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Abstract This is a survey on the theory of adaptive finite element methods (AFEM),
which are fundamental in modern computational science and engineering. We
present a self-contained and up-to-date discussion of AFEM for linear second order
elliptic partial differential equations (PDEs) and dimension d > 1, with emphasis
on the differences and advantages of AFEM over standard FEM. The material is
organized in chapters with problems that extend and complement the theory. We
start with the functional framework, inf-sup theory, and Petrov-Galerkin method,
which are the basis of FEM. We next address four topics of essence in the theory
of AFEM that cannot be found in one single article: mesh refinement by bisection,
piecewise polynomial approximation in graded meshes, a posteriori error analysis,
and convergence and optimal decay rates of AFEM. The first topic is of geometric
and combinatorial nature, and describes bisection as a rather simple and efficient
technique to create conforming graded meshes with optimal complexity. The sec-
ond topic explores the potentials of FEM to compensate singular behavior with local
resolution and so reach optimal error decay. This theory, although insightful, is in-
sufficient to deal with PDEs since it relies on knowing the exact solution. The third
topic provides the missing link, namely a posteriori error estimators, which hinge
exclusively on accessible data: we restrict ourselves to the simplest residual-type es-
timators and present a complete discussion of upper and lower bounds, along with
the concept of oscillation and its critical role. The fourth topic refers to the conver-
gence of adaptive loops and its comparison with quasi-uniform refinement. We first
show, under rather modest assumptions on the problem class and AFEM, conver-
gence in the natural norm associated to the variational formulation. We next restrict
the problem class to coercive symmetric bilinear forms, and show that AFEM is
a contraction for a suitable error notion involving the induced energy norm. This
property is then instrumental to prove optimal cardinality of AFEM for a class of
singular functions, for which the standard FEM is suboptimal.
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1 Introduction

Adaptive finite element methods are a fundamental numerical instrument in sci-
ence and engineering to approximate partial differential equations. In the 1980s and
1990s a great deal of effort was devoted to the design of a posteriori error estima-
tors, following the pioneering work of Babuska. These are computable quantities,
depending on the discrete solution(s) and data, that can be used to assess the approx-
imation quality and improve it adaptively. Despite their practical success, adaptive
processes have been shown to converge, and to exhibit optimal complexity, only
recently and for linear elliptic PDE.

This survey presents an up-to-date discussion of adaptive finite element methods
encompassing its design and basic properties, convergence, and optimality.

1.1 Classical vs Adaptive Approximation in 1d

We start with a simple motivation in 1d for the use of adaptive procedures, due to
DeVore [28]. Given Q = (0, 1), a partition Ty = {x;}Y_, of Q2

O=xp<x1 < - <x<---<axy=1

and a continuous function u : 2 — R, we consider the problem of interpolating u
by a piecewise constant function Uy over Jy. To quantify the difference between
u and Uy we resort to the maximum norm and study two cases depending on the
regularity of u.

Case 1: W -Regularity. Suppose that u is Lipschitz in [0, 1]. We consider the ap-
proximation
Un(x) :=u(x,—1) for all x,_1 < x < x,.

Since

|u(x) = Un (x)| = [u(x) —u(xn-1)| =

X
/ Lt/(l‘)dl‘ S hﬂHu/HLw(xn—lvxﬂ>
JXp—1

we conclude that )
|u—Un|l=(a) < Nllu/llem), oy

provided the local mesh-size A, is about constant (quasi-uniform mesh), and so pro-
portional to N~! (the reciprocal of the number of degrees of freedom). Note that
the same integrability is used on both sides of (1). A natural question arises: Is it
possible to achieve the same asymptotic decay rate N~' with weaker regularity de-
mands?

Case 2: W/-Regularity. To answer this question, we suppose |['|,1 (@) =1 and
consider the non-decreasing function
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00 = [ lu(0)]ar

which satisfies ¢(0) =0 and ¢(1) = 1. Let Jy = {x;}/\_ be the partition given by

\/;le \u’(l‘)|dt = ¢(xn) _(P(xn_l) - %

Then, for x € [x,_1,X,],

/X (1) g/x |u'(t)|dt§/xn |u'(t)|dt:%,

Xn—1 Xn—1 Xn—1

|u(x) —u(on-1)| =

whence

1
[ —Unll=(a) < NHM/HU(Q)' @

We thus conclude that we could achieve the same rate of convergence N~! for
rougher functions with just [|u’[|,1(q) < eo. The following comments are in order
for Case 2.

Remark 1 (Equidistribution). The optimal mesh Jy equidistributes the max-error.
This mesh is graded instead of uniform but, in contrast to a uniform mesh, such a
partition may not be adequate for another function with the same basic regularity as
u. It is instructive to consider the singular function u(x) = x¥ with y = 0.1 and error
tolerance 1072 to quantify the above computations: if N; and N, are the number of
degrees of freedom with uniform and graded partitions, we obtain Ni /N, = 1018,

Remark 2 (Nonlinear Approximation). The regularity of u in (2) is measured in
W/ (Q) instead of W, () and, consequently, the fractional y regularity measured in
L* (L) increases to one full derivative when expressed in L' (). This exchange of
integrability between left and right-hand side of (2), and gain of differentiability, is
at the heart of the matter and the very reason why suitably graded meshes achieve
optimal asymptotic error decay for singular functions. By those we mean functions
which are not in the usual linear Sobolev scale, say W. () in this example, but
rather in a nonlinear scale [28]. We will get back to this issue in Chap. 5.

1.2 Outline

The function Uy may be the result of a minimization process. If we wish to minimize
the norm ||u —v||;2(q) within the space Vy of piecewise constant functions over Jy,
then it is easy to see that the solution Uy satisfies the orthogonality relation

Uy € Vy: (u—Uy,v) =0 forall v € Vy 3)

and is given by the explicit local expression
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1 [

UN()C) =

= — u for all x,_ 1 < x < xp,.
h” Xp—1

The previous comments apply to this Uy as well even though Uy coincides with u
at an unknown point in each interval [x,_1,x;).

The latter example is closer than the former to the type of approximation issues
discussed in this survey. A brief summary along with an outline of this survey fol-
lows:

PDE: The function u is not directly accessible but rather it is the solution of an
elliptic PDE. Its approximation properties are intimately related to its regular-
ity. In Chap. 2 we review briefly Sobolev spaces and the variational formulation
of elliptic PDE, a present a full discussion of the inf-sup theory. We show the
connection between approximability and regularity in Chap. 5, when we assess
constructive approximation and use this later in Chap. 9 to derive rates of con-
vergence.

FEM: To approximate u we need a numerical method which is sufficiently flex-
ible to handle both geometry and accuracy (local mesh refinement); the method
of choice for elliptic PDE:s is the finite element method. We present its basic
theory in Chap. 3, with emphasis on piecewise linear elements. We discuss the
refinement of simplicial meshes in any dimension by bisection in Chap. 4, and
address its complexity. This allows us to shed light on the geometric aspects of
FEM that make them so flexible and useful in practice. The complexity analysis
of bisection turns out to be crucial to construct optimal approximations in graded
meshes in Chap. 5 and to derive convergence rates in Chap. 9 for AFEM.

Approximation: We briefly recall polynomial interpolation theory in Chap. 5 as
well as the principle of error equidistribution. The latter is a concept that leads
to optimal graded meshes and suggests that FEM might be able to approximate
singular functions with optimal rate. We conclude Chap. 5 with the construction
of optimal meshes via bisection for functions in a certain regularity class relevant
to elliptic PDE. We emphasize the energy norm.

A Posteriori Error Estimation: To extract the local errors incurred by FEM, and
thus be able to equidistribute them, we present residual-type a posteriori error es-
timators in Chap. 6. These are computable quantities in terms of the discrete
solution and data which encode the correct information about the error distribu-
tion. They are the simplest but not the most accurate ones. Therefore, we also
present alternative estimators, which are equivalent to the residual estimators.
The discussion of Chap. 6 includes the appearence of an oscillation term and a
proof that it cannot be avoided for the estimator to be practical. We show both
upper and lower bounds between the energy error and the residual estimator. The
former is essential for convergence and the latter for optimality.

Adaptivity: This refers to the use and study of loops to the form

SOLVE — ESTIMATE — MARK — REFINE @)
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to iteratively improve the approximation of the solution of a PDE while keeping
an optimal distribution of computational resources (degrees of freedom). The de-
sign of each module, along with some key properties, is discussed in Chap. 7 and
8. We emphasize the standard AFEM employed in practice which employs the
estimator exclusively to make refinement decisions and never uses coarsening.

Convergence: This issue has been largely open until recently. In Chap. 7 we
present a basic convergence theory for most linear elliptic PDEs, including sad-
dle point problems, under rather modest assumptions and valid for all existing
marking strategies. The final result is rather general but does not, and cannot,
provide a convergence rate.

Optimality: We restrict ourselves to a model problem, which is symmetric and
coercive, to investigate the convergence rate of AFEM. In Chap. 8 we derive a
contraction property of AFEM for the so-called quasi-error, which is a scaled
sum of the energy error and the estimator. In Chap. 9 we prove that AFEM con-
verges with optimal rate as dictated by approximation theory even though the
adaptive loop (4) does not use any regularity information but just the estimator.
This analysis leads to approximation classes adequate for FEM, and so to the
geometric restrictions caused by conforming grids, which are not the usual ones
in nonlinear approximation theory.
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2 Linear Boundary Value Problems

In this section we examine the variational formulation of elliptic partial differential
equations (PDE). We start with a brief review of Sobolev spaces and their properties
and continue with several boundary value problems with main emphasis on a model
problem that plays a relevant role in the subsequent analysis. Then we present the
so-called inf-sup theory that characterizes existence and uniqueness of variational
problems, and conclude by reviewing the applications in light of the inf-sup theory.

2.1 Sobolev Spaces

The variational formulation of elliptic PDEs is based on Sobolev spaces. More-
over, approximability and regularity of functions are intimately related concepts.
Therefore we briefly review definitions, basic concepts and properties of L”-based
Sobolev spaces for 1 < p < oo and dimension d > 1. For convenience we restrict
ourselves to bounded domains 2 C R? with Lipschitz boundary.

Definition 1 (Sobolev Space). Given k € N and 1 < p < oo, we define
k e S,
W,(Q):={v: Q =R |D% € LF(Q) forall |a| <k}

where D% = 9! - 9¢4v stands for the weak derivative of order a. The corre-
sponding norm and seminorm are for 1 < p < oo

o 1/p o I/p
Mg = ( X 10%05a)  Bugiar = ( X 10%a))

|| <k lot|=k
and for p = o

Vllws(@) == sup [[D™V][=(a), Plws@) = sup [DV|=(q)-
lor| <k |oe|=k

For p = 2 the spaces W4 (£2) are Hilbert spaces and we denote them by H*(Q) =
W4 (£2). The scalar product inducing the norm || - lmx () = II- ||W2k(_Q) is given by

(U, V) k) = Y, /D“uD“v for all u,v € H*(Q).
] <k

We let HX(2) be the completion of C3 () within H*(Q). The space HE(Q) is a
strict subspace H*(Q) because 1 € H*(Q) \ HX(Q).

There is a natural scaling of the seminorm in WI’,‘(Q). Consider for & > 0 the

change of variables X = x/h for all x € Q, which transforms the domain Q into Q
and functions v defined over Q into functions v defined over £2. Then
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= pk=d/p
Phvg@) =17 Mwgo)-
This motivates the following definition, which turns out to be instrumental.

Definition 2 (Sobolev Number). The Sobolev number of W,f () is defined by

sob(Wl],‘) =k—d/p. 5

2.1.1 Properties of Sobolev Spaces

We summarize now, but not prove, several important properties of Sobolev spaces
which play a key role later. We refer to [35, 38, 39] for details.

Embedding Theorem. Letm >k > 0 and assume sob(W}") > sob(qu ). Then the
embedding
k
W (Q) — W, (Q)

is compact.
The assumption on the Sobolev number cannot be relaxed. To see this, consider

Q to be the unit ball of R? for d > 2 and set v(x) = loglog % for x € @\ {0}.
Then there holds v € W} () and v & L*(£), but

sob(W,))=1—d/d=0=0—d /o = sob(L”).

Therefore, equality cannot be expected in the embedding theorem.

Density. The space C*(Q2) is dense in W[f (Q),i.e.,

= lllv

Wi (Q)=C=(Q)

Poincaré Inequality. The following inequality holds

Hv—|.(2|7l /Qv

with a constant C(£2) depending on the shape of Q. The best constant within the
class of convex domains is

1
2@ < C(Q)[IV] 20 forallve W, ()  (6)

c(Q)= %diam(Q);

see [60, 11].

Poincaré-Friedrichs Inequality. There is a constant C; > 0 depending only on
the dimension such that [38, p. 158]

IVl 20) < Cal @4 VV]| 2y forallve Hy(Q). (7)
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Trace Theorem. Functions in H'!(£) have ‘boundary values’ in L?(R2), called
trace, in that there exists a unique linear operator 7: H'(Q) — L?(dQ) such that

ITl20m) <@ Wlm — forallve H(Q),
Tv=v forallve C°(Q)nHY(Q).

Since Tv = v for continuous functions we write v for Tv. For a simplex we give
an explicit construction of the constant ¢(£) in Sect. 6.2. The image of T is a
strict subspace of L2(92), the so-called H'/2(9). The definition of H} (£2) can
be reconciled with that of traces because

Hy(Q)= {veH'(Q)|v=00n0Q}.
The operator T is also well defined on Wpl (Q) for1 < p<oo.

Green’s Formula. Given functions v,w € H'(Q), the following fundamental

Green’s formula
/aiwv:—/ w&,v—&—/ wvn; 8)
Q Q oQ

holds for any i = 1,...,d, where n(x) = [n1(x),...,n4(x)]" is the outer unit nor-
mal of dQ at x. Equivalently, if v € H'(Q) and w € H'(Q;R?) then there holds
/divwv:—/ w-Vv+/ vw-n, ©)

Q Q 20

Green’s formula is a direct consequence of Gauf3” Divergence Theorem

/divw:/ w-n for all w € W (Q;RY).
Q 20

2.2 Variational Formulation

We consider elliptic PDEs that can be formulated as the following variational prob-
lem: Let (V,{-,-)y) be an Hilbert space with induced norm || - ||y and denote by V*
its dual space equipped with the norm

1Al = sup L2

vev [Vilv

forall f € V*.

Consider a continuous bilinear form Z: VxV — R and f € V*. Then we seek a
solution u € V of

ueVv: Blu, v = (f,v) forallve V. (10)

We first look at several examples that are relevant for the rest of the presentation.
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2.2.1 Model Problem

The model problem of this survey is the following 2™ order elliptic PDE
—div(A(x)Vu) = f in Q, (11a)
u=0 on d€2, (11b)

where f € L?(Q) and A € L*(Q;R?*?) is uniformly symmetric positive definite
(SPD) over £, i. e., there exists constants 0 < ¢t < o such that

o0 |E? <ETANE < m|E>  forallxc Q,& e RY. (12)

For the variational formulation of (11) we let V = H} () and denote its dual by
V* = H~1(Q). Since H} () is the subspace of H'(Q) of functions with vanishing
trace, asking for u € V accounts for the homogeneous Dirichlet boundary values in
(11b).

We next multiply (11a) with a test function v € H(% (), integrate over € and use
Green’s formula (9), provided w = —AVu € H 1 (.Q;Rd ), to derive the variational
formulation

Wev: /Vv-A(x)Vu:/fv forall ve v, (13)
Q Q

because the boundary term is zero thanks to v = 0 on d£2. However, problem (13)
makes sense with much less regularity of the flux w. Setting

Blw, V] :z/ Vv-A(x)Vw for all v,w € H} (Q),
Q
(f,v) :=/ fv for all v € Hy (Q),
Q

(13) formally reads as (10). In Sect. 2.5.1 we analyze further £ and (f, -).

2.2.2 Other Boundary Value Problems

We next introduce several elliptic boundary value problems that also fit within the
present theory.

General 2" Order Elliptic Operator. Let A € L™(2;R%*?) be uniformly SPD
as above, b € L*(Q2;R?), c € L*(Q), and f € L?(2). We now consider the general
2" order elliptic equation

—div(A(x)Vu)+b(x) - Vu+c(x)u= f in Q,
u=20 on dQ.
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The variational formulation utilizes V = H/ (€2), as in Sect. 2.2.1. We again multiply
the PDE with a test function v € H(} (L), integrate over £2, and use Green’s formula
(9) provided A (x)Vu € H'(2;R?). This gives the bilinear form

Blw, v] := / Vv-A(x)Vw+vb-Vw4cvw  forall vyw € H}(Q)
Q
and (f,v) = [, fvin (10). We examine % further in Sect. 2.5.2.

The Biharmonic Equation. The vertical displacement u of the mid-surface Q2 C
RR? of a clamped plate under a vertical acting force f € L?(£2) can be modeled by
the biharmonic equation

Alu=f inQ, (14a)
Uu=0dyu=0 on dQ, (14b)

where dpu = Vu - n is the normal derivative of  on 0.
For the variational formulation we let V = H3 (), and note that

H}(Q)={veH*(Q)|v=0,v=00n0Q}

also accounts for the boundary values (14b). Here, we use Green’s formula (9) twice
to deduce for all u € H*(Q) and v € H*(Q)

/Azuv:/ AuAv—|—/ 8,,Auv+/ Au opv.
Q Jo 9Q Joa

Multiplying (14a) with v € Hg(Q), integrating over €2, and using the above formula
(without boundary terms), we derive the bilinear form of (10)

Blw, V] ::/ AvAw forallv,w eV,
Q
and set (f,v) := [ fvforveV.

The 3d Eddy Current Equations. Given constant material parameters i,k > 0
and f € L2(;R?) we next consider the 3d eddy current equations

curl(pcurlu) + xku=f in Q, (15a)
uAn=0  ondQ, (15b)

with the curl operator

curly = VAp |9v3 _9v2 dvi_ vz vy dw
T N 8x2 aX3’aX3 8)6178)61 8x2

and the vector product A in R3.
The variational formulation is based on the Sobolev space
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H(cur; Q) :={ve L*(Q2;R%) | curlv € LZ(Q;R3)}

equipped with the norm HVHH curl:Q) ||v||L2 ary T ||cur1v||L2 (QRY)’ This is a

Hilbert space and is larger than H' (.Q,]Rg). The weak formulation of (15) utilizes
the subspace of functions with vanishing tangential trace on 0

V := Hy(cur; Q) = {v € H(cur; Q) [vAn=00ndQ} = C5°(Q;R3)”'”H(C"'hm,

which thereby incorporates the boundary values of (15b). This space is a closed and
proper subspace of H(curl; Q).

From Green’s formula (8) with proper choices of v and w it is easy to derive the
following formula for all v,w € H(curl; 2)

/ curlw- v—/ w- curlv+/ w-(vAn).
Q .

Multiplying (15a) with a test function v € Hy(curl; ), integrating over 2 and using
the above formula with w = pcurlu € H(curl; Q), we end up with the bilinear form
and right hand side of (10)

Blw, V] / ucurlv-curlw+kv-w forallv,w eV,

/fv forallve V.

The Stokes System.  Given an external force f € L?(Q;R?), let the velocity-
pressure pair (u,p) satisfy the momemtum and incompressibility equations with
no-slip boundary condition:

—Au+Vp=f in Q,
divu=0 in Q,
u=0 on dQ.
For the variational formulation we consider two Hilbert spaces V = HJ (2;R¢) and
Q = L3(Q), where L3(Q) is the space of L? functions with zero mean value. The
space H& (2:;R?) takes care of the no-slip boundary values of the velocity. Pro-

ceeding as in Sect. 2.2.1, this time using component-wise integration by parts for
Jq viAw; and assuming w € H?(2;R?), we obtain the bilinear form a: VxV — R

d
ajw,v| ::/ Vv:Vw:Z/ Vv; - Vw; forallv,we V.
Q ~Jo

Likewise, integration by parts of [, v Vg yields the bilinear form b: Q x V— R
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blg,V] ::—/ g divv forallge Q,ve V.
Q

The variational formulation then reads: find (u, p) € V x Q such that

alu,v|+blp,v] = (f,v) forallveV,
=0

blq,u] forall g € Q.

We will see in Sect. 2.4.2 how this problem can be formulated in the form (10).

2.3 The Inf-Sup Theory

In this subsection we present a functional analytic theory, the so-called inf-sup the-
ory, that characterizes existence, uniqueness, and continuous dependence on data of
the variational problem (10).

Throughout this section we let (V,(-,-)y) and (W, {-,-)w) be a pair of Hilbert
spaces with induced norms || - || and || - |w. We denote by V* and W* their respec-
tive dual spaces equipped with norms

<fv V) 8,V
1 fllv- = sup and gl = sup &Y.
P ol e AT

We write L(V; W) for the space of all linear and continuous operators from V into
W with operator norm

B
||B||L(V;W)=su I VHW.
vev Vllv

The following result relates a continuous bilinear form Z: V x W — R with an
operator B € L(V;W).

Theorem 1 (Banach-Necas). Let B :V x W — R be a continuous bilinear form
with norm

Blv, w
12 := sup sup 2L "]

_ (16)
veVweW ”V”V”WHW

Then there exists a unique linear operator B € L(V, W) such that
(Bv,wyy = Blv,w|  forallveV,weW

with operator norm
1Bl cvaw) = [12]].

Moreover, the bilinear form A satisfies
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B
there exists a > 0 such that o|v|ly < sup v w]
wew [[wllw

forevery 0#£w €W there exists v €V such that Blv, w] # 0, (17b)

forallveV, (17a)

if and only if B: V — W is an isomorphism with
1B e w vy < o' (18)

Proof. [ 1] Existence of B. For fixed v € V, the mapping 4|y, -] belongs to W* by lin-
earity of 4 in the second component and continuity of . Applying the Riesz Rep-
resentation Theorem (see for instance [16, (2.4.2) Theorem], [38, Theorem 5.7]),
we deduce the existence of an element By € W such that

(Bv,w)y = Blv,w] forallweW.

Linearity of & in the first argument and continuity of % imply B € L(V;W). In
view of (16), we get

|1BV||lw (Bv, w) Bv, w)

1Bl (v:w) = sup = sup sup ——r—— = sup sup ————— = [[B].
vev VIlv  vevwew [IVIVIWlw  vevwew [VlIvIwliw
Closed Range of B. The inf-sup condition (17a) implies
B
alv|ly < sup <|| " W) Byjw forallveV, (19)
weWw

whence B is injective. To prove that the range B(V) of B is closed in W, we let
wyr = By be a sequence such that wy — w € W as k — oo. We need to show that
w € B(V). Invoking (19), we have

alvi =villv < [[Bvk —vj)llw = |lwk —wjllw — 0

as k, j — co. Thus {v;}72_ is a Cauchy sequence in V and so it converges vy — v eV
as k — oo. Continuity of B yields
Bv = lim Bvy =w € B(V),

which shows that B(V) is closed.

Surjectivity of B. We argue by contradiction, i. e., assume B(V) # W. Since B(V)
is closed we can decompose W = B(V) @ B(V)*, where B(V)= is the orthogonal
complement of B(V) in W (see for instance [16, (2.3.5) Proposition], [38, Theorem
5.6]). By assumption B(V)~ is non-trivial, i.e., there exists 0 # wo € B(V)*. This
is equivalent to

wo#0 and (w,wg) =0 forallwe B(V),
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or
wo#0 and 0= (Bv,wp) = B[v,wg] forallveV.

This in turn contradicts (17b) and shows that B(V) = W. Therefore, we conclude
that B is an isomorphism from V onto W.
Property (18). We rewrite (19) as follows:

o||B W]y < |wllw forallwe W,

which is (18) in disguise.
Property (18) implies (17a) and (17b). Compute

B B B
inf sup _Alwl = inf sup (Bv: w) = inf |Bv]lw
vevwew [VIvIwliw — vevwew [VIvIiwlw — vev [Ivliv
[wilw 1

= inf

1 = [0
wew [|B~wlly

Bl B -
SUPweW Tl

which shows (17a). Property (17b) is a consequence of B being an isomorphism:
there exists 0 £ v € V such that By = w and

Blv, w] = (Bv, w) = ||wl|y #0.
This concludes the theorem. O

We are now in the position to characterize properties of the bilinear form 2 in
(10) that imply that the variational problem (10) is well-posed. This result from 1962
is due to Necas [56, Theorem 3.3].

Theorem 2 (Necas Theorem). Let . V x W — R be a continuous bilinear form.
Then the variational problem

ueV: Blu,v] = (f,v) forallveW, (20)

admits a unique solution u €V for all f € W*, which depends continuously on f, if
and only if the bilinear form 2 satisfies one of the equivalent inf-sup conditions:

(1) There exists a > 0 such that
Blv, w|
sup

wew [[wllw
for every 0 £ w € W there exists v € V such that Blv, w] # 0. (21b)

> olv|ly  forsome o >0, (21a)

(2) There holds

inf sup il >0, inf sup AL, w]

_Zh W A L. (22)
veVwew [[VI[vIiwllw wewvev [IVIIvIIwllw

(3) There exists a > 0 such that
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By, w]

B
inf sup ﬂ = inf sup———— = . 23)
veVweWw ||V||V||W||W weW veV HVHV”WHW

In addition, the solution u of (20) satisfies the stability estimate
lullr < 0= fll v (24)

Proof. [1]Denote by J: W — W* the isometric Riesz isomorphism between W and
W*; see [16, (2.4.2) Theorem], [38, Theorem 5.7]. Let B € L(V; W) be the linear
operator corresponding to 4 introduced in Theorem 1. Then (20) is equivalent to

ueV: Bu=J'f inW.

Assume that (21) is satisfied. Then, according to Theorem 1, the operator B is
invertible. For any f € W* the unique solution u € V is given by u = B~'J~! f and
u depends continuously on f with

leellv < 1B w0 fllwe = 1B~ eqwsw I e < 07| £l

Conversely, if (20) admits a unique solution u for any f € W*, then B has to be
invertible, which implies (21) by Theorem 1.
To show the equivalence of the inf-sup conditions (21), (22), and (23) we rewrite
Step 5 of the proof of Theorem 1:

. Blv, w] el
inf sup —————— =||B™|| .
veV weW HVHVHWHW L(W:V)
Furthermore,
% B B*
inf sup&: inf SUpM: inf supM: [ P
wew vev [VIVIWIlw  wew vev IVIIVIWIw  wew vev [VIIvIIw|lw :

where B*: W — V is the adjoint operator of B and B™*: V — W is its inverse.
Recalling that ||B*[| .y = |[B|Levaw) and [|B~*|[Lcvaw) = 1B~ || w:v) we deduce
the desired expression

inf sup A, ]

=8
wew vev [[VIIv[wlw

1y—1
HL(W’;V)'
and conclude the proof. a

The equality in (23) might seem at first surprising but is just a consequence of
1B~ | Levow) = |B~! | L(w:v)- In general, (21) is simpler to verify than (23) and « of
(23) is the largest possible & in (21a). Moreover, the above proof readily gives the
following result.

Corollary 1 (Well Posedness vs. Inf-Sup). Assume that the variational problem
(20) admits a unique solution u € V for all f € W* so that
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lullv < CIl.fllw-
Then 2B satisfies the inf-sup condition (23) with ot > C~ 1.

Proof. Since (20) admits a unique solution « for all f, we conclude that the operator
B € L(V;W) of Theorem 1 is invertible and the solution operator B~! € L(W;V)
is bounded with norm ||B~! ||y < C, thanks to |Ju]ly < C||f|lw+. On the other

hand, Step 2 in the proof of Theorem 2 shows that ||B~ is the optimal inf-

1—-1
HL(W;V)
sup constant ¢ for %, which yields o > cl O

2.4 Two Special Problem Classes

We next study two special cases included in the inf-sup theory. The first class are
problems with coercive bilinear form and the second one comprises problems of
saddle point type.

2.4.1 Coercive Bilinear Forms

An existence and uniqueness result for coercive bilinear forms was established by
Lax and Milgram eight years prior to the result by Necas [45]. Coercivity of 4 is a
sufficient condition for existence and uniqueness but it is not necessary.

Corollary 2 (Lax-Milgram Theorem). Let #: V x V — R be a continuous bilin-
ear form that is coercive, namely there exists oo > O such that

Blv,v| > a|v|}  forallveV. (25)
Then (10) has a unique solution that satisfies (24).

Proof. Since (25) implies sup,,cyy B[v, w| > B[v, v] > at||v||3 for all 0 # v € V, both
(21a) and (21b) follow immediately, whence Theorem 2 implies the assertion. O

If the bilinear form 4 is also symmetric, i. e.,
Blv, w| = Blw, v forall vw € V,

then & is a scalar product on V. The norm induced by £ is the so-called energy
norm
IVl == L, v]' /2.

Coercivity and continuity of # in turn imply that ||-||| , is equivalent to the natural
norm || - |y in V since

alvi < IIviig < I2lIv]5 — forallveV. (26)
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Moreover, it is rather easy to show that for symmetric and coercive % the solution
u of (10) is the unique minimizer of the quadratic energy

] = %93[\4 W—(f,)  forallveV,

i.e., u = argmin .y J[v]. The energy norm and the quadratic energy play a relevant
role in both Chap. 8 and Chap. 9.

2.4.2 Saddle Point Problems

Given a pair of Hilbert spaces (V,Q), we consider two continuous bilinear forms
a:VxV—-Rand b: QxV - R.If fe€V*and g € Q, then we seek a pair
(u, p) € V x Q solving the saddle point problem

alu,v]+b[p,v] = {f,v) forallveV, (27a)
blq,u] ={g,q) forall g € Q. (27b)

Problem (27) is a variational problem which can of course be stated in the form
(10). In doing so we define the product space W :=V x Q, which is a Hilbert space
with scalar product

((vq), (w,r))w = (v, w)yv+{(q, o forall (v,q), (w,r) € W

and induced norm ||(v,q)|lw := (||[v||3 + ||q||%Q)1/2. From the bilinear forms @ and b
we define the bilinear form Z: W x W — R by

Bl(v,q), (w,r)] := alv,w]+b[g,w]+blr,v]  forall (v,q),(w,r) e W.
Then, (27) is equivalent to the problem

(u,p) € W: Bl(u,p), v,q)| = (f,v)+(g,q)  forall (v,q) € W. (28)

To see this, test (28) first with (v,0), which gives (27a), and then utilizing (0,q)
yields (27b). Obviously, a solution (u, p) to (27) is a solution to (28) and vice versa.

Therefore, the saddle point problem (27) is well-posed if and only if 2 satisfies
the inf-sup condition (23). Since & is defined via the bilinear forms @ and b and
due to the degenerate structure of (27) it is not that simple to show (23). However
it is a direct consequence of the inf-sup theorem for saddle point problems given by
Brezziin 1974 [17].

Theorem 3 (Brezzi Theorem). The saddle point problem (27) has a unique solution
(u,p) € VxQ for all data (f,g) € V* x Q*, that depends continuously on data, if
and only if there exist constants a., 3 > 0 such that
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inf sup M = inf sup M =a>0, (29a)
vevowevo [VIVIWIv - wevgvev, [IVIlvIIwllv
b
inf sup _blgn B >0, (29b)

qeqvev llallelvlv

where
Vo:={veV|blg,v]=0forall q€Q}.

In addition, there exists v = y(a, B, ||al|) such that the solution (u, p) is bounded by

2 2
(Ll +11p13) " < v(1F13- + lglB) 2. (30)

Proof. [ 1] Continuity of b implies that the subspace Vj of V is closed. We therefore
can decompose V =V, ® V| where V| is the orthogonal complement of V in V;
see [16, (2.3.5) Proposition], [38, Theorem 5.6]. Both ¥V and V, are Hilbert spaces.
The inf-sup condition (29b) is (21a) for Z = b. On the other hand, by definition of
Vo, for every v € V| there exists a g € Q with b[g,v] # 0, which is (21b). Hence, the
equivalence of (21) and (23) implies that the operators B: Q — V| and B*: V| — Q
defined by

(Bg,v)v = (B"v, q)g = blg,V] forallge Q,veV,,

are isomorphisms.
We write the solution u = ug +u with ug € Vg and u; € V to be determined
as follows. Since B* is an isomorphism, the problem

u, €V, : blg,ui] = (B*v,q)o = (8, q) forallg € Q 31)
is well-posed for all g € Q*, and selects | uniquely. We next consider
up € Vo alug,v] = (f,v) —aluy,v) for all v € V. (32)

This problem admits a unique solution 1 thanks to (29b), which is (23) with Z = a.

