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ABSTRACT

This introductory chapter on the mathematical theory of finite element methods (FEMs) discusses its
h-version for elliptic boundary value problems in the displacement formulation. Topics addressed range
from a priori to a posteriori error estimates and also include weak forms of elliptic PDEs, Galerkin
schemes, finite element spaces, and adaptive local mesh refinement. Nonconformities and variational
crimes as well as algorithmic aspects conclude the chapter.
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1. Introduction

The finite element method is one of the most widely used techniques in computational
mechanics. The mathematical origin of the method can be traced to a paper by Courant
(1943). We refer the readers to the articles by Babuska (1994) and Oden (1991) for the history
of the finite element method. In this chapter, we give a concise account of the h-version of the
finite element method for elliptic boundary value problems in the displacement formulation,
and refer the readers to The p-version of the Finite Element Method and Mixed Finite Element
Methods for the theory of the p-version of the finite element method and the theory of mixed
finite element methods.

This chapter is organized as follows. The finite element method for elliptic boundary
value problems is based on the Ritz-Galerkin approach, which is discussed in Section 2. The
construction of finite element spaces and the a priori error estimates for finite element methods
are presented in Sections 3 and 4. The a posteriori error estimates for finite element methods
and their applications to adaptive local mesh refinements are discussed in Sections 5 and 6. For
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2 ENCYCLOPEDIA OF COMPUTATIONAL MECHANICS

the ease of presentation, the contents of Sections 3 and 4 are restricted to symmetric problems
on polyhedral domains using conforming finite elements. The extension of these results to more
general situations is outlined in Section 7.

For the classical material in Sections 3, 4, and 7, we are content with highlighting the
important results and pointing to the key literature. We also concentrate on basic theoretical
results and refer the readers to other chapters in this encyclopedia for complications that may
arise in applications. For the recent development of a posteriori error estimates and adaptive
local mesh refinements in Sections 5 and 6, we try to provide a more comprehensive treatment.
Owing to space limitations many significant topics and references are inevitably absent. For
in-depth discussions of many of the topics covered in this chapter (and the ones that we do
not touch upon), we refer the readers to the following survey articles and books (which are
listed in alphabetical order) and the references therein (Ainsworth and Oden, 2000; Apel, 1999;
Aziz, 1972; Babuska and Aziz, 1972; Babuska and Strouboulis, 2001; Bangerth and Rannacher,
2003; Bathe, 1996; Becker, Carey and Oden, 1981; Becker and Rannacher, 2001; Braess, 2001;
Brenner and Scott, 2002; Ciarlet, 1978, 1991; Eriksson et al, 1995; Hughes, 2000; Oden and
Reddy, 1976; Schatz, Thomée and Wendland, 1990; Strang and Fix, 1973; Szab6 and Babuska,
1991; Verfiirth, 1996; Wahlbin, 1991, 1995; Zienkiewicz and Taylor, 2000).

2. Ritz-Galerkin Methods for Linear Elliptic Boundary Value Problems

In this section, we set up the basic mathematical framework for the analysis of Ritz-Galerkin
methods for linear elliptic boundary value problems. We will concentrate on symmetric
problems. Nonsymmetric elliptic boundary value problems will be discussed in Section 7.1.

2.1. Weak problems

Let © be a bounded connected open subset of the Euclidean space R? with a piecewise smooth
boundary. For a positive integer k, the Sobolev space H*(f2) is the space of square integrable
functions whose weak derivatives up to order k are also square integrable, with the norm

vl 0 (0) = Z

o<k

1/2
9% ||?

Do

L2 ()

The seminorm ( > laj=k [1(0%0/0x%) ||%2(Q)) '/2 will be denoted by [v] g (). We refer the readers
to Necas (1967), Adams (1995), Triebel (1978), Grisvard (1985), and Wloka (1987) for the
properties of the Sobolev spaces. Here we just point out that || - || gx (o) is a norm induced by
an inner product and H¥(Q) is complete under this norm, that is, H*(Q) is a Hilbert space.
(We assume that the readers are familiar with normed and Hilbert spaces.)

