since the discrete forms B" and ¢* are restrictions of B and ¢ respectively, one has Galerkin
orthogonality and therefore needs no restriction operator Q", see Remark
Asin , the residual R of <ph is the case of pegs = 0 is given by

(R, 0) = (f,1)0 + (Unats ¥)Twae — a(¢", 1) (49)

for all v € V. To derive the LP representation , the residual can be transformed as
follows. One obtains for all ¢ € V

(R, ) = /fw/unw /Kwhw

Tnat
/ 1o . / e + KZGT (K/ KAghy - / K Ve ng

Z/f+m<p Wy /unat—lxw Z/HKW ‘gl

KETK EE(‘:pnat E EE(S(ZE

by element-wise integration by parts and the assumption that IK = K 1. Here, [¢] g denotes
the jump of ¥ across the facet E € £ in direction of ng. To define the jump, let K1, Ko € T
be cells with the common edge F € £. The vector ng is fixed as the outer unit normal vector
of K1 at E. Then, the jump of a function 1 across the edge F in the point s € FE is defined
by
11 e(s) = lim o(y) — lim 9 (y)-
yeK, YEK2

It should be noted that this definition depends on the enumeration of the cells; if the order
is reversed, the direction of ng changes and therefore also the sign of the jump.

3.14 Remark [On the essential boundary data]. If one is in the situation that meas(T'ess) > 0
and @ess # 0, one obtains in the additional right-hand side term —(IK Vess, V1))o. How-
ever, this term can be included in (f, ), allowing to treat homogeneous and inhomogeneous
essential boundary conditions in the same way.

It then is
(R.y) = /rw+/jw
Q b))
with
r| o=+ KAQ"
and

KV -nglg ,for E € &q,
j}E = Upat — KV -np | for E€&r,,,,
0 ,for B e ér,,
foral KeT, EFe&=¢Er, UEr,, Usa.
In order to meet the conditions of Theorem [3.11], an upper bound for the residual has to be
provided. To this end, one can use nodal shape functions. These are specific functionals of
the finite element discretization as considered in Section They are uniquely defined as,

in the case of simplices linear and in the case of quadrilaterals bilinear, continuous functions
), on each element for all z € N with

A:(z) =1 and A\, (w) =0 for all w € N'\{z}.
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3.15 Lemma. It is

0< X\, <1, supp A, = w,, Z A, =1, Z A, =1,
zeNk 2€NE

Proof. The second assertion supp A, = w, is given by the definition of the A,. For the other
assertions, the convexity of K € T is needed. Since K = conv(N k), i.e., the convex hull of
its vertices, one obtains

[Nk | [Nk |
K= XERd:x:Zaivi,viENK,aiZO, Zaizl ,
im1 i=1

see, e.g., [Gru07, p. 42]. The weights «; summing up to one and being non-negative implies,
that in particular 0 < o; < 1.
Let x = ZlflK | a;v; € K be fixed. Using the linearity of the A, and Ay, (v;) = d;;, one

obtains
[Nk | [Nk | [Nk | [Nk |

Z Ay, (%) = Z Av; Z ;v | = Z aj =1,
j=1 j=1 i=1 j=1

i.e., the third assertion.
The fourth assertion follows by the same arguments, since faces of convex polytopes are
convex and F € & is a face of some K € T, cf. [Gru07, p. 245]. O

3.16 Remark [On the uniqueness of the nodal shape functions]. Taking into account the
mapping between reference cell and grid cell Fx : Kg — K as introduced in Section |7 one

can write
N -1
Az=Az0 FK )

i.e., A, takes values on the reference cell I?d. The condition on the nodal shape functions is
for vertices {vy,...,v,} and basis functions B = {51,...,5,} that

5ij = )\i(Vj) = Zaikﬂk(vj)a
k=1

where o1, ..., a;, are the coefficients for the i-th nodal shape function A\; = Ay,. This condi-
tion can also be expressed as the matrix product I = AB with (A);; = ay; and By = B;(v;).
Thus, for existence and uniqueness of the nodal shape functions, B has to be invertible.

In the case of simplices, the basis of linear functions is given by

B= {l,xl,...,md}.

Therefore, B is given by

1 1
vgl) 7)7(11)
B= |
A

The determinant of the matrix is det B = d!meas(l?d) and therefore positive, assuming that
the simplex is not degenerated, which is given in case of the reference simplex. Therefore,
the nodal shape functions are uniquely defined on simplices.
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In the case of quadrilaterals, the basis is given by

d d
B = {fo‘l :Xaiai S {0,1}} = UBZ
i=1 i=0

with B; = {x* € B : |a| = i}. Without loss of generality it can be assumed that Ky = [0, 1]%.
Further it can be assumed that the basis functions are ordered with respect to the B;, i.e.,
if 8; € By, and ; € By, with k1 < kg, then 7 < j. Now the vertices v .. v(® can be
ordered such that they correspond directly to the multi-indices of the definition of the g,
i.e., for v(? it should hold that v](i) = o where o is the j-th entry of o in 8; = x%.

In the case of d = 3 this means that

B = {1} U{x1,z2, 23} U {z122, Z123, 223} U {Z12023}

with corresponding vertices

0 1 0 0 1 1 0 1
/\/f(d: 0 U o],[1],]0 U 11,101],fo0 U 1
0 0 0 1 0 1 0 1

Grouping the basis functions with |a| = k for £ =0, ...,d and therefore also grouping the
vertices with k entries that are 1 yields a block-wise representation

DO * *
B = 0 ;

: T . *

0 -+ 0 Dy

where the D; are identity matrices up to interchanged columns. Indeed, the rows in B
belonging to D; correspond to basis functions with |a| = i and the columns correspond to
vertices v € N with
h(v) =7 v =1} =1
i.e., the number of entries in v that are 1 should be i. Therefore, for 8 = x* € B and v
with h(v) = k, one obtains f(v) = 0 if k& < |a], since § is a product out of more than k
factors. If k = |, the there is exactly one 3 € B4 such that 3(v) = 1.
Again in the case of d = 3, one obtains

111j111
100|110
010(100
001|010
000(100
000010
000(001
000000

OO O OO O O
Ol = = = e

Altogether this yields

d
det B = HdetDi =1,
i=0
which proves that the nodal shape functions exist and are unique.
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These nodal shape functions allow the construction of the quasi-interpolation operator of
Clément (cf. [Verl3, Section 3.5.1])

0 ,if z € N,

" L'Q) -V v N
) D oen %)\z , otherwise,

(50)

with the approximation properties

HU — IhUHLp(K) < CK”UHLP(GK)v
lo = Il o(rey < CrhiclIVoll o @) (51
IV (v— IhU)HLp(K) < CKHVUHLP@K)’

1—1
lo = I*0llom) < Cohy * V0]l r(@g): (52)
for 1 < p < 0.

3.17 Theorem [Upper bound for the residual]. The residual in the dual norm of V is
bounded from above by

| Rl[v+ < C(nr+ 07)
with
2
= ( ST+ KA+ S hi H[lleh . HOE
KeT Eec&q ’
1
2
+ > hpllul, - KVt nEHo,E> ; (53)
Eegr!lat
3
Or = D hrllf = o+ D lMunae — il | (54)
KeT Eeér

nat
where f* and uﬁat are piecewise polynomial approximations of f and uyat respectively.

Proof. Let v € V be arbitrary and v = I"v € V. By the Galerkin orthogonality it is

(R,vh>:0:><R,v>:/r(vvh)Jr/j(vvh).
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The residual can be estimated by

(R, v)| = Z /r(v—lhv) + Z/j(v — I')
KGTK EGEE
= Z 7 ll0,x llv — IhUHO,K + Z lillo,zllv — IhUHO,E , using Cauchy—Schwarz,
KeT 25
1/2 . :
<C (Z haclrlo.se oy @iy + D i Hano,EHviimE>> - using (51) and (52),
KeT Eeg
1
2
<C (Z Wilrlg g+ hElle%,E)
KeT Eecg
1
2
X (Z ||UH%/(&K) + Z ||U”%/(&E)> :
KeT Eeg

where the last step was obtained by applying the Cauchy—Schwarz inequality for sums. Fur-
ther it is

1
2
(Z lol e + > ||v||2V@E)> < Clollv,

KeT Eeg

with the constant taking into account that the faces are being counted multiple times. This
estimate shows that the norm of the residual is bounded from above by

15|

1
2
v <C (Z hgclrlig e + > hEIIjllﬁ,E) :

KeT Ee&

Substitution of f = f" + f — ", unat = uly; + tnat — ul,, and an application of the triangle

inequality plus the inequality
Va+b<va+ Vb

for a,b > 0 yields the statement of the theorem. O

The above theorem already gives an error indicator which is reliable. The next condition
of the Theorem is a bound from below, i.e., efficiency. The efficiency estimate should be
applicable to a local portion of the grid, which is why one could use cut-off functions, often
due to their shape also referred to as ‘bubble functions’. These are defined on the elements
K € 7T and their facets F € £ by

v =Bk [[ »  ve=8s [] X

zeNk 2eNE

with factors g and Bg such that the functions attain the value 1 at the barycenters of K
and E respectively, as indicated for Bk in Figure Further it holds that 1/1K‘ ax = 0 and

wE‘@wE =0

3.18 Lemma [Properties of the cut-off functions]. It is supp(vx) = K, supp(vg) = wg,
0 <¢vg <1,0<Yp <1 and maxzex Y (xr) = maxyep ¥p(xr) = 1. Further, the following
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Figure 5: Graph of the cut-off function ¢y for K = [0, 1]2.

inverse estimates hold for all polynomials v € P(K) of degree k and w € P(E) of degree k:

lollo.xc < Creellvg*vloxc (55)

IV @rv)llox < Crephi [vllox, (56)
lwllo.z < Crilvy *wlo.z, (57)

IV (@ew)llo.x < Crxphp”*lwllos, (58)
lewllox < Crpexhy llwlo.e. (59)

Proof. The estimates can be found in [Ver13l Proposition 3.37]. Since supp A\, = w,, the prod-
uct in the definition of the cut-off functions restricts their support to K and wg respectively,
ie.,

supp i = [ we =K

2eNk
and
suppvp = (| w:=wp.
zeNE
The support regarding the edge yields wg since wg is contained in all w,. O

3.19 Theorem [Lower bound for the residual]. The residual can be bounded from below by

1
mn < e (IR Ve — M2, +0")°

with

2 1\ ¢h hy2 1 h 2
nrk = | hiclfx + KAp 0k T3 > hEHHVSD ‘nE”EHOE
EESK,Q ’

1

2

h h
+ Y hplluly e — Ve 'nE“g,E> (60)
EEgK’r

nat
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where flh( and ul,, are piecewise polynomial approximations as defined below and 67 is

defined as in .

Proof. First, f and upat are being replaced on every element K € T and edge E € &r,,, by

their respective piecewise polynomial approximations f* and uﬁat. Set

h h h h
f’T = Z fKXK7 Unat, T = Z Unat, EXE>
KeT Eegrnat

where x4 denotes the characteristic function with respect to the set A.
The local bound is now going to be derived by successively inserting appropriate test
functions into the LP representation of the residual.

(i) Let K € T be arbitrary and insert
wi = (f + KA yx

into the LP representation of the residual, yielding
(R, wg) :/er+/ij = /er , since suppwg C K,
Q by K

= (KV(p— SOh)y Vwg ) k-

It then is

(r,wic)ox + (fie = fywr)ox = (KV(p = "), Vur)ox + (fic = frwi)ox
and on the other hand
(rywic)o, i + (fit = frwi)ox = (fi + KAQ™ wit)ox = ((fi + KAG™)?, ¥i)o,ic,
by the definition of r. This yields
(KV(p—¢"), Vur)ox + (fi = fwi)ox = ([ + KA, Yx)o k-

The right-hand side can be estimated with the inverse estimate , resulting in
(fle + KA U)o > Crill fl + KAGMG -

The left-hand side’s terms can be estimated by

(K V(e —¢"), Vug)ox| < K V(e —¢")llox|Vwrlox , using Cauchy-Schwarz,
<K V(e — ")l
x Crphi | ff + KA o, using (56),
((f — [)swi)ox| < | fr — fllo.x llwklo,x , using Cauchy—Schwarz,

<& = fllox i + KAQ"lore ., using 0 < g < 1.

Thus, combining the above estimates and rearranging terms yields

hic|| fie + KA ok < CP| KV (e — ") |lo,x + Chicllf — fitllo.x (61)

where the constant C' only depends on the shape parameter of K and the polynomial
degree k.
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(ii) Let E € Eq be arbitrary and insert
wp = —[KV¢" nglppe

into the LP representation of the residual, yielding
(R,wg) = (r,wg)o + (j,wE)os = (1, WE)ows + (J,wE)o,g , since suppwg C wg,
<R7wE> = <L(90 - (Ph)a wE> ) USing 7
= (KV(p—¢"), Vwg)ow,-

This gives together with

(G, wr)op = (KV(p = ¢"), Vup)ows — (nwp)ow, and,
(ywe)oe = (—KVe" ngl g we)o s , by definition of j,
= (1K V" ngl%, ve)ok , by definition of wg,
that

(1K V" - npl%, vr)or
= (K V(e —¢"), Vor)ows — (1we)ows
= (KV(p — "), Vwp)ow, — (f + KAQ" + fi — fI wi)ow,

= (KV(p— SOh); vwE)O,wE — Z (f]h( + KA(Ph,wE)o,K - Z (f — f}%/wE)O,K-
KCwg KCwg

The terms are again being estimated separately. The left-hand side can be estimated
with the inverse estimate (57))

2
(1K Ve nglbvmoe > Cod | 1KV -nslle] .