Upon setting
(F, vy :=(f,v) —alu,v] forallve V

we see that F € V] because (F, v) = 0 for all v € V¢ by (32). Since B is an isomor-
phism, there is a unique solution of

peQ: blp,v] = (Bp,v)v = (F,v) forallve V. (33)

This construction yields the desired pair (u,p) and shows that problems (31),
(32), and (33) are well-posed if and only if b satisfies (29b) and a fulfills (29a).
We conclude by estimating (u, p). In view of (29b), u, is bounded by

-1
lurllv <B~ ligller
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which, in conjunction with (29a), implies for u
luollw < o™ ([1fllve + llallllur v) < o HIfllve + llall(eB) gl
Hence,
lellv < Nluolly + llurllv < &I fllv + (1+a lal) B~ [Igllg--

Finally, using ||F [[v: = [|F[lv< < [|[f|lv+ + ||all[[u]lv, (29b) gives the bound for p

Il < B~HIF v < B~ (1 + o lall) (Ilfllv-+ B llallllgllg-)-
Adding the two estimates gives the stability bound (30) with vy = y(e, B,]|a|)). O

Remark 3 (Optimal constant). A better bound of the stability constant 7y in terms of
o, 3 and ||a|| is available. Setting

2 1

a 14K
_ [all — Ky := K2K11+E>

77 Ki1 = (X2 )

Xu and Zikatanov have derived the bound [78]

K2 = KKi1,

v < K12+max(1<11, Kzz).

For establishing this improved bound one has to make better use of the orthogonal
decomposition V =V, ®V, when estimating u = ug + u« and one has to resort to
a result of Kato for non-trivial idempotent operators [42].

Combining the Brezzi theorem with Corollary 1 we infer the inf-sup condition
for the bilinear form % in (28).

Corollary 3 (Inf-Sup of B). Let the bilinear form : W — W be defined by (28).
Then there holds
Bl(v,q), (w,r)]

inf  sup = inf sup
wayew wrew [allwllwDllw  qnnew wgew ;@) lwll (wsr)llw

'@[(Va('I)a (W7r)] > ,y—l

where Y is the stability constant from Theorem 3.

Assume that a: VXV — R is symmetric and let (u, p) be the solution to (27).
Then u is the unique minimizer of the energy J[v] := Sa[v,v] — (f, v) under the con-
straint b[-,u] = g in Q*. In view of this, p is the corresponding Lagrange multiplier
and the pair (u, p) is the unique saddle point of the Lagrangian

L[v,q| :=J[v|+blg,v]| — (g, q) forallve V,q € Q.

The Brezzi theorem also applies to non-symmetric a, in which case the pair (u, p)
is no longer a saddle point.
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2.5 Applications

We now review the examples introduced in Sect. 2.2 in light of the inf-sup theory.

2.5.1 Model Problem

Since A is symmetric, the variational formulation of the model problem in Sect. 2.2.1
leads to the symmetric bilinear form %: H}(2) x H} () — R defined by

Blw, v] == / Vv-A(x)Vw, for all v,w € H} (Q).
Jo

We have to decide which norm to use on H{} (). The Poincaré-Friedrichs in-
equality (7) implies the equivalence of [| - || ;1 (o) and |-| 1 (o) on H} () because

1/2
Vi) < IVl < (1+C Q1) / Vg — forallve Hy(R). (34)
On the other hand, assumption (12) on the eigenvalues of A directly leads to
o |V|12r_1|(9) < ABlv,v] < Oc2|v|?{1(g) forall v e H}(Q).

Therefore, |-| Hi(Q) is a convenient norm on V = H} () for the model problem, for

which 4 is coercive with constant o = ¢ and continuous with norm || 8|| = a,.
To apply the Lax-Milgram theorem it remains to show that f € L?(Q) implies

feV*=H"1(Q),in the sense that v — [, v belongs to H!—1(Q). Recalling

vV
sy = sup 22
veH} (Q) |V|H1(_Q)

and using the Poincaré-Friedrichs inequality (7) once more we estimate
1/d
=] [ 19 < 1@l < Cal@1” Iz bl @),

and therefore || f{|;-1(q) < Cy ||/ 1£l12(0)- In view of Corollary 2, we have the
stability bound
Cal2|'4
) < =5 Ifllza)-
a
Since 4 is symmetric and coercive, it defines a scalar product in Hj (£2). Con-
sequently, an even more convenient choice of norm on V is the energy norm
ll-llo = BI,-]"/?. In this case we have a = || Z|| = 1 and
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1/d
() _ Gl

1Az = sup e AVEE)
o

veH (Q) |||VH|_Q N

whence we obtain the same stability estimate as above.

2.5.2 Other Boundary Value Problems
We now review the examples from Sect. 2.2.2.

General 2" Order Elliptic Operator. ~ We take V = H} () and the bilinear form
Blw, v] == / Vv-A(x)Vw+vb-Vw+cvw for all v,w € Hj (Q).
Q
A straightforward estimate shows continuity of % with respect to the norm |- [| 1)

1 BIw VI < NB] V@) Wil @) forallvwe HY(Q)

with operator norm || Z|| < 0 + (|| ;= (o.ra) + ¢l 1=(a)-
Assume now that divb is bounded and ¢ — %divb > 01in Q. In light of Green’s
formula (9) we get the identity

/ Vb’VW:—/ Vv~bw—/ divbvw for all v,w € H} (),

Q Q Q

whence [ovb-Vv=—1 [, divby2. IfC =, |Q| 1/4 is the Poincare-Friedrichs con-
stant for £, then we deduce as in Sect. 2.2.1 for any v € H} ()

061 2
Vo)

Blv,v] > o vl g +/Q (e =5 divb)v* > o V[ ) >

thanks to the norm equivalence (34). Using || - || 1 (o) as norm on V we have

iy = sup 2

< fllz2(q)-
verij (@) VIl (@) ze

Assuming only ¢ > 0 the bilinear form 2 is no longer coercive. Nevertheless, for
any bounded b and ¢ > 0 it can be shown that Z satisfies the inf-sup condition (23)
but the proof is not elementary; see for instance [9].

The Biharmonic Equation.  For the variational formulation of the biharmonic
equation we use the Hilbert space V = H3(Q) and claim that ||A - | [2(0) 1s anorm

on H3(Q) that is equivalent to || - || H2()- From Green’s formula we deduce for
veCy ()
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d
e = £ [ @< £ [awalr= % [[aivale=1avn
ij=1

i,j=1 i,j=1

Using density we thus conclude [v[;2 (o) = [[AV]|12(q) forall v € H3 (). For those
functions v the Poincaré-Friedrichs inequahty 7 1mphes g o) < () Vg
which, in conjunction with the norm equivalence (34), yields

[AV[2(0) < V2.2 < C(Q) V]g2(0) =C(2) AV 2(q)- (35)

The bilinear form £ given by
Blw,v] = / AvAw
Q

is symmetric and the energy norm ||-[|, coincides with the norm [|A - |2 ). There-

fore, % is continuous and coercive on H3 () with constants ||B|| = o = l
We denote by H ~2(Q) the dual space of H3(2). The norm equivalence (35)

implies || f]l2(q) < C(2)[1£ll2(o) for f € L*(Q).

The 3d Eddy Current Equations. We take V = Hy(curl; Q) along with the sym-
metric bilinear form

Blw, V] :=/ ueurlv-curlw+ kv-w forallvweV
Q

and subordinate energy norm

2 1/2 2 1/2
V113 = 1272 curtv]2a g o + 16/

v”lzﬁ(g;m’)'
Since , k > 0, this norm and the corresponding H (curl; Q) norm (i.e. u = Kk = 1)
are equivalent. Accordingly, # is continuous and coercive with respect to |||
with | 8| = a = 1.

Furthermore, any f € L?(;R?) belongs to the dual space V* = (Hp(curl; 2))*
and [|f]lv+ < &2 Fll 2 (0.3

The Stokes System. ~We use the Hilbert spaces V = H} (Q;R?) equipped with
the norm |‘|H(;(Q;Rd) and Q = L3(Q) equipped with || - ll12()- With this choice,
|| - |lv is the energy norm associated with the bilinear form a[w,v] = [, Vv : Vw.
Therefore, a is continuous and coercive on V with ||a|| = o = 1. This implies the
inf-sup condition (29a).

Using integration by parts one can show || divv||;2(q) < |V|H(}(Q;Rd) , whence the
bilinear form b[g,v] = — [, divvg is continuous with norm ||b|| = 1. In addition, for
any g € L3(Q) there exists a w € H} (2;R¢) such that

—divw=¢q inQ and Wl o.re) < C(Q)lgll 20
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This non-trivial result goes back to Necas [19] and a proof can for instance be found
in [36, Theorem II1.3.1]. This implies

all;
wp LVl blawl lallz2q)

veH) (Q;Rd) Vg @my — Wla oire a Wy (@ma)

>C(Q) M gll2(q)-

Therefore, (29b) holds with B > C(2)~! and Theorem 3 applies for all f €
L?(2;R?) and gives existence, uniqueness and stability of the solution (u,p) €
V x Q of the Stokes system.

2.6 Problems

Problem 1. Let Q = (0,1) and u € Wp1 (L) with 1 < p < co. Prove that the function
uis (p— 1)/ p-Holder continuous, namely

Jux) —u(y)| < =y Pl || ) forallx,y € Q.
If p =1, then u € W,!() is uniformly continuous in £ because of the absolute
continuity of the integral.

Problem 2. Find the weak gradient of v(x) = loglog(|x|/2) in the unit ball 2, and
show that v € W} (Q) for d > 2. This shows that functions in W} (), and in partic-
ular in H'! (£2), may not be continuous, and even bounded, in dimension d > 2.

Problem 3. Prove the following simplified version of the Poincaré-Friedrichs in-
equality (7): let 2 be contained in the strip {x € R? | 0 < x4 < h}; then

IVl2@) ShIVVI2@q) forallve Hy ().

To this end, take v € Ci’(2), write for 0 <s < h
V2 (x,5) = v2(x,0) —&—2/‘ v - v, (36)
0

integrate, and use Cauchy-Schwarz inequality to prove (7). Next use a density argu-
ment, based on the definition of H} (), to extend the inequality to H} (22).

Problem 4. Let ©;, = {(x’,x4) | |x| < h,x; > 0} be the upper half ball in R of radius
h > 0 centered at the origin. Let I}, be the flat part of d€2;,.

(a) Let { > 0 be a Cj’ cut-off function in the unit ball that equals 1 in the ball of
radius 1/2. Use the identity (36) for v, followed by a density argument, to
derive the trace inequality

2 2 1
) S HVHL2(.Q|)+HVVHL2(_(21) forall ve H ().

2
||V||L2(1"1/2
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(b) Use a scaling argument to €2, to deduce the scaled trace inequality

HVHiZ(Fh/Z) < hil ||V||i2(9h) +h||VV||iz(Qh> forall ve I{1 (Qh).

~

Problem 5. Show that divg € H~!(Q) for g € L*(Q;R?). Compute the correspond-
ing H~'-norm.

Problem 6. (a) Find a variational formulation which amounts to solving
—Au=f 1inQ, yu+pu=g ondQ,

where f € L*(Q), g € L*(d2),0 < p; < p < p» on 9. Show that the bilinear
form is coercive in H' ().

(b) Suppose that p = £~! — oo and denote the corresponding solution by u. Deter-
mine the boundary value problem satisfied by ug = limg | ue.

(c) Derive an error estimate for [[uo — ue| 1 ()-

Problem 7. Let A be uniformly SPD and ¢ € L™(£) satisfy ¢ > 0. Consider the
quadratic functional

IV = %/Q Vv-A(x)Vv+c(x)v? — (f,v) forallv e H}(2),

where f € H~'(Q). Show that u € H}(Q) is a minimizer of I[v] if and only if u
satisfies the Euler-Lagrange equation

,@[u,v}:/Vv-AVu—i—cuv:(f,v} forall v € H} (Q).
Q

Problem 8. Consider the model problem with Neumann boundary condition
—div(AVu) = f in Q, n-AVu=g ondQ

(a) Derive the variational formulation in V = H! () and show that the bilinear form
2 is continuous and symmetric but not coercive.

(b) Let V be the subspace of H' () of functions with vanishing mean value. Show
that 4 is coercive.

(c) Derive a compatibility condition between f and g for existence of a weak solu-
tion.

Problem 9. Consider the space V = H(div; ) = {g € L*>(Q;R?) | divg € L*(Q)},
and the bilinear form

e%’[p,q]:/gdivpdivq—i—pq forall p,geV.

(a) Show that V is a Hilbert space and that .2 is symmetric, continuous and coercive
in H(div; Q).
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(b) Determine the strong form of the PDE and implicit boundary condition corre-
sponding to the variational formulation

peV: Blp,q) =, q) forallg e V.

Problem 10. Let 6 := —AVu be the flux of the model problem, which can be writ-
ten equivalently as
A'6e+Vu=0, divo=—f.

(a) Let V = H(div; Q) and Q = L3(£2). Multiply the first equation by 7 € V and
integrate by parts using Green’s formula (9). Multiply the second equation by
v € Q. Write the resulting variational formulation in the form (27) and show that
(29) is satisfied.

(b) Apply Theorem 3 to deduce existence, uniqueness, and stability.
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3 The Petrov-Galerkin Method and Finite Element Bases

The numerical approximation of boundary value problems is typically an effective
way, and often the only one available, to extract quantitive information about their
solutions. In this chapter we introduce the finite element method (FEM) which,
due to its geometric flexibility, practical implementation, and powerful and elegant
theory, is one of the most successful discretization methods for this task.

Roughly speaking, a finite element method consists in computing the Petrov-
Galerkin solution with respect to a finite-dimensional space and that space is con-
structed from local function spaces (finite elements), which are glued together by
some continuity condition.

We first analyze Petrov-Galerkin approximations and then review Lagrange el-
ements, the most basic and common finite element spaces; for other finite element
spaces, we refer to the standard finite element literature, e.g. [15, 16, 18, 25, 51].

3.1 Petrov-Galerkin Solutions

The solution of a boundary value problem cannot be computed, since the solution is
characterized by an infinite number of (linearly-independent) conditions. To over-
come this principal obstacle, we replace the boundary value problem by its Petrov-
Galerkin discretization.

3.1.1 Definition, Existence and Uniqueness

To obtain a computable approximation to a solution to the variational problem (10)
we simply restrict the continuous spaces V, W in (10) to finite dimensional sub-
spaces of equal dimension N < co. As we shall see, this leads to a linear system in
RN*N which can be solved by standard methods.

Definition 3 (Discrete Solution). For N € N let Vy C V and Wy C W be subspaces
of equal dimension N. Then a solution Uy to

Uy € Vy: %[UN, W] = <f, W> for all W € Wy 37
is called Petrov-Galerkin Solution.

Remark 4. For V # W the test functions W € Wy in (37) are different from the
ansatz functions V € Vy which results in the naming Petrov-Galerkin discretiza-
tion. If the continuous spaces V = W are equal, then we will choose also the same
discrete space Vy = Wy. In this case, (37) is called Galerkin discretization and, if
additionally £ is symmetric and coercive, it is called Ritz-Galerkin discretization.
In any case, the discrete spaces are subsets of the continuous ones, and thus all dis-
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crete functions belong to the continuous function spaces. For this reason, the method
is called a conforming discretization of (10).

For any conforming discretization, the bilinear form 2% is well defined and con-
tinuous on the discrete pair Vy x Wy. The continuity constant is bounded by ||#|.
This can easily be seen, since all discrete functions V € Vy and W € Wy are admis-
sible in (16). In the same vain, for a coercive form %Z: V x V — R we are allowed
to use any discrete function V € Vy in (25) yielding

BV,V]>cz|V]E  forall V € Vy.

Therefore coercivity of % is inherited for conforming discretizations from the con-
tinuous space to the discrete one with the same coercivity constant ¢ > 0. This in
turn implies the existence and uniqueness of the Galerkin solution Uy € Vy.
Recalling the theorem of Lax-Milgram, stated as Corollary 2, we know that a
coercive form 4 satisfies the inf-sup condition (23). Since coercivity is inherited to
subspaces we can conclude in this case the discrete counterpart of (23), namely
BV, W] BV, W]

inf sup ————— = inf sup —————— =Py (38)
vevywewy IVIVIWIw — wewyvewy IVIvIWIlw

with a constant By > c.

For general 4, the continuous inf-sup (23) does not imply the discrete one. In
order to state a simple as possible criterion for the existence and uniqueness or
a discrete solution, we consider the discrete operators By € L(Vy; Wy) and By, €
L(Wy;Vy), defined in the same way as B and B* in Sect. 2.3 by

(ByV, W) = (ByW,V) = B[V,W]  forallV € Vy,W € Wy.

The discrete problem (37) is well-posed if and only if the operator By is an isomor-
phism from Vy to Wy. Since we deal with finite dimensional spaces, a necessary
condition for By being invertible is dim Vy = dim Wy, = dim Wy, which we assume
in the definition of the Petrov-Galerkin solution. Hence a neccessary and sufficient
condition for invertibility of By is injectivity of By, which can be characterized by

for every 0 £V € Vy there exists W € Wy such that B[V,W] #0.  (39)

As a direct consequence we can characterize the existence and uniqueness of the
discrete solution.

Theorem 4 (Existence and Uniqueness of the Petrov-Galerkin Solution). Let
Vv CV and Wy CW be subspaces of equal dimension.

Then for any f € Wy there exists a unique Petrov-Galerkin solution Uy € Vy,
Ie.,

Uy € Vy: BlUn, W] = (f, W) forall W € Wy,
if and only if (39) is satisfied.
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Proof. As for the continuous problem (10) the existence and uniqueness of a dis-
crete solution Uy for any f € Wy, is equivalent to the invertibility of the operator
By: Vy — Wy, The latter is equivalent to (39). a

Proposition 1. Let Vy C'V and Wy C W be subspaces of equal dimension.
Then the following statements are equivalent:

(1) The discrete inf-sup condition (38) holds for some By > 0;

BV, W
(2) inf sup V. W] > 0;
vevywewy [[VIIvIIWllw
BV, W
(3) inf sup V. W] > 0;

WeWy VeVy HV”VHWHW '
(4) condition (39) is satisfied;
(5) for every 0 £ W € Wy there exists V € Vy such that B[V, W] £ 0.

Proof. Obviously, (1) implies (2) and (3). The inf-sup condition (2) implies (4) and
(3) yields (5). Statement (4) is equivalent to invertibility of By € L(Vy, Wy) and in
the same way (5) is equivalent to invertibility of By € L(Wy,Vy), whence (4) and
(5) are equivalent. Recalling Theorem 4, statement (4) is equivalent to existence and
uniqueness of a discrete solution for any f € Wy. Applying Theorem 2 with V, W
replaced by Vy, Wy the latter is equivalent with the inf-sup condition on Vy, Wy,
i.e., (4) is equivalent to (1). a

This proposition allows for different conditions that imply existence and unique-
ness of a discrete solution. Conditions (2)—(5) of Proposition 1 seem to be more
convenient than (1) since we do not have to specify the discrete inf-sup constant By.
However, the value of this constant is critical, as we shall see from the following
section.

3.1.2 Stability and Quasi-Best Approximation

In this section we investigate the stability and approximation properties of Petrov-
Galerkin solutions. In doing so, we explore properties that are uniform in the dimen-
sion N of the discrete spaces.

We start with the stability properties.

Corollary 4 (Stability of the Discrete Solution). If (38) holds, then the Petrov-

Galerkin solution Uy satisfies

1
[Unllv < mllfllw*- (40)

Proof. Use the same arguments as in the proof of Theorem 2 for the stability esti-
mate of the true solution. O

We next relate the Petrov-Galerkin solution to the best possible approximation to
the true solution u in Vy and show that Uy is up to a constant as close to u as the
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best approximation. For coercive forms this is Cea’s Lemma [22]. For general %
this follows from the theories of Babuska [8, 9] and Brezzi [17].

The key for the best approximation property of the Petrov-Galerkin solution is
the following relationship, which holds for all conforming discretizations and is
usually referred to as Galerkin orthogonality:

Blu—Uy,W|=0 for all W € Wy. 41

If V=W, Z symmetric and coercive, then this means that the error u — Uy is
orthogonal to Vy = Wy in the energy norm |||-||| . To prove (41), simply observe
that we are allowed to use any W € Wy as a test function in the definition of the
continuous solution (10), which gives

Blu, W] = (f, W) for all W € Wy.

Then recalling the definition of the Petrov-Galerkin solution and taking the differ-
ence yields (41).

Theorem 5 (Quasi-Best-Approximation Property). Ler : V xV — R be con-
tinuous and assume (38) is satisfied. Let u be the solution to (10) and let Uy € Vy
be the Petrov-Galerkin solution.

Then the error u — Uy satisfies the bound

14|l

N

l|u—Unllv < anelgilHM—VHvo

Proof. We give a simplified proof, which follows Babuska [8, 9] and yields the

constant 1 + %. The asserted constant is due to Xu and Zikatanov [78].
Combining (38), (41), and the continuity of %, we derive for all V € Vy

BlUy -V, W] Blu—V,W|

ByllUn =V]v < sup = sup

<|[Zlu-Vlv
wewy  IWilw wewy  [Wllw ’

whence

[z
[Uv—=Vlv < By lu—Vly.

Using the triangle inequality yields
B
=0l < =Vl +1 =l < (14220 v

for all V € Vy. It just remains to minimize in Vy. O

The last two results reveal the critical role of the discrete inf-sup constant SBy.
If a sequence of spaces {(Vy, Wy)}ny>1 approximates the pair (V,W) with deteri-
orating By — 0 as N — oo, then the sequence of discrete solutions {Uy }y>] is not
guaranteed to be uniformly bounded. Furthermore, the discrete solutions in general
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approximate the true solution with a reduce rate as compared to the best approxima-
tion within Vy. For these reasons a lower bound for the discrete inf-sup constants
becomes highly desirable.

Definition 4 (Stable Discretization). We call a sequence {(Vy, Wy)}n>1 of dis-
crete spaces with inf-sup constants {8y }y>; stable if and only if there exists § > 0
such that

inf By > .
I&ﬁw_ﬁ>0

In contrast to the continuous inf-sup condition where one has to prove

B B
inf sup ﬂ >0 and inf supﬂ >0
vevwew |[VIIvwllw wewvev [[VIlvwllw
it suffices in the discrete setting to show one
BV, W BV, W
inf sup AV, W] >B or inf sup BV, W] >B
vevywewy [[VIvIWlw wewyvevy IVIvIIW]w

in order to furnish a uniform lower bound for the discrete inf-sup constant By > .
This simplification stems from the assumption dim Vy = dim Wy < 0. Allowing for
infinite dimensional spaces Vy and Wy gives rise to both inf-sup conditions as in
the continuous case.

3.1.3 Computation

In view of Theorem 5, the quality of the Petrov-Galerkin solution depends in partic-

ular on the approximation properties of the discrete spaces. Before embarking on the

construction of suitable spaces, it is useful to see how a Petrov-Galerkin solution can

be computed. This will reveal that the real task is the construction of a suitable basis

and it will give hints towards what affects the cost of a Petrov-Galerkin solution.
Let ¢1,...,¢y and yq,..., yy be bases of Vy and Wy, respectively. Writing

N
Uy =Y o;0;,
=

K = (kij)ij=1,..n With kjj=2B[¢;, vil,

F:(FlavFN) with E:<f7lljl>
the definition of the Petrov-Galerkin solution (37) is equivalent to the linear system
acRV: Ko =F. (42)

Its solution can be computed by various methods from numerical linear algebra. The
method of choice as well as the cost is affected by the properties of the matrix. Of
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course these properties depend on the bilinear form 4., -] and on the chosen bases
¢17~~'a¢N and Yi,..., UN.

For example, in the case of the model problem of Sect. 2.2.1, Vy = Wy and
¢; =y;fori=1,... N, the matrix K is symmetric positive definite, irrespective of
the choice of ¢y, ..., @y. The linear system (42) gets trivial if we take ¢y, .., ¢y to be
the eigenvectors of K. However, finding the eigenvectors of K is a nonlinear problem
and typically more expensive than solving linear systems. On the other hand, taking
the easily available polynomials for ¢@,..., ¢y will lead to full and ill-conditioned
matrices in general.

Finite element bases provide a compromise between these two extremes. The
basis functions can be relatively easily constructed and are locally supported. The
latter leads to sparse matrices for bilinear forms associated with boundary value
problems.

3.2 Finite Element Spaces

The choice, or better the construction, of suitable finite element spaces in the Petrov-
Galerkin discretization is the subject of this section. We shall discuss here only the
spaces of Lagrange elements, emphasizing the case of polynomial degree n = 1.
These spaces are appropriate for our model problem of Sect. 2.2.1.

3.2.1 Simplices and Triangulations

As already mentioned, a key property of finite element bases is that there are locally
supported. This is achieved with the help of a decomposition of the domain of the
boundary value problem. Here we consider triangulations, which are build from
simplices.

Definition 5 (Simplex and Subsimplices). Let d € N. A subset T of R is an n-
simplex in RY if there exist n+ 1 points zp, .. .,z, € R? such that

n n
T = conv hull{zp,...,z,} = {Z)Liz,- | A 20f0ri:0,...,d,27L,-: 1}
i=1 i=0

and z; —20,...,2;, — 2o are linearly independent vectors in R4, By convention, we
refer to points as 0-simplices. A subset T’ of T is a (proper) k-subsimplex of T if T’
is a k-simplex such that

T' = conv hull{z,...,z.} C OT

with k <nand zg, ...,z € {z0,...,24}-
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The 0-subsimplices are the vertices of a simplex. Moreover, 1-subsimplices
are edges and 2-subsimplices of 3-simplices are faces. We shall refer to (n— 1)-
subsimplices of n-simplices as sides.

Two d-simplices in R? are always affine equivalent, meaning that one can be
mapped onto the other by an affine bijection. This fact is useful for implementation
and also for the theory that follows. The following lemma fixes a reference sim-
plex and controls the affine bijection in terms of geometric quantities of the generic
simplex.

Lemma 1 (Reference and Generic Simplex). Let the reference simplex in R? be
defined as
T = conv hull {0, ey,...,e;},

where ey, . .., eq denotes the canonical basis in R?. For any d-simplex T in R?, there
exists a bijective affine map

Fr:T—T, £—Arf+br
where At € R and by € RY. If we define
hy :=sup{|x—y| | x,y € T},
hy :=sup{2r | B, C T is a ball of radius r},
hT = |T‘1/d7
there holds
- 1y G hg
Jarl<hr, a7 < S Jdetar| =T )
nr :

Proof. See Problem 14.

All three quantities in (43) measure somehow the size of the given simplex. In
view of a
hy <hr <hr

they are equivalent up to the following quantity.

Definition 6 (Shape Coefficient). The shape coefficient of a d-simplex T in R? is

the ratio of the diameter and the inball diameter of T,
or = h
T = hT .

Of course this notion becomes useful when it refers to many simplices. This
brings us to the notion of triangulation.

Definition 7 (Triangulation). Let Q C R“ be a bounded, polyhedral domain. A
finite set .7 of d-simplices in R? with

o=r and 2|= Y |T| (44)
TeT TeT



Theory of Adaptive Finite Elements Methods: An Introduction 33

is a triangulation of Q. We denote the set of all vertices of .7 by ¥ and the set of
all sides by 5. The shape coefficient of a triangulation .7 is the quantity 65 :=
maxre 7 Or. A triangulation .7 is conforming if it satisfies the following property:
if any two simplices 77,7> € 7 have a nonempty intersection S = 71 N T» # 0, then
S is a k-subsimplex of both Tj and T, with k € {0,...,d}.

A sequence of triangulations {7 }x>0 is shape regular if suprc 7 67 < C. It
is called quasi-uniform if there exists a constant C such that, for all k, there holds
maxre g hr <C minre g, hy. In both cases we assume tacitly that the constant C is
of moderate size.

The first condition in (44) ensures that .7 is a covering of the closure of 2, while
the second requires that there is no overlapping. Notice that the latter is required not
in a set-theoretic but in a measure-theoretic manner. Conformity will turn out to
be a very useful property when constructing bases that are regular across simplex
boundaries.

3.2.2 Lagrange Elements

The purpose of this section is to show that the following finite-dimensional space is
appropriate for our model problem in Sect. 2.2.1:

V(7):={veC(Q)|vr €Py(T) forallT €7 and vjyo =0}

where .7 is a conforming triangulation of 2 C R? and P,(T) stands for the
space of polynomials with degree < n over T. More precisely, we will show that
V() C H}(Q) possesses a basis which is locally supported and easy to imple-
ment, and conclude with approximation properties of V(7). In what follows, this
will be called the standard discretization of the model problem.

Lemma 2 (H(%-Conformity). If T is a conforming triangulation of a bounded,
polyhedral Lipschitz domain Q C RY, then V(T') C H} (Q).

Proof. Let v € V(7). We start by checking that v has a weak derivative. For any
test function n € C5(22) and i € {1,...,d} there holds

[vom=% [vom=¥ [@m+ ¥ ¥ [vanr

TeT TeT TeT ScaT’s

where nr; is the i-th coordinate of the exterior normal to dT. The second sum on
the right hand side vansishes for the following reasons: if S C d€, then there holds
n|s = 0; otherwise there exists a unique simplex 7’ € .7 such that § = TN T’ and
npr ; = —nr,;. Consequently, w € L*(L2) given by wip = vy for all T € .7 is the
i-th weak derivate of v. In particular, we have v € H'(Q). In view of the characteri-
zation

HY(Q) = (v H'(Q) | v00 = 0}
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and the definition of V(.7), we conclude that v € H} (2). O
Next, we construct a suitable basis of
S"(T):={veC(Q)|VT € T vy € P(T)},

which yields immediately one for V(.77). We first consider the case n = 1 and, in
view of the piecewise structure, start with the following result on Py (7).

Lemma 3 (Local Py-Basis). Let T = conv hull {zp,...,z4} be a d-simplex in RY.
The barycentric coordinates Ay, ..., Aq : T — R on T defined by

d d
To>x=Y A(x)z, and Y Aix)=1, 45)
o ~

1 1

are a basis of P|(T') such that
Ai(zj) = &ij Sforalli,je{l,...,d}. (46)
For each p € P1(T), there holds the representation formula
d
p= i;)p(zi)li- (47)

Proof. We first check that the barycentric coordinates A, ...,A; are well-defined.
To this end, fix x € T for a moment and observe that (45) for A4; = A;(x) can be
rewritten as

| | Ao xi
20| (M| |®
| | : :

1 -1 Ay 1

If we choose Fr in Lemma 1 such that Fr(0) =zo, Fr(e;) = F(z;) fori=1,...,d, we
easily see that the above matrix has the same determinant as Ay, which is different
from 0.

Consequently, the functions Ay, ...,A; are well-defined and, varying x, we see
that A, € Py (T) for i = 0,...,d. Property (46) is now readily verified and ensures
that the (d + 1) functions Ay, . .., A, are linearly independent. From the definition of
P (T) it is immediate that dimP;(T) = d + 1, whence Ay, ..., Ay has to be a basis.
Writing p = Z?:o o;A; for p € Pi(T), and using (46), yields (47) and finishes the
proof. a

Property (46) means that Ay, ..., A, is the basis in P (T') that is dual to the basis
M(T) ={N1,...,Nyg} of P (T)* given by p — p(z;) fori =0,...,d. By the Riesz
representation theorem in L?(7'), we can associate a function A;* € P(T) to each
functional N; such that
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/Tzli,ljza,-j foralli,j e {1,...,d}. (48)

A simple computation using [25, Exercise 4.1.1] reveals that

. (14d)? 1+d .
A = T Ai— ] ;{ilj forallie {1,...,d}.

Since A1 (T) is a basis of P (T)*, the triple
(T,P1(T), M(T))

is a finite element; for the definition of a finite element see, e.g., [16, Ch. 3]. The
elements of 4 (T) are its nodal variables and Ay, . .., A4 its nodal basis.

Theorem 6 (Courant Basis). A function v € S'0(.7) is characterized by its values
at the nodes M () := V. The functions ¢,, 7 € N (T), defined by

0.€8"(7)  and  ¢.(y)=8. forallye M(7)
are a basis of S'0(7) such that, for every v € S'0(.7),

V= Z v(2)9;.

2€M(T)

In particular, {§;}.c 4 (7)nq is a basis of SY(Q)NHL(Q).

Z

A,

Fig. 1 Courant basis function ¢, for an interior vertex z € .A47(.7).