Using the Sobolev spaces we can represent a large class of symmetric elliptic boundary value
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FINITE ELEMENT METHODS 3

problems of order 2m in the following abstract weak form:

Find u € V, a closed subspace of a Sobolev space H™(2), such that
a(u,v) = F(v) YoeV (1)

where F': V — R is a bounded linear functional on V' and a(-,-) is a symmetric bilinear form
that is bounded and V-elliptic, that is,

la(vi,v2)| < Cillvillgm@yllvellam@) Yoi,ve €V (2)
a(v,v) > Collv][Fmq) VoevV (3)

Remark 1. We use C, with or without subscript, to represent a generic positive constant
that can take different values at different occurrences.

Remark 2. Equation (1) is the Euler-Lagrange equation for the variational problem of
finding the minimum of the functional v — 3a(v,v) — F(v) on the space V. In mechanics, this
functional often represents an energy and its minimization follows from the Dirichlet principle.
Furthermore, the corresponding Euler-Lagrange equations (also called first variation) (1) often
represent the principle of virtual work.

It follows from conditions (2) and (3) that a(,-) defines an inner product on V' which
is equivalent to the inner product of the Sobolev space H™(f2). Therefore the existence and
uniqueness of the solution of (1) follow immediately from (2), (3), and the Riesz Representation
Theorem (Yosida, 1995; Reddy, 1986; Oden and Demkowicz, 1996).

The following are typical examples from computational mechanics.

Example 1. Let a(-,-) be defined by

a(vy,ve) = / Vo - Vog dx (4)
Q
For f € Ly(R2), the weak form of the Poisson problem
—Au = f on Q
u = 0 on T (5)

ou
R r
o 0 on 00\

where T is a subset of 0N with a positive (d — 1)-dimensional measure, is given by (1) with
V={ve H(Q): v|F =0} and

Flo) = [ fodx= (£.0)1.00) (©)
For the pure Neumann problem where I' = (), since the gradient vector vanishes for
constant functions, an appropriate function space for the weak problem is V. = {v €

Hl(Q): (U, 1)L2(Q) = 0}
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4 ENCYCLOPEDIA OF COMPUTATIONAL MECHANICS

The boundedness of F and a(-,-) is obvious and the coerciwity of a(-,-) follows from the
Poincaré-Friedrichs inequalities (Necas, 1967) :

C <|UH1(Q) + ‘/ vds
r

C <|UH1(Q) + ‘/ vdx
Q

Example 2. Let Q C R4(d = 2,3) and v € [HY(Q)]? be the displacement of an elastic body.
The strain tensor €(v) is given by the d x d matriz with components

- 1 8% 8Uj
eij(v) o 5 (6$] + 8.131) (9)

and the stress tensor o (v) is the d x d matriz defined by

IN

||U||L2(Q)

) Vve HY(Q) (7)

IN

V1| £ )

) Yo e HY(Q) (8)

o(v) =2ue(v) + A(divv)d (10)

where § is the d x d identity matriz and p > 0 and A > 0 are the Lamé constants.

Let the bilinear form a(-,-) be defined by

d
a(vi,vy) = /QZ 05(v1) €35 (va)dx

ij=1

/ o(v1): €(va)dx (11)
Q

For f € [L2()]%, the weak form of the linear elasticity problem (Ciarlet, 1988)

divio(u)] = f onQ
u = 0 onl (12)
[c(u)n = 0 ondQ\T

where T is a subset of Q) with a positive (d — 1)-dimensional measure, is given by (1) with
V ={ve[H Q)] v|. =0} and

F(v) = / fvdx = (£,9) L) (13)

For the pure traction problem where TI' = (), the strain tensor vanishes for all infinitesimal
rigid motions, i.e., displacement fields of the form m = a + px, where a € R?, p is a d x d
antisymmetric matriz and © = (z1,...,2q)" is the position vector. In this case an appropriate
function space for the weak problem is V = {v € [H(Q)]%: [,V x vdx =0 = [, vdx}.