The terms on the right-hand side can be estimated by

(K V(e — "), Vwg)o k|
<K V(e — "okl Vwelo,x , using Cauchy-Schwarz,

1
<K V(e —"oxCrrrhy? || KVe" nplp g using (58),

[(fie + KA wp)o k|
< ”f]h{ + KA(PhHo,KHlUE 0,K , using Cauchy—Schwarz,

1
< Ik + KA o Cracih | IR V" nplsl|  using (D),

\(f — f, wE)o,k|

< |If = fEllo,x lwe

1
<|If = fEllo,xCr xih

0,K , using Cauchy—Schwarz,

, using .

h-
KV ngl e .

)

yielding

_1
O3 ||TE V" nple| < Copnhp? 1K V(e = ¢"llows

)

1 1
+ > Coxrhilfi+ KMok + D Coxrhilf — fEllox.

KCwg KCwg
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(iii)

Combining this estimate with gives

2 IRVt npls] < CIKV(e - ¢ ow,

(62)
KCwg

where the constants only depend on the shape parameter of 7 and the polynomial
degree used in the inverse estimates.

Let E € &r,,, be an arbitrary edge on the boundary with natural boundary conditions
and let

WE = (Uﬁat - VSOh -‘NEg)YE

be a test function. It then is

(jswe)o.e = (K V(e — "), Vwg)k — (r,wg)ox , same as in (ii),
(4,wE)o,e = (Unat — V@ ‘NE, WE)0,E , by definition of 7,
(Unat ‘np, Wg)o,E + (Unat — Uﬁat, WE)o,E
= ((uly — h 1p)% ¥E)o.E + (Unat — U, WE)o.E , by definition of wg,

which implies that

((uhay — V" - 1p)*, ¥p)o.5
= (K V(e —¢"), Vwg)o.x — (r,wg)og + (s — Unat, wE)o,B
= (KV(p—¢"),Vwg)ox — (fi + KAQ" wr)ox

—(f = flowr)o,x + (ulyy — tnat, wg)o, 5.

The L? scalar product is over K instead of wg since it is a boundary facet. Same as
in (i) and (ii) the terms are now being estimated separately. The left-hand side can be
estimated with (| . by

((uﬁat - V@h ) nE')27 ¢E‘)0,E > Ci?k ‘

2
e = V" nEHO,E
The terms on the right-hand side can be estimated by
_1
(K V(e —¢"), Vup)ox| < 1K V(e = ¢")oxCr rphp’ [ufa — V" -

)
1
|(f& + KAQ" wp)o x| < | fik + KA 0,eC k kb luse — V" - 1Eo.p,
)

1
(f = [y wr)ox| < If = ficloxCr b Ellule — Ve" - nplomp,
|(What, 2 = tnats WE)o,| < [Whae, e — tnatllo.sllufe; — Vo' - npllo.5,
with application of the Cauchy—Schwarz inequality and estimates , , and
that 0 < ¥p <1 respectively. Altogether this gives

h%HUnat Ve nplop < CIKV(e— <Ph)Ho K+ ChEHfzh( + KA |o.p

h
Unat,E H07E7

where the constants only depend on the shape parameter of 7 and the polynomial
degree used in the inverse estimates. Using this can be further estimated by

hEHUnat Ve ngllor

< C|K V(e — "ok +Clhg +he)|f — fitllox + Ch} 2 |[tinat — ultos pllo,z- (63)
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The above derived estimates , and can now be applied to ng ik together with a
variant of Young’s inequality
(a+b)? < 242 + 2b*

for a,b € R, yielding the theorem’s statement, where the factor of % in nR, i takes into account
that every edge is being counted twice while summing up the jumps. O

Theorems and show that all assumptions of Theorem of the abstract setting
are fulfilled with

yhcyh = span{¢KU|K, ’QZJEU’E KeT,Ec&veVh}

Therefore,

1
2
_— (z w)

KeT
as defined in and indeed bounds the error in the energy norm |- |; from above and

below and thus is reliable and efficient.
3.1.2 Application to the Stokes equations

This section applies the results of Section [2.2] to the abstract framework for linear problems
presented in Section [3] The parameters are

X=Y=VxQ ,see,

I )l = (Il +1lpl3)? = (I7ul3 + 1p13)?
B((u,p), (v.q)) = a(u,v) +b(v,p) — b(u, q) , see ([17),
(€, (v.q)y = (Ev) = (£, )0 + (T, V)T , see (17)),
B"((u",p"), (v",¢") = B((u",p"), (v, ¢")) , see (20),
<€h, (Vh,qh)>yh = (f‘,vh> , see .

The equation for B(-,-) is obtained by subtracting the two equations in . Since a con-
forming finite element discretization is assumed, Galerkin orthogonality is given. In order to
derive the LP representation , one can apply element-wise integration by parts as in the
following. Let (v,q) € V x @ be a test function. Inserting this test function into the residual
equation of the Laplace form yields

<R’ (Vv Q)> = (f7v)0 + <T V>Fnat - a(uh V) - b(V h) + b(uh7q) , See ’
= (£,v)o + (TN, V)P + D ( vAu”,v)o g — (vVu" - nK,V)o,aK)
KeT
- Z (V Vp"ox — (v nmph)o,aK) - Z (V-u", q)ox
KeT KeT
=Y (F+vad" V' v)ox — Y ([(wvu" = p"I) -ngl g, v)os
KeT Ee€q
+ Y (In—@Vd +p ") ng,v)or — > (V-u",qox
Ecér KeT

nat
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Similarly, inserting (v, ) into the Cauchy stress form yields

(R, (v,q)) = (£,v)o + (TN, V)rp + Y <(2VV -D(u"),v)ox — (2vD(u") - nKa")O,BK)

KeT
- > ( Vp", v)ox — (Ph,V‘nK)o,aK) - Y (V-u" gk
KeT KeT
=S (f+ V- D" - "I, viox — Y (H(Ql/]])(uh) ) nE]E,V)
0.E
KeT Ec&q
+ Y (Tv—@vD@") =p"T) - ng,v)op— Y (V-u",q)oxk,
Eegrnat KeT
giving altogether
®va) = [rv0"+ [tva) (64)
Q 5

with
rle=FE+V-T"p"), v -u"7,
(= T(u" p") - nglE, 07 , on &g,
j‘E =4 (ITn = T@",p") - np,00" ,on &r,,,
(0,0)" ,on Er,,
forall K € T and F € &.

3.20 Remark [On the essential boundary data]. If one has inhomogeneous essential bound-
ary data, one obtains in the additional right-hand side term

—(2vD(uegs),D(v))o , in case of the Cauchy stress form,
—(¥Vess, VV) , in case of the Laplacian form.

This term however can be included into the source term (f,v)g, allowing to treat inhomoge-
neous and homogeneous essential boundary data in the same way.

In order to apply Theorem upper and lower bounds need to be provided.

3.21 Theorem [Upper bound for the residual]. The residual in the dual norm of X is
bounded from above by
IRl x- < Clnr +67)

with

= (Z Wi E* =V T pE e+ D IV -u"F

KeT KeT
1
2
+ D hEllHT(u",ph)-nEl]EHg,EJFZhE”TJ@_T(“h’ph)'nE”ng> W
EESQ EEanat
2
O = Z nic |1 — 75« + Z hillTv — Trllbe | (66)
KET EEanmt

where f denotes a piecewise polynomial approximation of f and T]}\‘, denotes a piecewise
polynomial approximation of Th.
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Proof. Let (v,q) € VxQ be arbitrary and v = I"v € V", where I" is the quasi-interpolation
operator applied to the components of v. With the Galerkin orthogonality one obtains

(R, (v",¢") = 0= (R, (v,q)) :/T(V—Ihv,q—I”Q)T+/j(v—1hv,q—IhQ)T~
Q ¥

With this identity the residual can be estimated by

(R, (V" "D < Y I+ VT p")oxllv ="Vl

KeT

+ > T ") - nelsllosllv — I"vioe

EcEq
+ ) Ty = T(u",p") - ngllozllv — I"vlos
Eegrnat
+ Z IV - u"|lv xllqllo.x , using Cauchy—Schwarz,

KeT

<Y Crhgllf+V-T@", ") o.xlvIvesy) , using (51),
KeT
1

+ > CohpllTW" ") - npl loplvive, , using (52),

FEelq

1

+Y  Cph||Ty — T(",p") - nploslvives,) , using (52),
Eegrnat
+ Y IV-dlvkxlallox

KeT

3
<C (Z hillf+ V- T(uh,ph)\lg,K> Iviv
KeT

2

+C | > hpllT@"p") - nelellfs] Iviv
Eec&q

2

+C | > hp|Ty—T@"p") ng
Eegrnat

e | Vil

2
+C (Z |V - uh||37K> llgllo , using Cauchy-Schwarz,
KeT

< c||<v,q>|x( ST R+ VTl )3
KeT

+ Y V-G x+ Y el T ") nplslG e
KeT Ec&q

+ Z hE”TN_T(uhaph)'nEH?),E) )
Ee&rnat

N
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where the last inequality is due to an implication of Young’s inequality, namely
(Vallvllv + Vollgli)* < (V17 + llgl*)(a + b) « 2Vab|v[viale < VIR + llallba,

for a,b > 0. Since v and ¢ were arbitrary, replacement of f by f"+f —f" Ty by T]}\‘,—I—TN —T]}\‘,
and an application of the triangle inequality yields the theorem’s statement. O

3.22 Theorem [Lower bound for the residual]. It holds that

e < C (V= w2, + o= "I, +07)

with

1 2
M = (h%nfh + VT R+ IVt -5 D ke [T nels|
Eelk o

© 3 hallTh - T ) nEnaE) (67)

EEgKanat
and 67 as in Theorem [3.21

Proof. Similarly to the lower bound of the Darcy equation’s residual a posteriori estimator,
this lower bound is going to be provided by successively inserting appropriate test functions
into the L? representation of the residual. To this end, let

h h h h
fr = Z "k, Tn7:= Z TNXE
KET Eegnat

be cell-restricted versions of f* and T]}\l, respectively.

(i) Let K € T be arbitrary and insert
(Wi, 0) = (" + V- T(u",p"))x, 0)

as test function into the residual equation, yielding

(R, (WK, 0)) = (1, (WK, 0)) K , since suppwg C K,
(R, (wk,0)) = B((u—u",p—p"), (wg,0)) , using (41)),

a(u - uhawK) + b(vap_ph)

Inserting the definition of 'r‘ 5 and wg into the first equation gives

(R, (wi,0)) = (r,(wg,0)) = (f+ V- T(u", p"), wi)x
= ((f"+ V- T(",p")? vK) Kk + (F — £, Wik,
yielding
(8% - T, )% )i = ol — ' wie) + blwic,p 1)+ (F — e wic) i

The left-hand side can be estimated by applying the inverse estimate which results
in

(" + V- T(a",p")? i)k > C AR + V- T, p")[f & -
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(i)

The terms on the right-hand side are being estimated individually. To this end, note
that one obtains by application of the triangle inequality that

1
IDv)llo = 5 IVv + Vvl lo < [Vv]o.

Thus, when deriving upper bounds it can be assumed that the laplace version of a(-,-)
is being used, as the Cauchy—Stress version yields the same results up to a factor of 2
which can be absorbed into the constants. The terms can be estimated by

la(u — uh,wK)|
< CollvV (u—u")[fo,x [ VWK |lo.x
< CoCr b [lvV (a — uM)[lo k [I£" + V- T(0",p")]lo.c , using (56),

using Cauchy—Schwarz,

b(wi,p—p")]
<|V-wklloxlp - tho,K , using Cauchy—Schwarz,
< Vd|Vwiclo,xllp = p"llo.x , using Lemma 2.12}
< VdChid lp = ok If" + V- T(", p") o x , using (56),

|(f - fl}éawK)O,K|
using Cauchy—Schwarz,

using 0 < @bK < 1)

< |If = £illo,x | Willo,x
h h h _h
< = frlloxllf" + V- T(u",p")lo,x

where
_ {1 , if a(u,v) = (vVu, Vv)j,
‘2 L ifa(u,v) = (2vD(u),D(v))o.

Combining the above estimates and dividing by [|f* — V - T(u”, p") |0k yields
hK”fh +V. T(uh,ph)HQK
< C (w9 (= w"lo + I = oo +hcllf = llok)), (69)

where the constant only depends on the spatial dimension of the problem, the shape
parameter of K and the polynomial degree k.

Similarly to step (i), one can assume the laplace version of a(-,-). Let E € £q be
arbitrary and

(wg,0) = (=] T(u",p") - ng| pvE, 0)

a test function which inserted into the residual equation yields

<R> (WEv 0)> = (Ta (WEv 0))0,WE + (]7 (WE7 0))0,E s since Suppwpg C Wg,
(R, (wWg,0)) = a(u—u", wg) +b(wg,p — p") , using (41)).