Proof. Let T, T» € 7 be two distinct simplices such that 7 N T, # 0; then S :=
T1 N T3 is a k-subsimplex with 0 < k < d because 7 is conforming. Let w; € Py (T;),
for i = 1,2, be two affine functions with the same nodal values w;(z) = wa(z) at
all vertices z € S. We assert that w; = wy on S. Since this is obvious for k = 0, we
consider k > 0, recall that S is isomorphic to the reference simplex 7} in R¥ and
apply Lemma 3 to deduce w; = wy on S. This shows that any continuous piecewise
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affine function v € §1:%(.7) can be built by pasting together local affine functions
with the restriction of having the same nodal values, or equivalently to coincide at all
vertices z € A1 (7). Moreover, v is characterized by its nodal values {v(z) }.c 4 (7)-

Therefore, the functions ¢, are well-defined for all z € 41(.7). In addition, for
all v e §10(.7) the function ¥ ¢ 4;(7) v(z) 9. equals v at the nodes, whence they co-
incide everywhere and S"'*(.7) = span {¢,} . i (7)- Since {@;}.c 4 () are linearly
independent, they form a basis of S'0(.7).

Finally, to prove that {¢;}.c 4 (7)nq is a basis of S'YO(Q)NH(2) we observe
that if v € §19(Q) vanishes at the vertices of a side S € .# contained in d€ then v
vanishes in §, again as a consequence of Lemma 3. Therefore, v € $'0(Q)NH} (Q)
if and only if the nodal values v(z) =0 for all z € A1 (.7) NIQ. 0

Remark 5 (Representation of Courant Basis). The proof of Theorem 6 shows that
the global basis functions are given in terms of local basis functions. More precisely,
if AZT denotes the barycentric coordinate of T € .7 associated with the vertex z € T,

there holds
AT ifzeT,
¢z = { <

0 otherwise

for any node z € 4.

We thus now have a basis of V(.7) = S'0(.7) N H/} (Q) that can be implemented
relatively easily. Its basis functions are locally supported and the corresponding ma-
trix in (42) is sparse in the case of our model problem in Sect. 2.2.1; see Problem
17.

Remark 6 (Dual of Courant Basis). Let v, € N be the valence of z for each node
z € M (7), namely the number of elements 7 € .7 containing z as a vertex. The
discontinuous piecewise linear functions ¢ € S""~!(.7) defined by

(pz*:lZ(}LZT)* xT forall z € A(7), (49)

Vz T>z

with yr being the characteristic function of 7', are (global) dual functions to the
Courant basis {¢@, }.c 4 in that they satisfy

[ o.0i=8. forallyze (). (50)
[ 6.0,

We briefly comment on the generalization to arbritray polynomial degree n € N.
Given a d-simplex T = conv hull {zy,...,z4} and identifying nodal variables and
nodes, we set

d+1 o d+1
M(T) = ZO,:Z;IZJOCENSI“,ZOQ:n (51)
i=0 i=0

The number of elements in .4, (T) coincides with the number of coefficients of
polynomial in P, (7). This is necessary for the existence of the corresponding nodal
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basis. The construction, see e.g. [16, Chapt. 3], reveals that also the location of
the nodes plays some role. The latter implies also that restricting 4,,(T) to a k-
subsimplex and transforming to T yields .4;,(T}). Consequently, the following the-
orem can be proven in the same way as Theorem 6.

Theorem 7 (Lagrange Basis). A function v € S™°(.7) is characterized by its values
at the nodes Ny (T) := Urc g M, (T). The functions ¢, z € N, (7)), defined by

0.€5"(7)  and  ¢.(y)=8. forallye #(7)
are a basis of S"°(7) such that, for every v € S"0(7),

V= Z v(2)9;.

€ M(T)

In particular, (§;).c_,(7)nq is a basis of S"(Q)NHL(Q).

Remark 7 (Dual of Lagrange Basis). The construction of local and global piecewise
linear dual functions extends to any polynomial degree n > 1; see Problem 19 for
k = 2. Consequently, there exist discontinuous functions ¢ € $"~1(.7) such that

supp ¢, = supp ¢, and
/ 007 =8,  forall yze H(T). 52)
Q

Remark 8 (Barycentric Coordinates). For linear finite elements the basis functions
on a single element T are the barycentric coordinates on 7. The barycentric co-
ordinates play also an important role for higher degree. First we observe that any
point zg € A, (T) is determined from the barycentric coordinates (o, ..., o).
Secondly, using the (d + 1) barycentric coordinates as a local coordinate system on
T is a rather convenient choice for the explicit construction of a local basis on T
compare with Problem 18 as well as [63, Sect. 1.4.1] for a more detailed description.
This is one reason that local basis functions are defined in the finite element toolbox
ALBERTA in terms of the barycentric coordinates [63, Sect. 3.5].

3.2.3 Looking Ahead

We close this section with a few comments about fundamental issues of finite ele-
ments that will be addressed later in this survey.

Mesh Construction. The formalism above relies on a conforming mesh 7. Its
practical construction is a rather delicate matter, especially if it will be succes-
sively refined as part of an adaptive loop. We study mesh refinement by bisection
in Chap. 4 in any dimension and assess the complexity of such process. This
study involves basic geometry and graph theory as well as combinatorics.

Piecewise Polynomial Interpolation. As established in Theorem 5, the perfor-
mance of the FEM hinges on the quality of piecewise polynomial approxima-
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tion. We discuss this topic in Chap. 5, where we construct a quasi interpolation
operator to approximate rough functions and introduce the concept of mesh op-
timality; Remark 7 will be crucial in this respect. We present an algorithm that
builds quasi-optimal meshes by thresholding for a rather large class of rough
functions. This hints at the potentials of FEM to approximate singular solutions.

A Posteriori Error Analysis. Thresholding assumes to have full access to the
function in question, which is not realistic when dealing with PDE. The missing
item is the design of a posteriori error estimators that extract the desired infor-
mation from the discrete solution rather than the exact one. We present residual
estimators in Chap. 6 and discuss their basic properties. They are instrumental.

Adaptivity. The fact that we learn about the approximation quality via a poste-
riori error estimators rather than directly from the function being approximated
makes the study of AFEM quite different from classical approximation theory.
This interplay between discrete and continuum will permeate the subsequent dis-
cussion in Chap. 7-Chap. 9.

In this survey, particularly when studying a posteriori error estimators and adap-
tivity, we assume that we have the exact Petrov-Galerkin solution U at hand. In
doing this we ignore two important aspects of a practical finite element method: nu-
merical integration and inexact solution of the resulting linear system. We close this
chapter with two remarks concerning these issues.

Remark 9 (Numerical Integration). In contrast to the a priori error analysis of
quadrature [25, Chapter 4.1], its treatment within an a posteriori context is a del-
icate matter, especially if one is not willing to assume regularity a priori and accept
asymptotic results as the mesh size goes to zero. This seems to be largely open.

Remark 10 (Multilevel Solvers). For a hierarchy of quasi-uniform meshes, V-cycle
multigrid and BPX-preconditioned conjugate gradient methods can approximate the
Ritz-Galerkin solution U of our model problem (13) to a desired accuracy with a
number of operations proportional to #.7 [15, 16]. This, however, entails some re-
strictions on the coefficient matrix A. Much less is known for graded meshes such
as those generated by an adaptive method. For graded bisection meshes, we quote
the results of Wu and Chen [77] for the V-cycle multigrid for d = 2,n = 1, and the
recent results of Chen et al. [23] for multigrid methods and multilevel precondition-
ers for d > 2,n > 1: they both show linear complexity in terms of #.7. The latter
exploits the geometric properties of bisection grids explained in Chap. 4.

3.3 Problems

Problem 11. Prove Cea’s Lemma: Let %8: V x V be a continuous and coercive
form. Let u be the true solution and Uy € Vy be the Galerkin solution. Then Uy
is a quasi-best approximation to u in Vy, i.e.,
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12l

-U < — mi —Vlly.
Ju=Uxlly < 225 min u=Vly

If, in addition, £ is symmetric, then Uy is the best approximation to u in Vy with
respect to the energy norm |||, i. €.,

-U = mi -V
llu=Unlllo = min flu—Vilq
and the error in the V-norm can be estimated by

B .
u=nllv < 4/ 22 min Ju—viy.
Cp VeVy

Problem 12. Let {Vy, Wy } yen be a sequence of nested subspaces of V, W of equal
dimension NV, i.e.,

Vu C Vy and Wy € Wy forallM <N,

such that

L I
UWw =V ad [JWy =W
NeN NeN

Suppose that, for every f € W*, the sequence of discrete Petrov-Galerkin solutions
{Un}n defined by

UveVy:  BlUy,W]=(f,W) forallW e Wy

satisfies
Jim [|u— Uyllv = 0.

Show that there holds

BV, W
inf inf sup # > 0.
NeNVeVy WeWy HV”VHWHW

Problem 13. Verify that the matrix K in (42) is symmetric positive definite for the
model problem of Sect. 2.2.1, Vy = Wy and ¢; = y; fori = 1,... N, irrespective of
the choice of ¢y, ..., ¢n.

Problem 14. Prove Lemma 1. Start by expressing Ar and b7 in terms of the vertices
of T.

Problem 15. Prove Lemma 2 for a not necessarily conforming triangulation.

Problem 16. Given a d-simplex T = conv hull {zp,...,z4} in R4, construct a basis
A9, - .., Aq of Py (T) such that

2i(z)) =8  foralli,je{l,...,d},
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where Z; denotes the barycenter of the face opposite to the vertex z;. Does this local
basis also lead to a global one in S'0(.7)?

Problem 17. Determine the support of a basis function ¢,, z € .4/, in Theorem 6.
Show that, with this basis, the matrix K in (42) is sparse for the model problem in
Sect. 2.2.1.

Problem 18. Express the nodal basis of (7,IP,(T),.4#3(T)) in terms of barycentric
coordinates.

Problem 19. Derive expressions for the dual functions of the quadratic local La-
grange basis of P,(T') for each element T € T. Construct a global discontinuous dual
basis ¢; € $*71(.7) of the global Lagrange basis ¢, € S>°(.7) for all z € A5(T).
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4 Mesh Refinement by Bisection

In this section we discuss refinement of a given initial triangulation consisting of
d simplices using bisection, i.e., any selected simplex is divided into two sub-
elements of same size. Refinement by bisection in 2d can be traced back to Sewell
in the early 1970s [66]. In the mid of the 1980s Rivara introduced the longest edge
bisection [61] and Mitchell formulated a recursive algorithm for the newest vertex
bisection [49, 50]. In the beginning of the 1990s Binsch was the first to present a
generalization of the newest vertex bisection to 3d [10]. A similar approach was
published by Liu and Joe [46] and later on by Arnold et al. [2]. A recursive vari-
ant of the algorithm by Binsch was derived by Kossaczky [44]. He formulated the
bisection rule for tetrahedra using a local order of their vertices and their element
type. This concept is very convenient for implementation. In addition, it can be gen-
eralized to any space dimension which was done independently by Maubach [47]
and Traxler [72].

Asking for conformity of locally refined meshes has the unalterable consequence
that refinement propagates, i. e., besides the selected elements additional simplices
have to be refined in order to maintain conformity. Although practical experience
clearly suggests that local refinement stays local, the first theoretical foundation
was given by Binev, Dahmen, and DeVore [13] in 2d in 2004. We summarize in this
chapter the generalization to any space dimension by Stevenson [70].

4.1 Subdivision of a Single Simplex

We first describe how a single d-simplex is bisected, along with the concepts of
vertex order and type. We then turn to recurrent bisection of a given initial element
and the problem of shape regularity.

Bisection Rule based on Vertex Order and Type. We identify a simplex T with
the set of its ordered vertices and its type t by

T:{ZO,~~~,Zd}t; lE{O,...,d—l}.

Given such a d-simplex T we use the following bisection rule to split it in a unique
fashion and to impose both vertex order and type to its children. The edge zZozg
connecting the first and last vertex of T is the refinement edge of T and its midpoint
7= % becomes the new vertex. Connecting the new vertex Z with the vertices of
T other than zg,z,; determines the common side S = {Z,z;,...,z4—1} shared by the
two children 77,7 of T. The bisection rule dictates the following vertex order and

type for 71, T»
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Tl = {207Zazla”' 3 Zty 4190+ 7Zd71}(t+1)m0dd7
—— —

S S - (53)
T2 = {Zdaz7zlv' « 9%ty d—15- "7Zt+1}(t+l)m0dd7

with the convention that arrows point in the direction of increasing indices and

{Zl,~-~,ZO} :0, {Zda"'azd—l} =0.
In 2d the bisection rule does not depend on the element type and we get for
T = {z0,21,22} the two children

T ={z0,zz1} and T ={zxza}

As depicted in Fig. 2, the refinement edge of the two children is opposite to the

Fig. 2 Refinement of a single triangle 7 = {zo,z1,22} and its reflected triangle Tg = {z2,21,20}-

new vertex zZ, whence this procedure coincides with the newest vertex bisection for
d = 2. For d > 3 the bisection of an element does depend on its type, and, as we
shall see below, this is important for preserving shape regularity. For instance, in 3d
the children of T = {z9,z1,22,23}/ are (see Fig. 3)

t=0: N =A{z20.Z,21,22}1 and T ={z3,Z,20,21}1,
t=1: N ={z20,Z,21,22}» and Th ={z3,Z,21,22}2,
t=2: T ={z20,Z,21,22}0 and T» ={z3,Z,21,22}0-

Note that the vertex labeling of 77 is type-independent, whereas that of 75 is the

0 2 0 3 {2,3,3}

1 2 {3,2,2}
Fig. 3 Refinement of a single tetrahedron 7' of type ¢. The child 77 in the middle has the same

node ordering regardless of type. In contrast, for the child 75 on the right a triple is appended to
two nodes. The local vertex index is given for these nodes by the ¢-th component of the triple.

same for type 1 and 2. To account for this fact the vertices z; and z, of T are tagged
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(3,2,2) and (2,3,3) in Fig. 3. The type of T then dictates which component of the
triple is used to label the vertex.

Any different labeling of an element’s vertices does not change its geometric
shape but applying the above bisection rule it does change the shape and vertex
order of its two children. This holds true for any relabeling except one. An element
with this special relabeling of vertices is called reflected element. We state next its
precise definition.

Definition 8 (Reflected Element). Given an element T = {z9, - - ,z4 }+, the reflected
element is given by

TR = {Zdazlw"aztazd717"'azl+17zo}t~
—— ——

— —

Fig. 2 depicts for 2d T = {z9,21,22} and Tg = {z2,21,20}. It shows that the chil-
dren of T and T are the same. This property extends to d > 3; compare with Prob-
lem 21. Any other relabeling of vertices leads to different shapes of the children, in
fact as many as 1 (d +1)!

Recurrent Bisection and Binary Tree. We next turn towards the recurrent bisection
of a given initial simplex Ty = {zo,...,24},. We let {T1, T} = BISECT(T') be a
function that implements the above bisection rule and outputs the two children of
T. The input of BISECT can be Tj or any element of the output from a previous
application of BISECT.

This procedure of recurrent bisection of Ty is associated with an infinite binary
tree F(Ty). The nodes T € F(T) correspond to simplices generated by repeated
application of BISECT. The two successors of a node T are the two children
{T1,T»} = BISECT(T). Note that F(Tp) strongly depends on the vertex order of
Tp and its type fp. Once this is set for 7y the associated binary tree is completely
determined by the bisection rule. Recalling that the children of an element and its
reflected element are the same this gives in total w different binary trees that
can be associated with Ty by the bisection procedure.

The binary tree F(7p) holds full information about the shape, ordering of ver-
tices, type, etc. of any element 7' that can be generated by recurrent bisection of
Tp. Important in this context is the distance of T to Tp within F(7p), which we call
generation.

Definition 9 (Generation). The generation g(T) of a node/element T € F(Ty) is the
number of its ancestors in the tree, or, equivalently, the number of bisections needed
to create T from Tp.

Using the notion of generation, some information about 7' can uniquely be deduced
from g(T'). For instance, for an element T € F(Tp), its type is (g(T) + to) modd,
and, in view of the definition iy = |T|]/ 4 its size is

hy =27¢M/dp, (54)
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Shape Regularity. We next analyse the shape coefficients of descendants of a given
simplex Tp. A uniform bound on the shape coefficients o for all T € F(Tp) plays a
crucial role in the interpolation estimates derived in Sect. 5.1. When turning towards
shape regularity the dependence of the bisection rule on the element type for d >
3 becomes indispensable. The fact that the type ¢ increases by 1 and the vertex
ordering changes with ¢ implies that after d recurrent bisections of 7 all its edges
are bisected; compare with Problem 20.

We first consider a so-called Kuhn-simplex, i. e., a simplex with (ordered) vertices

i
=0, zZF:=Y ey, foralli=1,....d,
j=1

where 7 is a permutation of {1,...,d}. Note, that 7 = (1,...,1)” for any permu-
tation . Therefore, the refinement edge ﬂ of any Kuhn-simplex is always the
longest edge. If T is a type 0 Kuhn-simplex, recurrent bisection always cuts the
longest edge. This is the key property for obtaining uniform bound on the shape
coefficients [47, 72].

Theorem 8 (Shape Regularity for a Kuhn-Simplex). All 28 descendants of gen-
eration g of a Kuhn-simplex Ty = {zf, ...,z }o are mutually congruent with at most
d different shapes. Moreover, the descendants of generation d are congruent to Ty
up to a scaling with factor %

In two dimensions, all descendants of a Kuhn-triangle belong to one similarity class;
see Figure 4. Using an affine transformation we conclude from Theorem 8 shape

A

Fig. 4 Recurrent bisection of a Kuhn-triangle generates only one similarity class.

regularity for all descendants of an arbitrary simplex.

Corollary 5 (Shape Regularity). Let Ty = {zo, . ..,zq4}: be an arbitrary d-simplex.
Then all descendants of T generated by bisection are shape regular, i. e.,

h
sup oy = sup T < C(Tpy) < oo.
TG]F(T()) TGF(T()) ar

Proof. Consider first a simplex Tp of type 0 and let Ty = {20,---,24}0 be the a
Kuhn-simplex of type 0. From Lemma 1 we know that there exists a bijective affine
mapping F: Ty — Tp.
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Recurrent refinement by bisection implies that for any T € F(Tp) there exists a
unique 7' € F(Tp) such that T = F(7T"). Since all descendants of 7j belong to at most
d similarity classes, this implies that the minimal angle of all descendants of Tj is
uniformly bounded from below by a constant solely depending on the shape of Tj.

The same is valid for a simplex Ty of type t € {1,...,d — 1} because its 29~
descendants of generation d —t are all of type 0. a

Note, that for a general d-simplex, the number of similarity classes for the descen-
dants is larger than for a Kuhn d-simplex. This number is 4 for d = 2; compare
Figures 4 and 5.

Fig. 5 Bisection produces at most 4 similarity classes for any initial triangle.

4.2 Mesh Refinement by Bisection

After discussing the refinement of a single simplex, we next turn to the refinement of
a given initial conforming triangulation .7 by bisection. For recurrent refinement of
a single element 7 we are free to choose any order of its vertices and element type.
The requirement to produce conforming refinements of % results in restrictions on
local vertex order and type of the elements in .. We first introduce the binary forest
associated to triangulations generated by bisection and then elaborate on conformity
and basic properties of the refined triangulations.

Master Forest and Forest. We recall that recurrent bisection of an element Ty € .7
is uniquely associated with an infinite binary tree F(Tp); see Sect. 4.1. In the same
way we can identify all possible refinements of .7 with a master forest of binary
trees.

Definition 10 (Forest and Refinement). Let % be an initial conforming triangula-

tion. Then
F=F(%):= |J F(I).
T()Ee%

is the associated master forest of binary trees. For anode T € F so that T € [F(Ty)
with Ty € 9, the generation g(T') is the generation of 7' within F(7).
A subset .Z C F is called forest iff

M HcC7;
(2) all nodes of .# \ 9 have a predecessor;
(3) all nodes of .# have either two successors or none.
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A forest .7 is called finite, if maxyc gz g(T) < oo. The nodes with no successors are
called leaves of 7.

Any finite forest & is uniquely associated with a triangulation = 7 (%) of Q
by defining .7 to be the set of all leaves in .%. Given two finite forests .7, %, € F
with associated triangulations .7, .7, we call ., refinement of 7 iff % C %, and
we denote this by .7 < 7 or, equivalently, 7, > 7.

Note that the definition of a finite forest .% implies that the leaf nodes cover €2,
whence the associated triangulation .77 (%) is a partition of Q. In general, this tri-
angulation is not conforming and it is a priori not clear that conforming refinements
of 7 exist.

Conforming Refinements. We next wonder about the properties of .7 that allow
for conforming refinements. This brings us to the notion of neighboring elements.

Definition 11 (Neighboring Elements). Two elements 77,7, € .7 are called neigh-
boring elements if they share a common side, namely a full (d — 1)-simplex.

In 2d new vertices are always midpoints of edges. Generating the descendants of
generation 2 for all elements of a given conforming triangulation .7 bisects all edges
of 7 exactly once and all midpoints of the edges are vertices of the grandchildren.
This implies conformity for d = 2. For d > 2 the situation is completely different.

Assume d = 3 and let 71,7 € 7 be two neighboring elements with common
side S = T1 NT,. Denote by E, E; their respective refinement edges and assume that
they belong to S. The 3d bisection of 77 leads to a 2d bisection of S with E; being
the refinement edge of S induced by 77. The same holds true for 7. If E| # E; the
new edges in S created by refinement of 77 and 7> are not identical but do intersect.
This leads to a non-conformity that cannot be cured by any further bisection of S.
The same holds true for d > 3 upon replacing the newly created edge by the newly
created (d — 2)-simplex inside the common side. This yields for d > 3 a necessary
condition for constructing a conforming refinement:

Whenever the refinement edges of two neighboring elements are
both on the common side they have to coincide.

For d = 3 this condition has been shown to also be sufficient for obtaining conform-
ing refinements. It is also known that for any initial conforming triangulation %
there exists a local labeling of the vertices satisfying this condition [10, 46, 2].

For d > 3 the above condition is not known to be sufficient. In addition, for
proving the complexity result in Sect. 4.5 we need stronger assumptions on the
distribution of refinement edges on .%,. For the general case d > 2, we therefore
formulate an assumption on the labeling of Z given by Stevenson that ensures
conformity of any uniform refinement of 7. This condition relies on the notion of
reflected neighbor.

Definition 12 (Reflected Neighbors). Two neighboring elements T = {zo,...,z4}
and T’ = {z,...,2,}; are called reflected neighbors iff the ordered vertices of T or
Tx coincide exactly with those of 7’ at all but one position.
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We are now in the position to pose the assumptions on the initial triangulation .%.

Assumption 1 (Admissibility of the Initial Grid). Let % be a conforming trian-
gulation that fulfills

(1) all elements are of the same type t € {0,...,d —1};
(2) all neighboring elements T = {zo,...,z24} and T' =1z, ...,2,;}; with common

side S are matching neighbors in the following sense: if Zozg C S or z()z; C Sthen
T and T' are reflected neighbors; otherwise the pair of neighboring children of
T and T' are reflected neighbors.

For instance, the set of the d! Kuhn-simplices of type O is a conforming triangulation
of the unit cube in R satisfying Assumption 1; see Problem 22. We also refer to
Fig. 6 and Problem 23 to explore this concept for d = 2.

Fig. 6 Matching neighbors in 2d and their descendants of generation 1 and 2. The elements in
the left and middle picture are reflected neighbors. The elements in the rightmost picture are not
reflected neighbours, but the pair of their neighboring children are.

Uniform Refinements. We next state the following important implication of this
structural assumption on .%. The proof is a combination of [72, Sect. 4] and [70,
Theorem 4.3].

Theorem 9 (Uniform Refinement). Let %) be a conforming triangulation and for
g € Ng denote by
Ty =A{T €F(%) | ¢(T) = ¢}

the uniform refinement of 9 with elements of generation exactly g.

If Assumption 1 is satisfied, then Jy is conforming for any g € Ny. In addition, if
all elements in % are of the same type, then condition (2) is necessary for I, to be
conforming for all g.

To interpret Theorem 9 we introduce the following useful definition.

Definition 13 (Compatible Bisection). We say that two elements T, T’ € IF are com-
patibly divisible if they have the same refinement edge. If all elements sharing an
edge are compatibly divisible, then they form a bisection patch.

Using this notion, Theorem 9 states that two elements 7,7’ € F of the same genera-
tion sharing a common edge are either compatibly divisible, or the refinement of T
does not affect 7/ and vice versa. In the latter case any common edge is neither the
refinement edge of T nor of T'.
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Letd =2 and T = {z0,21,22}; and T’ = {z,2},25 }+ be neighboring elements
with common side S. If ZpZ7 = 2z, then T and 7" are compatibly divisible and thus
form a bisection patch: they can be refined without affecting any other element. If
z1,2) € S, then the pair of neighboring children of 7" and 7" are compatibly divisible
and thus form a bisection patch; compare with Fig. 6 and Problem 23.

Remark 11 (Discussion of Assumption 1). Assumption 1, given by Stevenson [70],
is weaker than the condition required by Maubach [47] and Traxler [72]: they asked
that all neighboring elements are reflected neighbors. It is an important open ques-
tion whether for any conforming triangulation 7 there exists a suitable labeling of
the element’s vertices such that Assumption 1 is satisfied.

For dimension d = 2 such a result has been shown by Mitchell [49, Theorem 2.9]
as well as Binev et al. [13, Lemma 2.1]. Both proofs are based on graph theory
and they are not constructive. It can be shown that the problem of finding a suitable
labeling of the vertices, the so-called perfect matching, is NP-complete.

For dimension d > 2 this is an open problem. In 3d Kossaczky has constructed a
conforming refinement of any given coarse grid into an initial grid % that satisfies
Assumption 1. This construction has been generalized by Stevenson to any space
dimension. [70, Appendix A].

As mentioned above, the conditions of Biansch [10], Liu and Joe [46], and Arnold
et al. [2] on the initial tetrahedral mesh can be satisfied for any given conform-
ing triangulation. But then it can only be shown that uniform refinements .7, with
gmodd = 0 are conforming [2, 10, 46]. The property that any uniform refinement
T, for g € Ny is conforming is the key tool for the complexity proof in Sect. 4.5.

We next define the class of conforming refinements of % to be
T={7=9(%)|%# CFis finite and 7 (.%) is conforming}.

Then Theorem 9 has two direct consequences.

(a) The class T contains an infinite number of conforming refinements of .%.

(b) There exists a function REFINE(Z | .#) that, given a conforming triangulation
Z €T and a subset .# C 7 of marked elements, bisects all simplices in .Z at
least once, and outputs the smallest conforming refinement 7, € T of .7 with

TN M =0.

Before constructing such function REFINE we analyze some basic properties of
triangulations.
4.3 Basic Properties of Triangulations

In this section we analyze basic properties of refinement by bisection, namely uni-
form shape regularity, convergence of mesh-size functions, and the cardinality of an
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overlay of two triangulations. The results can be easily derived using the structure
of the master forest F.

Uniform Shape Regularity. A direct consequence of Corollary 5 is that refinement
by bisection only produces elements 7" with shape coefficient 67 uniformly bounded
by a constant solely depending on %; recall Definition 6.

Lemma 4. All elements in F are uniformly shape regular, i. e.,

h
sup o7 = sup — < C(F) < 0.
TeFR Ter by

For any conforming mesh .7 € T, the discrete neighborhood of 7 € .7 is given by
N (T):={T'€ 7| T'NT # 0}.

Lemma 4 implies that the cardinality of this patch is bounded uniformly and the
measure of all its elements is comparable
7]

AN (T) < C(F 2 oo 55
max #N7 (T) < C(JD), ] S (%), (55)

with C(%) only depending on .%. This is usually called local quasi-uniformity.

Convergence of Mesh-Size Functions. Let {7 }1>0 C T be any sequence of nested
refinements, i.e., 7 < J;.1 for k > 0. This sequence is accompanied by the se-
quence of mesh-size functions {Ay }¢>¢, defined as /i, € L*(Q) with

hir = hr = 7|4 forall T € 7.
If the sequence is produced by uniform refinement then we easily obtain from (54)

lim [l -) = 0. (56)

However, this may not hold when the sequence 7 is generated adaptively, i. e., we
allow for local refinement. Therefore we have to generalize it appropriately. For a
first generalization of (56), we observe that the skeleton I}, :=J{dTNQR: T € ;}
of J; has d-dimensional Lebesgue measure zero. We may thus interpret A as a
piecewise constant function in L (). Moreover, the limiting skeleton I, := Uil
has also d-dimensional Lebesgue measure zero. Since, for every x € Q \ I, the
sequence /i (x) is monotonically decreasing and bounded from below by 0,

hoo(X) 1= klim Iy (x) (57)
is well-defined for x € Q \ I, and defines a function in L*(€). As the next lemma
shows, the pointwise convergence in (57) holds actually in L (). Another gener-

alization of (56), where the limit function is 0, will be provided in Corollary 10 in
Chap. 7.
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Lemma 5 (Uniform Convergence of Mesh-Size Functions). For any sequence
{Z } k>0 C T of nested refinements the corresponding sequence {hk}kzo of mesh-
size functions converges uniformly in Q \ I t0 he, L. e.,

L ([ = heo|l () = O

Proof. [1]Denote by .%, = .7 (.7) the corresponding forest of 7. From .7, < Z, 1
we conclude .Z; C %, and thus the forest

Froo 1= U tg‘\k
k>0

is well defined. Note that in general .%., is infinite.
For arbitrary € > 0, let g = g(€) € N be the smallest number such that

g > log(e!/M)/log(3)

with M = max{|T| | T € Z}. Obviously, .% := {T € .Z.. | g(T) < g} is a finite
forest and .7 (.%) is a triangulation of Q. Since .% C .Z.. is finite there exists k =
k(g) > 0 with .% C .%;.
Let T €  be any leaf node of % and let T € %#(Tp) for some Ty € Jp. To
estimate iy — he on T, we distinguish the following two cases:

Case 1: g(T) < g. This implies that T is a leaf node of 7. and thus i = heo|r
or, equivalently, (A; — he) 7 =0.

Case 2: g(T) > g. Hence, T is generated by at least g bisections of Ty. By (54),
the monotonicity of the mesh-size functions, and the choice of g, we obtain

0< (I _hm)‘T < hk\T =hy < zfg(T)/thO < y—g/dpy1/d <e.

Combining the two cases we end up with 0 < (i — hw)‘T <egforall T € .
Since ¢ is arbitrary and 0 < hy — heo < hy — hoo in Q for all £ > k, this finishes the
proof. ad

Overlay of Triangulations. Let .77, % € T be conforming triangulations with cor-
responding finite forests .%| and .%;. Then % U.%, is also a finite forest and we
call the unique triangulation

N© T =T (F1UF) (58)

the overlay of 71 and 5. The name overlay is motivated by printing 2d triangula-
tions 7] and % at the same position on two slides. The overlay is then the triangu-
lation that can be seen when putting one slide on top of the other. It turns out that
the overlay is the smallest conforming triangulation with .77, % < 9] ® % and its
cardinality can be estimated by the ones of 7] and 9.

Lemma 6 (Overlay of Meshes). For 71, % € T the overlay T := 51 & 9 is the
smallest common refinement of 9, and 9 and satisfies



Theory of Adaptive Finite Elements Methods: An Introduction 51
#T <#N +#5H - #D.

Proof. Argue by contradiction and assume that 7 contains a non-conforming ver-
tex z. That is, there exist 77,75 € .7 such that z is a vertex of 7} and z € 7> is not a
vertex of T,. Without loss of generality let Ty € .Z]. Since 7] is conforming, there
existsa T’ € 7, T' C T» such that z is a vertex of 7’. Hence, T’ is a descendant of
T in .% and thus 75 cannot be a leaf node of .% (.7), i.e., Th» ¢ 7, a contradiction.
Since the overlay only contains elements from 7] or .% and is conforming, it is the
smallest conforming refinement.

For T € ) and i = 1,2 we denote by .%;(T) C % (.7) the binary trees with root
T corresponding to .7; and let Z;(T) be the triangulation given by the leaf nodes of
Fi(T). Since T (T) C A(T)U.A(T), we infer that #.7(T) <#7(T) +#.%(T).
We now show that #.7(T) <#.7,(T) +#%(T) — 1 by distinguishing two cases.

Case 1: 71(T)N%(T) # 0. Then there exists T' € 7 (T)N % (T), and so T' €
J(T). By counting T’ only once in #(.71(T)U % (T)) we get #7(T) < #71(T) +
#5(T)— 1.

Case 2: 71(T)N % (T) = 0. Then there exists 7’ € 1 (T) (resp., T’ € F(T)) so
that 7' ¢ .7 (T), for otherwise T’ € % (T) (resp., T' € Z1(T)), thereby contradicting
the assumption. We obtain again #.7(T) < #7(T) +#%(T) — 1.