The boundedness of F' and a(-,-) is obvious and the coercivity of a(-,-) follows from Korn’s
inequalities (Friedrichs, 1947; Duvaut and Lions, 1976; Nitsche, 1981) (see Finite Element
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FINITE ELEMENT METHODS 5

Methods for Elasticity with Error-controlled Discretization and Model Adaptivity)

)

ol < 0(||e<v>||L2<m+

Vo e [HY(Q))¢ (14)
HvHHl(Q) < C (||E(U)||L2(Q) + ’/ V x vds| + / ’UdX)
Q Q
Yo e [H(Q)]¢ (15)
Example 3. Let Q be a domain in R? and the bilinear form a(-,-) be defined by
a(’Ul,’Ug) = / |:A’U1A’U2 + (1 — 0')
Q
2 2 2, 92 2, 92
< 8’01 6112 _8 ’U2181}22_8 ’U216 ’022 d (16)
8%18%2 8x18x2 81'1 8.%2 81’2 3%1
where o € (0,1/2) is the Poisson ratio.
For f € Ly(Q2), the weak form of the clamped plate bending problem (Ciarlet, 1997)
Au=f onQ, u:%zO on 082 (17)

is given by (1), where V = {v € H*(Q): v =0v/0n =0 on 9N} = HZ(Q) and F is defined by
(6). For the simply supported plate bending problem, the function space V is {v € H*(Q): v =0
on 00} = H*(Q) N H ().

For these problems, the coercivity of a(-,-) is a consequence of the following Poincaré-
Friedrichs inequality (Necas, 1967) :

”UHHI(Q) S C|’U|H2(Q) Yo (S HZ(Q) N H&(Q) (18)

Remark 3. The weak formulation of boundary value problems for beams and shells can be
found in Plates and Shells: Asymptotic Expansions and Hierarchic Models and Models and
Finite Elements for Thin-walled Structures.

2.2. Ritz-Galerkin methods

In the Ritz-Galerkin approach for (1), a discrete problem is formulated as follows.

Find @ € V such that _
a(a, ) = F(?) VoeV (19)

where ‘7, the space of trial/test functions, is a finite-dimensional subspace of V.

The orthogonality relation
alu—1a,0) =0 VoeV (20)
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6 ENCYCLOPEDIA OF COMPUTATIONAL MECHANICS

follows by subtracting (19) from (1), and hence

— ||, = inf ||lu— 3|, 21
lu—alla = inf [lu—3 (21)

where || - || = (a(-,-))'/2. Furthermore, (2), (3), and (21) imply that

i ci\? )
w-ilimey < () int fu=olmie (22)
2 veV

that is, the error for the approximate solution @ is quasi-optimal in the norm of the Sobolev
space underlying the weak problem.

The abstract estimate (22), called Cea’s lemma, reduces the error estimate for the Ritz-
Galerkin method to a problem in approximation theory, namely, to the determination of the
magnitude of the error of the best approximation of u by a member of V. The solution of this
problem depends on the regularity (smoothness) of u and the nature of the space V.

One can also measure u — @ in other norms. For example, an estimate of ||u — @[/, ) can
be obtained by the Aubin-Nitsche duality technique as follows. Let w € V be the solution of
the weak problem

a(v,w) = / (u — @)vdx VoeV (23)
Q
Then we have, from (20), (23), and the Cauchy-Schwarz inequality,
l|u— QH%Q(Q) = a(u—1u,w)=alu—atw—17)
< Coflu— aHHm(Q)Hw - 'EHHM(Q) VoeV

which implies that

u = itl| Ly < Ch (inf M

L o HU—ﬂHHm Q (24)
ﬁ@ww—wh@) “

In general, since w can be approximated by members of V to high accuracy, the term inside
the bracket on the right-hand side of (24) is small, which shows that the Lo error is much
smaller than the H™ error.