Thus on the one hand one obtains by using the definition of j, that
(j: (We,0))0.8 = (= T(",p") - npl g, wr)o.e = (| T(", p") - npl %, vE)oE,
and on the other hand using
(Tv (WEv 0))U,wE = (f +V- T(uh’ph) + chLE - fLLE)O,wE
= Z (f1h< + V- T(uhvph)?wE) - Z (f - fﬁ’wE)O,wE

KCwg KCwg
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together with the definition of the residual as above, that

(J, (Wg,0))o.8 = a(u —u", wg) + b(wg,p— p") — (r,(Wg,0))0w,
= Z (vV(u-— uh)a VwEg)o,x + Z (V-wpg,p— ph)ovK

KCwg KCwg
= > (E VT p"),we) = > (F— £, WE)ows-
KCwg KCwg

By applying the inverse estimate to the first equation for j one obtains

2

(Iret s nplhose) | = 05 |l "]

0.E

The terms of the second equation for j can be estimated separately by

_1
0V (= "), Vwe)ox]| < Cpacrhy® [v9 (= u") o | [ T(a",p") - ne]

)

1
(V-wg,p—p"ox| < Crrrhg®Vd|p—p"ox H I T(", p") ngl HOE,

1
(€ + V- T, "), wedox| < Crucahplfh + V- T, loux | 1T p") - nsl | .

)

1
(€~ £ wi)ox] < CoacrhBlE = £ o [ T p") - ne]||
with application of the Cauchy—Schwarz inequality and estimates , Lemma and
, and respectively. Applying these estimates to the equations for j yields

1
Cgih |IT, ") mpl|| < Y CrmalvViu—u®)osx
’ KCwg
+Vd Y Corillp—p"llox +he D Coxrllfi +V-T@" p"ox
KCwg KCwg
+hg Z Cp e klIf = £,z
KCwg
By applying the previous lower bound estimate one obtains
1
ng 1T ") nalls]| | < c(nuwu ") o + P = "o
+ Y el thlo ), (69)

KCwg

where in the last term hg has been estimated by a of the triangulation, concrete mesh
cells and edges independent constant times hg, which is possible due to the shape
regularity.

(iii) Similarly to (i) and (ii), one can assume the laplace version of a(-,-). Let E C &p,,, be

an arbitrary edge on the natural boundary and

nat

(wp,0) = (T — T(u",p") - np)yp,0)
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a test function. By taking into account that in this case it is suppwg C wg = K, one
obtains similarly as in (ii)
(J, (Wg,0))o.5 = (Ty — T(u",p") - np, wg)
= (T} — T(a",p") -np)*,vE) + (Tn — Th, WE)ox, and,
(s (WE, 0)o,p = a(u =", wg) + b(wg,p = p") = (r, (Wg,0))o,x
= WV(u-u"), Vwg)ox + (V-we,p—p"ox
+ (£ + V- T(u", p"), wr)ox — (£ — )0k,

by definition of j and its relation to the cell part of the residual, respectively. As in (i)
and (ii), estimating the terms individually yields

(T} —T(u",p") - np)®, ¢p) = CLlITR — T(u",p") -

1
|(vV(u—u"), wg)ox| < Cg KkhE2 [V (u—a") ok |TH — T(u",p") - ngplloe.
(V-wg,p—p")ox| < Cprrhg \pr Mok |TR — T(u",p") -nglo.k,

)o,
p")
(£} + V- T(u", p"), we)ox |<CEKI<:h £ + V- T(u",p") (u",p") - npllo,e,
)o,
)

K| < CEKkh £ — fK”OKHTN ( haph)'nEHO,Ev
(T — T, wE)o.x| < [|Tv — Tllo.x |Th — T(u",p") - ngloz,

|(f fKaWE

by applying the Cauchy—Schwarz inequality and , , Lemma and , ,
and that 0 < g < 1, respectively. Combining these estimates, dividing by

1
|T% — T (u",p") - ngllo,z and multiplication with h yields
1
CpihiITh — T",p") ngllor < C<HV(11 — uh)Ho,K +lp = p"llo.x

+ hp|fE + V- T, p")

s

Further, one can estimate hg by hx like in (ii) and apply estimate , yielding

1
BEITY — T, o) - nglos < c(nv(u =

+ hi||If — fKHOK"'h TN — TN”OE) (70)

With use of Lemma 212 and V - u = 0 one can obtain

IV - ox = IV - (u=u")ox < Vd|V(a—u")ox.

Inserting this estimate together with estimates , and into the definition of ng x
and taking into account that the inner edges are being counted twice gives the statement
of the theorem. O

Theorems and show that all assumptions of Theorem of the abstract setting
are fulfilled with

Yh Y =span{ypv|, vpv|, K€ T,E€E,veX =V xQ}.
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Thus,

1
2
yr = (z nK>

KeT

[N

as defined in and bounds the error in the energy norm ||(v, q)||x = (|v[{ + [|ql13)

for (v,q) € V x @ from below and above and is therefore reliable and efficient.

3.2 Dual weighted residual method

The previously considered a posteriori error estimates measure the error in a norm which
is natural to the problem itself. This however might not be desirable in practice when one
is interested in specific quantities like, e.g., drag and lift coefficients of a flow around an
obstacle. Further, one usually has unknown constants C' which might be far from 1 on the
right-hand side of and (31)), cf. [JohO0, Section 5].

The dual weighted residual method (also known as DWR method for short) deals with both
of these issues. It is a goal-oriented approach since it gives information on the error with
respect to a functional of interest. In particular, local residuals are being multiplied with
weights which indicate the dependence of the error on them. These weights are obtained by
the solution of a linear dual problem. Thus, it is comparably cheap to calculate the weights
in the setting of a nonlinear problem and more expensive in the setting of a linear problem.

In the following, the DWR method is going to be derived in an abstract setting based on
the analysis presented in [BR03a] and [BR0O3b]. To this end, let (X, |- ||x) be a Banach space
and £ : X — R be a differential functional. Then, a stationary point x € X of L(-) is being
sought, i.e.,

L'(z)(y) =0 VyeX, (71)

where the derivative refers to the first parenthesis and L is linear with respect to all arguments
in the second parenthesis. This stationary point corresponds to a solution of an optimization
problem with the goal to solve a variational problem subject to minimizing the error with
respect to a given functional. The discretization is performed by a conforming Galerkin
method using a finite-dimensional subspace X" € X. The corresponding discrete problem is
then to find " € X" such that

LMy =0 wyhe xh (72)

The goal of the next lemma and proposition is to find a suitable representation of the ap-
proximation error in £, i.e., £(x) — £(x"), which is later going to be used in the derivation
of an error representation in the setting of a variational problem.

3.23 Lemma [Truncation error in the trapezoidal rule]. Let f : [a,b] — R be a twice
continuously differentiable function, then the trapezoidal rule is given by

/f ();f()

Its truncation error fulfills the identity

b

[ 103800 (550 (45 ) e

a a




Proof. Integration by parts yields

(8- (5 rom-

a

3.24 Proposition [Error representation of the abstract problem]. For the Galerkin approx-
imation of the variational problem it is

L) — L") = %ﬁ'(wh)(x _I"s)+ R, (73)

where e := & — 2" is the error, I"z € X" is arbitrary and

R =

N | =

1
/T(T —1)L" (2" + 7€) (e, e, €)dr
0

is the remainder and vanishes if £(-) is quadratic.

Proof. With
1

L (zzh)(y) = / L' (2" + re)(y)dr
0
it is by the fundamental theorem of calculus that
T=1

=Lz 4+ 2 —2") - L") = L(z) - L(z").
7=0

L' (zah)(e) = L(z" + 7€)

Application of the trapezoidal rule to £'(zz?)(e) with a = 0 and b = 1 and the fact that
e € X and therefore £'(x)(e) = 0 yields

1
— "(z)(e (M) (e
L' (zxh)(e) = L) )ZE( )(€) +;/T(T— DL (" 4 re) (e, e,e)dr
0

1 /
= 55 (z™)(e) + R.

Let I"z € X" be arbitrary. By linearity it then is
L'z (e) = L' (a")(x — I"x) + L' (") (I"x — 2") = £ (a")(x — "x),

since I"x — 2" € X" and therefore £/(z")(I"z — 2) = 0. O
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The above derived abstract problem can now be applied to a standard Galerkin approxi-
mation of variational forms. Let

a:VxV =R, alu)(v)=flv) YoeV

be a semilinear form on V and f a linear functional. Further, let J : V' — R be a differentiable
function which represents the quantity of interest and whose error J(u) — J(u") should be
minimized. The task of computing J(u) can ultimately also be formulated as the following
optimization problem: Find u € V such that

J(u) = min, a(u)(v) = f(v) YveV. (74)
If there is a unique solution of the problem to find u € V' such that
a(u)(v) = f(v) Yv eV,

the minimization problem is trivial since there is only one solution that can be inserted
into J(-).

For deriving a solution of , the Euler-Lagrange approach is being applied, i.e., one
considers the Lagrangian functional

L(u, z) = J(u) + f(2) — a(u)(z)

where z € V is the so-called adjoint variable. With respect to the abstract setting, the
functional L is the functional £. Minima of the optimization problem correspond to stationary
points of L(-,-), i.e.,

0 = 0yL(u,2) = J'(u)(w) — d(u)(w, z) Vw €V,

0=08,L(u,z) = f(v) — a(u)(v) Voev, (75)

where the first equation is the adjoint equation.
When applying the Galerkin method in order to obtain a discretized problem, one considers
a finite-dimensional subspace V* € V and seeks (u”,2") € V* x V" such that

a (uh)(wh, 2" = J' (W) () Yt e VI

a(u")(v") = f(u") voh € V. (76)

With the solution of the discrete problem above, one can define the the so-called primal
residual

p:iV = Ve p) () = f() = a)(), (77)
and associated to 2" the adjoint or dual residual
PV sV prEN ) = W) = (W) 2, (78)
h

together with the adjoint error e* := z — 2.

3.25 Theorem [Error representation]. Let a(-)(-) and J(:) be three times differentiable,
(u, z) a solution of (74) and (u", 2") a solution of . Then there is the a posteriori error
representation

J(u) — J(uh) = %p(uh)(z )+ %p*(zh)(u ~ ')+ R, (79)
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where I"z € V" and I"u € V" are arbitrary. The remainder term is given by

l\')M—t

1
/7‘ ) (" (W + Te) (e, e,e) — a” (u + Te) (e, e, e, 2" + TE¥)
0

— 3a" (u" + 7e) (e, e,e*))dr.

Proof. This proof is based on the application of Proposition in the general framework.
To this end, set X =V x V, Xh VEx VP oz = (u,2), xh:(uh z )andﬁ( ) = L(u, 2).

Let (u,2) € V x V and (ul, 2") € VI x Vh be the solutions of (75)) and ., respectively.
Since these are stationary points, the requirements for Proposition are fulfilled. Further,
note that

L(z) = L(z") = J(u) + [(2) = au)(z) = (J(W") + f(") = a(u")(z"))
= J(u) — J(u").

Application of the proposition yields then that
ﬂ@—J@%:%ﬁ@%@—ﬂ@+R
= %(J'(uh)(u —I"u) —d' (W) (u — TMu, 2 + f(z = T"2) — a(uP)(z = T"2)) + R
= 2oz 4 ST R

where Iz = (I"u, I"z) € X" is arbitrary. In order to compute the remainder

l\.')\)—t

1
/T DL" (2" + 7€) (e, e, €)dr,
0

one needs to calculate the third derivative of £. Since the dependence of £(z) = L(u, z) on
z is linear, second order and higher derivatives with respect to v vanish and one obtains

L — Ovunl + 30uuz L+ Ouzzl + 022, L.
This yields

L7 (" + (e, %)) (e, €%), (e,€%), (e,e¥))
= J"(ul + 1e) — " (u" 4 7€) (e, €, €, 2" + Te*) — 3d" (U + 7€) (e, €, €")

and therefore the statement. O

The remainder R in is cubic in the errors e and e* and therefore usually can be
neglected. Neglecting it results in the error indicator

1

a2 = Lol (= — 1) + 2ot () — '), (80)

Its evaluation however requires the exact primal and dual solutions u and z.

In the following a simplified error representation is developed which involves only one
residual. To this end, the next proposition considers a term which reflects the difference
between the primal and dual residual. This difference term is then used to absorb the dual
residual into a remainder term with one order less.
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3.26 Proposition. Let the primal and dual residuals be given as in and respectively,
then it is

P () — ') = p(ul)(z — I"2) + A, (81)

where I"u, I"z € V" are arbitrary and
1
Ap = / <a”(uh + 7€) (e, e, 2" + Te*) — J"(uP + Te) e, e)) dr.
0

Proof. First, define

g(7) == J' (" + 7e)(u — I"u) — o (u" + 7e)(u — IMu, 2" + 7).
Using the definitions e = u—u" and e* = z— 2"
problem , one obtains

as well as the first equation of the optimization

g(1) = J'(u)(u — I"u) — d (u)(u — I"u, 2) = 0.

On the other hand it is
78

g(0) = J' () (u — I"u) — o’ (u")(u — I"u, 2") p* (2" (u — Iu).