Finally, since 7 = Urc g Zi(T), the assertion follows by adding over the ele-
ments in 9. a

4.4 Refinement Algorithms

We discuss two refinement algorithms based on the bisection rule introduced in
Sect. 4.1. Given a conforming triangulation .7 and a subset of marked elements
~# both variants output the smallest conforming refinement .7, of .7 such that all
elements of .# are bisected, i.e., 7. N.# = 0.

Iterative Refinement. The basic idea is to first bisect all marked elements in .7
leading to a non-conforming grid 7. In order to restore conformity, we identify all
elements 7 € .7 containing a so-called irregular (or hanging) node z € T, namely a
vertex z € ¥z, which is not a vertex of T'. These elements are then also scheduled for
refinement. This procedure has to be iterated until all irregular nodes are removed
and this step is called completion. The core of iterative refinement is a routine that
bisects all marked elements in a possibly non-conforming triangulation:

REFINE_MARKED(.7,.#)
forall T € .# do
{To,T1} = BISECT(T);
7 = Z\{TYU{T, T ;
end for

return(.7)
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The refinement of a given conforming grid .7 with a subset of marked elements
# into a new conforming refinement is then executed by

REFINE(.Z, .« )
while .Z # 0 do
7 :=REFINE_MARKED(.7, % );
A :={T € 7 | T contains an irregular node};
end while
return(.7)

We let Z, be the output of REFINE_MARKED(.Z,.#) on its first call. Since
non-conforming situations can only be cured by refining all elements containing
an irregular node, the above algorithm outputs the smallest conforming refine-
ment of 7, if the while-loop terminates. We let ¢ be the maximal generation
of any element in 7. By Theorem 9 the uniform refinement .7, is conforming,
and by construction it satisfies .7, < .7,. Since REFINE(.7,.#') only refines ele-
ments to remove non-conforming situations, any intermediate grid 7 produced by
REFINE_.MARKED (.7, #) satisfies 7 < .7, and this implies that the while loop
in the above algorithm terminates.

We point out that this algorithm works without any assumption on the ordering
of vertices in .7 in 2d and with the less restrictive assumptions in [2, 10, 46] in 3d.
This follows from the fact that .7, with gmodd = 0 is conforming and thus one can
choose a suitable .7, > 7.; compare with Remark 11.

The above implementation of iterative refinement is not efficient since there are
too many loops in the completion step. We observe that the bisection of a single
element 7 enforces the bisection of all elements at its refinement edge. Some of
these elements may also be marked for refinement and will directly be refined. Other
elements have to be refined in the completion step. The algorithm can be speeded
up by directly scheduling those elements for refinement.

This motivates the simultaneous bisection of all elements meeting at the refine-
ment edge. This variant is discussed next.

Recursive Refinement. Let .7 be a given conforming grid and let 7 € .7 be an
element with refinement edge E. We define the refinement patch of T to be

R(T:;T):={T"€e 7|T'€ 7 withE CT'}.

As mentioned above, a bisection of T enforces a refinement of all elements in
R(Z;T) for regaining conformity. We could avoid non-conforming situations by
a simultaneous refinement of the whole refinement patch. This is only possible if all
elements in R(Z;T) are compatibly divisible, i.e., E is the refinement edge of all
T' € R(;T) and R(7;T) is a bisection patch. This is called the atomic refinement
operation and is depicted in Fig. 7 for d = 2 (top) and d = 3 (bottom).

If there are elements in R(.7;T) that are not compatibly divisible with T, the
basic idea is to recursively refine these elements first. This builds up the new refine-
ment patch around E that in the end allows for the atomic refinement operation.
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Fig. 7 Atomic refinement operation in 2d (top) and 3d (bottom): The common edge is the refine-
ment edge for all elements.

In 2d, there is one neighbor sharing the refinement edge E in case E is interior.
Either this neighbor is compatibly divisible, or the neighboring child is compatibly
divisible after bisection of the neighbor. If E lies on the boundary, instead, bisection
can be executed directly. Fig. 8 illustrates a situation that requires recursion.

B - i

Fig. 8 Recursive refinement in 2d: Triangles A and B are initially marked for refinement.

D

In higher dimension there is in general a whole bunch of elements in R(.7;T).
Since R(.7;T) C Nz (T), (55) implies that the cardinality of R(.7;T) is uniformly
bounded depending only on .%. Here it may happen that several elements have to be
refined before we can perform the atomic refinement operation. It may also happen
that an element inside the refinement patch has to be refined several times but the
number of bisections is bounded by d — 1; see Lemma 7 below. This lemma also
allows for an elegant formulation of the recursive algorithm.

Lemma 7. Let 9 be a conforming triangulation satisfying Assumption 1 and let
T €T be a conforming refinement.
Then any T € T is of locally highest generation in R(7;T), i. e.,

8(T) =max{g(T") | T' € R(T:T)}
and T' € R(T;T) is compatibly divisible with T if and only if g(T') = g(T).

Furthermore, min{g(T") | T' € R(7;T)} > g(T) —d + 1 and a non-compatibly
divisible neighboring element of T has generation g(T) — 1.
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Proof. Denote by E the refinement edge of T and set g := g(7T'). The uniform re-
finement .7, of ) contains the midpoint Z of E as a vertex and is a conforming
refinement of 7. For any T’ € R(7;T) the new vertex Z is an irregular node on
T', whence T' € J1. Since 1 is a conforming refinement of .7 we know that
descendants of T’ belong to Z; 1 and thus g(7”) < g forall 7’ € R(7;T).

If 7’ is compatibly divisible with T', then 7 is the new vertex of the two children,
which belong to Z,1; hence, g(T”) = g. If T’ is not compatibly divisible with T,
then Z is the new vertex of descendants of one child of 7’, whence g(7") < g.

The refinement rule (53) implies that after d recurrent bisections all edges of the
original simplex are bisected (see Problem 20). Consequently, any T’ € R(.7;T)
has descendants of generation at most g(7”) + d that have 7 as a vertex and belong
to Jy.1. This yields g(T') > g—d + 1.

If 77 is a non-compatibly divisible neighbor of T, then the refinement rule (53)
implies that the refinement edge of one child T” of 7" is contained in the common
side of T and T". Since ;. is conforming this implies that 7 and 7" are compati-
bly divisible, and thus g(7') = g — 1. O

For 7 € T the recursive refinement of a single element 7 € .7 now reads:

REFINE_.RECURSIVE(Z,T)
do forever
get refinement patch R(7,T);
access T' € R(7,T) with g(T'") = min{g(T") | T" € R(T;T)};
if g(T") < g(T) then
7 := REFINE_RECURSIVE(.Z,T"),
else
break;
end if
end do

get refinement patch R(.7,T);
forall 7" € R(Z,T) do
{13, T/} =BISECT(T");
7= 7\{TYU{T, T)):
end for

return(.7)

Lemma 7 implies that only elements 7’ with g(7”) < g(T) are not compatibly
divisible with 7. Hence, recursion is only applied to elements with g(7’) < g(T)
and thus the maximal depth of recursion is g(7) and recursion terminates. Recursive
refinement of an element 7’ may affect other elements of R(.7"; T) with same gener-
ation g(7T’). When the do-loop aborts, all elements in the refinement patch R(.7;T)
are compatibly divisible, and the atomic refinement operation is executed in the for-
loop: all elements T’ € R(.7;T) are refined, removed from R(.7;T), and replaced
by the respective children sharing the refinement edge of 7. Those children are all of
generation g(T") +1 < g(T). Since #R(.7;T) < C(%), all elements in R(.7; T) are
of the same generation g(T) after a finite number of iterations. Observe that, except
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for T, elements in R(.7;T) are only refined to avoid a non-conforming situation.
This in summary yields the following result.

Lemma 8 (Recursive Refinement). Let 9 be a conforming triangulation satisfy-
ing Assumption 1 and let 7 € T be any conforming refinement.

Then, for any T € 7 a call of REFINE_.RECURSIVE(Z,T) terminates and
outputs the smallest conforming refinement 7, of 7 where T is bisected. All newly
created elements T' € T, \ T satisfy g(T') < g(T) + 1.

Remark 12. Assumption 1 is a sufficient condition for recursion to terminate but it
is not necessary. Such a characterization of recursive bisection is not known. Ob-
viously, termination of the recursion for all elements of % is necessary. Practical
experience shows that in 2d this is also sufficient, whereas this is not true in 3d.

We next formulate the algorithm for refining a given conforming grid .7 with
marked elements .# into a new conforming triangulation:

REFINE(Z, .#)
forall T € .# N.7 do
7 = REFINE_RECURSIVE(Z,T);
end
return(.7)

Let T be an element of the input set of marked elements .. Then it may happen
that there is an element T, € .# scheduled prior to T for refinement and so that
the refinement of T, enforces the refinement of 7', for instance T € R(Z; T,). In the
bisection step T is replaced by its two children in .7 and thus T € .# N 7. This
avoids to refine T twice. In addition, since REFINE_.RECURSIVE(.Z,T) outputs
the smallest refinement such that 7 is bisected, REFINE(.7, .#) outputs the small-
est conforming refinement .7, of 7 with 7, N.# = 0.

Remark 13 (Iterative vs Recursive Refinement). The iterative and recursive variant
of REFINE produce the same output mesh whenever they both terminate. Proposi-
tion 2 in Sect. 4.5 makes use of the recursive refinement algorithm but is also valid
for the iterative variant.

We concluded successful termination of both variants from the fact that the out-
put grid 7, satisfies 7, < 7, with g sufficiently large. Therefore, the used argu-
ments do not imply that local refinement stays local. This property is an implication
of Theorem 10 below.

On a first glance, the iterative variant seems to be easier to implement. But it turns
out that handling non-conforming situations can become rather knotty, especially
for d > 3. The implementation of the recursive variant avoids any non-conforming
situation by performing the atomic refinement operation, which, as a consequence,
simplifies the implementation drastically. The drawback of recursive refinement are
stronger assumptions on the distribution of refinement edges on the initial grid.
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4.5 Complexity of Refinement by Bisection

In this section we analyze the cardinality of conforming triangulations produced
by adaptive iterations of the form (4). Assuming that a function REFINE(.7,.#)
outputs the smallest conforming refinement of .7 with all elements in .# bisected,
we study a sequence of conforming refinements 7H < 7 <--- < .7, <... generated
by an iteration of the form

for k > 0do
determine a suitable subset %) C ;
Fit1 := REFINE( %, #);

end

The main result is the following theorem.

Theorem 10 (Complexity of Refinement by Bisection). Let .9 be a conforming
triangulation satisfying Assumption 1.

Then there exists a constant A > 0 solely depending on 9, such that for any
K > 0 the conforming triangulation T produced by the above iteration verifies

K-1
#Ig—# T <A Y #M.
k=0

The proof of this theorem is split into several steps. Before embarking on it we
want to remark that an estimate of the form

# 1 —# T S A#ly (59

would imply Theorem 10 by summing up over k =0,...,K — 1. But such a bound
does not hold for refinement by bisection. To see this, consider the initial grid %

Fig. 9 An example showing that the depth of recursion in is only bounded by the generation of the
selected element. Initial triangulation in the leftmost picture and grids Jx for K =2,4,6. Recursion
has depth K for the refinement of the elements marked with bullets.

depicted as the leftmost picture in Fig. 9. For all elements the boundary edge is
selected as refinement edge and this choice satisfies Assumption 1. Pick up any
even K € N and let
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My ={T € F|0€T} fork=0,... K—1

and
Mg ={T € Tx|g(T)=Kand0 & T}.

In Fig. 9 we show the grids J% for K = 2,4,6 and the two elements in .Zx
are indicated by a bullet. For £k < K we only refine marked elements, whence
# T —#T =# M, =2fork=0...,K— 1. When refining Jx into Fx. we have
to recursively refine elements of generation K — 1,K —2,...,0 for both elements in
My . From this it is easy to verify that #. 9 | —#. 9k = 4K + 2. Since #.#4x =2 and
K is an arbitrary even number it is obvious that (59) can not hold. On the other hand,

K K—1 K
Y #% —#T = (4K+2)+ ) 2=6K+2<3(2K+2) =3 #4,.
k=0 k=0 k=0

This shows that Theorem 10 holds true for this example.

The proof of the theorem can be heuristically motivated as follows. Consider
the set A4 := U,’f;ol My, used to generate the sequence HH < 7 <---< Ix =1 7.
Suppose that each element T, € .# is assigned a fixed amount C; of money to spend
on refined elements in .7, i.e.,on T € .7 \ 9. Assume further that A (7, T) is the
portion of money spent by 7, on T'. Then it must hold

Y MT,L)<C  forallT. € .. (60a)
TeI\%

In addition, we suppose that the investment of all elements in .# is fair in the sense
thateach T € 7\ 9 gets at least a fixed amount C,, whence

Y MT.T.)>C,  forallT € 7\ 5. (60b)
T.eH

Therefore, summing up (60b) and using the upper bound (60a) we readily obtain

GHT—#7%)< Y Y MT.T)=Y Y ATT)<C#A4,
TeI\ TseM TL.eld TET\ D

which proves the theorem for .7 and .. In the remainder of this section we de-

sign such an allocation function A: 7 x .# — R in several steps and prove that

recurrent refinement by bisection yields (60) provided % satisfies Assumption 1.
In view of (54), measure and diameter of an element are related to its generation:

D127T) <|T| and diam(T) <D,278")/4  forallT €F, (61)

with D; = min{|Ty| | Tp € S} and D, ~ max{|Ty| | To € % }. The constant hidden
in & solely depends on the shape regularity of F (and thus on .%).

Suppose now that T’ is generated by REFINE_RECURSIVE(.Z,T). The con-
stant D, enables us to relate the distance of 7”7 to T with its generation g(7"), where
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dist(T,7') = inf |x—x].
xeT X' eT’

Proposition 2 (Distance and Generation). Let 7 € T, T € 7 and assume that T’
is created by REFINE_RECURSIVE(Z ,T ). Then there holds

8(7) ol/d ,
dist(T,7') < D2V Y 278/ < py—=—_27¢(T/d,
g=¢(T") 1-27Y

Proof. We prove dist(T,T") < D,2'/4 Zig,’)(T’) 2-8/4 by induction over the genera-
tion of T. The rightmost inequality is a direct consequence of the geometric sum.
[1]If g(T) = 0, then the refinement patch R(.7;T) is compatibly divisible thanks to
Lemma 7. Consequently REFINE_RECURSIVE(.Z,T) only creates elements T’
with dist(T,7T") = 0 and the assertion follows trivially.
Let now g(7) > 0 and assume that the assertion holds for any 7”7 € .7 with
0<g(T") < g(T). We only need to consider dist(7,T") > 0, whence T is created by
a recursive call REFINE_RECURSIVE(.Z,T”) for an element T" € R(.7;T) that
is not compatibly divisible with T’; thus g(T") < g(T') by Lemma 7. The induction
hypothesis yields
(")
dist(T",7') <Dy2'4 Y 278/,
g=¢(T")
Since T"” € R(.7,T), and so T" contains the refinement edge of T, we realize that
dist(T”,T) = 0. Combining the last estimate with (61), we deduce

8(1” ;
dist(7,T") < dist(T”, T') + diam(7") < D,2"/* Y 278/4 4 py2-¢(T")/d
§=g(T")
T//

1 dg( ! d 1/d & d
=D,2Y Z 278/d < p, 21/ Z -8/ ,
§=g(T") g=g(T")

where we have used g(T") < g(7T') in the last step. This finishes the proof. O

We next construct the allocation function A. The construction is based on two
sequences {a(¢)}7 |, {b(¢)}7_, C R of positive numbers satisfying

Y al)=A<e, Y2 p(t)=B<o, infb(f)a(t)=c. >0,
=1 >0 21

and b(0) > 1. Valid instances are a(¢) = (£ 42)~2 and b(¢) = 2¢/(d+1),
With these settings we are prepared to define 1: . x .# — R™ by

a(g(T.) —g(T)), dist(T,T.) < D3B2¢T)/4 and g(T) < g(T..) + 1
0, else,

AT, T) ::{
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where D3 := D, (1+2"/4(1 —271/4)=1) Therefore, the investment of money by
T. € . is restricted to cells T that are sufficiently close and are of generation
g(T) < g(T.) + 1. Only elements of such generation can be created during refine-
ment of T, according to Lemma 7.

The following lemma shows that the total amount of money spend by this allo-
cation function per marked element is bounded.

Lemma 9 (Upper Bound). There exists a constant C; > 0 only depending on %
such that A satisfies (60a), i. e.,

Y AMr.m)<C forallT.€ 4.
TeT\%

Proof. [1]GivenT, € .4 wesetg, = g(T,) and we let 0 < g < g, + 1 be a generation
of interest in the definition of A. We claim that for such g the cardinality of the set

T (T.,g) ={T € 7 | dist(T,T,) < D3B278/ and g(T) = g}

is uniformly bounded, i. e., # (T, g) < C with C solely depending on D}, D;, D3, B.

From (61) we learn that diam(7,) < D,278/¢ < 2Dy2~(&+1/d < 2p,2-8/d
as well as diam(T) < D,278/? for any T € .7 (T.,g). Hence, all elements of
the set 7 (T,g) lie inside a ball centered at the barycenter of 7, with radius
(D3B+3D,)27¢/4. Again relying on (61) we thus conclude

#7(T.,g)D1278 < Y |T| <c(d)(D3B+3Dy)"27%,
Te7 (T..8)

whence #.7 (T..,g) < ¢(d) Dy ' (D3B+3Dy)? =: C.
Accounting only for non-zero contributions A (T, T,) we deduce

g« +1 )
Z AMT,T.) = Z Z a(g.—g) <C Z a(l) =CA =:Cy,
TeI\% 8=0 Te T (T.,g) (=—1
which is the desired upper bound. a

The definition of A also implies that each refined element receives a fixed amount
of money.

Lemma 10 (Lower Bound). There exists a constant Cy > 0 only depending on %
such that A satisfies (60b), i. e.,

Z AMT,T.)>Cy  forall T € T\ %.
T.el

Proof. [1]Fix an arbitrary Ty € .7 \ 9. Then there is an iteration count 1 < kg < K
such that Ty € %, and Ty ¢ i,—1. Therefore there exists an Ty € .#,—1 C A
such that Ty is generated during REFINE_RECURSIVE (.7, T1). Iterating this
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process we construct a sequence { Tj}f=1 C . with corresponding iteration counts

{k;}7_, such that T} is created by REFINE_.RECURSIVE(%; 1, Tj1). The se-
quence is finite since the iteration counts are strictly decreasing and thus k; = 0 for
some J > 0, or equivalently 7y € .

Since 7 is created during refinement of 7;,; we infer from Lemma 8 that

8(Tjr1) > g(T;) — L.

Accordingly, g(Tj1) can decrease the previous value of g(7}) at most by 1. Since
e(T, ) 0 there exists a smallest value s such that g(7;) = g(To) — 1. Note that for
j=1,...,s we have A(Tp, T;) > 0 if dist(Tp, T;) < D3Bg—¢T0)/e,

[2] We next estimate the distance dist(7y, 7;). For 1 < j < s and ¢ > 0 we define the
set

T (To, 4, j) :=A{T €{To,....Tj-1} | g(T) = g(To) + ¢}

and denote by m(¢, j) its cardinality. The triangle inequality combined with an in-
duction argument yields

dist(7p,T;) < dlst(To, Ti) +d1am(T1) +dist(73,T5)

M\

<Y dist(T;—1,T; Zdlam

i=1

We apply Proposition 2 for the terms of the first sum and (61) for the terms of the
second sum to obtain

l/d J
dist(7y, Tj) < Dy ——— =i Zz 8( "/d+DzZZ 8(T;

1—
l/d J—
<1+1_ 1/4)22

=D3 Y m(l, ) 2~ (8(To)+0)/d
(=0

= D52 8T0)/d i m(l,j)2t,

For establishing the lower bound we distinguish two cases depending on the size of
m(£,s). This is done next.
Case 1: m(¢,s) < b(¥) for all £ > 0. From this we conclude

dist(Tp, T;) < D32 ¢4 Y p(¢) 274 = pyp2-¢T0)/d
(=0

and the definition of A then readily implies
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Y. AT, T) = AT, T;) = a(g(Ty) — (Tp)) = a(—1) > 0.

Tie M

[+] Case 2: There exists ¢ > 0 such that m(¢,s) > b(¢). For each of these £’s there
exists a smallest j = j(¢) such that m(f Jj(£)) > b(¢). We let £* be the index ¢ that
gives rise to the smallest j(¢), and set j* = j(¢*). Consequently

m(l,j*—1) < b(f) forall{>0 and  m(L",j*) > b(L").
As in Case 1 we see dist(7p,T;) < D3B2¢M)/d for all i < j* — 1, or equivalently
dist(Ty, T;) < D3B278T0)/4 forall T, € T (Ty, 4, j*).

We next show that the elements in .7 (Tp, £*, j*) spend enough money on Tp. We
first consider £* = 0 and note that T € .7 (7p,0, j*). Since m(0, j*) > b(0) > 1 we
discover j* > 2. Hence, there is an T; € .7 (1,0, j*) N.# , which yields the estimate

Y AN,T.) 2 A(To, T;) = a(g(T;) — ¢(To)) = a(0) > 0.
T.e

For ¢* > 0 we see that To ¢ 7 (Tp, £*, j*), whence 7 (T, £*, j*) C .# . In addition,
AMTo,T;) = a(¢*) forall T; € 7 (Tp, £*, j*). From this we conclude

Y AT, T.) > Y M, T) =m(l, ) a(f)

T.e T.€ T (Ty,bt*,j*)
> b(")a(l") 2 infb(¢)a(t) = c. > 0.

In summary we have proved the assertion since for any 7y € 7\ %

Y, A(Ty,T.) > min{a(—1),a(0),c.} =: C, > 0. O
el

Lemmas 9 and 10 show that the allocation function A satisfies (60), which implies
Theorem 10.

Remark 14 (Several Bisections). In practice, one often likes to bisect selected ele-
ments several times, for instance each marked element is scheduled for b > 1 bisec-
tions. This can be done by assigning the number b(7') = b of bisections that have to
be executed for each marked element 7. If T is bisected then we assign (b(T) —1)
as the number of pending bisections to its children and the set of marked elements
is# :={T € T |b(T) >0}

To show the complexity estimate when REFINE performs b > 1 bisections, the
set A}, is to be understood as a sequence of single bisections recorded in sets
{ M ())}° 7—1> which belong to intermediate triangulations between 7, and Jj

with #.#,(j) < 2/~"%.4,, j=1,...,b. Then we also obtain Theorem 10 because
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b b
Z#%k Z 2/~ 1#//fk — D#A.
Jj=1 j=1

Remark 15 (Optimal Constant). Trying to trace the value of the constant A one re-
alizes that A becomes rather large since it depends via C| and C; on the constants
A, B, c,. Experiments suggest that A ~ 14 in 2d and A = 180 in 3d when % is
the initial triangulation of the d-dimension cube (0,1)¢ build from the d! Kuhn-
simplices of type 0. According to Problem 22, 9 satisfies Assumption 1.

There is an interesting connection to a result by Atalay and Mount that can be
formulated as follows [3]: there exists a constant C; < 3%d! such that the smallest
conforming refinement .7, € T of any non-conforming refinement .7 of .9 satisfies

#T. < Ci#T.

For 2d the optimal constant is shown to be C; = 14 and the constant C3 = 162
for d = 3 is quite close to the constant observed in experiments. The agreement
between theory and experiments for 2d is quite exiting, but nevertheless the estimate
by Atalay and Mount cannot be used to show Theorem 10.

4.6 Problems

Problem 20. Show that after d recurrent bisections of a simplex 7 all edges of T
are bisected exactly once. To this end, let first 7 = {zo,...,24}o be of type 0 and
show by induction that any sub-simplex 7’ of T with generation t = g < d has the
structure

! = = —
T = {Zko’zf7zlfl7“"Zl’zkl’zkz"”’zkd_t }[7
where Z; are the new vertices of the bisection step i, i = 1,...,¢, and ko, ..., ks_;
are consecutive natural numbers, for instance 0,1,2,...,d —1 ord,d —1,...,1 for

t = 1. Then generalize the claim to a simplex T of type t € {0,...,d — 1}.

Problem 21. Show that the output of BISECT(T') and BISECT(7y) is the same,
i.e., the children of T and its reflected element Tk are identical.

Problem 22. Show that the set of the d! Kuhn-simplices of type O is a conforming
triangulation of the unit cube (0,1)¢ C R satisfying Assumption 1.

Problem 23. Let d =2 and T = {z0,21,22}+, T = {2(,,2}, 25 }+ be neighboring ele-
ments with common side S = TN T’. Show that

(a) T and T’ are reflected neighbors if and only if Zgz; = @ orzy = z’l.

(b) If T and T’ are reflected neighbors, then so are their neighboring children.

(c) If z; =25 and zp = 2, then T and 7" are not reflected neighbors but their neigh-
boring children are.

(d) If S = 2072 = 225 or 21,2} € S, then T and 7" are matching neighbors.
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5 Piecewise Polynomial Approximation

The numerical solution of a boundary value problem may be seen as a special ap-
proximation problem where the target function is not given explicitly but implicitly.
Theorem 5 shows that the error of a Petrov-Galerkin solution of a stable discretiza-
tion is dictated by the best approximation from the discrete space. In this chapter
we investigate approximation properties of continuous piecewise polynomials, the
standard discretization for the model problem in Sect. 2.2.1. We do not strive for
completeness but rather want to provide some background and motivation for the
successive chapters. To this end, we depart from classical finite element approxima-
tion and end up with a result on nonlinear or adaptive approximation.

For more information about nonlinear and constructive approximation, we refer
to the survey [28] and the book [29].

5.1 Quasi-Interpolation

We start with a brief discussion on piecewise polynomial interpolation of rough
functions, namely those without point values as we expect H'-functions to be. This
leads to the concept of quasi-interpolation and to a priori error estimates for the
standard discretization of our model problem in Sect. 2.2.1.

Using the Lagrange basis {¢; }.c 4, (7) C §"9(.7) from Theorem 7 we have for
any v € S"0(.7) the representation v =Y () v(2)9;. This may suggest to use
for given v the Lagrange interpolant

Izv(x):= Y v(2)¢:(x). (62)

2€M(T)

However, this operator requires that point values of v are well-defined. If v € W (Q),
this entails the condition sob(W,;) > 0, which in turn requires regularity beyond the
trial space H} (Q) whend > 2.

Quasi-interpolants, like those in Clément [26] or Scott-Zhang [65], replace v(z)
in (62) by a suitable local average and so are well-defined also for rough functions,
e.g. from H}(Q). For any conforming refinement .7 > % of %, the averaging
process extends beyond nodes and so brings up the discrete neigborhood

No(T):={T'€ 7 |T'NT #0}

for each element T € .7 along with the uniform properties (55), namely,

7|
max#N o (T) < C(%), max —- <C(%),
reg 7(T) = C(%) T’GNgX(T) |T'| — (%)

where C(.%) depends only on the shape coefficient of .%. We shall make use of the
following estimate of the local interpolation error; see [16, 65].
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Proposition 3 (Local Error Estimate for Quasi-Interpolant). Let s be the regu-

larity index with 0 <s <n+1, and 1 < p < o be the integrability index.

(a) There exists an operator 17 : L' (Q) — §™(7) such that for all T € 7 we have
sob(W3)—sob(W!)

ID"(v =17V |Lagry Shy NV e vy ) (63)
where 0 <t <, 1 < g < oo are such that sob(Wy) > sob(Wy). The hidden constant
depends on the shape coefficient of F and d.

(b) There exists an operator 15 : W () — S™(7) satisfying (63) for s > 1 and,
in addition, if v € W] (Q) has a vanishing trace on dQ, then so does I 7.
Both operators are invariant in S™°(.7), namely 7V =V for all V € §"%(.7).

Proof. We sketch the proof; see [16, 65] for details. Recall that {§.}.c 4, (7) is the
global Lagrange basis of $™°(.7) and {¢;}.c 4 (7) is the global dual basis and,
according to Remark 7, supp ¢ = supp ¢, for all z € .4;,(.7). We thus define /5 :
L'(Q) — §™(7) to be

Izv="% (¢)¢,

€ M(T)

and observe that by construction this operator is invariant in §"°(.7), namely,
IzP=P  forall Pe S"0(7).

In particular, the averaging process giving rise to the values of /v for each element
T € 7 takes place in the neighborhood N4 (T), whence we also deduce the local
invariance

I7P|r =P forall P € P,(N#(T))

as well as the local stability estimate
WM7vlLacry S IVllia, (r))-
We thus may write
v=Igvlr=@Wv—=P)=Iz(v—P)|r forall T € 7,

where P € P;_ is arbitrary. It suffices now to prove (63) in the reference element
T and scale back and forth via Lemma 1; the definition (5) of Sobolev number
accounts precisely for this scaling. We keep the notation 7 for 7', apply the inverse
estimate for P,-polynomials || D' (I7V) || a(r) < (L7 V| La(r) to v— P instead of v, and
use the above local stability estimate, to infer that

1D (v =I7v)lLa(r) S 1V = Pllws vz (1)) S V= Pllwsvrr))-
The last inequality is a consequence W) (N (T')) C W, (N7 (T')) because sob(Wy) >

sob(Wé). Estimate (63) now follows from the Bramble-Hilbert lemma [16, Lemma
4.3.8], [25, Theorem 3.1.1]
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PGPV_?(I{@(T)) v =Pllwsv ) S ID°VIlr v (r))- (64)
This proves (a). To show (b) we modify the averaging process for boundary nodes
and define a set of dual functions with respect to an L?-scalar product over (d — 1)-
subsimplices contained on d€; see again [16, 65] for details. This retains the in-
variance property of 17 on §™°(.7) and guarantees that /v has a zero trace if
Ve Wl1 () does. Hence, the same argument as above applies and (63) follows. O

Remark 16 (Sobolev Numbers). We cannot expect (63) to be valid if sob(WI‘,Y ) =
sob(Wy) since this may not imply W, () C W;(£); recall the counterexample
W5(R2) =W, (L) and W} () = L=(£2) of Sect. 2.1.1. However, equality of Sobolev
numbers is allowed in (63) as long as the space embedding is valid.

Remark 17 (Fractional Regularity). We observe that (63) does not require the regu-
larity indices ¢ and s to be integer. The proof follows the same lines but replaces the
polynomial degree s — 1 by the greatest integer smaller that s; the generalization of
(64) can be taken from [33].

Remark 18 (Local Error Estimate for Lagrange Interpolant). Let the regularity in-
dex s and integrability index 1 < p < oo satisfy s —d/p > 0. This implies that
sob(W;) > sob(L*), whence W;(£2) C C(£2) and the Lagrange interpolation opera-
tor Iz : Wy(Q) — §"9(.7) is well defined and satisfies the fully local error estimate

sob(W3)—sob(W! o
1D (v = L) lgacry S B D3, 65)

provided 0 < <s, 1 < g < oo are such that sob(WI;Y ) > sob(Wq’ ). We point out that
N (T) in (63) is now replaced by T in (65). We also remark that if v vanishes on d.Q
so does 1 7v. The proof of (65) proceeds along the same lines as that of Proposition
3 except that the nodal evaluation does not extend beyond the element T € .7 and
the inverse and stability estimates over the reference element are replaced by

||Dt19VHLq(T) S HL?VHM(T) S HV||L°°(T) S ”V”W;(T)'

Remark 19 (Boundary values). The procedure described at the end of the proof of
Proposition 3 can be used to interpolate functions with boundary values different
from zero while retaining invariance over the finite element space. We refer to [16,
65] for details.

Remark 20 (Localized Estimate). Suppose that v € W11 () happens to be a piece-
wise polynomial of degree < n on a subdomain £, of Q. Let w be a connected
component of 2\, and let the quasi-interpolant / >v preserve the boundary values
of v on dw, as indicated in Remark 19. If we repeat this construction for each con-
nected component @ of 2\, and define I7v = v in Q,, then I7v € §"°(.7) and
we deduce the localized estimate for all 1 < p < oo

_ —242
Y i v = Lrvlly + iy 2= 1oV oy S IV (66)
TCw
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This property will be crucial in Chap. 9 to prove quasi-optimality of AFEM.

The local interpolation error estimate in Proposition 3 implies a global one. The
latter will be discussed as an upper bound for the error of the finite element solution
in the next section.

5.2 A Priori Error Analysis

Combining Theorem 5 with Proposition 3 we derive a so-called a priori error esti-
mate, which bounds the error of the finite element solution in terms of the mesh-size
function and regularity of the exact solution beyond H'(£). We present a slightly
more general variant than usual. This will help in the successive discussion on error
reduction.