By using the linearity of the latter arguments of a/(-)(-,-) and the definition of functional
derivatives, the derivative of g(7) can be obtained by

/ 9T+ h) —g(7)
g'(r) = lim Y
= J"(u" + 1e) (e, u — ")
 lim a (uh 4 (1 4 h)e)(u — I"u, 2" + (1 + h)e*) — d' (u + 7€) (u — IMu, 2 4 Te*)
h—0 h
= J"(u" 4 1e)(e,u — I"u)
a'(u' + (1 + h)e)(u — Thu, 2" + 7e*) — ' (u* + T€)(u — I"u, 2" + 7€*)

— 1
B0 h
I(,h _7h *
i @ (u" 4+ (1 + h)e)(u — ["u, he¥)
h—0 h

= J"(ul + re)(e,u — I"u) — a”" (ul + Te)(e,u — I"u, 2" + Te*)

—d' (u" + 7€) (u — I"u,e*).

Applying the fundamental theorem of calculus yields

0
P a— T) = / J(r)dr
1
/ a"(u + 7e)(e,u — I"u, 2" + 1e*) — J"(uh—i—Te)(e,u—Ihu)>dT
0

+ /a (u" + 7e)(u — I"u, e*)dr,
0
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where the last term is the primal residual, since
1
/a’(uh + 7€) (u — I"u, e*)dr = a(u” + €)(e*) — a(u)(e*) = a(u)(e*) — a(u™)(e*)
0

= f(e") = a(u")(e") = p(u")(z - 2").

Since it was initially assumed that f(-) is linear and p(u”)(v") = 0 for all v € V", one
obtains

p(u)(z — =) = f(2) — a(u)(2) — (") — a(u) (") = p(u)(z - I"z)

=0

with an arbitrary Iz € V" and thus altogether

o () (u — ') = plu)(z — I'2)
1
+ / (a"(uh + re)(e,u — IMu, 2" 4+ re*) — J" (u + 7€) (e, u — Ihu)> dr.
0

It remains to show that the last term is the remainder Ap. By applying the first equation of
the optimization problem , one obtains

1
/ (u" + re)(e,u — I"u, 2" + 1e*) — J"(uh—i—Te)(e,u—Ihu))dT
0

(a"(uh + 7e)(e, ul — I"u, 2" + 7e*) — J"(u" + 1e) (e, u" — Ihu)> dr

I
>
<=
+
—

=Ap+

—~ O

p a’(u)( I, z) = J () ("~ 1))
— (o) = 1, 2 = T - 1))

Bap+0-0=2p.

U

3.27 Theorem [Simplified error representation]. Let the primal and dual residuals be given
as in and respectively, then there is the a posteriori error representation

J(u) — J(u") = p(u™)(z — I"2) + R (82)

with I"z € V* arbitrary and a quadratic remainder
1
R = / (u" + 7e)(e, e, 2) — J" (U + T€)(e, e)) TdT.
0

Proof. Using the in Theorem derived error representation together with the in Proposi-
tion derived connection between the residuals yields

T(w) — Jh) = Lph)(z — 1) +

1 ~ 1 ~
5 fp*(zh)(u—lhu)+R:p(uh)(z—fhz)+§Ap—|—R,

2
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where R denotes the remainder of the error representation of Theorem It remains to
show that R = R + %Ap. To this end, consider the terms separately. Integration by parts
yields

=1

[7' (a” uh +7e)(e, e, 2" +7e*) — J" (W 4 Te) e, e))}

=0

1
/ <a”’ ul + 7€) (e, e, e, 2" + 1e*) — J" (U 4 Te) (e, e, €) + a (U 4 Te) (e, e, 6*)>Td7'
0

T=1
[17'2 (a" (u" +7e)(e e, 2) — J" (u + T@)(@,@))]

7=0

1

1

2/ "l 4 1e)(e, e, 2) — J" (UM + Te) (e, e e)) r2dr.
0

When considering R — R — %Ap, the first term of R cancels with the first term of %Ap.
Simplifying the expression by collecting like terms, using the linearity of the latter arguments
of a”(-)(+,+,-,-) and the definition of e* yields

1
~ 1 1
R—R-— iAp = (/ (a”’(uh +7€)(e,e,e,me* —e*) + 3" (u + Te) (e, e, e*)) r2dr

0
1
-2 / d"(ul + 7e) (e, e, e*)TdT>.
0

Applying integration by parts once more and using linearity finally gives

~ 1
1
1
= 2(— [TQa//(uh +Te)(e,e,e —|— /a’” ul 4+ 1e)(e, e, e, e*)T2dr
0
1
+ {Tga"(uh +Te)(e,e,e /a’" ul + 1e)(e, e e, e T3dr
0

l//

+ [ a"(u" + Te)(e e,e,7€*—e*)72d7>

—

0

1 1
( /a”’ u" 4 7e)(e, e, e, ") SdT—l—/a”’ u" + T1e)(e e,e,7€*)72d7>
0 0

DN | =

and therefore the statement of the theorem. O

3.28 Remark [On the remainder]. When considering a linear functional J(-) and a linear
variational equation, the remainder term of the simplified error representation and Ap vanish.

56



If this is not the case, the remainder is still quadratic in e and thus can be assumed to be
relatively small. Also, the two residuals do not coincide anymore and their difference Ap
indicates the influence of the nonlinearity on the error.

Neglecting the remainder gives the simplified dual weighted residual error estimator
(u") = p(ut)(z = I"z). (83)

3.29 Remark [Application to a linear problem with a linear functional]. In case of a linear
problem a(-)() = a(-,-) it is

Considering Proposition one can see that the remainder term Ap vanishes if both a(-)(+)
and J(-) are linear and therefore the primal residual and dual residual coincide. Applying
this equality of residuals to the error representation yields

J(u) = J(uh) = J(e) = p(u)(z — I"),
where the remainder vanishes, since all higher order derivatives of the variational form and
the functional vanish.

3.2.1 Application to the Darcy equations

This section applies the results of Section to the Darcy equations. Since the problem is
linear, the dual problem and its conforming Galerkin discretization are to find z € V' and
z € VP respectively, such that

a(w,z) = J' (u)(w Yw eV, (84)
a(wh, 2" = J' (u")(w") vu' e Vh, (85)
where a(-, ") is given as in (7).

3.30 Theorem [DWR error indicators for the Darcy equations]. For the simplified error
indicator one obtains in the setting of the Darcy equations that

[T(u) = J(@")| < nr= )" mowrk = Y prwi
KeT KeT

with

1 2
— 2 L2
pici= (Il + g1t )
1
wic = (ll2 = "2l + hicllz = 1213 )

Assuming that the functional J'(-)(-) can be written in the form of an integral over the
domain, i.e.,
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one obtains for the error indicator that

~ 1 1, 1 1, .
T () = J (") < 7= ) <277DWR,K + 277DWR,K> =) <2pKwK + 2pKwK>
KeT KeT

with npwr,k as in the case of the simplified error indicator and
2\ 2
pic = | i) (= ') + KA H | S 1KV nglp ,

4hg
FEelsk oK

1
h h 2
wie = (Ilu = Il + llu— I"ul3y)

Proof. Using the LP representation of the residual which was derived in Section and the
triangle inequality, one obtains for the error indicator of the abstract framework that

1
h . h
(s = 12) 5 (o2 = 1"2) |

The factor of % takes into account, that every facet of K is being considered twice in the
sum. Application of the Cauchy—Schwarz inequality and the Cauchy—Schwarz inequality for
sums yields the statement for the simplified error indicator.

The second part of the theorem requires to develop a LP representation of the dual residual.
To this end, let w" € V" be a test function and apply cell-wise integration by parts to the
bilinear form, i.e.,

[T (u) = J(u")] = |p(u")(z = I"2)] <

KeT

a(w”, 2" = (K vw, V), /(Vzh)TIKth

Q
= / (KT v vuw"
Q
= Z /]KVz ‘N — /V-(]KT V2M)wh (86)
KeT oK K
/ KVzhwh ng — / KAzl , with K = KT,
KeT a0

which yields for the dual residual that

pr (") (wh) = J' (u")(w h) - a'(uh)(wzh)
= J'(u")(w , by linearity,

= J'(u")(w /KAZ /]KVzhwh
oK

KeT

Using the assumed representation of J'(-)(-), one can restrict p*(2")(w") to a single cell K € T
by
p*‘K(zh)(wh) = (jre (u")(w") + KAZ" w") e + Z (IK V" nglg,w")g.
E€dK
Applying the arguments of the first part of the theorem yields the statement. O
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3.31 Remark. As one can see, the structure of the error indicator is the norm of the residual
times some weighting factor depending on the solution of the dual problem. However, for
practical use it is suggested in [BR0O3b, Remark 3.2] not to evaluate the norms but to evaluate
the scalar products directly, e.g.,

=y

1/. h
(T}K,Z—Ihz) +7(‘7}8K72_I z)
e K 2 oK

)

since further estimation leads to less sharp estimates.
Further, equation was simplified by using the assumption that IK = K I. In general,
it can only be assumed that KK is positive definite and one obtains

2 1
Pl = HjK(uh)(u—Ihu)—i-V-(]KTVzh)H + = Z KV nglg
K 4hK
Eeclyk oK

Also, it was assumed that the functional J'(-)(-) can be written in the form of an integral
over the domain. This assumption is especially fulfilled if J(-) is linear and continuous, since
then J'(-)(-) = J(-) and the Riesz representation theorem gives the existence of a j € V such
that J(w) = (j,w)y = (j,w)o for all w € V.

3.2.2 Application to the Stokes equations

This section applies the results of Sectionto the Stokes equations. Let ¢ = (u,p) € VxQ,
e = (ul,p") € VP x Q" be the solution and the solution of the Galerkin discretization
respectively. As the Darcy equations, they yield a linear problem and thus the continuous
and discretized dual problems are to find ¥ = (z,7) € V x Q and " = (z",7") € V' x Q"
respectively, such that

a(w,2) + b(z, 5) — b(w, ) = J'(9) (W, 5)) Y(w,5) €V x Q,

a(w", 2") + b(z", s") — b(w", ") = J' (") (W, s")) v(w", w") e VI x Q"
where the bilinear forms a(-,-) and b(, ) are given as in (16)). Since it is a(, ) is symmetric,
one obtains

a(z, w) — b(—2,5) + b(w, 1) = F(@)(W,5))  V(w,5) €V xQ,
a(a, W) — b(—g", ") + b(wh, ) = J(@M)(wh sM)  W(wh,sh) e VI x QF,

which is the weak formulation of

-V T(Z, _T) = J{J(SD) -V T(Zh7 _rh) = Jilj(‘ioh)
Vi(-2)=V-z=Jy(p) " |V (-2")=V 2" =]y (")’
with an L? representation {.J}, Jp} of the functional J'(-), i.e., again a (possibly compressible)
Stokes problem but with negated pressure field. Since flow is always directed from areas with
high pressure to areas with low pressure, the dual problem reverses the direction of the flow
field.
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3.32 Theorem [DWR error indicators for the Stokes equations]. For the simplified error
indicator one obtains in the setting of the Stokes equations that

[T () = J(@")] <= Z IDWR,K = Z PEWK
KeT KeT

with

1
1 . 2
prci= (Il + g1l )
1
wic = (I = 1"l + bl — "3 )

where 7 and j are given as in the LP representation of the residual .
Assuming that the functional J'(-)(-) can be written in the form of an integral over the
domain, i.e.,

one obtains for the error indicator that
h - 1 1 " 1 1 v s
[T(e) = T <7 =) SDWR.K + SIDWR K | = > SPEWK + SPKWK
KeT KeT

with npwr,x given as in the case of the simplified error indicator and

2

o = ([t - o)+ T )

o LSRN

Eelsk
1
* 2
wic = (o = eIk + hucllo — Iel3)

Proof. The proof can be performed analogously to the proof of Theorem [3.30] To this end,
use the LP representation of the residual which was derived in Section [3.1.2] and apply the
triangle inequality to the error indicator of the abstract framework, yielding
1/,
) = (@) = o)W~ ") < 3 |(r]otp = 1) 45 (o = 1"%) |-

KeT

The factor of % takes into account, that every facet of K is being considered twice in the
sum. Application of the Cauchy—Schwarz inequality and the Cauchy—Schwarz inequality for
sums yields the statement for the simplified error indicator.

Since the dual problem is again a problem of the Stokes kind, one can replace the solution
(u,p) by (z, —r), the solution of the discretized problem (u”,p”) by (2, —r") and then repeat
the first part of the proof. O

3.33 Remark. As in Remark it might be of advantage to evaluate the scalar products
directly since further estimation leads to less sharp estimates. In the case of a linear and
continuous functional J(-), the form assumed in the theorem of an integral over the domain
exists.
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3.2.3 Practical evaluation of the error estimators

Evaluating the error estimators possesses the problem that either the solution of the contin-
uous dual problem z or even both, z and the solution of the continuous primal problem u
have to be known, which in general is not the case. In the following, the practical evaluation
of the simplified error estimator ny will be discussed, therefore only z is replaced by some
suitable discrete approximation zZ. There are three main approaches to this task:

(i)

(i)

(iii)

Approximation by a higher-order method. In this approach one replaces z by a solution
Z to the dual problem on a finer grid or with a higher order finite element method. This
however means, that the computation of the dual, auxiliary problem in order to apply
the estimator in fact dominates the actual problem with respect to computational costs.
An approximation can be achieved by, e.g., solving the dual problem on a coarser grid
with higher order finite elements, i.e., z = Iélhz&), where zé) denotes the solution of
the discretized problem.

Approximation by higher-order interpolation. Another way of obtaining an approxima-
tion of z that does not require modifying the finite element spaces or changing the grid
is based on interpolation. If the order of the finite elements is p, one tries to get an
improved approximation by patch-wise interpolation of order p’ > p with the interpo-
lation nodes being the vertices on a patch which usually consists of four elements in
the case of quadrilaterals. If the grid contains hanging nodes or nonconforming finite
elements have been used, special care is required to preserve the higher-order accuracy
of the interpolation. In this case the function 2" is discontinuous on the vertices and it
is suggested in [GHTO04], Section 3] to apply the higher-order interpolation once to get
continuity and another time for actual interpolation purposes, i.e., z = I?ntcrpzh where
Iinterp denotes the interpolation.

Approzimation by difference quotients. Using the representation |J(u) — J(u")| =
> ker prwi and the nodal linear interpolation fulfilling I"z(z) = 2(z) for all z € N,
one can apply the following interpolation estimates to the weights wg .

3.34 Proposition [Interpolation estimates]. Assuming that z € H?(Q), the interpo-
lation estimates

lz — I"2)13 < Ch||A|}

hicllz = 1"2|§ oxc < Chic| A5

for K € T hold.

Proof. In [Cia91l Theorem 16.2] it is stated that for s being the highest order partial
derivative in the definition of the degrees of freedom and m,k € NU{0}, p,q € [1, o]
such that the inclusions

WHLP(K) < O3 (K),
WHEHLP () s W I(K),
Py(K) C P(K) c W™4(K)

hold, one obtains the interpolation estimate

lv = I"0llwrmagry < CRE ™ wlyrrrog)
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for all v € WHHLP(K). Here, K is the reference element corresponding to K € 7,
WhP(K ) denotes the Sobolev space containing functions whose weak derivatives up to
order k are contained in LP(K), P,(K) is the space of polynomials of degree < k and
P(K) is defined as in @ For m =0, k =1 and p = ¢ = 2 the first part of the
statement is yielded directly.

For the second part of the statement the inverse estimate [Cia91, Equation (17.23)] is
needed, which states that for h = maxge7 hg one obtains

lo = "o < Ch™Z[|v — I"v]o k.
Applying the first part of the proof yields
hllo = I"|[§ o < Chicll Aol

and with h > hg for all K € T the second part of the statement. O

Application of the above proposition to wy then yields wx < Ch%|Az| k. Now the
second derivatives Az can be replaced by a second order difference quotient A"z, This
yields

prwic < Cl AR i (h Il + 1 ||J||8K)

and therefore with the Cauchy—Schwarz inequality the error estimator

1

2 2

nT:<ZHAhzhHK( bl + 33 uyuaK)) .
KeT

In [Ver13, Section 1.11] it is also noted that if the estimate’s domain K is convex, the
regularity estimate ||Az||o.x < C holds for some known constant C, yielding with the
Cauchy—Schwarz inequality the error indicator

N = (Z thK>1-

KeT

This means that, compared to the residual based error estimators and , which
estimate the error in the energy norm, one gains an additional factor of hx cell-wise.

3.35 Remark [On the quality of the evaluation]. The quality of the error estimator can be
measured with a modified version of the efficiency index , which reads

nT

Ci 'J(a) ~ I

(87)

It represents the degree over-estimation and should be close to one. In [BR03a, Section 4.1] it
is reported that the approximation by a higher-order method as well as the approximation by a
higher-order interpolation yield an efficiency index close to one with decreasing tolerance. The
approximation by difference quotients is reported to cause over-estimation, i.e., IngR > 1.
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4 Cell marking strategies

In the previous sections models for flow problems and corresponding a posteriori error esti-
mates have been derived. In virtue of the adaptive process as described by Algorithm
this sections deals with part (iv).(a), i.e., strategies determining, which cells are to be re-
fined based on the previously derived error estimates. The two most popular approaches, cf.
[Ver13| Section 2.1.1], are the so-called “Maximum strategy” and the “Equilibration strategy”
or “Dorfler marking”.

The maximum strategy takes the maximal value of g, K € T, and marks every cell with
an error that is higher than a prescribed percentage of that maximal value.

4.1 Algorithm [Maximum strategy, see [Verl3, Algorithm 2.1]]. Given: A partition 7, error
indicators 7 for the elements K € 7 and a threshold ¢ € (0, 1).
Sought: A subset T C T of marked elements that should be refined.

(i) Compute 17 max = MaXKecT NK-

(ii) For each K € T: If ng > 007 max, mark K for refinement and put it into the set T.

Instead of taking the maximal ng as reference value, one could also take the total error

nr = (Z KeT 17%{)% as reference value and mark the cells K € T with ng > 0ny for some
6 € (0,1). For 6 ~ 0, one obtains global refinement and for § ~ 1 one obtains very few
marked cells which represent most of the error. In the latter case, one is very efficient in
terms of degrees of freedom but needs a lot of iterations of the whole adaptive process. Since
a single iteration is rather costly, one could take a smaller #, which then also potentially
results in more degrees of freedom. A strategy with the intention mark as few triangles as
possible while sustaining an uniform convergence of the whole process is the above mentioned
equilibration strategy which was first proposed in [Dor96, Section 4.2].

4.2 Algorithm [Equilibration strategy, adapted from [Verl3l Algorithm 2.2]]. Given: A
partition 7', error indicators nx for the elements K € 7 and a threshold 6 € (0,1).
Sought: A subset T C T of marked elements that should be refined.

(i) Compute O1 = > g o7 1%, set ¥ =0 and T = 0.
(ii) If X7 > (1 — )O1 return T and stop, otherwise continue with step (iii).
(iii) Compute N7 max = MaxX g\ 7 1K -

(iv) For all elements K € 7'\’7': Check whether ng = 77 max. If this is the case, put K in
T and add 7% to X7, otherwise skip K.

Once all elements have been checked, return to step (ii).

For 8 — 0 and € — 1 the same behaviors as in the maximum strategy can be observed.

When dealing with problems that possess a layer in their solution, it might happen that the
majority of the cells has only little error and most of it concentrates on very few cells. The
cells that have only little error might split up into cells which have almost no error and cells
which have significant error but still less than the ones that hold the majority of the overall
error. If this is the case, the cells with the “medium” error might never be refined, which
is disadvantageous for the convergence of the adaptive process. Being disadvantageous for
the convergence means that one potentially needs more iterations to arrive at a sufficiently
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s 2

Set minimum numbers
of cells to be refined

Apply marking
strategy, marking
cells to be refined

Relax strategy con-
ditions to allow more
cells to be refined

Stop

Figure 6: Algorithm that marks at least a minimal number of cells for refinement per iteration
of the adaptive process, see [Joh0Q, Section 4].

accurate solution, which is more expensive than just refining more cells hoping to refine at
least some of the medium error ones. In total a cell marking algorithm could look like in
Figure [0]

Instead of relaxing the marking conditions like depicted in Figure [6] one could also just
mark the first

EM = 1% (88)

cells holding the largest error and apply the marking strategy to the remaining cells, like
proposed in [Verl3, Section 2.1.1].

5 Cell refinement

Following the steps of Algorithm[1.1] this section corresponds to (iv).(b), the actual refinement
of marked cells and therefore construction of 71 out of 7. Here, only the two-dimensional
case will be considered.

Unlike uniform or global refinement where all cells in the current mesh 7T are refined
in order to obtain Tjy1, the kind of refinement relevant to the adaptive algorithm is of a
local nature. Often (cf., [Verl3l Section 2.1.2]), refinement of cells is achieved by introducing
vertices at the midpoint of the edges and then connecting the edge midpoints within each
triangle or quadrilateral, as shown in Figure This scheme is known as the dyadic split
or the 1-to-4 split since one cell is split into four and the resulting cells are called red. Its
application yields cells whose shape parameter % does not change but also hierarchy of
meshes in which it is possible that cells of a higher refinement-level meet cells of a lower
refinement-level, introducing hanging nodes as described in the following definition.
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Figure 7: Refinement of triangles and quadrilaterals by the 1-to-4 split. The refined triangles
and quadrilaterals are red, the resulting hanging nodes are denoted by e.

5.1 Definition [Hanging nodes, conforming and nonconforming grid]. Hanging nodes are
vertices that arise when two elements of 7 are not disjoint and do not share a complete
lower-dimensional face of their boundaries, i.e., violate the admissibility condition on the
grid described in Section like shown in Figure [7] If a grid has no hanging nodes, it is
called conforming, otherwise it is called nonconforming.

When a conforming grid is desired, one needs to resolve these hanging nodes by refining
adjacent unrefined cells. There are several ways of resolving, the here presented way can be
found in [VerI3l Section 2.1.3] and is the so called red-green-blue or red-green-blue-purple
refinement for triangles or quadrilaterals, respectively. The elements obtained are called
green, blue and purple and constructed by

e bisecting exactly one edge of an element for green elements,
e bisecting exactly two edges of an element for blue elements,
e bisecting exactly three edges of a quadrilateral for purple elements.

Figure [§ illustrates the different green, blue and purple refinements. In constrast to the red
refinement, the green, blue and purple refinements do create elements that are less shape
regular, which, if not prevented, could lead to a violation to the shape regularity condition.
This can be done by imposing conditions on the green and blue refinement:

e In a blue refinement, the longest edge of the refinement edges is bisected first, i.e., the
refinement as in the upper picture of Figure [J is forbidden.

e When a green refinement can be performed, it is first checked if the edge that is to
be bisected was refined in the last ngen refinements. In that case, a blue refinement
is performed instead. In [Verl3] a value of ngen = 1 is suggested, as larger values can
cause a massive increase of the refinement area. The lower part of Figure [9] shows a
situation in which a green refinement can be performed but is forbidden.

As it was already mentioned in the condition on the green refinement, conforming closures of
the grid have the consequence that the marking of cells which are to be refined is less local.
On the other hand, one has to take special care in a purely nonconforming approach as well.
Here, the continuity across edges and faces gets violated complicating the matrix assembly
and the situation may arise that neighboring elements vastly differ in size. To prevent this,
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40 A

Figure 8: Resolving of hanging nodes in triangles (top row) and quadrilaterals (bottom row).
The element that is being subdivided has a bold boundary. In the top row from
left to right: Green, blue and red refinement. In the bottom row from left to right:
Green, blue, blue, purple and red refinement.

e

Figure 9: Forbidden blue and green refinements, hanging nodes are denoted with a e. In
the upper left the forbidden blue refinement, in the upper right the correct blue
refinement. In the lower left the for nge, = 1 forbidden green refinement, in the
lower right the corresponding blue refinement which introduces a new hanging node.

66



refinement is often restricted to “balanced” or “l-regular” meshes (cf., e.g., [BSW83, Section
2]), i.e., meshes where the refinement level of adjacent elements is not allowed to differ more
than one. One possibility to achieve 1-regular grids is to remove green, blue and purple
refinements before the next refinement. This however yields grid hierarchies which are no
subsets of each other, as depicted in Figure [

In the numerical studies the software ParMooN was used, which is the parallel version of
the finite element package MooNMD [JMO04]. Here, the refinement is restricted to 1-regular
grids.

This section concludes by construction of T i1 out of T the last step of the adaptive
process as in Algorithm In terms of sections, one now would go back to Section [2] and
solve the considered problem on the newly obtained mesh.

6 Numerical studies

This chapter deals with numerical examples and studies for Algorithm in the residual
based case and the dual weighted residual case. The examples’ solutions should possess
layers or singularities such that an application of a posteriori estimates makes sense or is
even necessary. Further, instead of considering the Darcy equations like in the previous
sections, here the scalar convection—diffusion equations will be considered. In the case of
K = K I, they can be seen as a generalization of the Darcy equations.

The first two examples deal with convection—diffusion equations, followed by another two
examples for the Stokes equations and one example with the coupled Stokes—Darcy system.
For both the convection—diffusion and Stokes equations there is one example for the residual
based error estimator in the energy norm and one example concerning the dual weighted
residual method, as introduced in Section [3.1] and Section respectively.

All computations were performed using the parallel finite element package ParMooN, which
is a fork of MooNMD [JM04]. The arising linear systems of equations were solved using the
direct solver UMFPACK. The adaptive algorithm was applied using the maximum strategy
of Algorithm [4.1]

6.1 Scalar convection—diffusion equations

Scalar convection—diffusion equations model the transport of scalar quantities like tempera-
ture or concentration. In the steady-state, dimensionless case, the associated problem reads
as follows:

Let Q € R? be a bounded domain with Lipschitz boundary and f € L?(Q) a source term.
Then one wants to find u : 2 — R such that

—eAu+b-Vu+cu=f ,in
u=g¢9 ,onlp, (89)
eVu-n =gy ,on 'y,

where g and gy denote Dirichlet and Neumann boundary conditions on relatively open bound-
ary components I'p C 0 and 'y C 0€), respectively, such that

fDUszaQ and I‘DOFN:@,

and e > 0 is the diffusion, b : Q — R? the convection, and ¢ : Q — R the reaction parameter.
The weak formulation of problem reads as follows:
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Find v € H*(Q) such that

a(uv ’U) + b(u? U) + C(“? ’l)) = (fv U) + (gNa U)FN s (90)
U =g ,onI'p,
for all
vely= {veHl(Q):v‘FD :0},
where

a(u,v) := (eVu, Vo), blu,v):= (b-Vu,v), c(u,v):= (cu,v).