Theorem 11 (A Priori Error Estimate). Let 1 < s <n+ 1,1 < p <2, and let
the solution u of the model problem (13) satisfy u € W;(Q) with r := sob(W,) —

sob(H') > 0. Let U € V(T) = S"0(F)NHL(R) be the corresponding discrete
solution. If h : 2 — R denotes the piecewise constant mesh density function, then

s
IV —=U)l2) S 071”}1 D’ul|rr(q). (67)

The hidden constant depends on shape coefficient of %y and the dimension d.

Proof. Theorem 5 and Proposition 3 yield

(04) (0%)
V(=)o) S —IV@u—170) 50 S — Y, W 1D ullio -
@)~ g @)~ gy A (N7(T)
Teg

In order to sum up the right-hand side we need to accumulate in ¢” rather than (2.
We recall the elementary property of series ¥, a, < (¥, aZ)l/ Tfor0<g<1.We
take ¢ = p/2 and apply this property, in conjunction with (55), to arrive at

2 2

r P P

= LruPg S ( y thnDsunip(NﬂT))) < ( [ nayr |Dsu(x)|”dx> |
TeT

This is the asserted estimate (67). a

Notice that in Theorem 11 the exploitable number of derivatives of the exact
solution is limited by the polynomial degree

1<s<1+n.

Moreover, decreasing the mesh-size function reduces the upper bound (67). The
reduction rate is dictated by the difference of the Sobolev numbers
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r = sob(W,) — sob(H'),

and is thus sensitive to the integrability of the relevant derivatives in both left and
right-hand sides of (67). The best rate is obtained for integrability index p = 2,
which coincides with the integrability of the error notion.

Relying solely on decreasing of the mesh-size function, and thus ignoring the
local distribution of the derivative D*u of the exact solution u, leads to uniform
refinement or quasi-uniform meshes. The specialization of Theorem 11 to this case
reads as follows:

Corollary 6 (Quasi-Uniform Meshes). Let 1 < s < n+ 1, and let the solution u of
the model problem (13) satisfy u € H*(Q). Let Iy be a quasi-uniform partition of
Q with N interior nodes and let Uy € V(9y) be the discrete solution corresponding
to the model problem (13). Then

o (s—
IV~ Un)ll2(a) < a—jwm)w (s=1)/d, (68)

Proof. Quasi-uniformity of Jy implies

- 1 Q
max h§ < maxhig min a9 < — Z hé :u
TeIy TeIy TeIy N TE 9y N
Since r = (s —d/2) — (1 —d/2) = s — 1, the assertion follows (67). O

A simple consequence of (68), under full regularity u € H"*!(Q) is the maximal
decay rate in terms of degrees of freedom

(05 n
IV =UN)lliz0) S o lulmr )N . (69)

One may wonder whether (68) is sharp whenever s < n+ 1. The following example
addresses this question.

Example 1 (Corner Singularity). We consider the Dirichlet problem for —Au = f,
for which a; = o = 1, with exact solution (in polar coordinates)

u(r,0) = r3 sin(20/3) — 1> /4,

on an L-shaped domain Q; this function satisfies u € H*(2) for s < 5/3. Recall
that even though s is fractional, the error estimates are still valid; see Remark 17. In
particular, (68) can be derived by space interpolation between H' (22) and H"*!(Q).
In Figure 1 we depict the sequence of uniform meshes, for which N ~ h~2, h being
the mesh-size. In Table 1 we report the order of convergence for polynomial degrees
n=1,2,3. The asymptotic rate is about #2/3, or equivalently N~'/3, regardless of n
and is consistent with the estimate (68). This indicates that (68) is sharp.

The question arises whether the rate N~'/3 in Example 1 is just a consequence

of uniform refinement or unavoidable. It is important to realize that u ¢ H*(L2) for
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Fig. 10 Sequence of uniform meshes for L-shaped domain £

h |linear (n = 1)|quadratic (n = 2) |cubic (n = 3)
1/4 1.14 9.64 9.89
1/8 0.74 0.67 0.67
1/16 0.68 0.67 0.67
1/32 0.66 0.67 0.67
1/64 0.66 0.67 0.67
1/128 0.66 0.67 0.67

Table 1 The asymptotic rate of convergence is about 4%/, or equivalently N~'/3, irrespective of
the polynomial degree n as predicted by (68).

s >5/3 and thus (68) is not applicable. However, the problem is not that second
order derivatives of u do not exist but rather that they are not square-integrable. In
particular, it is true that u € W,? (Q)if 1 < p < 3/2. We therefore may apply Theorem
11 with, e.g., n =1, s =2, and p € [1,3/2) and then ask whether the structure of
(67) can be exploited, e.g., by compensating the local behavior of D*u with the local
mesh-size h. If u is assumed to be known, this enterprise naturally leads to meshes
adapted to u that may be graded. We discuss this possibility in Sect. 5.3 and propose
a condition that should be satisfied by these meshes.

5.3 Principle of Error Equidistribution

For the model problem and its standard discretization, Theorem 5 and the consider-
ations at the end of Sect. 5.2 suggest the optimization problem:

Given a function u € H'(Q) and an integer N > 0 find conditions for a
shape regular mesh 7 to minimize the error |u— I zu|y @) subject to
the constraint that the number of degrees of freedom does not exceed N.

In the framework of Chap. 4 this becomes a discrete optimization problem. Here we
consider a simplified setting and, similar to Babuska and Rheinboldt [5], invoke a
continuous model.:

e The dimension is d = 2 and the regularity of u € C*(Q) W7 () with 1 < p <2;

e There exists a C! function & : Q — R, a mesh density function, with the prop-
erty that h(x) is equivalent to A7 for all T € 7 with equivalence constants only
depending on shape regularity (thus on the shape coefficient of %);
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e The number of degrees of freedom and local mesh-size are related through the

relation
dx

N = o W

e The mesh .7 is sufficiently fine so that Du is essentially constant within each
elementT € .J;
e The error is given by the formula

(/(zh(x)z(pl>|D2u(x)pdx>§.

A few comments about this model are in order. The first condition is motivated by
the subsequent discussion and avoids dealing with Besov spaces with integrability
index p < 1; in particular, all corner singularities for d = 2 are of the form u(x) = |x|”
and satisfy u € C*(Q) ﬂsz(.Q) for some p > 1. The second assumption is quite
realistic since shape regularity is sufficient for the existence of a C* mesh density
with the property D'h ~ h'~; see Nochetto et al. [57]. The third condition is based
on the heuristics that the number of elements per unit of area is about /(x)~2. The
fourth assumption can be rephrased as follows: [, |D?u|P & h%|D?u(x7)|P where xr
is the barycenter of T € 7. Finally, the fifth assumption replaces the error by an
upper bound. In fact, if /5 is the Lagrange interpolation operator, we can use the
local interpolation estimates (65) to write

-2
ulwairy Shy "lulway  forall Te7

~

sob(W?2)—sob(H'
|M—I,7M|H1(T> ,S/’l;o (W;)—sob(H")

and then argue as in the proof of Theorem 11 to derive the upper bound

2
P
V-0 S (1020 Do)

Since we would like to minimize the error for a given number of degrees of
freedom N, we propose the Lagrangian

(D IDu(r) — 2 )

with Lagrange multiplier A € R. A stationary point of .# satisfies (see Problem 25)

LA = /

Q
h(x)2P=1+2 | D?y(x)|P = constant,

and thus requires a variable mesh-size /(x) that compensates the local behavior of

D?u(x). This relation can be interpreted as follows: since the error E associated

with element T € .7 satisfies

Er =Y [ p2u = iV Duar)
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we infer that the element error is equidistributed.
Summarizing (and ignoring the asymptotic aspects of the above continuous
model), a candidate for the sought condition is

Er~A (constant) forall T € 7.

Meshes satisfying this property have been constructed by Babuska et al [4] for cor-
ner singularities and d = 2; see also [39]. Problem 27 explores this matter and pro-
poses a specific mesh grading towards the origin. However, what the above argument
does not address is whether such meshes exist in general and whether they can be
actually constructed upon bisecting the initial mesh 75, namely that .7 € T.

5.4 Adaptive Approximation

The purpose of this concluding section is to show that the maximum decay rate
N~"/4 in (69) can be reached under weaker regularity assumption when using suit-
ably adapted meshes. Following the work of Binev et al. [14], we use an adaptive
algorithm that is based on the knowledge of the element errors and on bisection.

The algorithm can be motivated with the above equidistribution principle in the
following manner. Let § > 0 be a given tolerance and the polynomial degree n = 1.
If the element error is equidistributed, that is E7 ~ 52, and the global error decays
with maximum rate N~!/2, then

5N ~ Z E? = |u—19u|§_11(g) <N
TeIy

that is N < § 2. With this in mind, we impose E7 < §° as a common threshold to
stop refining and expect N < 82,
The following algorithm implements this idea.

Algorithm (Thresholding). Given a tolerance 6 > 0 and a conforming mesh %,
THRESHOLD finds a conforming refinement .7 > %, of %, by bisection such that
Er <8%forallT € :1let T = ) and

THRESHOLD(.7,d)

while .# :={T € 7 |Er > 8*} #0
7 = REFINE(Z,.#)

end while

return(.7)

We now discuss the situation mentioned above. Assume
ueEW(Q), p>1,d=2, (70)

which implies that u is uniformly continuous in © and we can take /5 to be the
Lagrange interpolation operator. Since p > 1 we have r =2(1—1/p) > 0, according
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to (65), and
Er < Wy ||D?ul| 7). (71)

Therefore, THRESHOLD terminates because hy decreases monotonically to 0 with
bisection. The quality of the resulting mesh is assessed next.

Theorem 12 (Thresholding). If u € H} (Q) verifies (70), then the output 7 € T of
THRESHOLD satisfies

u—Izuly o) < 8HT)2 #T 4% $5721Q"P|Dullq).

Proof. Let k > 1 be the number of iterations of THRESHOLD before termination.
Let A4 = MyU---U.#_ be the set of marked elements. We organize the elements
in . by size in such a way that allows for a counting argument. Let &; be the set
of elements T of .# with size

2 Ut <|T| <2 = 27 U2 < pp <

We proceed in several steps.

[1] We first observe that all T’s in &?; are disjoint. This is because if T, Tr € &;
and 70"1 N T°2 = 0, then one of them is contained in the other, say 77 C T3, due to the
bisection procedure. Thus

1
7| < 5 2]
contradicting the definition of &7;. This implies
27Utz <1Q] = #2;<|Q2TL (72)
In light of (71), we have for T € 2,

8% < Er 27U D2u|| o

Therefore
&2 27U Y D],y <27V D], )
TG,//]J'
whence .
4P < 5*21’2*(1/2)”’||D2u||1’j,,<9). (73)

The two bounds for #£2 in (72) and (73) are complementary. The first is good for
J small whereas the second is suitable for j large (think of § < 1). The crossover
takes place for jj such that

D2
jo+1 —2p n—jo(rp/2) || P2 i _ ID7ullr )
20 Q| = 822 PR DY, = 20 S —ar
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We now compute

#t =Y #7255 Y, VIR (D2ul]y ) Y (277

J J<Jjo Jj>Jjo

Since

Z 2~ 2]'07 Z (24/1/2)]' < 2=(rp/2)jo — p—(p—1)Jo

J<Jo J>Jo
we can write

#M S (87248780 1@ VP Dl o) = 872 |21 ID?ul | ).
We finally apply Theorem 10 to arrive at
_ < < §2 1-1/p 112

It remains to estimate the energy error. We have, upon termination of THRESH-
OLD, that Ey < 82 forall T € 7. Then

‘uilﬁuﬁi'(ﬂ) = Z E: <§%%7.
TeT

This concludes the Theorem. O

By relating the threshold value 6 and the number of refinements N, we obtain a
result about the convergence rate.

Corollary 7 (Convergence Rate). Let u € HOI (Q) satisfy (70). Then for N > #%
integer there exists 7 € T such that

u—I7ulyq) S 117D ul| N2, #T —#T SN.

Proof. Choose 8% = |Q|'~1/P ||D2u||Lp(_Q>N’1 in Theorem 12. Then, there exists
7 € T such that #7 —#% < N and

ju—=Lrul ) S 1217 DUl )N (N +#0)
S 1@ P [D?ul| )N
because N > #.7. This finishes the Corollary. ad

Remark 21 (Piecewise smoothness). The global regularity (70) can be weakened to
piecewise sz regularity over the initial mesh %, namely sz(.Q; ), and global
H; (). This is because W2(T') — C°(T) for all T € %, whence I can be taken
to be the Lagrange interpolation operator.

Remark 22 (Case p < 1). Consider either polynomial degree n > 1 and d = 2 or
n > 1 for d > 2. The Sobolev number corresponding to a space with regularity of
order n+1is
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_d
C n+d/2’

d 1 d
n+1 p—sob(H )=1 5 =P
For d = 2 this implies p < 1. Spaces based on LP(£2), p < 1, are unusual in finite
element theory but not in approximation theory [71, 30, 28]. The argument of The-
orem 12 works provided we replace (71) by a modulus of regularity; in fact, D"+'u
would not be locally integrable and so would fail to be a distribution. This requires
two ingredients:

e The construction of a quasi-interpolation operator I : L”(Q) — §™%(.7) for
p < 1 with optimal approximation properties; such operator / # is inevitably non-
linear. We refer to [30, 28, 58], as well as [37] where the following key property
is proven: I7(v+P) =17 (v)+Pforall P € S"0(7) and v € LP(Q).

e Besov regularity properties of the solution « of an elliptic boundary value prob-
lem; we refer to [27] for such an endeavor for 2d Lipschitz domains and the
Laplace operator. For the model problem with discontinuous coefficients as well
as for d > 2 this issue seems to be open in general.

Applying Corollary 7 to Example 1, we see that the maximum decay rate N -1/2

for polynomial degree n = 1 and dimension d = 2, as well as N —n/d for n >1,d>
2 when taking Remark 22 into account, can be reestablished by judicious mesh
grading. Of course the thresholding algorithm cannot be applied directly within the
finite element method because the exact solution « is typically unknown. In fact,
we are only able to replace the element energy error by computable element error
indicators, and thus gain access to u indirectly. This is the topic of a posteriori error
analysis and is addressed in Chap. 6.

5.5 Problems

Problem 24. Let .7 be a shape regular and quasi-uniform triangulation of 2 C R?.
Let V5 be the space of (possibly discontinuous) finite elements of degree < n.
Given u € L*(Q2), the L?>-projection U5 € V 7 is defined by

/ (u—Ugz)V =0 forallVeVg,.
Q

Show

(@) [ju— Uﬁ”Lz(Q) Sk ‘M|Hn+1(g)
(b) ||I/l* U?”H—m(g) SJ hn+1+m ‘M|H"+1(Q)

for 0 <m < n+1 and h being the maximal mesh size of .7. The estimate in (b)
ensures superconvergence.

Problem 25. Let /(x) a smooth function locally equivalent to the mesh-size. Prove
that a stationary point of the Lagrangian
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LhA] = / (h(x)z“”l) ID2u(x)|? — L)dx
' Q h(x)?
satisfies the optimality condition

R2P=1D+2|p2y|P = constant.

Problem 26. Consider the solution « of the model problem in Sect. 2.2.1 with corner
singularity:
u(r,0)=r"¢(0) 0<y<l1

in polar coordinates (r,6). Show that u € W, () \ H*(R) for 1 < p <2/(2—7).

Problem 27. Use the Principle of Equidistribution to determine the grading of an
mesh for a corner singularity

u(r,0)=r"¢(0) 0<y<1).
In fact, show that

hy = A dist(T,0)' 7/ (A = constant).

Count the number of elements using the expression N = [, hziTx)Z and derive an op-

timal bound |u — Iz |1 () < N~1/2 for polynomial degree n = 1.

Problem 28. Consider the function u of Problem 26.
(a) Examine the construction of an graded mesh via the Thresholding Algorithm.
(b) Repeat the proof of Theorem 12 replacing the sz regularity by the correspond-

ing local H? regularity of u depending on the distance to the origin.
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6 A Posteriori Error Analysis

Suppose, as it is generically the case, that the solution of a boundary value prob-
lem is unknown. Then we may use a numerical method to compute an approximate
solution. Of course, it is useful to have information about the error of such an ap-
proximation. Moreover, if the error is still to big, one would like to know how to
modify the discretization so as to reduce the error effectively.

The results of the preceding chapters provide little such information, because
they involve the exact solution and/or are of asymptotic nature. However, so-called
a posteriori error estimators extract such information from the given problem and
the approximate solution, without invoking the exact solution. Starting with the pio-
neering work [5] of Babuska and Rheinboldt, a great deal of work has been devoted
to their derivation. We refer to [1, 6, 76] for an overview of the state-of-the-art.

This chapter is an introduction to a posteriori error estimators, providing the es-
sentials for the following chapters about adaptive algorithms. To this end, we shall
mainly restrict ourselves to the model problem of Sect. 2.2.1 and we will drop the
index N or 7, since it will be kept fixed during the whole chapter.

6.1 Error and Residual

Let u be the exact solution of (10) and U be a corresponding Petrov-Galerkin solu-
tion as in (37). We want to obtain information about the error function u — U, which
is typically unknown. The so-called residual %# = % (U, f) € W* given by

(R, w) = (f,w)—B|U,w| forallweW

depends only on data and the approximate solution U and is related to the error
function by
(#,w) =Bu—U,w| forallweW. (74)

If the error notion of interest is ||u — U||y, the following lemma determines a dual-
norm of Z that is equivalent to the error.

Lemma 11 (Abstract A posteriori Error Estimate). There holds
allu—Ully < [|Z|w- < || 2|l||lu—"Ullv, (75)

where 0 < a < ||B|| are the inf-sup and continuity constants of & from (21a) and
(16).

Proof. The inf-sup condition (21a) and (74) imply

allu—Uly < sup Blu—U,w] = ||Z]w-,

[wllw=1

while (74) and (16) imply
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|Z|lw- = sup Blu—U,w] <|[|B||u—-Ullv. 0

wllw=1

In view of the result, we are left with (approximately) evaluting ||2||w+ at an ac-
ceptable cost. Notice that, while the quasi-best approximation property (5) relies on
the stability of the discretization, Lemma 11 relies on the well-posedness of the con-
tinuous problem (10). It is thus a first, discretization-independent step. Here it was
rather straight-forward, it can get more involved depending on problem and error
notion.

There are various techniques for evaluting ||2||w+. This second step depends on
the discretization. In what follows, we present the most basic and common approach,
standard residual estimation, in the case of our model problem of Sect. 2.2.1 and its
standard discretization of Sect. 3.2.2.

Before embarking on it, it is instructive to analyze the structure of the residual
for the model problem, where W* = H~!(Q), U is piecewise polynomial function
over a triangulation .7, and the residual is the distribution

Z = f+div(AVU) c H1(Q).

To this end, we suppose f € L?(£2). This allows us to write (%, w) as integrals over
each T € .7 and integration by parts yields the representation:

(%’,w)z/fw—VUAVw: Y [ fw—VU-AVw
Q 7e7 /T

= Z /rw+ /jw,
Te7 /T "z

Ses

(76)

with
r=f+div(AVU) inany simplex T € 7,
j=[AVU] =n* -AVUr+ +n~ -AVU;r- onany internal side § € 5%

and n™, n~ are unit normals pointing towards T+, T~ € .7. We see that the dis-
tribution Z consists of a regular part r, called interior or element residual, and a
singular part j, called jump or interelement residual. The regular part is absolutely
continuous w.r.t. the d-dimensional Lebesgue measure and is related to the strong
form of the PDE. The singular part is supported on the skeleton I" = {J¢_ > S of 7
and is absolutely continuous w.r.t. the (d — 1)-dimensional Hausdorff measure.

We point out that this structure is not special to the model problem and its dis-
cretization but rather arises from the weak formulation of the PDE and the piecewise
construction of finite element spaces.
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6.2 Global Upper Bound

As already mentioned, we provide an a posteriori analysis for the model problem
in Sect. 2.2.1 using standard residual estimation. This approach provides an upper
bound ||Z ||y~ with the help of suitably weighted Lebesgue norms (which are con-
sidered to be computable). We will see below that the weights are crucial for the
sharpness of the derived bound.

In what follows, we shall write "<’ instead of < C, where the constant C is
bounded in terms of the shape coefficent 6 of the triangulation .7 and the di-
mension d. The presentation here is a simplified version of [74], which has been
influenced by [5, 20, 54] and provides in particular constants that are explicit in
terms of local Poincaré constants.

6.2.1 Tools

For bounding ||Z||w+ we need two tools: a trace inequality that will help to bound
the singular part with the jump residual and a Poincaré-type inequality that will take
care of the lower order norms arising in the trace inequality and from the regular
part with the element residual. We start by deriving the trace inequality.

Lemma 12 (Trace Identity). Let T be a d-simplex, S a side of T, and z the vertex
opposite to S. Defining the vector field qg by

the following equality holds

1 1 1
—fv=— — -V vewNT).
|S|/Sv |T|/Tv+d\T|/qu v forallve W (T)

Proof. We start with properties of the vector field gg. Let S’ be an arbitrary side of
T and fix some y € §'. We then see g¢(x) -ny = qg(y) -nr + (x—y) -nr = q5(y) -nr
for any x € §’ since x —y is a tangent vector to S’. Therefore, on each side of T, the
associated normal flux gg - n7 is constant. In particular, we see gy - ny vanishes on
dT \ S by choosing y = z for sides emanating from z. Moreover, divgg = d. Thus, if
v € C!(T), the Divergence Theorem yields

/qS'Vv:fd/er(qS%T)‘S/v.
T T N

Take v = 1 to show (gs - n7);s = d|T|/|S| and extend the result to v € W, (T) by
density. a

The following corollary is a ready-to-use form for our purposes.

Corollary 8 (Scaled Trace Inequality). For any side S C T the following inequality
holds
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1/2

~1/2
IVl 2(s) < hs / Vll20ry +hs VY 2y forallve H'(T) (77)
where hg =: |§|"/4=1.
Proof. Problem 30. a

We next present the Poincaré-type inequality. Let
o, =Urs, T
be the star (or patch) around a vertex z € ¥ of 7. We define
1/d

hy := |0

and notice that this quantity is, up to the shape coefficient of .7, equivalent to the
diameter of @, to hr if T C w, and to hg if S C ;.

Lemma 13 (Local Poincaré-Type Inequality). For any v € H} (Q) and z € ¥ there
exists c¢; € R such that

v ——czlliz(@,) < V20, (78)
If z € dQ is a boundary vertex, then we can take ¢, = 0.

Proof. [1]In fact, for any z € ¥ the value

_ 1 /
C, = 12
: ‘a)Z‘ a;

is an optimal choice and (78) can be shown with ¢, = ¢; as (64).
If z € 92, then we observe that there exists a side S C dw, NI such that v =10
on S. We therefore can write

v:v—f?'/svz(v—fz)—r;'/s("_fz)

and thus, using Corollary 8 and Step 1 for the second term,

IVl2(@) S IV —Clli2(w,) + AV 200 S AV 2005

which establishes the supplement for boundary vertices. a

6.2.2 Derivation of the Upper Bound

We now pass to the proper derivation of the upper bound. The following properties
of the Courant basis {¢,},c» from Theorem 6 are instrumental:

e [t provides a discrete partition of unity:
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Y o.=1 Q. (79)

2N

e Each function ¢, is contained in $*°(.7") and so the residual is orthogonal to the
interior contributions of the partition of unity:

(#,9.) =0 forallze? =¥ NQ. (80)

The second property corresponds to the Galerkin orthogonality. Notice that the first
property involve all vertices, while in the second one the boundary vertices are ex-
cluded. For this reason, the supplement on boundary vertices in Lemma 78 is im-
portant.

For any w € HJ () we start by applying (79) and then (80) with ¢, from
Lemma 13 for w to write

(%, w) = Z (Z,w¢;) = Z<*%7 (w—c2)0:),

eV eV
where ¢, = 0 whenever z € dQ. In view of representation (76), we can write
(9, (w9 < [ rllw—eilot [ Lilbw el
where 7, is the skeleton of w,, i.e. the union of all sides emanating from z. We
examine each term on the right hand side seperately. Invoking ||¢.[|;=(s,) < 1 and

(78), we obtain

2
—illoy S Aellr 6Pl g VW2 )

1/2
b =g < 1rod iz

Likewise, employing (77) and (78), we get

1/2 1/2 1/2
Pl W=zl S 2170212600 VW2 0

| lilb o< 0
Therefore,
1/2 l 2 1/2
12, w01 S (Rellr 6220y + 1176 120 ) 199l 2

Summing over z € ¥ and using Cauchy-Schwarz in R*” gives

1/2,2 12,2 1/2
(.15 (X 210! s + il nmm) (ZLVWU )

€V eV

Denote by h: Q — R* the mesh-size function given by h(x) := |$]'/* if x belongs
to the interior of the k-subsimplex S of .7 with k € {1,...,d}. Then for all x € @,
we have h, < h(x). Therefore employing (79) once more and recalling that I" is the
union of all interior sides of .7, we proceed by
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1/2 .. 1/2 1/2 . 1/2
Y 210 PN Rl i 02 12 S X 9221 g+ 1012 02 2

€Y eV

2 2 412
= a2y + 12 12 .
We next resort to the finite overlapping property of stars, namely

Y to.(x) <d+1

eV

to deduce
Y 199120 < IV -
eV

Thus, introducing the element indicators
g’z(U’T) = h%”rHiZ(T)+hT“j||iZ(aT\aQ) (81)
and the error estimator

ENU,T) =Y, EHU,T), (82)
TeT

we have derived
2w S EWU,T).

Combing this with the abstract a posteriori bound in Lemma 11, we obtain the main
result of this section.

Theorem 13 (Upper Bound). Let u and U be exact and Galerkin solution of the
model problem and its standard discretization. Then there holds the following global
upper bound:

C
IV =U)lliz0) < 56U, 7) (83)

where o is the global smallest eigenvalue of A(x) and C depends only on the shape
coefficient 6. and on the dimension d.

6.2.3 Sharpness of Weighted Lebesgue Norms

The indicators &(U,T), T € .7, consists of weighted L?-norms. The weights At

and th/ 2 arise from the local Poincaré inequalities (78), which in turn rely on the or-
thogonality (80) of the residual. If we do not exploit orthogonality and use a global
Poincaré-type inequality instead of the local ones, the resulting weights are 1 and

h;l/ 2 and the corresponding upper bound has a lower asymptotic decay rate. We

wonder whether the ensuing weights A7 and th/ 2 are accurate and explore this is-
sue for the first weight hr of the element residual. The following discussion is a
elaborated version of [62, Remark 3.1].

First we notice that the local counterpart of | Z||;-1(q) is || 2| -1 () and observe
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||‘%||H*1(T) = sup (Z,w)= sup /T”W = HrHH*I(T) (84)

HVWHL2(T)§1 HVW||L2(T)§1

thanks to the representation (76). This suggests to compare the weighted norm
hr|7(| 2y in the indicator with the local negative norm ||r|[;-1 (7. Mimicking the
local part in the argument of Sect. 6.2.2, we derive

/T"W < ||rHL2(T)||W||L2(T) S hT||r||L2(T)HVWHL2(T)
with the help of the Poincaré-Friedrichs inequality (7). Consequently there holds
71y < hrllrll2er)- (85)

Since L2(Q) is a proper subspace of H~! () the inverse inequality cannot hold for
arbitrary r. Consequently, /7 ||r||;2(7) may overestimates ||r{|;-1(7). On the other
hand, if » € R is constant and 1 denotes a non-negative function with properties

'T'S/T”“ suppn =T, [|V|lp(r) S By (86)

(postpone the question of existence until (90) below), we deduce

¥y S [ 7)< el 196 gz
< el iy Iz IVl B s

whence
hrllrll 2y S il a1y (87)

This shows that overestimation in (85) is caused by oscillation of r at a scale finer
than the mesh-size. The estimate (87) is also valid for r € ;(T), but the constant
deteriorates with the degree /; see Problem 34.

To conclude this discussion, we observe that hr||r|;2(7) can be easily approxi-
mated with the help of numerical integration, while this is not true for ||7{|;-1(7).
We therefore may say the weights are asymptotically acurate and that the possible
overestimation of the weighted Lebesgue norms in (81) is the price for (almost)
computability. This view is consistent with the fact that the indicators associated
with the approximation of the Dirichlet boundary values in [62], which do not to
invoke weighted Lebesgue norms, are overestimation-free.

6.3 Lower Bounds

The discussion in Sect. 6.2.3 suggests that hr||r||;27) bounds ‘asymptotically’
|2 || m-1(r) from below. This is the main step towards a local lower bound for the
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error. Such local lower bounds are the subject of this section. They do not contradict
the global nature of the boundary value problem and their significance goes beyond
a verification of the sharpness of the global upper bound (83).

For the sake of presentation, we present the case with polynomial degree n = 1
and leave the general case as problems to the reader.

6.3.1 Interior Residual

Let us start with a lower bound in terms of the interior residual and first check that
hr ||| 12(r) bounds asymptotically [|Z||;;-1 7 from below. To this end, we introduce
the oscillation of the interior residual in T by

hrllr =77l 27y,

where 77 denotes the mean value of r in T'. Replacing r in (85) by r —rr and in (87)
by 7r as well as recalling (84), we derive

hrllrll 2y < hrllPrll 2y + hellr =7l 2oy

SWrrllg-1ry +hrllr =7rll 2 (88)
Sl + lr=7rllg-1 ) +hrllr=7rll 20

SN2 g1y +hrllir =Trll 2.

This is the desired statement because the oscillation Ay ||r — Fr|| 2(r) 18 expected to
convergence faster than A7 || 7| 12(r) under refinement. In the case n = 1 at hand there
holds r = f and, for example, there is one additional order if f € H' (Q).
Since
(%, w) Blu—U,w]
H‘%HH*](T) = sup W = sup W S ||V(”—U)||L2(T)»
weH () 1YWLy wenl () 1Y WIILA(T)

we have derived the following local lower bound

hr||lrll 2y S 02 [V =U)l| 27y +hrllr =Trll 2, (89)
which also holds with 77 chosen from P;(T') at the price of a larger constant hidden
in <.

Finally we comment on the choice of the cut-off function 17 € W, (T) with (86).
For example, we may take

nr=@d+1)"" ] %, (90)

ze¥NT

where A;, z € ¥ NT, are the barycentric coordinates of 7'; see Lemma 3. This choice
is due to Verfiirth [75, 76]. Another choice, due to Dorfler [32], can be defined as
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follows: refine T such that there appears an interior node and take the correspond-
ing Courant basis function on the virtual triangulation of 7T'; see Fig. 11 for the
2-dimensional case.

supp 1

Fig. 11 Virtual refinement of a triangle for the Dorfler cut-off function.

The Dorfler cut-off function has the additional property that it is an element of
a refined finite element space. This is not important here but useful when prov-
ing lower bounds for the differences of two discrete solutions. Such estimates are
therefore called discrete lower bound whereas the bound for the true error is called
continuous lower bound.

6.3.2 Jump Residual

We next strive for a local lower bound for the error in terms of the jump residual
h;/ : 1ill2(s)» S € ., and use Sect. 6.3.1 on the interior residual as guideline.

We first notice that j = [AVUT] is not necessary constant on an interior side S € 7
due to the presence of A. We therefore introduce the oscillation of the jump residual
in S: 12

h'“11j = Jsllizs).

where jg stands for the mean value of j on S. Notice that the important question
about the order of this oscillation is not obvious because, in contrast to the oscillation
of the element residual, the approximate solution U is involved. We postpone a
corresponding discussion to Remark 23.

To choose a counterpart of 17, let @s denote the patch composed of the two
elements of .7 sharing S; see Fig. 12 for the 2-dimensional case. Obviously s has
a nonempty interior. Let s € W.! (ws) be a cut-off function with the properties

NBS /STI& supp?ls = @5, |Nsllz=(wg) = 1, IV Nsll=(wg) Shs'- O
Following Verfiirth [75, 76] we may take 1ns given by

nsp=d? ] AL, (92)

ze¥NSs

where T C wg and ),ZT, z € ¥ NT, are the barycentric coordinates of 7. Also here
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Fig. 12 Patch ws of triangles associated to interior side (left) and its refinement for Dorfler cut-off
function (right).

Dorfler [32] proposed an alternative which is obtained as follows: refine ws such
that there appears an interior node of S and take the corresponding Courant basis
function on the virtual triangualtion of @s; see Fig. 12 for the 2-dimensional case.