Similarly as in Section [2.1.2] and Section [2.2.2] one can discretize the problem using a
conforming standard Galerkin discretization with a finite-dimensional subspace V* C Vj.
For simplicity of the presentation homogeneous Dirichlet boundary conditions are assumed.
Then, a solution u" € V" is sought such that

a(u,v") +b(u", ") + e(u, ") = (f,0") + (g, 0")ry VO € VI (91)

However, on coarse or moderately fine meshes the above discretization sometimes cannot
resolve all important features of the solution like in the case of the Hemker problem, see
Section One then can equip the discretization with a stabilizing component. Here, the
SUPG stabilization was used, introducing an additional term on the left-hand side of ,
namely,

ST (—eAu b Vil + el — foxb - V)i Yo e V.

KeT
The stabilization parameter dx is chosen for d = 2 as

hi
5K(x,y) = mC(PeK(:’UayD
with ~
_ Iz, y) A

Peg(x,y) = ¢(a) = cotha — a1,

2pe
where hy is the length of a mesh cell K € 7 in the direction of b, and p is the degree of the
used finite element space, see, e.g., [JS14].

Generally, residual based a posteriori error indicators for the scalar convection—diffusion
equations are of the form

2
W = oncllf + et bl — e e+ 3P| et ngls| (92
EGgK\gFN ’
+ Z BelleVu" ng — gy 5. (93)
EEgK,FN

see [Joh00, Section 3.4]. For
ax =hic, fBp=hj; (94)

one obtains an residual based a posteriori error indicator in the L?-norm, see [JohQ0, Section
3.5]. Another a posteriori error indicator nx eng for the Galerkin discretization with SUPG
stabilization in the energy norm was derived in [Ver98|] with

ax = min{h%e 11}, Bp= min{hEafl,&:*%}. (95)
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In the following, two numerical examples of the scalar convection—diffusion equations will
be studied. The first example considers a problem of which the solution is unknown, using the
error indicator given by . The quality of the grids was measured in terms of overshoots and
undershoots, i.e., unphysical values in the computed solution and it is going to be studied how
the parameteres €); and 8 in the marking strategy influence the results in terms of required
computational effort.

The second example compares the numerical solution of the scalar convection—diffusion
equations to a given analytical solution which possesses layers. To obtain the numerical
solution, Algorithm was applied using the dual weighted residual method with the mean
value of the solution in an area away from the layers as functional of interest. Since the
analytical solution is known, efficiency indices can be computed and it is going to be analyzed
how they are influenced by choosing different values of €, in the marking strategy.

6.1.1 The Hemker problem

The Hemker problem was introduced in [Hem96] and describes in the case of € < [|b||foc(q) =
1 heat transfer from a hot circle. The solution has two interior layers in direction of the heat
transfer and a boundary layer at the hot circle. Its domain is given by

Q={(x,y) R’ :z€[-3,9], y € [-3,3], 2° +¢* > 1}

with relatively open boundary components I'p and I'y. The problem’s parameters are € =
1074, b= (1,007, f =0, gy =0, g = up with

0 ) if (‘T7y) € {73} X [73’ 3]5
1 ifa? 492 =1

up(x,y) = {

The initial triangulation of the domain with marked boundary components can be seen in
Figure A numerical solution on a fine grid with no visible unphysical values is presented
in Figure One can see the heat transfer and the resulting boundary and inner layers.

The computations were carried out for the energy-norm error indicator and different
values of 0 € (0,1) and different values of the minimum number of cells to be refined e;s €
(0,1] per iteration of the maximum strategy of Section 4] using P; finite elements. If not
sufficiently many mesh cells were marked for refinement by 6, the parameter was updated by
0 — 0.70. One should, if possible, also apply uniform refinement of the initial grid before
applying the adaptive algorithm until the most important features of the solution become
recognizable, e.g., the position of the layers. This step can be seen as a kind of pre-processing
of the initial grid until it becomes sufficiently fine. The number of uniform refinement steps
highly depends on the problem and on the initial grid and thus has to be found by numerical
tests. In this example, no uniform refinement was performed before applying the adaptive
algorithm. Since the analytical solution is unknown, the quality of the numerical solutions is
here measured in terms of overshoots ¢, and undershoots ¢,. These are values of the solution
that are not physical and can be caused by spurious oscillations. In this case, the values for
the undershoots are defined by the minimal value of the discrete solution and the values for
the overshoots are defined by the maximal value of the discrete solution subtracted by one,
ie.,

Cy = minuh, Co i= max u” — 1,

see JACF™11), Section 3.1].
When applying Algorithm to the problem with cell marking strategy parameters 6 = %
and gy; = 25%, cf. Section 4] a sequence of grids is generated of which the visually most
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I'p I'p 'y

I'n

Figure 10: Initial triangulation with 104 cells of the domain of the Hemker example, see
Section [6.1.1] The red part of I'p corresponds to up = 1, the orange part of I'p
corresponds to up = 0. On I'y homogeneous boundary conditions are prescribed.

solution
1.00

0.750

0.500

0.250

MMHHHHMHHHHHM

0.00

Figure 11: Solution of the Hemker problem.
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Figure 12: The evolution of grids for § = % and a minimum of £y, = 25% cells to be refined
per iteration of Algorithm From top-left to bottom-right the grids belong to
iterations 2, 5, 8 and 11 of Algorithm the grids consisted out of 484, 4206,
29987 and 217891 cells, respectively.

significant elements are depicted in Figure One can see that the refinement concentrates
mostly around the boundary layer at the hot circle and the two interior layers in direction of
the heat transfer. This behavior is expected, since these are the regions in which the solution
changes most and thus requires a better resolution than elsewhere.

The goal is to compare the efficiency of the algorithm for different values of § and different
values of £)7 and ultimately compare these results to uniform refinement. In Figure [I3] tests
were run for ey = 5% and 6 € {0.1,0.3,0.7,0.9}.

One can observe that for all tested values of 8, the algorithm reduces ¢, and ¢, after a
certain number of iterations. This number of iterations is higher for higher values of § and
lower for lower values of f. Nevertheless, the number of iterations is no good measure for the
efficiency. Therefore, the number of degrees of freedom, i.e., efficiency in terms of memory
usage, as well as the cumulative execution time on a single-core 3.5 GHz CPU are being
compared in Table [1] for the level that yields values of ¢, and ¢, which are closest to 1072
and —1072, respectively. The algorithm terminated after 35 levels or once the system to be
solved became larger than 2 GB which is an internal memory restriction of the direct solver
that was used.

The data indicates that the ej; parameter dominates the # parameter as soon as it is
> 0.25. Indeed, # had to be decreased several times in the numerical tests. Also, it seems to
be easier to reduce the overshoots ¢, by uniform refinement than the undershoots c,.

In the case of 3y = 0.75, the undershoots were even worsened for all values of § by applying
the adaptive algorithm and for ); = 0.5, the target quantity of —1072 was never reached
before the memory requirements exceeded 2 GB. Further, the overshoots ¢, require about
twice as much time (about 20 seconds) and more degrees of freedom for ep; = 0.05 than for
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Table 1: Tables comparing required level, degrees of freedom (d.o.f.) and computation time
in seconds to get closest to ¢, = —1072 (a) and ¢, = 1072 (b) for different values of
ey and 6.

(a) Table showing required level, degrees of freedom (d.o.f.) and needed time to get closest
to ¢, = —1072 for different values of ;7 and 6.

Cu Level d.o.f. time in seconds

0=0.1 —0.00918006 24 106237 15.797729
0=0.3 —0.00945207 26 107181 16.295698

en = 0.05 0 =0.7 —0.00819104 28 110582 16.210087
0=0.9 —0.00949332 29 87307 14.07319
0 =01 —0.00199572 12 168352 13.473212
exr = 0.25 0=0.3 —0.00074229 12 177456 14.074377
0=0.7 —0.00201526 12 158205 12.687869
0=0.9 —0.000766904 12 175689 14.104466
0=0.1 —0.373561 10 857838 66.255399
exr = 0.50 0=0.3 —0.373561 10 833742 64.993061
0=0.7 —0.373561 10 810890 81.338537
0=0.9 —0.373561 10 821472 64.373674
0=0.1 —0.625846 0 70 0.029041
exr = 075 0=0.3 —0.625846 0 70 0.036025
0=0.7 —0.625846 0 70 0.021676
0=0.9 —0.625846 0 70 0.036853

(b) Table showing required level, degrees of freedom (d.o.f.) and computation time to get
closest to ¢, = 1072 for different values of ;7 and 6.

Co Level d.o.f. time in seconds

f=0.1 0.00438 25 141218 20.921739
#=0.3 0.00462 27 149824 21.804098
0=0.7 0.00394 29 153826 21.849847
0=0.9 0.00176 31 156241 24.17644

EM = 0.05

0=0.1 0.00696 11 87472 7.139732
err = 0.25 0=0.3 0.00689 11 91034 7.340307
0 =0.7 0.00696 11 82659 6.719419
0=0.9 0.00691 11 90370 7.393496

0 =0.1 0.00445 8 133147 9.602799
0 =0.3 0.00445 129870 9.486261
0 =0.7 0.00445 126574 12.430737
0=0.9 0.00445 127758 9.412674

#=0.1 0.00026 121941 12.647923
0 =0.3 0.00026 114115 11.822957
0 =0.7 0.00026 108481 8.313629
0 =20.9 0.00026 103287 10.95962

em = 0.50

em = 0.75

~ 1~ |00 oo
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Y
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

level level

(a) Undershoots of the solution w of the (b) Overshoots of the solution w of the
Hemker problem for levels 17,.. ., 32. Hemker problem for levels 23, ..., 33.

Figure 13: Undershoots (a) and overshoots (b) of the Hemker problem for a minimum
number of cells to refine of )y = 5% per level and refinement tolerances
6 € {0.1,0.3,0.7,0.9} in red, orange, yellow and green, respectively. The z-axis
represents the current level, the y-axis the undershoot or overshoot.

the other values of €.

On the other hand, the undershoots were resolved by ) € {0.05,0.25} in almost the same
time, despite that €y = 0.05 requires about twice as many iterations as €j; = 0.25. In the
case of £y = 0.05, one can observe that for increasing 6, one becomes more and more memory
efficient. For 6§ = 0.9, one even has about half the degrees of freedom than for 3y = 0.25 and
any value of 6 used.

When comparing the results to uniform refinement, the trend continues, i.e., the under-
shoots were not resolved up to —10~2 until the memory requirements exceeded 2 GB and
the overshoots were resolved up to 1072 at level 6 with 214144 degrees of freedom, which is
approximately between 1.3 and 2.4 times the number of degrees of freedom that were required
for the adaptively refined grids. Thus, as one would expect, uniform refinement is much more
memory inefficient than adaptive refinement. On the other hand, this result was computed in
6.79 seconds, which is faster than the adaptive refinement except for the configuration with
parameters €); = 0.25 and 6 = 0.7.

Altogether, if one is interested in reducing ¢, as well as |c,|, the parameter £y, should
either be around 0.25 regardless of 6 or one should uniformly refine the initial grid a few
times before applying the adaptive algorithm with a value of ), around 0.05 and a value
of # around 0.9 to be as efficient as possible with respect to computation time and memory
requirements.

6.1.2 Example with boundary layers

This example is Example 5.2 of [Joh00]. The solution is prescribed by

u(z,y) = zy® — y® exp (2(36;1)> — zexp <3(y€_1)> + exp (2(x —DF3 - 1)>

e

on the unit-square Q = (0,1)? with e € {1072,1074,107%}, b = (2,3)7, ¢ = 1, and 0Q = I'p,
see Figure The right-hand side and boundary conditions are chosen according to the
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Figure 14: Solution for the example given in Section for e = 1076,

solution. The solution possesses boundary layers at x = 1 and y = 1. Goal of this section
is to apply the dual weighted residual method to this example for a functional of interest
that considers an area away from the boundary layers, compare the resulting mesh to a mesh
that was constructed by application of a residual based a posteriori error estimator and then
analyze its modified efficiency index for different values of e.

The computations were carried out for the dual weighted residual method in the L?-norm
by reweighting the error indicator , the weights were evaluated by difference quotients, cf.
Section[3.2.3] The used finite element space was P,. Concerning the cell marking strategy, the
minimum number of cells to be refined was chosen as £, = 25% together with # = 0.5 and an
update of § — 0.76 if not sufficiently many cells were marked for refinement. The functional
of interest is the function average value in B = {(z,y)” : (x —0.7)2 4 (y — 0.3)2 < 0.01%}, i.e.,

() = ﬁ / " (96)
B

The initial grid and a selection of adaptively refined grids can be seen in Figure One
can observe that the dual weighted residual method with 74y, 12 indeed concentrates the
refinement around B and leaves the layer area untouched, whereas the error indicator 7y2
yields a grid that is very fine exclusively in the area of the layer. Aside from the region B C 2
that gets refined, there is also a stripe of refined cells from B into direction of the negative
gradient of the solution. The images of the dual solution in Figure possess this stripe
as well with a slight decay into the direction of the boundary and are 0 elsewhere, which
coincides with the sequence of grids one can observe in Figure

The degrees of freedom and efficiency indices for ¢ € {1072,107%, 1075} are shown in Table
Generally the values indicate a strong over-estimation of the error which could be because
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Table 3: Efficiency indices and degrees of freedom for the example of Section for € €
{1072,107%,107%}. The “-” indicates that the memory requirements exceeded 2 GB

and therefore the direct solver ran out of memory.

EM = 1072 EM = 1074 EM = 106
Level d.o.f. IngR d.o.f. IG%WR d.o.f. I‘?HWR
0 1089 232.646 1089 520.165 1089 536.665
1 1968 1234.49 2018 1065.5 2018 1075.18
2 3559 2957.45 3842 1056.27 3974 1092.1
3 7166 3044.73 7346 310.602 7490 338.037
4 14275  1560.94 14083  237.817 14103  264.182
) 29320  485.532 26414  157.408 26855  168.199
6 60608  337.526 61657  125.988 61383 100.6
7 115883  633.54 131491 120.078 133910 56.3008
8 224739  249.064 261908 151.483 269900 35.9318
9 414182  442.575 711988 546.933 624412 22.5777
10 812489  476.89 1394826 1038.08 1252220 8.01729
11 1517876 36.4234 - - - -

of the approximation of the continuous dual solution by difference quotients, as reported in
[BRO3al, Section 4.1]. At least in the cases of € = 1072 and € = 107% one can see decreasing
over-estimation, in the case of ¢ = 104 one might need more iterations.

6.2 Stokes equations

This section considers two numerical examples for the Stokes equations. First an example
with a known solution is being compared with results from the literature, as well as analyzed
with respect to the parameters €); and 6, which are part of the chosen cell marking strategy,

see Section [

In the second example, the goal is to compute a concrete physical quantity. The compu-
tations were carried out for the dual weighted residual method with a functional of interest
that represents the physical quantity, the unweighted error estimator and for stepwise
uniformly refined grids. The different methods’ results are compared with respect to their
memory consumption that is required to calculate the quantity up to a certain tolerance.

6.2.1 Disc with a crack

This example deals with a Stokes problem for which the analytical solution is known. It is
given in polar coordinates (r,0) € [0,00) x [0, 27) by

0 36 .0 . 30
u—\/;ub—\/F<cos2—cos2,331n2—sm2),

with

xr=rcosf, y=rsinb,
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Level 3 of ngyr.r2

Initial grid

Level 7 of ngyr.r2 Level 10 of ny2

Figure 15: The initial grid (top left) with 512 cells and 1089 degrees of freedom, the grid after
3 (top right) and 7 (bottom left) iterations of the dual weighted residual method
using the functional of interest given by with 3691 cells and 7490 degrees of
freedom and 66855 cells and 133910 degrees of freedom, respectively. Further, the
grid after 10 (bottom right) iterations of the residual estimator 72 given by
with 324045 cells and 676698 degrees of freedom.
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Level 3 Level 7

dual solution
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Figure 16: Dual solution of the problem given in Section for levels 3 and 7 with 3691
and 66855 cells, respectively.

where (z,y) € R?, see [Joh98, Example 11] and [BW90, Section 5.1].

The domain is a disc of radius 1 with the center (0,0) € R? and a crack along the z-axis
between the points (0,0) € R? and (1,0) € R?. The domain and its initial triangulation
are schematically depicted in Figure The example’s boundary conditions are Dirichlet
boundary conditions which are given on the circle by u; and on the crack by homogeneous
boundary conditions, the right-hand side is according to the prescribed solution set to be
homogeneous. The viscosity is set to v = 1.

The solution possesses in the pressure component a singularity in the origin, as can be
observed in Figure

The computations were carried out using the a posteriori error indicator in the energy norm
and P,/P; finite elements. The cell marking strategy was chosen to be the maximum
strategy of Algorithm [£.1] for different parameters of €, and 6. If not sufficiently many cells
were marked for refinement, 6§ was updated by 6 — 0.76. As in [Joh98], the quality of the
computed solution (u”,p") was measured in terms of |u — u”||p and the resolution of the
singularity of the pressure. The resolution is measured with the minimal value pﬁlin and the
maximal value p/ ..

In Table [4 one can see for a selection of levels the cumulative needed time on a single-
core 2.3 GHz CPU, degrees of freedom, the L? error of the velocity as well as the resolution
of the singularity for uniform refinement and the adaptive algorithm configured with e); €
{0.05,0.25,0.50} and 6 € {0.1,0.5,0.9}. For each configuration (g, ) there are two levels,
the first one being the one with an L? error in the velocity closest to 0.0067, which is the
error of the uniform refinement for level 5 and the second selected level being the last level
that could be computed before the direct solver ran out of memory.

One can see that in terms of degrees of freedom, smaller values of £;; with larger values
of 0 are of advantage. While the using the adaptive algorithm with ej; = 0.5 and 6 = 0.1
at level 5 results in roughly 26% of the degrees of freedom of the uniform refinement at level
5, the same value of )y with § = 0.9 already results in about 21%. The data in Table [
shows that this trend continues, the best configuration seems to be )y = 0.05 with § = 0.9,
where only about 1% of the degrees of freedom are used for comparable results. The corollary
that adaptive refinement needs significantly fewer degrees of freedom to achieve results that
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Figure 17: Sketch of the domain and its initial triangulation for the example presented in

Section

Figure 18: Solution of the example presented in Section The velocity component of the
solution is left, the pressure component is right.
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Table 4: Table displaying degrees of freedom, L? error in velocity, pf}nin, pl .. and cumula-
tive needed time on a single-core 2.3 GHz CPU for a selection of levels of uniform
refinement and the adaptive algorithm configured with 3, € {0.05,0.25,0.50} and
6 € {0.1,0.5,0.9} for the numerical example of Section

Level total d.o.f. [ju—u”| . Pl time

uniform refinement 4 43347 0.014 —34.6964 34.4638 0.44s
5 174243 0.0067 —49.4769 49.1456 2s

0—01 5 45879 0.0067  —49.4769 49.1456 1.1s

7 350406 0.0017 —99.5474 98.8813 10s

e =050 6=05 5 38934 0.0067  —49.4769 49.1456 1.2s
7 303060 0.0017 —99.5474 98.8813 8.8s

9 — 0.9 ) 37263 0.0067 —49.4769 49.1456 1.1s

7 287913 0.0017 —99.5474 98.8813 8.9s

0—01 5 11847 0.0067 —49.4775  49.1462 0.57s

10 355230 0.00021  —282.043 280.156 25s

ey =025 =05 5 8031 0.0067 —49.4787 49.1473 0.41s
11 500334 0.0001 —398.918  396.249 23s

9=009 5 9048 0.0067 —49.4777  49.1471 0.24s

10 274305 0.00021 —282.043 280.156 16s

0—01 5 5028 0.0067  —49.4839 49.1524 0.4s

' 19 043381 2.4-107%  —6383.93 6341.26 1.3-10%s
ey =005 =05 6 1803 0.005 ‘ —44.528  44.1117 0.13s
23 537501 2.3-107%  —16210.4 16045.9 2.1-10%s
7 1713 0.0051 —44.5286 44.1115 0.25s

26 512400 24-1076  —22924.1 227094 2.8-102%s
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Level 10 with ey = 0.05, 6 = 0.9 Level 10 with ey; = 0.25, 6 = 0.9

Figure 19: Grids for the problem of Section for epr € {0.05,0.25} and 6 = 0.9 at level
10 with 2356 and 230786 degrees of freedom, respectively.

are comparable to uniform refinement agrees with what was found in [Joh98, Example 11].
Besides the degrees of freedom, the computational time decreases as well with decreasing e,s
and increasing 6. In particular, the shortest execution time was yielded by ¢ = 0.05 and
6 = 0.5 and needed only 6.5% of the time that uniform refinement required.

The figures of the levels that were the last levels before the memory barrier was hit indicate
that again smaller values of €,; with values of 8 close to 1.0 are advantageous to achieve better
results in terms of the quality of the computed solution. On the other hand, one can observe
that for ej; = 0.05 the cumulative time of the maximal levels is about 10 times as high as
the time for the respective levels of 3, = 0.25. This is the case, since for small values of €,y
and large values of 8, fewer cells are refined on each level and therefore more levels can be
solved in total, where each subsequent level needs more time than the former ones and the
number of cells increases. This can also be seen in Figure [I9] where the grid of level 10 for
enr = 0.25 possesses about 100 times as many degrees of freedom as the grid of level 10 for
€ = 0.05. Further, on each level, a discrete needs to be solved which means that more levels
require more solves and therefore more time. In particular, the number of solved levels for
€ = 0.05 is about twice as high as the number of solved levels for € = 0.25.

Further, one can observe the the differences for different values of § and a fixed value of
ey decrease with increasing €p7. This behavior could be observed for the Hemker problem
of Section as well. But in contrast to the Hemker problem with an advantageous
configuration of ej; = 0.25, here larger values of § together with smaller values of £;; seem to
work better. This might be the case, since the solution of the Hemker problem possesses layers
which require more extensive refinement, whereas this problem possesses a point singularity
and therefore requires very concentrated refinement. That larger values of 8 with smaller €
yield sequences of grids whose refinement is more concentrated around the singularity can be
observed in Figure

In Figure[20]one can see the efficiency index for epr € {0.05,0.25,0.5} and # = 0.5. The
figure shows a strong over-estimation of the error and boundedness from below for £, = 0.05.
Therefore, in this case the error estimator is reliable. On the other hand, for ey, € {0.25,0.5}
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Figure 20: Efficiency index for the example of Section for values of e)y € {0.05,0.25,0.5}
and 6 = 0.5.

the efficiency index is roughly 2 and is bounded from above and below, which means that the
error estimator is not only reliable but also efficient.

6.2.2 Flow around a cylinder

In this example, a flow around a cylinder is considered. Goal is to compare the performance of
uniform refinement, adaptive refinement, and the dual weighted residual method in terms of
computing the drag coefficient. The drag coefficient is a concrete physical quantity describing
the resistance of an object in a fluid environment. Although this example was introduced in
[ST96] for the Navier—Stokes equations, here the Stokes equations are being considered.

The example’s domain is given by

Q = [0m, 2.2m] x [0m, H m] NS with S = {xm : x € R?, ||x|7, < 0.05} + (0.155m,0.155m)",

where H = 0.41, as depicted in Figure The boundary 0f) consists of relatively open
components I'pi,, I'p, I'y and 95, where on I'p and 95 homogeneous Dirichlet bound-
ary conditions, on I'y homogeneous Neumann boundary conditions (outflow), and on I'p jn
Dirichlet boundary conditions (inflow) with

(2,y) = 1oYH —y)

u ms
‘FD,in H2

are prescribed. The right-hand side f is set to be homogeneous and the viscosity is given by
v=10"3m?s L.
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Figure 21: Sketch of the domain used in the example presented in Section

The drag coefficient is a dimensionless quantity defined by

2 8U,ts
N _ 97
“ pU2Daé (py on " png”)’ &7

where D = 0.1m is the cylinder’s diameter, p = 1kgm ™3 is the fluid’s density,

U= gu(O, H/2)ms !
is the mean inflow velocity, n = (nz,ny)T is the normal vector on 9SS directing into €2 and
ugg is the tangential velocity for the tangential vector tg = (n,, —ng)T.

Since the drag coefficient is defined by a path integral and for numerical simulations, 95
needs to be approximated by a discrete boundary, the error in the quadrature might become
large. To prevent this, one can transform the line integral into an integral over ) by applying
integration by parts.

To this end, one can see that

8U1 . _ 8u1 - 8u1
Pp - V=00 o =g e
aUQ - - 8u2 - 8u2
It = Vug t—O@—amny— aynx,

since u is constant on 9.9, which yields together with n2 + n% =1 that

8uts aul aUQ
Ths _ 1) n= — — 2=
Oon V(u-t)-n oy ox
Since u is divergence-free, one obtains
8U1 6U2
Viu=0&s —=———.
v Ox oy

Using this identity together with the easier form of the normal derivative of the tangential
velocity yields for 1 = (1,0)” that
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which agrees with the definition of the drag coefficient in [BR03a), Section 11.1]. Inserting
the values for U, p and D and applying integration by parts yields

Cq = 500/nT T(u,p)yp = 500/ (= T(u,p)Vep + V- T(u,p)v)
oS Q
=500 (—v(Vu, Vap)o + (pI, Vap)o + v(Au,9)o — (Vp,)o)
= —500v(Vu, Vap)o + 500(p 1, Vap)o + (f, 7))o,

where 1) is an extension of 1 into the interior of 2 with support along 5. Thus, (f, )¢ = 0
and one arrives at the expression

ca = —500v(Vu, Vp)o + 500(p L, Vip)o (98)

for the drag which does not involve line integrals anymore. As ansatz and test space the
finite element pair P3/P, was chosen. When the adaptive algorithm was applied, it was
applied using the maximum strategy with the minimum number of cells to be refined set
to epr = 25% together with # = 0.5. If on a certain level not sufficiently many cells were
marked for refinement, the strategy’s parameter was relaxed by 6 — 0.76. The used error
estimators were energy norm a posteriori error indicator (65) and the dual weighted residual
error indicator of Theorem [3.32

Concerning the dual weighted residual method, the error estimator was evaluated by ap-
proximation by difference quotients, see Section [3.2.3] The functional of interest was chosen
to be the drag coefficient as given in .