After these preparations we are ready to derive a counterpart of (88). In view of
the properties of ng, we have

||7s||i2<s) 5/73(75%) = /jllfs-I—/(js—j)llls (93)
s Js s

with ys = jgns. We rewrite the first term on the right hand side with the represen-
tation formula (76) as follows:

/jllfsz—/ rys+ (%, Ys),
S g

where, in contrast to Sect. 6.3.1, the jump residual couples with the element residual.

Hence
’ / J Vs
g

In view of |@wgs| < hg|S| and (91), we have

<72 (ag) WSl 2 (0g) + 12| 111 (0g) [V Ws 112 ) -

- 1/2,=
s 22(ag) < 1sl122 wg) M1l 0g) S s sl 125,

and
- —1/2 =
IV Wsl 2 (ag) < sll22(ag) V8] 22 (w5) < Tis / 1sllz2(s)-
We infer that

V J Vs
(2

In addition

G5 s

1/2 —-1/2 =
S (hs/ HrHLz(ws)"‘hs / ||‘@||H*1(a)s))||]SHL2(S)'

< \ljs =il 1Wsll2gs) < lis = dll2gs) lsllzs)-
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Inserting these estimates into (93) yields

- 1/2 —-1/2 - . -
1352205y S (1 Irllizqag) + 5 218N 1 o) + s = dllzgs) s lezgs

whence, using (89) and || Z||-1(7) < |2 g1 (w) for T C o,

2 1ils) S 19201 ag) + 1 =P 2gag) + 102G = Dz, ©%)
where h denotes the mesh-size function from Sect. 6.2.2 and 7 and j are given by
Fr=7r forallT€eZ  and  jg=Js forall S €.7.
Since
12|11 (w5) < 2 ||V (= U)| 12(wg)
we obtain the local lower bound in terms of the jump residual:
s/ 171120s) S 01V = Ul g2 ) + 150 =P 2y + B2 G = D) 95)

Also this estimate holds with j piecewise polynomial of degree /; see Problem 39.

6.3.3 Local Lower Bound

We combine the two results on interior and jump residual and discuss its signifi-
cance. To this end, we associate with each simplex T € .7 the patch

Or = U s,
SCIT\9dQ

see Fig. 13 for the 2-dimensional case, and define the oscillation in @7 by
osc(U, r) = [1(r =) 2(0p) + 112G = D2 3700 (96)

Recall that the higher order nature of hr||r—7r || 12(r) in (88) is crucial. We therefore
compare the convergence order of (96) with that of the local error.

Remark 23 (On Asymptotics of Oscillation). For simplicity, we consider only poly-
nomial degree n = 1, maximum convergence rates and suppose that A and f are
smooth. One then expects that the local error vanishes like

IV = 0) 22y = O0)
and interior and jump residual oscillations like

1 =P oy + 102G = DB a0) = OUE).
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Fig. 13 Patch associated to a triangle in the local lower bound.

We already argued about the higher order of the interior residual after (88). Regard-
ing the jump residual, the fact that VU is piecewise constant entails the identity

j—Js=[(A—A5)VU] = (A—A5)A~"j onan interior S € .7,

which reveals the additional order for sufficiently smooth A.

The oscillation osc(U, cr) is therefore expected to be a higher order term for
hr | 0. However, as we shall see from the example in Remark 26 below, it may
dominate on relatively coarse triangulations.

Similar arguments may be used to determine an appropriate polynomial degree
of jg and 7r in the case of general n. We do not insist on this and anticipate that
in Chaps. 8 and 9 77 will be the L?(T)-best approximation in Py, »(T) and jg
the L?(S)-best approximation in Py, 1 (S). This choices ensure, also for piecewise
smooth A and f, that the oscillation is of higher order.

Since (89) and (95) hold also for piecewise polynomial 7 and j, we have the
following result for single indicators.

Theorem 14 (Local Lower Bound). Let u and U be exact and Galerkin solution
of the model problem and its standard discretization. Then, up to oscillation, each
indicator is bounded by the local error:

EWU.T) S ||V(u—U)l 2w, tosc(U,0r)  forallTe€ T, (97

where o is the largest eigenvalue of A(x) in @r and the hidden constant depends
only on the shape coefficients of the simplices in r, the dimension d and the poly-
nomial degrees for ¥ and .

Proof. Simply add the generalizations of (89) and (95) for all interior sides S € 5%
with S C JT. O

It is worthwhile to observe that in proving the local lower bound we have used the
following the abstract notion of local continuity of the bilinear form %. Let V, W be
normed spaces over €2 that are equipped with integral norms. If @ is a subdomain
of , then

By, w] < Cxlv|lv(w)wllw forallw withw =0in Q\ @, (98)
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where || - ||ly(p) stands for the restriction of || - ||y to ®. Obviously, the continuity
constant ||| satisfies || B|| < Cz and therefore local continuity is stronger than
global continuity. Property (98) readily implies an abstract local counterpart of the
lower bound in Lemma 11.

We conclude this section with a remark about the importance of the fact that the
lower bound in Theorem 14 is local and a remark about a simplifying setting in
following chapters.

Remark 24 (Local Lower Bound and Marking). If osc(U, @r) < ||V (u = U)|| 12 (ay)»
as we expect asymptotically, then (97) translates into

EWU,T) S |[V(u—U)l 200

This means that an element 7" with relatively large error indicator contains a large
portion of the error. To improve the solution U effectively, such T must be split giv-
ing rise to a procedure that tries to equidistribute errors. This is consistent with the
discussion of adaptive approximation in 1d of Sect. 1.1 and constructive approxi-
mation of Chap. 5.

Remark 25 (Oscillation vs Data Oscillation). The quantity (96) measures oscilla-
tions of both interior residual r and jump residual j beyond the local mesh scale.
Note that if U is piecewise affine and A(x) is piecewise constant, then

r=f+div(AVU)=f and j=[AVU];=Js.

Consequently B
osc(U, ar) = [[h(f = )l 2(ap)

becomes data oscillation, which is independent of the discrete solution U. Other-
wise, for variable A, osc depends on the discrete solution U. This additional de-
pendence creates a nonlinear interaction in the adaptive algorithm and so leads to
difficulties in characterizing an appropriate approximation class for adaptive meth-
ods, see Chap. 9.

6.3.4 Global Lower Bound and Equivalence

We derive a global lower bound from Theorem 14 and summarize the achievements
of global nature in this chapter.
To formulate the global lower bound, we introduce the global oscillation

ose(U, 7) = |[h(r =)l 2() + 112G = D2y, (99)

recalling that I is the interior skeleton of .77. By summing (97) over all T € .7 and
taking into account (55), which entails a finite overlapping of the patches wr, we
obtain the following global result.
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Corollary 9 (Global Lower Bound). Let u and U be exact and Ritz-Galerkin so-
lutions of the model problem and its standard discretization. Then there holds the
following global lower bound:

EWU,T) S oa|V(u—U)|zq) +o0se(U, 7) (100)

where o is the largest global eigenvalues of A and the hidden constant depends on
the shape coefficient of T, the dimension d, and the polynomial degrees for T and

J

As already alluded to in Sect. 6.2.3, the presence of osc(U,.7) in the lower bound
is the price to pay for having a simple and computable estimator & (U, 7). In the
following remark, we present an example that shows that osc(U, Z) cannot be re-
moved from (100).

Remark 26 (Necessity of oscillation). Let € = 27X for K integer and extend the func-
tion $x(& — |x|) defined on (—&,€) to a 2e-periodic C! function ug on Q = (—1,1).
Moreover, let the forcing function be f. = —u”, which is 2e-periodic and piecewise
constant with values +1 that change at multiples of €; see Fig. 14. Let .7 be a uni-

Ex<hyp

Fig. 14 An strongly oscillating forcing function.

form mesh with mesh-size & = 2%, with k < K. We consider piecewise linear finite
elements V(.7 ) and corresponding Galerkin solution Uy € V(7). It is easy to ver-
ify that f is L>-orthogonal to both the space of piecewise constants and linears over
., whence Ug = fe =0 and

g 27K

u.—U’ = || =—=
H € s||L2(Q) [ e”LZ(_Q) \/6 \/6
<2 F=h= nfelli2q) = 0sc(Ue, 7) = & (Ue, 7).
Therefore, the ratio [|ug — Ug|;2(0)/& (Ue, 7)) can be made arbitrarily small by in-

creasing K /k, and osc(Uy, .7") accounts for the discrepancy. On the other hand, mea-
suring the oscillation in H~' (), as suggested in [13, 69],

/e _]?SHH*I(Q) =|fellg-1@) = ||”:s‘|L2(Q) RE,

would avoid overestimation but brings us back to the question how to (approxi-
mately) evaluate the ! (£)-norm at acceptable cost.
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This 1d example can be extended via a checkerboard pattern to any dimension.

We see that osc(U,.7) may be dominant in early stages of the adaptive itera-
tion (4). Therefore, it cannot be ignored in an optimality analysis without fineness
assumptions on the initial mesh .%; compare with Example 3.

We conclude by combing the two global bounds in Theorem 13 and Corollary 9.

Theorem 15 (Asymptotic Equivalence). Ler u and U be exact and Galerkin solu-
tions of the model problem and its standard discretization. Then the error estimator
(82) is asymptotically equivalent to the error:
1 1
—(6W.7)—05e(U, 7)) S IVu=V)lloiq) S o-€U,7) (10D
2 1
where 0 < @) < o are the smallest and largest global eigenvalues of A and the
hidden constants depend only on the shape coefficient of 7, the dimension d and
the polynomial degrees for ¥ and j.

We thus have derived a computable quantity that may be used to stop the adaptive
iteration (4) and, in view of the local lower bound in Sect. 6.3.3, the indicators may
be used to provide the problem-specific information for local refinement.

6.4 Problems

Problem 29. The gap in (75) is dictated by ||%|| / . Determine this quantity for the
model problem in Sect. 2.2.1 and

@ [vllv = [v|i,e-
) [Vllv = (fqVv-AVy)

Problem 30. Prove the scaled trace inequality (Corollary 8)

1/2

—1/2 1/2
W25y < s 21V + s P9V forall v e HY(T).

Problem 31. Show that, up to oscillation terms, the jump residual

] 1/2
e, 7) = (¥ 112l
Ses

bounds [|Z||-1(q), which entails that the estimator & (U, 7) is dominated by
N7 (U, 7). To this end, revise the proof of the upper bound for [ %] ;-1(q). use

c; = fajq)z/(;)zr(i)z.

and rewrite [, r(w—c;) ¢. by exploiting this weighted L?-orthogonality.
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Problem 32. Considering the model problem with its standard discretization, de-
rive the upper a posteriori error bound without using the discrete partition of unity.
To this end use (76) and combine the scaled trace inequality (77) with the local
interpolation error estimate (63). Derive as an intermediate step the upper bound:

(%2, w)| < Y EWUT)IVWll2nvry),
TeT

with N(T') from (55). Discuss the differences of the two derivations.
This form of the upper bound is useful in Chap. 7.

Problem 33. Verify that a suitable multiple of the Verfiirth cut-off function (90)
satisfies the properties (86). To this end, recall Lemma 1. Repeat for the Dorfler
cut-off function.

Problem 34. (Try this problem after Problem 33.) Show that the choice (90) for nr
verifies, for all p € P;(T),

/T P< / P IV e S b Iple

with constants depending on / and the shape coefficient of 7'. To this end, recall the
equivalence of norms in finite-dimensional spaces. Derive the estimate

hr 2y S Nl

for r € Py(T).

Problem 35. Consider the model problem and its discretization ford =2 andn = 1.
Let U be the solution over a triangulation .77 and U, the solution over %, where .7,
has been obtained by applying at least 3 bisections to every triangle of .77. Moreover,
suppose that f is piecewise constant over .77. Show

VW02 =U)l20) = 1M fll2 @)
where h; is the mesh-size function of 7].

Problem 36. Verify that a suitable multiple of the Verfiirth cut-off function (92)
satisfies the properties (91). Repeat for the Dorfler cut-off function.

Problem 37. Let S be a side of a simplex 7. Show that for each ¢ € P;(S) there
exists a p € P;(T) such that

1/2
p=qonS and  |plag Sk lalls)-

Problem 38. Let S be a side of a simplex 7. Show that the choice (92) for ng veri-
fies, for all ¢ € Pr(.%) and all p € P;(T),

L [fns 190ns) iz S Il
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with constants depending on [ and the shape coefficient of T'.

Problem 39. Derive the estimate (95), where 7 and j are piecewise polynomials of
degree /1 and b,.

Problem 40. Generalize Remark 23 to polynomial degree n > 2.

Problem 41. Supposing (98), formulate and prove an abstract local lower bound in
the spirit of Lemma 11.

Problem 42. Derive a posteriori error bounds for the energy norm

1/2
Vil o (/ Vv ;V)

and compare with Theorem 15.
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7 Adaptivity: Convergence

The purpose of this chapter is to prove that the standard adaptive finite element
method characterized by the iteration

SOLVE — ESTIMATE — MARK — REFINE (102)

generates a sequence of discrete solutions converging to the exact one. This will be
established under assumptions that are quite weak or even minimal. In particular,
we will not suppose any regularity of the exact solution that goes beyond the natural
one in the variational formulation. We therefore can expect only a plain conver-
gence result that does not give any convergence rate in terms of degrees of freedom.
The assumptions on the general variational problem allow for various examples that
are of quite different from the model problem in Sect. 2.2.1. Examples are left as
problems to the reader.

The presentation is based on the basic convergence result by Morin et al. [55]
and the modifications by Siebert [67].

7.1 The Adaptive Algorithm

Given a continuous bilinear form #: V x W — R and an element f € W* we con-
sider the variational problem

ueV: RBluwl=(f,w) forallwe W (103)

introduced in Chap. 2. We assume that & satisfies the inf-sup condition (21).

For the adaptive approximation of the solution u we consider a loop of the form
(102). To be more precise, starting with an initial conforming triangulation .7 of the
underlying domain €2 and a refinement procedure REFINE as described in Sect. 4.4
we execute an iteration of the following main steps:

(1) Uy :=SOLVE(V(%),W(%));

) {&(Ur,T)}reg, := ESTIMATE (Us, %);

(3) M= MARK({&(Us.T)}re . Fi):

4 Fiyq = REFINE(%, //k), increment k and go to Step (1).

(104)

In practice, a stopping test is used after Step (2) for terminating the iteration; here we
shall ignore it for notational convenience. Besides the initial grid .7 and the module
REFINE from Sect. 4.4, the realization of these steps requires the following objects
and modules:
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e For any grid & € T, there are finite element spaces V(.7) and W(.7) and the
module SOLVE outputs the corresponding Petrov-Galerkin approximation U o
to u.

e A module ESTIMATE that, given a grid .7 € T and the corresponding discrete
solution U, outputs the a posteriori error estimator {&7 (Ug,T)}rc5, where
the so-called indicator &5 (U5, T) > 0 is associated with the element T € ..

e A strategy in the module MARK that, based upon the a posteriori error indica-

tors {7 (U, T)}rez. collects elements of .7 in ., which serves as input for
REFINE.

Obviously, the modules SOLVE and ESTIMATE do strongly depend on the vari-
ational problem, i.e., on data # and f; compare with Sects. 3.1.3 and 6. For con-
venience of notation we have suppressed this dependence. The refinement module
REFINE is problem independent and the same applies in general to the module
MARK. We list the most popular marking strategies for (104):

(a) Maximum Strategy: For given parameter 6 € [0, 1] we let

M= {T e | g?(U,va) > eéa:?.max} with gﬂ,max = ;naégﬂ(vaT)-
S
(b) Equidistribution Strategy: For given parameter 6 € [0,1] we let
M= {T € 7| E7(ULT) > egg(ug,y)/\/#y}.

(c) Dérfler’s Strategy: For given parameter 8 € (0, 1] we let .# C .7 such that
E7(Ug, M) > 087Uz, 7).

For efficiency reasons one wants to mark as few elements as possible. This can
be achieved by selecting the elements holding the largest indicators, whence

min &7 (Us,T) > max &7 (Us,T).
Te 7(Us )_Te?\,/// 7(Uz.T)

The objective of this chapter is to prove that, under quite weak assumptions on
the modules SOLVE, ESTIMATE, and MARK, the sequence {Uy }x>o of discrete
solutions converges to u, i.e.,

lim [ Uy —ully = 0. (105)

This is a priori not clear, since the estimator only provides a global upper bound for
the error. All the techniques used in Chap. 5 are based on completely local interpo-
lation estimates and therefore cannot be used when working with an estimator. Then
again, as long as Uy # u the estimator is non-zero. This should lead to convergence
provided that the indicators {&;(Uy,T) }rc 7 pick up some local error information
and the selection of elements in MARK accounts for that.
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For convenience of notation we replace in what follows the argument .7 by a
subscript &, for instance we set Vy := V(.%).

7.2 Density and Convergence

Plain convergence for a sequence of uniformly refined grids is a simple consequence
of density. To see this, we set .#} = .} in each iteration of (104). Then (61) implies

hmax (i) := max{hy | T € .} <D,27%"/4 0 as k — oo,

if elements in .7} are scheduled for » > 1 bisections. Furthermore, let V° C V be a
dense subspace and I;,: V° — V. be an interpolation operator with

v —v||v < Chipax (T2 VIlvs forallv e V* (106)

for s > 0. In case of the model problem with V = H} (2) we could take for instance
V} to be conforming Lagrange finite elements over .7, and I} the Lagrange inter-
polant, which satisfies (106) with s = 1 on V> = H?*(Q) N H} (Q); compare with
Remark 18. For any v € V and v € V® we then derive

117 =]l < 7= V|lv + [T = vllv < Chyax (Z0) 9] vs + [T —v]lv.

For given v and € we first can choose 7 € V* such that ||v — 7|y < /2 by density of
V* in V. Then (106) implies C/5.,. (Z%)||9]|vs < €/2 provided k is sufficiently large,
whence |7 —v||y < €. Therefore,

lim min ||V —v|ly =0 forallve V
k*‘WVkGVk

or, equivalently,

V=]V (107)
k>0

This density property already implies convergence if the sequence {Vi, Wy }i>o is
stable, i. e., it satisfies a uniform inf-sup condition. Recalling the quasi-best approx-
imation property of the Petrov-Galerkin solution Uy established in Theorem 5, sta-
bility of the discretization yields

14|l

Uk —ullv < Tvﬂg{} [Vi—ullv =0  ask— oo, (108)
k k

thanks to density (107). Note, that this convergence result holds true irrespective of
any regularity property of u beyond V.
Assume now that the sequence {.% }¢>0 is adaptively generated. We observe that
(107) still holds whenever
klim hmax(Z%) =0, (109)
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whence (108) is also true. But (109) does not hold in general for an adaptively
generated sequence of meshes, as was already observed by Babuska and Vogelius
[7]. Recalling the definition of the mesh-size function

meL(Q): =T, Tez

in Sect. 4.3 and its L™ limit A, € L*(2) of Lemma 5, Eq. (109) is equivalent to
heo =0 in Q. If heo # 0, then there exists an x € Q \ I, with /. (x) > 0. This implies
that there is an element 7 3 x and an iteration counter K = K(x) such that T € .7
for all k > K.

This motivates to split the triangulations .7 into two classes of elements

Tr=(F={T€%|TeZV>k}, and Z:=F\F". (110)
>k

The set 9,:” contains all elements that are not refined after iteration k and we observe
that the sequence {.7,"} 40 18 nested, i.e., ;" C .7 for all k > (. The set T2
contains all elements that are refined at least once more in a forthcoming step of the
adaptive procedure. Since the sequence {Zj}kzo is nested the set

7= g
k>0

is well-defined and we conclude
he =0 if and only if TT=0.

If 7 # 0 then the finite element spaces cannot be dense in V since inside T €
7% we can only approximate discrete functions. Therefore, taking into accout the
arguments at the beginning of the section, we have that (107) is equivalent to /. = 0.

On the other hand, when using adaptivity we do not aim at approximating all
functions in V but rather one single function, namely the solution u to (103). A
necessary condition for being able to approximate u is

lim min |ju— Vi|ly = 0.
Jim min {Ju—=Villv

Assuming that the finite element spaces are nested, the space

Voo := | Vi
k>0

is well-defined and we can approximate u by discrete functions if and only if u € V..
We realize that V.. is defined via the adaptively generated spaces V. Therefore,
u € V., hinges on properties of the modules SOLVE, ESTIMATE, MARK, and
REFINE. In addition, if V., is a proper subspace of V and u € V., then u is locally
a discrete function. This implies, that the adaptive method must only decide not
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to refine an element any more if u locally belongs to the finite element space, for
instance u is affine in some part of the domain in case of Courant elements.

But this is not the generic case. If u is not locally discrete, then the decisions
of the adaptive method have to yield Z+ = 0, and if so, convergence is a direct
consequence of density as for uniform refinement. We aim at a convergence result
for adaptive finite elements that just relies on this density argument in this case. In
doing this we shall use a local density property of the finite element spaces in the
region {h. = 0} and properties of the adaptive method in its complement.

7.3 Properties of the Problem and the Modules

In this section we state structural assumptions on the Hilbert spaces V and W and
the modules SOLVE, ESTIMATE, and MARK. For notational convenience we use
‘a < b’ for ‘a < Cb’ whenever the constant C only depends on 7 and data of (103)
like & and f.

7.3.1 Properties of Hilbert Spaces

We assume that V is a subspace of L?(Q;R™) with some m € N and that || - ||y
is an L’-type integral norm implying the following properties: The square of the
norm ||-||ly(q) is set-additive, i.e., for any subset @ C Q that is decomposed into
® = o U @, with |®; N @,| = 0 there holds

V@) = V) + M3y forallve V(w). (111)

In addition, we ask || - ||y to be absolutely continuous with respect to the Lebesgue
measure, this is, for any v € V holds

Vlviw =0 as [0 0.

Finally we require W to have the same properties.

7.3.2 Properties of SOLVE

For any grid 7 € T we assume the existence of a pair of finite element spaces
{V(7),W(Z)} and suppose the following properties:

(1) They are conforming
V(7)cV, WIT)CW forall 7 €T (112a)

and nested
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V(7)CV(%), WT)CcW(T) forall 7 < 7, €T. (112b)

(2) The finite element spaces are a stable discretization, i. e., there exists B > 0 such
thatforall 7 € T

dimV(Z)=dimW(7) and inf sup ZAB[V,W]>p. (112¢)
VeV(T) WeW(T)
Viy=1 [Wlw=1

(3) Let W¥ C W be a dense sub-space with norm || - ||ys such that || - |3, is set-
additive and let I € L(W*, W (7)) be a continuous, linear interpolation oper-
ator such that

|w—ILzwllwr) S hrlwllwsr) forall T € 7 andw e W* (112d)

with s > 0.
(4) We suppose that SOLVE (V(.7), W(.7)) outputs the exact Petrov-Galerkin ap-
proximation of , i.e.,

Uz €eV(T): BlUz , W] = (f,W) foralwe W(7). (112e)

This entails exact integration and linear algebra; see Remarks 9 and 10.

Note, that for non-adaptive realizations of (104), condition (112c) is necessary for
the well-posedness of (112e) and convergence irrespective of f € W*; compare with
Problem 12. Although phrasing the interpolation estimate (112d) as a condition on
the choice of the finite element space, the construction of any finite element space
is based on such a local approximation property.

7.3.3 Properties of ESTIMATE

Given a grid .7 € T and the Petrov-Galerkin approximation U5 € V & of (112¢) we
suppose that we can compute a posteriori error indicators {&#(Uz,T)}re 7 by

{7 (U7,T)}res =ESTIMATE(U7, 7)

with the following properties:

(1) The estimator provides the following upper bound for the residual #Z 5 € W* of
Ugz:

(Z7,w)| S Y, E7(Uz.T)IWlwwy@y — forallwe W.  (113a)
TeT

(2) The estimator is efficient in that it satisfies the continuous local lower bound
E7(Uz,T) S Uz —ulyy, ) +0scr(Uz,T) forall T € 7, (113b)

where the oscillation indicator osc 7 (U, T) satisfies
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oscr(Uz,T) S hy (”U:?HV(N,?(T)) + HDHLZ(Ny(T)))' (113¢)

Hereafter, ¢ > 0 and D € L*(Q) is given by data of (103).

The upper bound as stated in (113a) is usually an intermediate step when deriving
a posteriori error estimates; compare with Problem 32. It allows us to extract local
information about the residual. This is not possible when directly using the global
upper bound Uz —ullyo) S &7 Uz, 7).

7.3.4 Properties of MARK

The last module for the adaptive algorithm is a function
M =MARK({&7(Uz,T)}rez, )

that, given amesh .7 € T and indicators {7 (U, T) }rc 7, selects elements subject
to refinement. Given a fixed function g : Rar — Rg that is continuous at 0 with
g(0) = 0, we ask that the set .# of marked elements has the property

max{&7 Uz, T)|T € T\ M} < g(max{E7 Uz, T)|T €M}). (114

Marking criterion (114) implies that all indicators in .7 are controlled by the maxi-
mal indicator in .. Marking strategies that pick up the elements holding the largest
indicator, as those from Sect. 7.1, satisfy (114) with g(s) = s.

7.4 Convergence

In this section we show that the realization of (104) generates a sequence of Petrov-
Galerkin solutions that converges to the true solution in V under the above assump-
tions.

Theorem 16 (Convergence). Let u be the exact solution of (103) and suppose that
(21) holds. Let the finite element spaces and the functions SOLVE, ESTIMATE,
and MARK satisfy (112), (113), and (114), respectively.

Then the sequence of Galerkin approximations {Uy}i>o generated by iteration
(104) satisfies

fim [Ug—ully =0 and  lim &(Us, ) =0.

In particular, any prescribed tolerance TOL > 0 for the estimator is reached in a
finite number of steps. In other words: there is an iteration k* with

Uk —ully < & (Upr, T+ ) < TOL.
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We split the proof in several steps.

7.4.1 Two limits

In this paragraph we give another generalization of (56) for a sequence of adaptively
generated triangulations. In combination with the interpolation estimate (112d) this
result yields a local density property of adaptively generated finite element spaces.
Additionally we show that for any realization of (104) the Petrov-Galerkin solutions
are a Cauchy-sequence in V.

The uniform convergence h; — h. shown in Lemma 5 helps to locate the set
{he = 0} in terms of the splitting .7} = ﬁko U Zf introduced in (110). According
to ﬂko and Z{* we decompose the domain €2 into

Q=Q(F7HUQ(F) = ua),
where for any sub-triangulation .7, C .7 we let
o(7)=Ur:1e %}

be the part of Q covered by .7;/. A direct consequence of Lemma 5 is the following
result.

Corollary 10 ({h. = 0}). Denote by x; the characteristic function of Q.
Then the definition of ,7,(0 implies

; 0 .
B [ 20| ) = lim [l g, = O-
Proof. The definition of 9,(0 implies that all elements in 9,(0 are refined at least

once. Hence, Ao, < Zﬁhk in Q7, yielding (1 — 2"/d)hk < hy — he in Q). This in
turn implies with y=1—2!/4 > 0

HthIE)HLN(_Q) <y! || (A _hOO)XI?HL""(_Q) <y '|h — heo||=(2) — 0
for k — oo thanks to Lemma 5. O

Remark 27 (Local Density). We employ set-additivity of || - ||, combined with the
local approximation property (112d) to deduce for any sub-triangulation .7, C
and any w € W* the local interpolation estimate

W = Lewllwa(zry) < il g0 1Wllws @7y - (115)

Using this estimate for ;' = Z? the above corollary implies

1w =Wl 00y S [1ill =) W llws () forall w e W
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For any pair w € W and w € W* we then argue as in Sect. 7.2 for uniform refinement
but restricted to subdomain £2 (ZCO) to conclude the ‘local density’

I{lﬂwrkgl&k\|w—Wk\\V(Q£) =0 forallweW. (116)

We use the interpolation estimate (115) in Proposition 4 below.

We next turn to the sequence {Uy }x>0 of approximate solutions. For characteriz-
ing the limit of this sequence we need the spaces

Voi=JVi and  We.:=[JW,
k>0 k>0

Lemma 14 (Convergence of Petrov-Galerkin Approximations). Assume that the
sequence {(Vi, W) }i>o satisfies (112¢) and (112b).

Then the sequence {Uy } >0 of approximate solutions converges in'V to the solu-
tion ue with respect to the pair (Ve, W), which is characterized by

Uoo € Voo ! Bluw, w| = f(w)  forallw e W.,. (117)

Proof. [1]Let us first prove that the pair (V.., W..) satisfies the inf-sup condition

inf  sup Blv,w]>p, inf sup Bly,w]>p (118)
vEVeo  wEWoo WEWe  vEVoo
[Vl =1 [wllyy=1 [wlyw=1 [vlly=1

with B > 0 from (112c).

To this end, fix first any v € V.. \ {0} and choose a sequence {Vj},~ of functions
Vi € Vi such that V; — vin V as k — co. Moreover, with the help of (112¢) choose
a sequence {Wy }i>o of functions Wy € W; such that

[Wellw=1  and  B[Vi, Wi] > B|[Villv- (119)

Thanks to (112a), the sequence {Wj }x>o is in W. Since the latter is reflexive, there
exists a subsequence {Wj; }j>0 and a function w € W such that W, — w weakly
in W as j — oo. Since W.. is closed and convex as well as || - ||y weakly lower
semicontinuous, we have w € We, and [[w||w < lim;_. || W, |lw = 1. Combing this
with (112c) yields

Blv,w] = Blvllv = BlvlIviiwlw-.

In view of the first inequality, w # 0 and the first part of (118) is proved.
Proposition 1 states that (112c¢) is equivalent to

inf  sup AV,W]>p. (120)
WeW(T) veV(T)
Wilw=1 [V]y=1

In the same way, but using (120) instead of (112c), we show that for any w € W,
there exists v € V., \ {0} such that B[v, w| > B||v||v|/w||w. This shows (118).
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The spaces Vo, C V and W, C W are closed and thus Hilbert spaces. The bi-
linear form & is continuous on V., X W, and satisfies the inf-sup condition (118).
Therefore, by Theorem 2 there exits a unique u. € Vo, with (117).

By construction, V; C V., which implies that the Petrov-Galerkin solution Uy, is
a || - |[y-quasi-optimal choice in V; with respect to i, i. €., there holds

18l
B v

i = Uil < V51 min e = Vo

compare with Theorem 5. Besides that, |~ Vy is dense in V., and therefore
klim |Uk — ttos ||y = 0. O

In case of coercive Z the proof is much simpler since coercivity is inherited
from V to V., and Step 1 of the proof is trivial. Existence of u.. is then a direct
consequence of Corollary 2 (Lax-Milgram theorem). For symmetric and coercive
2 the above result has already been shown by Babuska and Vogelius [7].

Lemma 14 yields convergence of Uy — u. in V as k — oo irrespective of the
decisions in the module MARK. We are going to prove below that the residual Z-.
of U satisfies % = 0 in W*. The latter is equivalent to u. = u and thus shows
Theorem 16. This, of course, hinges on the properties of ESTIMATE and MARK.

7.4.2 Auxiliary Results

Next we prove two auxiliary results, namely boundedness of the estimator and
convergence of the indicators. Before embarking on this, we observe that the set-
additivity of | - [|3 allows us to sum over overlapping patches, if the overlap is fi-
nite; compare also with the proof of Theorem 11. To be more precise: Local quasi-
uniformity of .7} (55) implies #N;(T) < 1 for all T € . Thus set-additivity (111)
of || - |3 gives for any subset .7 C % and any v € V

Y By =X L M S ¥ B =Re, (20

Teg)] TeT! T'EN(T) TeJ;

with 7 ={T' € F | T" e Ne(T), T C )} and Q] := Q(.Z;"). The same argument
applies to H : H%’V’ H : H%’W’ and ” ’ Hiz(g)'
In the next results we use the stability estimate

E7 (U7, T) SNUzllvivy oy + IDl2v )y forallT € 7, (122)

where D = D(u,D) € L*() with D from (113b). This bound can be derived as
follows. Combining the lower bound (113b) and the triangle inequality we infer



102 R. H. Nochetto, K. G. Siebert, and A. Veeser
E7Uz,T) S Uz —ully,(r)) +oscr Uz, T)
SNz v,y + lullvav, () + 1Pl 2 (7

where the constant in < also depends on || ||,= (o) via (113¢). Since |||y (q) is an

L2—type norm, the stability of the indicators (122) is a direct consequence of (113b)
with D = D(u,D) € L*(Q).

Lemma 15 (Stability). Let the finite element spaces and the error the indicators
satisfy (112c) respectively (122).
Then the estimators &, (Uy, ;) are uniformly bounded, i. e.,

E(Ur, 7)) <1 forall k> 0.
Proof. Using (121) and the stability of the indicators (122) we derive for all k > 0

gkz(Uka STIBS Z ||Uk||\2\/(Nk(T)) + ||D|‘1%2(Nk(r)) S HUkH%/'(Q) + ||D||22(_Q)-
TeI,

The uniform estimate ||U ||y () < B~ f|lv+ implies the claim. O

We next investigate the maximal indicator in the set of marked elements. In ad-
dition to convergence of the discrete solutions and mesh-size functions we exploit
stability of the indicators, and properties of REFINE.

Lemma 16 (Marking). Suppose that the finite element spaces fulfill (112) and the
estimator (113b) and (113c).
Then the maximal indicator of the marked elements vanishes in the limit:

klim max{&(Ux,T) | T € M} =0.

Proof. Let Ty € M, such that & (U, Ty) = max{&,(Uy,T) | T € .4 }. All elements
in ., are refined and therefore T}, € ﬁko. Local quasi-uniformity (55) of .7} implies

INCTO| S Tl < 1Ny < N1 0 — O (123)

as k — oo by Corollary 10.
As shown above (113b) and (113c) imply the stability (122), whence we can
proceed by the triangle inequality to estimate the maximal indicator by

E (Ui, Ti) S Uk — ool vi2) + oo lv v (1) + 1Dl 22, (7)) -

The first term on the right hand side converges to 0 as kK — oo, thanks to Lemma 14
and the other terms vanish in the limit too, by continuity of [|-||v(q) and |- [|;2(q)
with respect to the Lebesgue measure |-| and (123).
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7.4.3 Convergence of the Residuals

In this section we establish the weak convergence %) — 0 in W*. In doing this, we
distinguish two regions in : in .Q,? we use local density of the finite element spaces
Wy in W, and in .Q,:r we rely on properties of estimator and marking.

Proposition 4 (Weak Convergence of the Residuals). Assume that (112), (113),
and (114) are satisfied.
Then the sequence of discrete solutions {Uy }x>o generated by iteration (104)
verifies
klim (Zi,w) =0 forallwe W*.

Proof. [1] For k > { the inclusion .7," C ;" C 7 holds. Therefore, the sub-
triangulation Z \ 7, of 7 covers the sub-domain 0, i.e., Q) = Q(Z% \ J,7).
We notice that any refinement of 7 does not affect any element in Z*. Therefore,
defining

T =A{T"|T' e N(T), T € Z\ I, }.

we also see that for k > ¢
Q=) =\ {T": T eN(T), T € 7°}. (124)

Let w € W* with |[wl|ys @) = 1 be arbitrarily chosen. Since Uy is the Petrov-
Galerkin solution we can employ Galerkin orthogonality (41) in combination with
the upper bound (113a) to split for k > ¢

(P, w) | = (T, w— Do) |

< Y GWUGDIw—hwllvgry + Y, G U6 T)Ilw—hwllyr)
TeZ\I," Teg,"

< Uk, T\ T Iw = Iowllviap) + kUi, T, llw — Iwllv)
by the Cauchy-Schwarz inequality and (121) for || - ||3,. In view of Lemma 15 we

bound é‘}((Uk,ﬂk\ﬁf) < &(Uk, Zk) S 1. We next use (115) with .7/ = 7% to

obtain ||w — lyw|lw () < [[Mill=(qp). recalling [[w|ys o) = 1. From (124) we see
that for any 7’ € 7;* we find T € .7° with T’ C Ny(T'). Local quasi-uniformity (55)
of 7 and monotonicity of the mesh-size functions therefore imply

1kl =gy S Mokl o0y < el = 20)-
In summary this yields
w—=hwllviay) S Ihill=qe  and  [lw—=hwlv) S 1,
which entails the existence of constants 0 < Cj,C, < oo, such that

(B, w)| < Culli o gop) + 26Uk, ;) forallk= £ (125)
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For any given € > 0, convergence of the mesh-size function ||/|| (00 0 for
{ — oo, proven in Corollary 10, and s > 0 allows us to first choose £ > 0 such that

€
S
172l =20 < TR

Employing the marking rule (114), we conclude

Jim max{& (U, T) | T € G\ My} < Jim g(max{& (U, T) | T € M4 }) =0

by Lemma 16 and continuity of g in 0 with g(0) = 0. Since .7,* N.#} = 0, this
especially implies max{& (U, T) | T € "} — 0, whence we can next choose
K > / such that

€
(U, T) < f(#9;)*1/2 forall 7 € 7" and all k > K,
2

yielding C2&;(Ux, 7, ") < €/2 for those k. In summary, estimate (125) then implies
[(Z),w)| < € for k > K. Since € is arbitrary this finishes the proof. O

7.4.4 Proof of Convergence

Collecting the auxillary results, we are in the position to prove the main result.

Proof of Theorem 16. | 1| We first show convergence Uy — u« in V. For any w € W*
we deduce

<%°°7 W> = <'%°°7'%k7 W> +<'%k7 W> = ‘%[uwiUka W] +<%k7 W>
< |12 l|ue = Ukllvo) IWllv(a) + (%, w) — 0

as k — oo by Lemma 14 and Proposition 4, whence (%, w) = 0 for all w € W*. This
implies Z.. = 0 in W* since W* is dense in W. The continuous inf-sup condition
(21) yields

Ut —ully < sUp Bl — 1, w] = SUp (B, W) =0,
[wllw=1 Iwllw=1

which shows u = u... Convergence of the Galerkin approximations finally implies

lim Uy = tes = U inV.

— 00

After proving Uy — u we next turn to the convergence of the estimators. Just like
in the proof of Proposition 4 we split for k > /¢

& U ) = E (U, i\ T;1) + & Uk, T;7)
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and we estimate the first term with the help of the local lower bound (113b), (113c)
by

EUINTS Y U= ull )+ 57 (HUkH%/'(Nk(T)) + ||D||i2(1vk(r)))
TeT\T;

SJ HUk — I/l“%/ + HhquL"“(Q?) (ﬁ72||f||%7* + ”DHIZF(Q))’

where we have used (121) for [|-[|y (@) and || - || ;2(q) as well as [|Uk[lv < B Il
in the second step. Using once again monotonicity of the mesh-size functions we
deduce for some constants C;,C»

2
6 U ) < CU gy + ol + 620 7).

By Corollary 10 we can make the first term small by choosing ¢ sufficiently large.
In the proof of Proposition 4 we already have shown & (U, 7,") — 0 for fixed ¢
and k — oo. Step 1 implies ||Uy —u||y(o) — 0 as k — e which allows to make the
last two terms small by choosing k large after fixing ¢. This proves & (Ui, ;) — 0
as k — oo and finishes the proof. a

Remark 28 (Lower Bound). For convergence U, — u we have only utilized the sta-
bility (122) of the indicators, which is much weaker than efficiency (113b) because
it allows for overestimation. Since most of the estimators for linear problems are
shown to be reliable and efficient, we directly asked for efficiency of the estimator.
For nonlinear problems this might be different and just asking for (122) may provide
access for proving convergence for a larger problem class.

All convergence results but [21, 67] rely on a discrete local lower bound. For the
model problem there is no difference in deriving the continuous or the discrete lower
bound; compare with Sect. 6.3. In general, the derivation of a discrete lower bound
is much more involved than its continuous counterpart. For instance, in Problem 44
below the discrete lower bound is not known and in Problem 45 it is only known
for the lowest order elements. In respect thereof a convergence proof without lower
bound enlarges the problem class where it applies to.

Yet, only asking for (122) yields convergence U, — u but the progress without
convergence &;(Uy, 7;) — 0 is not observable in the adaptive iteration. Therefore,
a convergence result for non-efficient estimators is of little practical use.

Remark 29 (Characterization of Convergent Marking). The results in [55] and [67]
also give a characterization of convergent marking. In our setting

klim max{& (U, T) | T € M} =0 = ng (U, T)=0 forallT e 7+
(126)
is necessary and sufficient for convergence of (104). To see this, the hypothesis
of (126) we have shown in Lemma 16 and the conclusion of (126) is obviously
necessary for & (Uy, J;) — 0. If limy_,c 08¢ (Uy, T) = 0 for all T € 7 then it is
also necessary for ||Uy — u|ly — 0 by the lower bound (113b), for instance in the
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model problem when A and f are piecewise constant over .%). Condition (114) on
marking we only have used in Step 3 of the proof to Proposition 4 and there it can
be replaced by (126), whence (126) is also sufficient.

On the one hand, this assumption is not ‘a posteriori’ in that it can not be checked
at iteration k of the adaptive loop and thus seems of little practical use. On the
other hand, being a characterization of convergent marking it may be used to treat
marking strategies that are based on extrapolation techniques involving indicators
from previous iterations [5], or that are based on some optimization procedure [41].

Similarly, the condition on marking can be generalized to marking procedures
where a given tolerance of the adaptive method enters the selection of elements, for
instance the original equidistribution strategy for parabolic problems in [34]. Such
methods then in turn only aim at convergence into tolerance. For details we refer to
[67, Sect. 5].

7.5 Problems

Problem 43. Consider the general 2™ order elliptic problem from Sect. 2.2.2, where
A piecewise Lipschitz over Zp with smallest eigenvalue strictly bounded away from
0 and ¢ — 1/2divb > 0. Therefore, the corresponding bilinear form 2 is coercive
on'V = Hj(£2); compare with Sect.2.5.2.

Show that a discretization with Hé conforming Lagrange elements of order n > 1
introduced in Sect. 3.2.2 and the residual estimator from Sect. 6.2 satisfy the as-
sumptions (112) and (113). This implies convergence of the adaptive iteration (104)
for the general 2" order elliptic equation with any of the marking strategies from
Sect. 7.3.4.

Problem 44. Consider the biharmonic equation in 2d from Sect. 2.2.2 which leads
to a variational problem in V = Hg (£) with a continuous and coercive bilinear form.

Show that the discretization with the Argyris triangle defined in [25, Theo-
rems 2.2.11 and 2.2.13] of Ciarlet’s book satisfies (112). In addition verify that the
estimator derived by Verfiirth in [76, Section 3.7] fulfills (113). This implies con-
vergence of the adaptive iteration (104) for the biharmonic equation with any of the
marking strategies from Sect. 7.3.4.

Problem 45. Consider the 3d Eddy Current Equations from Sect. 2.2.2 which leads
to a variational problem in V = Hy(curl; ) with a continuous and coercive bilinear
form.

Show that the discretization with Nédélec finite elements of order n € N com-
ply with (112); compare with [51, Sect. 5.5]. Consider the estimator derived by
Schoberl [64, Corollary 2] that has been shown to be efficient by Beck et al. [12,
Theorem 3.3]. Show that it fulfills (113). This implies convergence of the adaptive
iteration (104) for the 3d Eddy Current Equations with any of the marking strategies
from Sect. 7.3.4.
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Problem 46. Consider the Stokes problem from Sect. 2.2.2 that leads to a varia-
tional problem in V = H} (2;R?) x L3(2) with a non-coercive bilinear form %
that satisfies the inf-sup condition (23).

For the discretization with the Taylor-Hood element of order n > 2, this means
we approximate the velocity with continuous piecewise polynomials of degree n and
the pressure with continuous piecewise polynomials of degree n — 1, Otto has shown
(112c¢) in [59]. Prove that the Taylor-Hood element satisfies the other requirements
of (112). Finally show that the estimator by Verfiirth for the Stokes system [75]
complies with (113). This implies convergence of the adaptive iteration (104) for
the Stokes problem with any of the marking strategies from Sect. 7.3.4.
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8 Adaptivity: Contraction Property

This chapter discusses the contraction property of AFEM for the model problem of
Sect. 2.2.1, namely

—div(A(x)Vu)=f inQ, u=0 ondQ. (127)
The variational formulation of (127) from Sect. 2.5.1 reads with V=W = H'(Q)
ueV: Blu,vl ::/ Vv-A(x)Vu 2/ Ffv=:{f,v) forallve V.
Q Q

We revisit the modules of the basic adaptive loop (4), i.e.,
SOLVE — ESTIMATE — MARK — REFINE.

Similar to Chap. 7, the outcome of each iteration with counter k > 1 is a sequence
{T%, Vi, U }7 of conforming bisection refinements .7 of .7, spaces of conform-
ing finite element spaces Vy = Wy = §"0( ) NH} (), i.e., C® continuous piece-
wise polynomials of degree < n for both ansatz and test spaces, and Ritz-Galerkin
solutions Uy, € V.

Since error monotonicity is closely related to a minimization principle, we can-
not in general expect a contraction property for problems governed by an inf-sup
condition. We thus restrict ourselves to the special class of coercive and symmet-
ric problems of the form (127). The first contribution in dimension d > 1 is due
to Dorfler [32], who introduced a crucial marking, the so-called Dorfler marking
of Sect. 7.1, and proved strict energy error reduction for the Laplacian provided
the initial mesh % satisfies a fineness assumption. The Dorfler marking will play
an essential role in the present discussion, which does not seem to extend to other
marking strategies such as those in Sect. 7.1. Morin, Nochetto, and Siebert [52, 53]
showed that such strict energy error reduction does not hold in general even for
(127). By introducing the concept of data oscillation and the interior node property,
they proved convergence of the AFEM without restrictions on .%. The latter result,
however, is valid only for A in (127) piecewise constant on %. Inspired by the work
of Chen and Feng [24], Mekchay and Nochetto [48] proved a contraction property
for the total error, namely the sum of the energy error plus oscillation, for general
second order elliptic operators such as those in Sect. 2.5.2. For non-symmetric %
this requires a sufficient fineness of the initial grid 9. The total error will reappear
in the study of convergence rates in Chap. 9.

Diening and Kreuzer proved a similar contraction property for the p-Laplacian
replacing the energy norm by the so-called quasi-norm [31]. They were able to
avoid marking for oscillation by using the fact that oscillation is dominated by the
estimator. Most results for nonlinear problems utilize the equivalence of the energy
error and error in the associated (nonlinear) energy; compare with Problem 49. This
equivalence was first used by Veeser in a convergence analysis for the p-Laplacian
[73] and later on by Siebert and Veeser for the obstacle problem [68].
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The result of Diening and Kreuzer inspired the work by Cascoén et al. [21], who
proved a contraction property for the quasi-error:

llu—Ullg, +v62Ur, F),

where ¥ > 0 is a suitable scaling constant. This approach hinges solely on a strict re-
duction of the mesh-size within refined elements, the upper a posteriori error bound,
an orthogonality property natural for (127) in nested approximation spaces, and
Dorfler marking. This appears to be the simplest approach currently available and is
presented next.

8.1 The Modules of AFEM for the Model Problem

We assume  is triangulated by some initial grid 5. We suppose that A is uniformly
SPD so that (127) is coercive and in addition we ask A to be piecewise Lipschitz
over 7. We next describe the modules of the adaptive algorithm.

Module SOLVE. Forany 7 € T we set V(7) = $"(.7) N H} () and suppose
that
Uz =SOLVE(V(.7))

outputs the exact Ritz-Galerkin approximation in V(7), namely,
Uz €eV(T): BlUz,V]=(f,V) forall V e V(7).
This entails exact integration and linear algebra; see Remarks 9 and 10.

Module ESTIMATE. Given a grid .7 € T and the Ritz-Galerkin approximation
Uz € V() the output

{67(U7.T)}res =ESTIMATE(U7, 7)

are the indicators of the residual estimator derived in Chap. 6. We recall that for a
generic function V € V(.7) the element and jump residuals are defined by

r(V)|r = f+div(AVV)=f  forall T € .7,
J(V)|s =[AVV] forall S € .

and the element indicator evaluated in V is then

EL(V,T) = h ||r(v)||§2(T) +hy |\j(v)||§2(arm) forall T € 7.

Module MARK. For any .7 € T and indicators {7 (U#,T)}rc> the module
MARK selects elements for refinement using Dorfler Marking, i.e., using a fixed
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parameter 6 € (0, 1] the output
M =MARK({&7(Uz,T)}rez,7)

satisfies
E7Ug, M)> 087Uz, 7).

Dorfler Marking guarantees that the total estimator is controlled up the constant
6~! by the estimator on the marked elements. This is a crucial property in our
arguments. The choice of .# does not have to be minimal at this stage, that is, the
marked elements 7' € .# do not necessarily must be those with largest indicators.
However, minimality of .# will be crucial to derive rates of convergence in Chap. 9.

Module REFINE. We fix the number b € N of bisections and consider the module
REFINE from Sect. 4.4 to refine all marked elements b times. Then for any .7 € T

the output
T = REFlNE(§7 J/{)

satisfies ;. € T. Furthermore, if Z5_, 7, is the set of refined elements of .7, then
MCRy_.g and hgy < 27%/4h 4 inside all elements of Z5_, 7 .

8.2 Properties of the Modules of AFEM

We next summarize some basic properties of the adaptive algorithm that emanate
from the symmetry of the differential operator and features of the modules. In do-
ing this, any explicit constant or hidden constant in < must, apart from explicitly
stated other dependencies, only depend on the uniform shape-regularity of T, the
dimension d, the polynomial degree n, and the (global) eigenvalues of A, but not on
a specific grid .7 € T. Further on, u will always be the weak solution of (127).

Lemma 17 (Nesting of Spaces). Any sequence {V; = V(%) }i>0 of discrete spaces
generated by the basic adaptive loop (4) is nested, this is,

Vi C Vi forall k > 0.
Proof. See Problem 47. a

The following property relies on the fact that 4 is coercive and symmetric, and
so induces a scalar product in V equivalent to the H&-scalar product.

Lemma 18 (Pythagoras). Let 7,7, € T such that F < ,. The respective Ritz-
Galerkin solutions U € V(.7) and U,. € V(.7;) satisfy the following orthogonality
property in the energy norm |||-|| o

2 2 2
lle=Ullg = llu— Ul + 1. = Ulllg - (128)
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Proof. See Problem 48. a

A by-product of (128) is the monotonicity property
U= Ullg < lllu=Ulllq - (129)

A perturbation of (128) is still valid for the general 2nd order elliptic operators
of Sect. 2.5.2, as shown in [48], but not for non-coercive problems. Even for (127),
property (128) is valid exclusively for the energy norm. This restricts the subsequent
analysis to the energy norm, or equivalent norms, but does not extend to other, per-
haps more practical, norms such as the maximum norm. This is an open problem.

We now continue the discussion of oscillation of Sect. 6.3.3. In view of (96), we
denote by osc 7 (V,T) the element oscillation for any V € V

oscs (V,T) = [h(r(V) = r(V )l 2ry + B2 GV) = iV D 20700):

where 7(V) = Py, _»r(V) and j(V) = Py,_1 j(V) stand for L?>-projections of the resid-
uals (V') and j(V') onto the polynomials P2,_»(7T") and P2,_;(S) defined on the ele-
ment 7 or side S C dT, respectively. For variable A, osc 7 (V,T) depends on the dis-
crete function V € V, and its study is more involved than for piecewise constant A. In
the latter case, osc 7 (V,T) becomes data oscillation osc 7 (V,T) = ||h(f = ) 12(r):
compare with Remark 25.

We now rewrite the a posteriori error estimates of Theorem 15 in the energy
norm.

Lemma 19 (A Posteriori Error Estimates). There exist constants 0 < Cy < Cj,
such that for any 7 € T and the corresponding Ritz-Galerkin solution U € V(.7)
there holds

llu—UlI% <C1 62U, T) (130a)
CELWU, 7)< |lu—Ul|lg +osc% (U, 7). (130b)

The constants C; and C, depend on the smallest and largest global eigenvalues of A.
This dependence can be improved if the a posteriori analysis is carried out directly
in the energy norm instead of the H(% -norm; see Problem 42. The definitions of

r(V) and j(V), as well as the lower bound (130b), are immaterial for deriving a
contraction property. However, they will be important for proving convergence rates
in Chap. 9.

Lemma 20 (Lipschitz Property). For any & € T and T € 7, there holds

&7 (V,T) =& W, 1) S N7 (A TV =Wl 12y forallV,W e V(T).

By o we again denote the union of elements sharing a side with T, divA € R? is
the divergence of A computed by rows, and

N7 (A, T) = hr || divAl|=(r) + |All =(0p)-
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Proof. Recalling the definition of the indicators, the triangle inequality yields
|E7(V,T) = E (W, T)| < hr|r(V) = r(W) | 2y + by > 15(V) = 5 W) 2o
Weset E:=V —W € V(.7), and observe that
r(V)—r(W)=div(AVE) = divA-VE + A : D’E,

where DE is the Hessian of E. Since E is a polynomial of degree < nin T, applying
the inverse estimate ||D2E||L2<T) <hg! IVE||2(r), we deduce

he [[r(V) =rW)llz2(ry S 17 (A TIVE 2z

On the other hand, for any S C dT applying the inverse estimate of Problem 50 gives

: ; ; —1/2
(V) = iW) 25y = i B2y = ITAVED ll2(5) S Az [ VE 2y
where the hidden constant is proportional to (A, T). This finishes the proof. O

One serious difficulty in dealing with AFEM is that one has access to the energy
error ||u—U||, only through the estimator &5 (U, .7 ). The latter, however, fails to
exhibit a monotonicity property such as (129) because it depends on the discrete
solution U € V(7) that changes with the mesh. We account for this change in the
next lemma, which is a direct consequence of Lemma 20.

Lemma 21 (Estimator Reduction). Let .7 € T be given with a subset # C T of
marked elements and let T, = REF/NE(?,///).

There exists a constant A > 0, such that all V € V(7), V. € V() and any
6 > 0 we have

&5 (Vi, 7)< (14 8)(65(V, T) = A E5(V, 4))
+(1+8NANLA D) IV V5,

where A =1—2"%/4 qnd
N (A, 7):=maxns(A,T).
TeT

Proof. We proceed in several steps.
[1] Global Estimate. We first observe that V € V(.Z,) since the spaces are nested.
We next invoke Lemma 20 for T € 7, and V,V, € V() to get

E7.(Ve, T) <67, (V,T) +C N7 (A, T) Vi =Vl g1 (oy)-

Given § > 0, we apply Young’s inequality (a+5)> < (1+38)a*+ (1+ 8 1)b? and
add over T € 7 to arrive at

65 Ve, Z) < (14 8) E5.(V, Z)+ A (1+ 8 (A, ) V.= V. (131)
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Here, A = (d + 1) C/ o results from the finite overlapping property of sets wy and
the relation between norms

o [[VVl[f g < Ivll%  forallve V.

In addition we have used the monotonicity property 1, (A, 7)) < ns(A, 7).
[2]Accounting for .#. We next decompose éﬁ% (V, Z.) overelements T € 7, and
distinguish whetherornot 7 € .Z.If T € .4, then T is bisected at least b times and

so T can be written as the union of elements 7’ € .7, We denote this set of elements
7,(T) and observe hys < 22/ hy for all T’ € Z,(T). Therefore

L B0y <2 ORIV g

T'c.7.(T)
and
Y i) erne) < 277 b 1V 0700
T'€ Z(T)
This implies

EL(V,T) <27 E2(WV,T)  forall T € 4.

For the remaining elements T € 7 \ .# we only know that mesh-size does not
increased because .7 < 7., whence

&5 (V,T)<E5(V,T)  forallT € T\ A.

(3] Assembling. Combining the two estimates we see that

64 (V,T) <27V EL(V, M)+ EL(V, T\ M)
=85V, 7)— (1-271) 6%.(v. ).

Recalling the definition of 2 = 1 —27%/¢ and replacing &% (V,.%) in (131) by the
right hand side of this estimate yields the assertion. a

8.3 Contraction Property of AFEM

Recall that AFEM stands for the iteration loop (104) for the model problem. A key
question to ask is what is (are) the quantity(ies) that AFEM may contract. In view of
(129), an obvious candidate is the energy error ||u — Uk||| . We show next that this
may not be the case unless REFINE enforces several levels of refinement.

Example 2 (Interior Node). Let Q = (0, 1)2,A =1, f =1, and consider the sequence
of meshes depicted in Fig. 15. If ¢y denotes the basis function associated with the
only interior node of %, then
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Fig. 15 Grids %, 97, and % of the interior node example.

1
Uo=U = — ¢o, Ux # Uy.
12
The mesh 7] > % is produced by a standard 2-step bisection (b = 2) in 2d. Since
Uy = U; we conclude that the energy error does not change

llu = ol = llu=Uilllq

between consecutive steps of AFEM. This is no longer the case provided an interior
node in each marked element is created, because then U, # U; and so ||u — Uzl <
le — Uil (see (128)).

This example appeared first in [52, 53], and was used to justify the interior node
property: I, must have one node in each side and interior of every T € ./ . This
property entails a minimal number of bisections that increases with the dimension
d. The following heuristics explains why this property, closely related to a local dis-
crete lower bound (see Problem (35)), is no longer needed in the present approach.

Heuristics. According to (128), the energy error is monotone, but the previous
example shows that strict inequality may fail. However, in case Uy, = Uy, the es-
timator reduction in Lemma 21 for V,, = Uy and V = U reveals a strict estimator
reduction. We could thus expect that a suitable combination of them, the so-called
quasi error

Il — Ukl + v 2 (Urs ),

may be contractive. This heuristics illustrates a distinct aspect of AFEM theory, the
interplay between continuous quantities such the energy error |||u — Ui|||, and dis-
crete ones such as the estimator &;(Uy, 7 ): no one alone has the requisite properties
to yield a contraction between consecutive adaptive steps.

Theorem 17 (Contraction Property). Let 6 € (0,1] be the Dirfler Marking pa-
rameter, and { T, Vi, Ui}y be a sequence of conforming meshes, finite element
spaces and discrete solutions created by AFEM for the model problem (127).

Then there exist constants Y > 0 and 0 < o < 1, additionally depending on the
number b of bisections and 0, such that for all k > 0

llu—Uesallly + 78241 Uesr, Fisr) < @2 (llu—Uilly + 767 (Ui ) ).
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Proof. We split the proof into four steps. For convenience, we use the notation
e = lu—Utlla s Ex =0kt = Uklllq » €k = i(Ux, Ti), (M) = E(Uk, ).
[1] The error orthogonality (128) reads
ep. =eif—E}. (132)
Employing Lemma 21 with 7 = %, 7. = J4y1, V = Uy and V.. = Uy gives
&l < (1+8)(& A& (M) + (148 ) A EE, (133)

where Ag = An‘z% (A, %) > An%(A, ). After multiplying (133) by y > 0, to be
determined later, we add (132) and (133) to obtain

e YL <ep+ (y(1+8 ) A= 1) Ef +7(1+68) (62 — A& ()).
We now choose the parameters 0, ¥, the former so that

_Ae?

(1+8)(1-20%) =1 o

and the latter to verify
y(1+8 HAag=1.

Note that this choice of 7y yields
it Y8 S +v(1+8) (6 — A& (M)
We next employ Dorfler Marking, namely & (.#}) > 06, to deduce
i TYE S e+ Y(1+8)(1-20%)67

which, in conjunction with the choice of 8, gives

162 162 2162
e +YE < e/%‘H’(l - 2)‘%3 = — ! 1 éakz-H’(l - 4><§’k2.

Finally, the upper bound (130a), namely e,% <(C é‘}f, implies that

162 16?2

This in turn leads to

9%4—1 + ngzﬂ <a’ (e% + ngz)’

with
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7262 /192}

71__

2
= 1—
o max{ ac) )

and proves the theorem because o < 1. ad

Remark 30 (Ingredients). This proof hinges on the following basic ingredients:
Dorfler marking; symmetry of %8 and nesting of spaces, which imply the Pythagoras
identity (Lemma 18); the a posteriori upper bound (Lemma 19); and the estimator
reduction property (Lemma 21). It does not use the lower bound (130b) and does
not require marking by oscillation, as previous proofs do [24, 48, 52, 53, 54]. The
marking is driven by & exclusively, as it happens in all practical AFEM.

8.4 Example: Discontinuous Coefficients

We invoke the formulas derived by Kellogg [43] to construct an exact solution of an
elliptic problem with piecewise constant coefficients and vanishing right-hand side
f- We now write these formulas in the particular case Q = (—1, 1)2, A =aql in the
first and third quadrants, and A = a,[ in the second and fourth quadrants. An exact
weak solution u for f = 0 is given in polar coordinates by u(r,0) = r"u(0), where

~r—
SETE
T

S=
S
SIS

S5

Fig. 16 Discontinuous coefficients in checkerboard pattern: Graph of the discrete solution, which
is u ~ r%!, and underlying strongly graded grid. Notice the steep gradient of u at the origin.
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cos((m/2—0o)y)-cos((6—m/2+p)y) if0<6<m/2,

o) — cos(py)-cos((60 —m+0)7) ifn/2<0<m,
Hio) = cos(oy)-cos((6 —T—p)y) ift <6 <3m/2,
cos((m/2—p)y)-cos((@—3m/2—0)y) if3n/2<6<2m,

and the numbers 7, p, o satisfy the nonlinear relations

R:=ay/a; = —tan((w/2 — 0)y) - cot(py),
1/R = —tan(p?y) - cot(cY),

R = —tan(cy)-cot((m/2—p)y),

0<y<2,

max{0,7y—w} < 2yp < min{ny,n},
max{0,7 — ny} < —2yc < min{7,2w — 7Y}.

(134)

Since we want to test the algorithm AFEM in a worst case scenario, we choose
y = 0.1, which produces a very singular solution u that is barely in H'; in fact
u € H*(Q) for s < 1.1 but still piecewise in Wlf(Q) for some 1 < p < 2 (see
Figure 16). We then solve (134) for R, p, and ¢ using Newton’s method to 0bta1n
within computing precision

R=aj/a, 2 161.4476387975881, p=m/4, o= —14.92256510455152,

and finally choose a; = R and a; = 1. A smaller y would lead to a larger ratio R, but
in principle ¥ may be as close to 0 as desired.

(= ——— T T T

10 G—&  true error

G—O estimate
opt.

true error

Ll | N
10"

10° 10°
DOFs

Fig. 17 Quasi-optimality of AFEM for discontinuous coefficients: estimate and true error. The
optimal decay for piecewise linear elements in 2d is indicated by the green line with slope —1/2.

We realize from Fig. 17 that AFEM attains optimal decay rate for the energy
norm. As we have seen in Sect. 5.4, this is consistent with adaptive approximation
for functions piecewise in W;(Q), but nonobvious for AFEM which does not have
direct access to u. We also notice from Fig. 18 that a graded mesh with mesh-size of
order 1019 at the origin is achieved with about 2 x 10* elements. To reach a similar
resolution with a uniform mesh we would need N ~ 10%° elements! This example
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clearly reveals the advantages and potentials of adaptivity within the FEM even with
modest computational resources.

Fig. 18 Discontinuous coefficients in checkerboard pattern: Final grid (full grid with < 2000
nodes) (top left), zooms to (—1073,1073)2 (top right), (—107%,1076)? (bottom left), and
(—1072,107)? (bottom right). The grid is highly graded towards the origin. For a similar res-
olution, a uniform grid would require N = 10?° elements.

What is missing is an explanation of the recovery of optimal error decay N -1/2

through mesh grading. This is the subject of Chap. 9, where we have to deal with
the interplay between continuous and discrete quantities as already alluded to in the
heuristics.

8.5 Problems

Problem 47 (Nesting of Spaces). If 77,7 € T satisfy 7] < %, that is 2 is a
refinement by bisection of .77, then the corresponding (Lagrange) finite element
spaces are nested, i.e., V(9) C V(%).
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Problem 48 (Pythagoras). Let V, CV, CV = H(% () be nested, conforming and
closed subspaces. Let u € V be the weak solution to (127), U; € V| and U, € V; the
respective Ritz-Galerkin approximations to u. Prove the orthogonality property

2 2 2
lle= Uil = llu= U2l +11U2 = Uil - (135)

Problem 49 (Error in Energy). Let V|, C V, C V and U;,U;,u be as in Prob-
lem 48. Recalling Problem 7, we know that u,U;,U, are the unique minimizer of
the quadratic energy

1] := 3B, v] = (f,v)
in V,V{,V; respectively. Show that (135) is equivalent to the identity

1[U1] = Iu] = (I[Us] = 1[u]) + (I {U1] = I[U2]).
To this end prove
U 1) = 31U —ullg  and 1] ~1[U2] = 3|V~ V2l -

Problem 50. Let S € . be aside of T € .7, and let A € W,\(T'). Prove the following
inverse estimate by a scaling argument to the reference element

IAVV |ls S kg2 VV |7 forall V € V(.T),

where the hidden constant depends on the shape coefficient of .7, the dimension d,
and ||A||L°"(S)-

Problem 51. Let K be either a d or a (d — 1)-simplex. For ¢ € N denote by
BL: LP(K,R") — P, (K,R") the operator of best LP-approximation in K. Then for
allve L”(K,R"), V € P,(K,R") and m > n, there holds

IV = PaW) 2y < v =Po—v =) IV [ 2k
Problem 52. Let A € W)!(T) for all T € .7. Prove the quasi-local Lipschitz property
|OSC9(V7 T) - OSCy(W, T)' 5 OSCy(A7 T) ||V - WHHl(a)T) forall V,W eV,

where osc 7 (A,T) = hr ||divA — Py | (divA)||(=(7) + [|A — B A|| 1= () - Proceed as
in the proof of Lemma 20 and use Problem 51.