6.1 Remark [Discretization of the dual problem]. The discretization of the dual problem
requires special care in this case because it is in some points different from what was derived
for the Stokes equations in Section Since the drag coefficient is linear in velocity
and pressure, one obtains .J'((u,p))(-) = J(-). The extension 1 is actually of the form (s, 0)”

)

as it extends the vector (1,0)7. Let ¢ € Q" be a pressure test function and v; = vie; € V"
be a velocity test function for the first spatial dimension. One then obtains

J((v1, = —500v z (N z y | + : z Yy
((v1,)) Q/ <0 0) 0 0 <0 q> 0 0

__ Qv 09 | 01 09 o9
= 500”/<8x 6m+ By ay>+500 15,
Q Q

For the second dimension consider g € Q" and vy = vges € V. Analogously, one obtains

-
T((vn0)) =500 [ 457
Q

In particular this means that the arising linear system looks like
A -BT u)\ £1
-B 0 p/) \f;

with

ov K 8@ ov Ji 8@ ” Np 8@
(£ = —5001// ( 8915 s 8; 8y> s B =0 v, (Fy) 0 = 500/%‘
Q Q
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Figure 22: Initial triangulation of the domain (top) with 1056 total degrees of freedom and 99
cells, computed velocity solution (middle) and computed pressure solution (bot-
tom) of the “flow around a cylinder”-example of Section

where vy ;€1 € Vh, Vg€ € V" and q; € Qh are the basis functions of the finite-dimensional
ansatz and test spaces. Thus, the dual problem is a discretization of the compressible Stokes
equations with inverted pressure field and therefore also inverted direction of flow.

The solution of the problem and its initial triangulation can be seen in Figure[22] One can
see that the flow is laminar, i.e., a flow without lateral mixing. The pressure is high left of
the cylinder and decaying right of the cylinder, indicating a mean flow direction from left to
right.

The a posteriori error indicator in the energy norm and the dual weighted residual method
both yield a sequence of adaptively refined grids, of which to level 2, 4, 6, and 8 correspond-
ing elements are depicted in Figure One can see that the dual weighted residual error
indicator contains the refinement much more around the cylinder, whereas the a posteriori
error indicator also refines areas close to the right part of the domain’s boundary.

When comparing the corresponding degrees of freedom and number of cells in Table
one can see that the dual weighted residual error estimator uses fewer cells per level, but the
above statement about the more local refinement still holds: The error estimator (65)) yields
on level 6 a grid with about 6500 cells and refined in areas close to the right boundary of
the domain, whereas the dual weighted residual error estimator yields a more concentrated
refinement on level 8 with about 16000 cells.

In Figure [24) one can see that the dual weighted residual error estimator indeed works
better than the energy norm estimator and also better than uniform refinement in terms
of memory that is required to achieve a certain accuracy of the drag coefficient.
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A posteriori error indicator in the energy norm A posteriori error indicator of the dual weighted residual method

Figure 23: Levels 2, 4, 6 and 8 (top to bottom) of the generated sequence of adaptively refined
grids for flow around a cylinder when applying the energy norm estimator (65
on the left and the dual weighted residual error indicator of Theorem [3.32] on the
right. The respective number of cells and total degrees of freedom can be found
in Table

Table 5: Table showing the number of cells and total degrees of freedom for the grids shown

in Figure
estimator DWR estimator
# cells total d.o.f. # cells total d.o.f.
Level 2 252 2279 232 2104
Level 4 1373 12763 981 9067

Level 6 6467 60765 3989 37093
Level 8 31760 300260 15858 147853
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Figure displaying for the example of Section the computed drag coefficient
over the total degrees of freedom for uniform refinement (red), refinement with the
energy norm estimator (yellow) and refinement with the dual weighted residual
estimator (green). The crosses indicate the current level of the algorithm.
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Figure 25: Initial triangulation of the domain of the Stokes-Darcy example of Section
The blue cells belong to the Stokes subdomain, the red cells belong to the Darcy
subdomain.

To investigate further the differences of the three methods, the iteration was stopped as
soon as the absolute change of the drag coefficient was smaller than 10™%. In the below table
one can see the corresponding number of cells and degrees of freedom as well as the required
time:

cd total d.o.f. # cells  time

energy estimator  3.14219 123764 13135  7.36s
DWR estimator 3.14221 75282 8080 7.85s
uniform refinement 3.14224 960814 101376 63.49s

One can see that the dual weighted residual estimator needs about 60% of the degrees of
freedom / cells of the energy estimator and about 8% of the degrees of freedom / cells of
uniform refinement to obtain a comparable result. Also the required time on a single-core 3.5
GHz CPU for the dual weighted residual estimator is only slightly higher than for the energy
estimator, even though it involves assembling and solving a dual problem.

Altogether the dual weighted residual method seems to be better suited when one is in-
terested in a concrete physical quantity than the energy norm estimator. If the considered
problem is nonlinear, the performance of the dual weighted residual method might even in-
crease compared to the other methods because the dual problem is linear and therefore easier
to solve.

6.3 Stokes—Darcy problem

This section deals with an example of the coupled Stokes—Darcy problem that was intro-
duced in Section Here, the Darcy subdomain €2, C €2 is entirely enclosed in the Stokes
subdomain Qf C (2, as sketched in Figure

The outer boundary Jf2 consists of relatively open components I'p,I'pi, and I'y, that
correspond to the bold black, red and blue lines in Figure respectively. On I'p and 'y
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Figure 26: Solution of the Stokes—Darcy problem of Section The color indicates the
pressure and the Stokes velocities are indicated by the streamlines. The Darcy
velocity was recovered by u, = —IK V¢, and is indicated by unscaled arrows in
the Darcy subdomain.

homogeneous Dirichlet and Neumann boundary conditions are prescribed and on I'p;, =
{0} x [0, 3] the Stokes velocity is prescribed by

urlp, | (z,y) =3y(1—3y).

The Darcy subdomain is coupled to the Stokes subdomain by the Neumann—Neumann cou-
pling, see . Due to the enclosedness of the Darcy subdomain, its boundary conditions
are completely determined by the coupling. The viscosity is set to v = 1, the permeability
is set to IKX = 10731 and the right-hand sides of the equations in are homogeneous. The
computations were carried out using P,/ P; finite elements for the Stokes subproblem and P;
finite elements for the Darcy subproblem.

To apply the adaptive algorithm, the errors were estimated separately with the energy
norm a posteriori indicator for the Stokes subdomain and the energy norm a posteriori
indicator for the Darcy subdomain and then marked for refinement according to two
separate marking strategies with )y = 0.25, 6 = 0.5 and an update of § — 0.70 if not
sufficiently many cells were marked. If a cell at the interface of one subdomain was marked
for refinement, the opposite cell in the other subdomain was not necessarily marked for
refinement as well. The numerical solution of the problem can be seen in Figure [26]

One can observe that due to the pressure drop the mean flow direction is from left to right
and that the solution changes most in the corners of the Darcy subdomain. The interaction
between the Stokes and Darcy subdomains remains local, i.e., the Stokes flow around the
Darcy subdomain is still laminar. Most of the refinement is located indeed in and around
corners of the Darcy subdomain, even though a refinement at the interface of the Darcy
subdomain did not imply a refinement at the interface of the Stokes subdomain, whereas the
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interior if the Darcy subdomain as well as the portion of the Stokes subdomain right of the
Darcy subdomain remain almost untouched, see Figure

This example demonstrates that one can transfer the error estimators of simpler, uncoupled
situations to more complex, coupled situations by just applying them separately together with
a separate marking strategy. Since all the parameters of the marking strategy are percentage
values, the separate marking strategies behave like one marking strategy for the whole domain,
just with taking into account the magnitude of the estimated errors in the subdomains.

7 Conclusion and outlook

This thesis discussed adaptive finite element methods for Stokes, Darcy, convection—diffusion
equations and the Stokes—Darcy system. In particular, residual based as well as dual weighted
residual error estimators have been derived for the Stokes and the Darcy equations. The
residual based error estimators were then applied to the coupled Stokes-Darcy problem. The
considered error estimators for the convection—diffusion equations were not derived but can
be found in the literature.

The numerical examples included two examples for the Stokes equations and for the
convection—diffusion equations each, where one example considered a residual based a poste-
riori error estimator and one example considered a dual weighted residual estimator for both
types of equations. It was discussed how parameters €p; and 6 of the maximum cell mark-
ing strategy influenced the efficiency of the adaptive algorithm as well as how the residual
based error estimators compare to the dual weighted residual error estimators. Further, one
example for the coupled Stokes—Darcy problem was discussed.

Considering the “Hemker problem”, which is a convection—diffusion problem, it turned out
that values of e); ~ 25% are advantageous in terms of memory requirements and needed
computation time, whereas for the Stokes problem “disc with a crack”, values of g3, ~ 5%
and 6 ~ 90% worked best. However, this is not necessarily caused by the type of considered
partial differential equations but is more likely due to the different features of the solutions.
In particular, the solution of the Hemker problem contains layers in contrast to the Stokes
problem, which possesses a point singularity. The layers required a larger area to be adap-
tively refined in order to obtain a sufficiently well approximated solution; the point singularity
required most of the refinement around that single point. Consequently, a value of e3; ~ 25%
seems to be more suitable when larger areas need to be refined. The corresponding value of
0 is of little significance because it is dominated by ejs as long as the error is still concen-
trated in a relatively small portion of the grid. On the other hand, small values of £;; and
large values of 8 cause a increasingly local refinement of the grid which is more suitable for
problems like the Stokes problem “disc with a crack”.

The weights of the dual weighted residual method were evaluated by an approximation by
difference quotients and applied to the convection—diffusion equations for an example that
includes boundary layers and to the Stokes equations with the goal to compute a concrete
physical quantity. The functional of interest for the convection—diffusion example was chosen
to be the function average value in a small area away from the layers. It turned out that
the layers remain unresolved and most of the refinement concentrates around the area of
interest, nevertheless a strong over-estimation could be observed which might be due to the
implementation of the dual weighted residual method with difference quotients, as reported
in the literature, see [BR03a, Section 4.1]. For the computation of the concrete physical
quantity in the Stokes example, the dual weighted residual method with a functional of inter-
est representing that exact quantity proved to be superior to the residual based a posteriori
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Figure 27: Grids corresponding to levels 1, 2 and 3 of the adaptive algorithm for the Stokes—
Darcy example of Section [6.3]



error estimator in the energy norm with respect to required memory in order to obtain a
comparable accuracy. With respect to required computational time comparable results were
yielded, even though the dual weighted residual method additionally involves assembling and
solving a dual problem. The performance might even increase when considering a non-linear
problem, as the dual problem is still linear and therefore easier to solve.

Finally, the residual based error estimators in the energy norm for the Darcy equations
as well as for the Stokes equations were combined in the more complicated example of the
coupled Stokes—Darcy system. It turned out that a possible way of applying them is to apply
them separately in their corresponding subdomain and with separate cell marking strategies
which were both configured with the same values of €); and 6, yielding sensible grids.

Altogether, the adaptive algorithm was successfully applied to Stokes and convection—
diffusion equations for residual based a posteriori error-estimators and the dual weighted
residual estimators and yielded a significant performance increase. It was also applied for the
more complicated situation of a coupled Stokes—Darcy system. The findings in the Section
about the Stokes example “disc with a crack” agreed qualitatively with what can be found
in [Joh98, Example 11]. It turns out that the dual weighted residual method is more suitable
than the considered residual based a posteriori error estimators when one is interested in
concrete quantities which are not the solution itself. The optimal choice of £;; and € in the
marking strategy depends on the considered example.

Further investigations could consider combining the adaptive algorithm with iterative
solvers and assessing the performance of the adaptive algorithm when applied to problems
with more than two spatial dimensions as well as to non-linear and time-dependent prob-
lems. It could also be investigated, how different cell marking strategies compare to each
other. Concerning the coupled Stokes—-Darcy system, one could derive an error estimator
for the whole coupled domain and compare it to the application of the separate error esti-
mators. Such an error estimator for the whole domain in the more complicated case of the
Navier—Stokes-Darcy system is investigated in [HANT4].

The dual weighted residual method’s weights could be evaluated differently, possibly yield-
ing better results. Also it could be analyzed in how far the grids generated by the dual
weighted residual method are eligible for solving the dual problem. A possible extension of
the discussed adaptive algorithm is the use of anisotropic mesh refinement, i.e., the use of
streched mesh cells along regions of rapid change of the solution like layers which is discussed
in, e.g., [Ver13]. The use of these cells can result in more memory-efficient algorithms.
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