Problem 53. Let .7, .7, € T, with .7 < Z,. Use Problem 52 to prove that, for all
V eV(7) and V, € V(.Z,), there is a constant A} > 0 such that

osc% (V, 7N Z) < 208¢% (Vi, 7N Ta) + Aroscz, (A, T)* ||V Vil -
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9 Adaptivity: Convergence Rates

We have already realized in Chap. 5 that we can a priori accommodate the degrees of
freedom in such a way that the finite element approximation retains optimal energy
error decay for a class of singular functions. This presumes knowledge of the exact
solution u. At the same time, we have seen numerical evidence in Sect. 8.4 that the
AFEM of Chap. 8, achieves such a performance without direct access to the regu-
larity of u. Practical experience strongly suggests that this is even true for a much
larger class of problems and adaptive methods. The challenge ahead is to reconcile
these two distinct aspects of AFEM. In doing this we have to restrict ourselves to
the setting of Chap. 8. The mathematical foundation to justify the observed optimal
error decay of adaptive methods in case of non-symmetric or non-coercive bilinear
forms and other marking strategies is completely open.

One key to connect the two worlds for the simplest scenario, the Laplacian and
f piecewise constant, is due to Stevenson [69]: any marking strategy that reduces
the energy error relative to the current value must contain a substantial bulk of
E7(U,T), and so it can be related to Dérfler Marking. This allows us to compare
AFEM with an optimal mesh choice and to conclude optimal error decay.

The objective of this section is to study the model problem (127) for general data
f and A and the AFEM from Chap. 8. In what follows it is important to use an error
notion that is strictly reduced by the adaptive method. In this section we closely
follow Cascén et al. [21] by utilizing the quasi-error as contracting quantity. This
approach allows us to include variable data f and A and thus improves upon and
extends Stevenson [69].

As in Chap. 8, u will always be the weak solution of (127) and, except when
stated otherwise, any constant explicit or hidden constant in < may depend on
the uniform shape-regularity of T, the dimension d, the polynomial degree n, the
(global) eigenvalues of A, and the oscillation osc 7 (A, %) of A on the initial mesh
o, but not on a specific grid 7 € T.

9.1 Approximation Class

Since AFEM selects elements for refinement based on information provided ex-
clusively by the error indicators {€7(U,T)}re7, it is natural that the measure of
regularity and ensuing decay rate is closely related to the indicators. We explore this
connection now.

The Total Error.  We first introduce the concept of total error [48]
llu— U1 +osc% (U, 7),

and next assert that it is equivalent to the quasi error, for the Galerkin function
U € V(Z). In fact, in view of the upper and lower a posteriori error bounds (130a)
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and (130b), and
osc% (U, 7)< 65U, T)

we have
65U, T) < |lu—Ullg +osc% (U, T)
<|lu—Ullg+E5U, 7)< (1+C1) 65U, T),

whence
EL(U,T) ~ ||lu—Ul|% +osc% . (136)

We thus realize that the decay rate of AFEM must be characterized by the total error.
Moreover, on invoking the upper bound once again, we also see that the total error
is equivalent to the quasi error

2 2
llu—Ul|5 +o0sc% (U, T7) = |lu—-Ullg +E5U,T).

This is the quantity being strictly reduced by AFEM (Theorem 17). Finally, the total
error satisfies the following Cea’s type-lemma. In fact, if A is piecewise constant,
then this is Cea’s Lemma stated in Problem 11.

Lemma 22 (Quasi-Optimality of Total Error). There exists a constant Ay, such
that for any 7 € T and the corresponding Ritz—Galerkin solution U € V() holds

lu=Ulig+ose(U.7) < As inf(llu=VI[G+ose% (V. 7).
Vev(7)
Proof. For € > 0 choose V; € V(.7), with
2 . 2
e Vel + o5l (Ve, 7) < (1+e) inf (1= VIl + 056 (V. 7).
Applying Problem 53 with 7, = .7,V =U, and V, =V, yields

osc%(U,.7) <205¢% (Ve, 7)+C3 U = Vel %,

with
Cs3:=Ajosc (A, D)%

Since U € V(.7) is the Galerkin solution, U — V, € V(.7) is orthogonal to u — U in
the energy norm, whence [|u — U||[3, + |U — Ve |5 = [|lu — Ve[| % and

llu— U + 0563 (U, 7) < (1+C3) llu—Velll +2 0563 (Ve, 7)
<+e)ts inf ([le= Ul +osch (v.7)).

with Ap = max {27 1+ C3}, and the assertion follows from € — 0. O
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We next give a definition of an appropriate approximation class A; that hinges on
the concept of total error. We first let Ty C T be the set of all possible conforming
refinements of .7 with at most N elements more than 7, i.e.,

Ty ={7 €T |#J —#J <N}.

The quality of the best approximation in Ty with respect to the total error is char-
acterized by

. N . 2 2 1/2
o(Nsu, f,A) := ylggNVEgl(fy)(lllu—Vl\\g +osc7(V,7)) "7,

and the approximation class A; for s > 0 is defined by
Ay = {(v,f,A) | v, [, Als == su}()) (NSO'(N;v,f,A)) < 00}.
N>

Thanks to Lemma 22, the solution u with data (f,A) satisfies

o(N:u,f,A)~ inf {€7(U,7)|U=SOVE(V(7))}. (137)

We point out the upper bound s < n/d for polynomial degree n > 1; this can be seen
with full regularity and uniform refinement (see (69)). Note that if (v, f,A) € A
then for all € > 0 there exist .7; > % conforming and V, € V(.7) such that (see
Problem 54)

Iv=Velly +osc?, <e*  and  #% —#FH < |vf AL e (138)

For the subsequent discussion we recall Lemma 6: the overlay .7 & % € T of
two meshes .77, % € T is the smallest common refinement of .7 and .75 and

#N DT <HN+HT—#T. (139)

We first investigate the class A for piecewise constant coefficient matrix A with
respect to Zp. In this simplified scenario, the oscillation osc (U, .7) reduces to
data oscillation (see Remark 25):

oscy = |lhg(f —Pu-2f)ll12(0)-

We then have the following characterization of Ay in terms of the standard approxi-
mation classes [13, 14, 69]:

d:z{vev v, :=sup (N® inf inf |[|v—V <oo},
S [ Wl i=sop (V nt int[lv=Vilg)

= {g € L(@) | Iglyi=sup (W inf [ (s —Por28)lziey) < -
N>0 TeTn
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Lemma 23 (Equivalence of Classes). Let :4 be piecewise constant over 9. Then
(u, f,A) € Ay if and only if (u, f) € s X of; and

u, f Als = |ul o, + 17 (140)

Proof. Itis obvious that (u, f,A) € Ay implies (u, f) € </, x <7, as well as the bound
oy +1f17 S . £AL _

In order to prove the reverse inequality, let (u, f) € <7 x <. Then there exist
T, 7 € Ty so that [[u—Ul| g < [ul,, N~* where U € V(77) is the best approxi-

mation and [z, (f — Py, 5 f)ll2(0) < |17 N7
The overlay 7 = 7] ® 5 € Ty according to (139), and

2 2 2 2 -
llu— U1 +o0s6% < llu—Ull% +ose%, <2° (luf, +1£1;) (28) .
This yields (u, f,A) € A; together with the bound |u, f,Als < |ul, + |- O
We next turn to the special case of linear finite elements.

Corollary 11 (Membership in A; ). Let d = 2, polynomial degree n =1, f €
L?*(Q), and A piecewise constant with respect to . If u € Wg(ﬂ;%) for some
p> 1, then (u, f,A) € Ay, and

u, f, Al 2 S 1D*ull (o) + 1200

Proof. We start with the data oscillation osc &, and realize that
oscy = [lh (f = Pof)l2@) < hmax (D) £l 2) S #T) 21 £l 20

for any uniform refinement .7 € T. This implies f € 47 , with \f|d-l/2 Sz )

Foru € Wlf(Q; Jo) we learn from Corollary 7 and Remark 21 that u € 7} , and
|u] o /2 < ||D%u| 12(0,7)- The assertion then follows from Lemma 23. 0

Example 3 (Pre-asymptotics). Corollary 11 shows that oscillation decays at least
with rate 1/2 for f € L?(Q). Since the decay rate of the total error is s < 1/2,
oscillation can be ignored asymptotically. However, Remark 26 shows that oscil-
lation may dominate the total error, or equivalently the class A may fail to de-
scribe the behavior of [[u—Uk||., in the early stages of adaptivity. In fact, we
recall that oscy(Ur, Zk) = || (f — Po f)l|12(q)» the discrete solution Uy = 0, and
lu—Uxllq ~ 27X is constant for as many steps k < K as desired. In contrast,
(Ui, T1) = osc(Uy, F) = ||hkf\|Lz(Q> reduces strictly for k < K but overesti-
mates |||lu — Uy||- The fact that the preasymptotic regime k& < K for the energy er-
ror could be made arbitrarily long would be problematic if we focus exclusively on
lle — Ug ||| o - In practice, this effect is typically less dramatic because f is not orthog-
onal to V(). Figure 19 displays the behavior of AFEM for the smooth solution
u = ug given by
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Error
Estimator

N w5 N
10 10 10

10° 10° 10" 10° 10° 10"
Degrees of Freedom (DOFs) Degrees of Freedom (DOFs)

Fig. 19 Decay of the energy error (left) and the estimator (right) for the smooth solution ug of
(141) with frequencies xk = 5, 10, and 15. The energy error exhibits a frequency-dependent plateau
in the preasymptotic regime and later an optimal decay. This behavior is allowed by A.

us(x,y) = 107 2a; ' (x* 4+ y?) sin? (xc7x) sin? (x7y), 1<i<4. (141)

of the problem in Sect. 8.4 with discontinuous coefficients {ai}?:1 in checkerboard
pattern and frequencies k¥ = 5,10, and 15. We can see that the error exhibits a
frequency-dependent plateau in the preasymptotic regime and later an optimal de-
cay. In contrast, the estimator decays always with the optimal rate. Since all deci-
sions of the AFEM are based on the estimator, this behavior has to be expected and
is consistent with our notion of approximation class Ay, which can be characterized
just by the estimator according to (137).

We next turn to the nonlinear interaction encoded in osc #(U,.7) via the prod-
uct AVU. It is this interaction which makes the class A a non-standard object in
approximation theory that deserves further scrutiny.

Lemma 24 (Decay Rate of Oscillation). Let A be piecewise Lipschitz with respect
to Jo, f € L*(Q), and polynomial degree n = 1. If U € V(.7) is the Ritz-Galerkin
solution, then oscillation osc 7 (U, .7 ) has at least a decay rate of order —1/d

. ~1/d
ylngrNOSCy(Uag) < (||f\|L2(_o)+||A||W;<Q;%))N :

Proof. Let € Ty be a uniform refinement of % with #.7 ~ N. By applying
Problem 52 with V = U and W = 0, we obtain

osc7(U,T) S hT||f—ng||L2(T) +oscr (A, T) Uy (wp)
with hr || f = F5 fll2(ry < br || fllz2(r) and
osc7(A,T) = h||divA — F5 (divA) | =7y + |A = PUA|| 1=(ay) < M7 1Al (oo 7)-

Uniform refinement yields the relation iy ~ N “dforal T € 7 , whence

os (U 7) = 1, os(U1) S () + 4R )V
TeT



Theory of Adaptive Finite Elements Methods: An Introduction 125

because U1 (q) < o £l 12(@) according to (40). O

Remark 31 (Asymptotic Order of Oscillation). Let’s assume the following piecewise
regularity of data (f,A) with respect to a conforming refinement .7, of J:

feH (Q:7), AcW2(Q:7,).

The proof of Lemma 24, in conjunction with Proposition 3(a), shows that forn =1

. 2/d
erith_ 057 (U 7) 5 (I (:) + IAllwzian ) )N,
and the rate in Lemma 24 can be improved. Since the energy error decay is never
better than N~1/4, according to (69), we realize that oscillation is of higher order
than the energy error asymptotically as N T eo; compare with Remark 23.

Corollary 12 (Membership in A ). Let d = 2, polynomial degree n =1, A €
W(Q: %), and f € L*(Q). If u € W2 (2:. %) for some p > 1, then (u, f,A) € A, )
and

ju. f,Al1j2 S D%ullr (.75 + I1Allwy a7 + 11|z )

Proof. Repeat the proof of Corollary 11 with the help of Lemma 24. a

A complete characterization of A for general d and n is still missing. It is impor-
tant to realize that the nonlinear interaction between data A and U must be accounted
for, thereby leading to a new concept of approximation class Ay, which generalizes
those in [13, 14, 69]. It is worth mentioning that a near characterization of the stan-
dard approximation class 7 in terms of Besov spaces for d = 2 can be found in
[13, 14, 37]: u € <, implies that u € BX™ (L (8)) for p = 52 [13, Theorem 9.3];
ue B?)‘HI(L”(Q)) for p > ﬁ implies that u € o7 [13, Theorem 9.1]. Note that
p < 1fors > 1/2; see Remark 22.

9.2 Cardinality of %}

To assess the performance of AFEM in terms of degrees of freedom #.7;, we need to
impose further restrictions on the modules of AFEM beyond those of Sect. 8.1. We
recall that C, < Cj are the constants in (130a) and (130b) and C; = A osc?g() (A, %)
is the constant in Problem 53 and Lemma 22.

Assumption 2 (Assumptions for Optimal Decay Rate). We assume the following
additional properties of the marking procedure MARK and the initial grid .

(a) The marking parameter 0 of Dorfler Marking satisfies 6 € (0,0*) with

62: G .
1+ G(1+G)’
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(b) MARK outputs a set .# with minimal cardinality;

(¢) The initial triangulation 9 satisfies Assumption 1.

A few comments are now in order.

o Threshold 6, < 1: We first point out that, according to (130a) and (130b), the
ratio C» /C; < 1 is a quality measure of the estimator &7 (U, .7 ): the closer to 1
the better! It is thus natural to be cautious in marking if the reliability constant C;
and efficiency constant C, are very disparate. The additional factor C3 accounts
for the effect of a function dependent oscillation (see Problem 53), and is zero if
the oscillation just depends on data f because then osc 7 (A, %) = 0.

o Minimal #y: According to Remark 24 about the significance of the local lower
a posteriori error estimate for relatively small oscillation, it is natural to mark
elements with largest error indicators. This leads to a minimal set .# and turns
out to be crucial to link AFEM with optimal meshes and approximation classes.

e [nitial Triangulation: The initial labeling of the element’s vertices on % stated
in Assumption 1 of Sect.4.2 is rather restrictive for dimension d > 2 but guaran-
tees the complexity estimate of Theorem 10 for our module REFINE. Any other
refinement ensuing the same complexity estimate can replace REFINE together
with the assumption on 5.

We stress that we cannot expect local upper bounds between the continuous solu-
tion u and discrete solution U due to the global nature of the underlying PDE: the er-
ror in a region may be dictated by pollution effects arising somewhere else. The fol-
lowing crucial result shows, however, that this is a matter of scale: if .7, > .7, then
what determines the error between Galerkin solutions U € V() and U, € V(7)) is
the refined set % 5 _, 7, namely the region of  where the scale of resolution differs
from 7 to .. This is not, of course, in contradiction with the previous statement
because one needs an infinitely fine scale to reach the exact solution u.

Lemma 25 (Localized Upper Bound). Let 7, 7, € T satisfy 7. > 7 and define
K= K77, to be the set of refined elements in 7. IfU € V(T ) and U, € V(.7,)
are the corresponding Galerkin solutions, then

U - Ullg < €1 65U, ).
where C; > 0 is the same constant as in (130a).
Proof. Problem 55. a

The following result reveals the importance of Dorfler’s marking in the present
context. The original result, established by Stevenson [69], referred to the energy
error alone. We follow [21] in this analysis.

Lemma 26 (Optimal Marking). Let the marking parameter 0 satisfy Assump-
tion 2(a) and set | := %(1 — g—;) > 0. For 9, > T let the corresponding Galerkin
solution U € V(T) and U, € V(Z,) satisfy
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llu— U3 + o5, (Un, Z2) < ([l —U|% +0s¢% (U, 7). (142)

Then the set Z = X 5, 7, of refined elements of 7 satisfies the Dérfler property
E7(UR) > 067U, 7). (143)

Proof. We split the proof into four steps.
[ ] In view of the global lower bound (130b)

C265(U.7) < [lu—Ullg +ose% (U, .7)
and (142), we can write
(1-20) 65U, T) < (1 =2p) ([lu—Ullg +o0sc% (U, 7))
2 2
< (lle—=Ullig =2llu—Uillq) + (0se% (U, T) = 20s¢%, (Us, 72)).
Combining the orthogonality relation (128)
llu = UG =l = ULl = U = Uil -
with the localized upper bound Lemma 25 yields
llu—Ulg —2llu—Uillg < €1 65U, 2).

To deal with oscillation we decompose the elements of .7 into two disjoint sets:
Z and J \ Z. In the former case, we have

osc% (U, %) —ZOSC_Zg* (U, %) < 0sc (U, %) < E2(U, %),

because osc 7 (U,T) < &7 (U,T) for all T € 7. On the other hand, we use that
T\%Z =7 N, and apply Problem 53 in conjunction with Lemma 25 to arrive at

osc% (U, T\ &) —20s¢% (U, T\ R) < G ||U —U.||g < C1C36% (U, R).
Adding these two estimates gives
osc% (U, 7) —Zosc%(U*, T.) < (1+C1C3)EX (U, R).
Returning to [ 1] we realize that
(1—20)C (U, T) < (1+C1(1+C3)) (U, %),

which is (143) in disguise. In fact, recalling that 6> = C,/(1+ Ci(1+C3)) then
0% = (1—-2u)62 < 6?2 as asserted. O
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We are now ready to explore the cardinality of .#. To this end, we must relate
AFEM with the approximation class A. This might appear like an undoable task.
However, the key to unravel this connection is given by Lemma 26.

Lemma 27 (Cardinality of .#}). Let Assumptions 2(a) and 2(b) be satisfied. If
(u,f,A) € A, then

#otty < |u, £ AL (llu—Udllg +osci(Ue, 7)) forall k>0, (144)

Proof. We split the proof into three steps.

[1] We set €2 := A, ' ( llu—Uell% +o0sc (Uy, Zk)) with = 1(1— g—;) >0 as in
Lemma 26 and A; given Lemma 22. Since (u, f,A) € A, in view of (138) there
exists 7 € T and U, € V(%) such that

= Uel|% +0sc2(Ue, Zo) < €*  and  #Tp — 4% < |u, A}/ > e /5.
Since .7; may be totally unrelated to .} we introduce the overlay
To=T® .

We claim that the total error over J; reduces by a factor u relative to that one
over . In fact, since J; > ; and so V(Z,) D V(Z), we use Lemma 22 to obtain

llu = UL %, + 0563, (Us, 72) < Ao (llu—Uellf, +0sc2(Ue, %))
< Ave? = i (||lu— Uklllg, + oscf (Ur, F)).

Upon applying Lemma 26 we conclude that the set %Z = % 4, _. 7. of refined elements
satisfies a Dorfler marking (143) with parameter 6 < 6,.

According to Assumption 2(b) MARK selects a minimal set .# satisfying this
property. Therefore, we deduce

M <HR<HT, —# T <#Tp—#T < |u. f, AN /5,

where we have employed Lemma 6 for the overlay. Now recalling the definition of
€ we end up with the asserted estimate (144). O

Remark 32 (Blow-up). The constant hidden in (144) blows up as 6 T 6, because
plo.
9.3 Quasi-Optimal Convergence Rates

We are ready to prove the main result of this section, which combines Theorem 17
and Lemma 27.
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Theorem 18 (Quasi-Optimality). Let Assumption 2 be satisfied. If (u, f,A) € A
then AFEM gives rise to a sequence { 7, Vi, Ui}y such that

lle = Uklllg + oscx(Uk, Tk) < |u, fAls #T —#5p) ™" forallk > 1.

Proof. [1] Since no confusion arises, we use the notation osc; = osc;(U;,.7;) and
&j = &(Uj, 7;). In light of Assumption 2(c) and (144) we have

k=1 k—1
#5— 4T S Y ity S |u £ALY ([[lu—Uj|[7, +osc3) T,

Jj=0 j=0

Let ¥ > 0 be the scaling factor in the (contraction) Theorem 17. The lower bound
(130b) along with osc; < & implies

llu=uslliG+7ose; < [llu=vjlllg +767 < (1+ & ) (llu =yl +-ose}).

Theorem 17 yields for 0 < j < k
0 742 < o (a0, +755).

whence

k—1
#5475 < lu, £AL (llu— Ul +v&2) 2 Y at=rs,
j=0

Since Z’j‘;(l) ak=i/s = Z’]‘.ZI alls < Y a//s < o because o < 1, the assertion fol-
lows immediately. a

Corollary 13 (Estimator Decay). Let Assumption 2 be satisfied. If (u, f,A) € A
then the estimator &,(Uy, ;) satisfies

6 (Ui ) < |u LA (T —#T5) .
Proof. Use (136) and Theorem 18. O

Corollary 14 (sz-Regularity). Let d =2, the polynomial degree n =1, f € L*(Q),
and let A be piecewise constant over J. If u € Wg(.Q; Q) for p > 1, then AFEM
gives rise to a sequence { T, Vi, Uc i satisfying oscy = ||h(f — Po f)|l12(q) and

llu — Ukl g +o0scx < (HDZMHLP(Q;%) + Hf||L2(Q)) # T —#Tp)?
forall k > 1.

Proof. Combine Corollary 11 with Theorem 18. a
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Corollary 15 (sz-Regularity). Besides the assumptions of Corollary 14, let A be
piecewise Lipschitz over the initial grid 5. Then AFEM gives rise to a sequence
{9, Vi, U} 7 satisfying for all k > 1

llu — Ukl + osex (U, k)
< (10%llr(2:7 + 11200 + WAl ) (#T5 —#70) ™2
Proof. Combine Corollary 12 with Theorem 18. a

So far we have assumed that the module SOLVE gives the exact Galerkin solu-
tion Uy and in doing this we have ignored the effects of numerical integration and
inexact solution of the linear system; recall Remarks 9 and 10. The two issues above
are important for AFEM to be fully practical. If one could control a posteriori the
errors due to inexactness of SOLVE, then it would still be possible to prove a con-
traction property, as in Chap. 8, and examine the number of operations of AFEM in
terms of #.7, for a desired accuracy, following the steps of Sect. 9.2 and Sect. 9.3.
We refer to Stevenson [69], who explores this endeavor for problem (127) with A
piecewise constant.

9.4 Marking vs Optimality

We conclude with a brief discussion of processes that optimize more than one quan-
tity at once and the critical role of marking, i.e., we consider adaptive algorithms
that mark in each iteration for different error contributions separately. For instance,
in earlier work on adaptivity error indicator and oscillation are treated independently
[52, 53, 48]. Furthermore, when dealing with systems one is easily tempted to mark
separately for the different components; compare for instance with [40]. It is worth
observing that Binev et al. [13], Stevenson [69] and also Cascén et al. [21] avoided
to use separate marking in their algorithms when proving optimal error decay. When
dealing with the Poisson problem, oscillation becomes data oscillation and allows
one to first approximate data sufficiently well and then reduce the energy error. This
is done in different ways in [13] and [69]. However, for variable A the oscillation
depends on the discrete solution, as discussed in Sect. 9.1, and the above splitting
does not apply. Nonetheless marking solely for the estimator gives an optimal decay
rate according to Sect. 9.3.

The design of adaptive algorithms that rely on separate marking is extremely
delicate when aiming for optimal decay rates. To shed light on this issue we first
present some numerical experiments based on separate marking, and next analyze
the effect of separate marking in a simplified setting.
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9.4.1 Separate Marking

The procedure ESTIMATE of Morin, Nochetto and Siebert, used in previous con-
vergence proofs [52, 53, 48], calculates both the error and oscillation indicators
{& (U, T),05¢k (Uy, T) } ez, (see Remarks 23 and 31), and the procedure MARK
uses Dorfler marking for both the estimator and oscillation. More precisely, the rou-
tine MARK is of the form: given parameters 0 < Oegt, Oosc < 1,

mark any subset My, C Ty, such that & (Uy, My) > et (Ur, T1); (145a)
if necessary enlarge M, to satisfy oscy(Uy, My) > Oosc0sci(Uy, Z%).  (145b)

Since oscillation is generically of higher order than the estimator, the issue at stake is
whether elements added by oscillation, even though immaterial relative to the error,
could ruin the optimal cardinality observed in experiments. If & (U, ;) has large
indicators in a small area, then Dorfler marking for the estimator (145a) could select
a set ./} with a small number of elements relative to 7. However, if oscy(Uy, %)
were globally distributed in 7, then separate marking would require additional
marking of a large percentage of all elements to satisfy (145b); i.e., #.#} could be
large relative to #.7;.

To explore this idea computationally, we consider a simple modification of the
Example of Sect. 8.4 with exact solution that we denote hereafter by ug. Let ug
be the smooth solution of (141), which is of comparable magnitude with ug, while
the corresponding f = — divAVug exhibits an increasing amount of data oscillation
away from the origin. Let u = ugr + us be the modified exact solution and let f be the
corresponding forcing function. Procedure MARK takes the usual value of Bt = 0.5
[32, 52, 53, 63], and procedure REFINE subdivides all elements in . by using
two bisections.

6,.=00
6,.=02
8 =04
oo

BD =06
6,.=08
CDOFs™?

288

g8

-
=
-
o
=

Error
Estimator

Degrees of Freedom (DOFs) Degrees of Freedom (DOFs)

Fig. 20 Decay of the error (left) and the estimator (right) vs. degrees of freedom for 6.y = 0.5
and values 6,5c = 0.0,0.2,0.4,0.6, and 0.8. For values of 0,5 < 0.4 the rate of convergence is
quasi-optimal, but for 6,5 > 0.4 the curves flatten out, thereby indicating lack of optimality.

The behavior of separate marking for several values of O, is depicted in Fig-
ure 20. We can visualize its sensitivity with respect to parameter 6. For values of
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Oosc < 0.4 the rate of convergence appears to be quasi-optimal. However, beyond
this threshold the curves for both the error and the estimator flatten out, thereby in-
dicating a lack of optimality. The threshold value 6,s. = 0.4, even though consistent
with practice, is tricky to find in general since it is problem-dependent. Therefore,
marking by oscillation (145b) is questionable.

9.4.2 Analysis of Separate Marking

In order to gain mathematical insight on the key issues related to separate mark-
ing, we examine the adaptive approximation of two given functions in an idealized
scenario. We show that separate marking, similar to (145), may lead to suboptimal
meshes in general. However, a suitable choice of marking parameters may restore
optimality. The numerical experiments of Sect. 9.4.1 confirm this theoretical insight
in a realistic environment.

For the discussion, we assume that we have two functions u;, i = 1,2, and have
access to their local approximation error

ez (uisT) = |uj — Iz uilir VT € T

and global error €%, (u;) = Y7 7 €% (u;; T); hereafter | -|; are unspecified norms, and
I 7 is alocal interpolation operator over .7 € T. We define the fotal error to be
¢ = e%(uy) + €% (u2)
and are interested in its asymptotic decay. If .7 = .7, then we denote e, = e .
To explore the use of (145), we examine the effect of separate marking for ex(u;)
on a sequence of meshes .7 for i = 1,2. We put ourselves in an idealized, but
plausible, situation governed by the following three simplifying assumptions:

Independence: T and T?* are generated from Fy and are independent
k k (146a)
of each other;

Marking: Separate Dérfler marking with parameters 6; € (0,1) implies
that ey (u;) ~ of on T, with a; € (0,1);
Approximability: ex(u;) ~ (#.T —#.7) %, with s < s, maximal. (146¢)

(146b)

We are interested in the decay of the total error ¢, on the overlay % := 7! & 2.
This scenario is a simplification of the more realistic approximation of #; and u;
with separate Dorfler marking on the same sequence of grids 7 but avoids the
complicated interaction of the two marking procedures.

Lemma 28 (Separate Marking). Let assumptions (146) be satisfied. Then the de-
cay of the total error ey on the overlay I = ﬁkl &) yk2 for separate marking is
always suboptimal except when i and 0 satisfy

o <oy < o)
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Proof. [1] Assumption (146b) on the average reduction rate implies for the total
error that

ex ~ ex(uy) + e (un) ~= max{ex(u1), e (uz)} ~ max{ak, ok} (147)

Combining (146b) and (146c¢) yields af ~ (#.7;! —#7) %, whence
$T) 4T~ o = Brag M~ BRHTE —#T), (148)
with B = o Vst 0621 /2 In view of Lemma 6, this gives for the overlay .,

#Z{lf#%v .BZL

149
#72—#%, B<l. (149

#%—#%%{

The optimal decay of total error ¢; corresponds to e¢; ~ (#; —#%) ! because
s1 < 7. In analyzing the relation of ¢; to the number of elements #.7 in the overlay
Tk, we distinguish three cases and employ (147), (148), and (149).

Case: a; < 0. We note that o) < o and s < s yields > 1. We thus deduce

ex ~max{af, b} = of = (0 /o) af

~ (/o) (#T —#T0) " = (anf ) (BT —#.75) .

Since o/ > 1, the approximation of e; on .7 is suboptimal.
Case: o > o and B < 1. We obtain

e ~max{of, 05} = of ~ (#T —#F) "

~ ﬁ_ksl (#%2_#%)—s1 ~ B—ksl (#%_#%)_Slv

whence the approximation of the total error on .7 is again suboptimal.
Case: 0y > o and 8 > 1. We infer that

ex ~max{of, b} = of ~ (#T —#T) " = #T — %)

and that .7} exhibits optimal cardinality. This exceptional case corresponds to the
assertion and concludes the proof. a

We learn from Lemma 28 that separate marking requires a critical choice of
parameters 6; to retain optimal error decay with respect to the total error e;. In
light of Lemma 28, we could identify the AFEM estimator &}, with the error e (u;)
and the AFEM oscillation oscy; with the error e;(uy). We observe that osc; < &
combined with (146b) implies that oy < o) and that oscy is generically of higher
order than &%, thereby yielding 51 < s5.

We wonder whether or not the optimality condition o < a;‘/ 2 is valid. Note

that a;'/ *2 increases as the gap between s; and s, increases. Since the oscillation
reduction estimate of [52] reveals that o increases as 0,5 decreases, we see that
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separate marking may be optimal for a wide range of marking parameters e, Oosc;
this is confirmed by the numerical experiments in Sect. 9.4.1 even though it is un-
clear whether &) and osc; satisfy (146). However, choosing marking parameters
Oct, Oosc 1s rather tricky in practice because neither the explicit dependence of aver-
age reduction rates 0, 0 on By, Oosc NOT the optimal exponents 51,5, are known.
In contrast to [52, 53, 48], the standard AFEM of Chap. 8 marks solely according to
the estimator &;(Uy, 7 ) and thus avoids separate marking.

9.5 Problems

Problem 54. Show that (v, f,A) € A, if and only there exists a constant A > 0 such
that for all € > 0 there exist J; > 7 conforming and V, € V() such that

|HV—V8H|§2+OSC?% <€ and #T—#F <Al

in this case |v, f,A|; < A. Hint: Let .7; be minimal for ||v — V¢ |||é —l—osc?% < €2. This
means that for all .7 € T such that #.7 = #.7; — 1 we have ||v — V¢ |5 +OSCE2% > €.

Problem 55. Prove Lemma 25: if 7, 7, € T satisty 9, > F, # := Z7_. 7, is the
refined set to go from 7 to Z;, and U € V, U, € V, are the corresponding Galerkin
solutions, then

lv. ~Uli% < €1 62U, ).

To this end, write the equation fulfilled by U, — U € V., and use as a test function
the local quasi-interpolant I (U, — U) of U, — U introduced in Proposition 3(b) and
compare with Remark 20.

Problem 56. Trace the dependence as 8 — 6, and s — 0 in Lemma 27 and Theorem
18.

Problem 57. Let d =2 and n = 1. Let f be piecewise Wl1 over the initial mesh %,
namely f € W] (Q; %). Show that

: =
{qlg{]v”hﬂ(f_POf)HLz(.Q) S Il @V~

This shows the same decay rate of data oscillation as in Remark 31 but with weaker
regularity.
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