The estimates (22) and (24) provide the basic a priori error estimates for the Ritz-Galerkin
method in an abstract setting.

On the other hand, the error of the Ritz-Galerkin method can also be estimated in an
a posteriori fashion. Let the computable linear functional (the residual of the approximate
solution @) R: V — R be defined by

R(v) = a(u — 4,v) = F(v) — a(t,v) (25)
The global a posteriori error estimate
- 1 R(v
llu — | gm oy < —Sup& (26)

Ca vev V]l am ()
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FINITE ELEMENT METHODS 7

then follows from (3) and (25).

Let D be a subdomain of Q and H{*(D) be the subspace of V' whose members vanish
identically outside D. It follows from (25) and the local version of (2) that we also have a local
a posteriori error estimate:

~ 1 R(v
lu =l gmpy > = sup _R@I (27)
C1 venz (D) [1v]|Hm (D)
The equivalence of the error norm with the dual norm of the residual will be the point of
departure in Section 5.1.2 (cf. (70)).

2.3. Elliptic reqularity

As mentioned above, the magnitude of the error of a Ritz-Galerkin method for an elliptic
boundary value problem depends on the regularity of the solution. Here we give a brief
description of elliptic regularity for the examples in Section 2.1.

If the boundary 9 is smooth and the homogeneous boundary conditions are also smooth
(i.e. the Dirichlet and Neumann boundary condition in (5) and the displacement and traction
boundary conditions in (12) are defined on disjoint components of 9Q2), then the solution of
the elliptic boundary value problems in Section 2.1 obey the classical Shift Theorem (Agmon,
1965; Necas, 1967; Gilbarg and Trudinger, 1983; Wloka, 1987). In other words, if the right-
hand side of the equation belongs to the Sobolev space H*(2), then the solution of a 2m-th
order elliptic boundary problem belongs to the Sobolev space H2™+(Q).

The Shift Theorem does not hold for domains with piecewise smooth boundary in general.
For example, let 2 be the L-shaped domain depicted in Figure 1 and

(@) = ¢(r) r?/3 sin (g = g)) (28)

where 7 = (2 +23)'/? and = arctan(zy/z;) are the polar coordinates and ¢ is a smooth cut-
off function that equals 1 for 0 < r < 1/2 and 0 for 7 > 3/4. It is easy to check that u € H} ()
and —Au € C°°(92). Let D be any open neighborhood of the origin in Q. Then u € H?(2\ D)
but u ¢ H?(D). In fact u belongs to the Besov space BS/;(D) (Babugka and Osborn, 1991),
which implies that w € H%/3~¢(D) for any ¢ > 0, but u ¢ H°/3(D) (see Triebel (1978) and
Grisvard (1985) for a discussion of Besov spaces and fractional order Sobolev spaces). A similar
situation occurs when the types of boundary condition change abruptly, such as the Poisson
problem with mixed boundary conditions depicted on the circular domain in Figure 1, where
the homogeneous Dirichlet boundary condition is assumed on the upper semicircle and the
homogeneous Neumann boundary condition is assumed on the lower semicircle.

Therefore (Dauge, 1988), for the second (respectively fourth) order model problems in
Section 2.1, the solution in general only belongs to H'**(Q) (respectively H?T(Q)) for some
a € (0,1] even if the right-hand side of the equation belongs to C*° ().
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8 ENCYCLOPEDIA OF COMPUTATIONAL MECHANICS

-1,1)  (0,1) u=0

(0,0) (1,0)

-Au=f

(-1,-1) wu=0 (@1,-1) aulon=0

Figure 1: Singular points of two-dimensional elliptic boundary value problems.

For two-dimensional problems, the vertices of €2 and the points where the boundary condition
changes type are the singular points (cf. Figure 1). Away from these singular points, the Shift
Theorem is valid. The behavior of the solution near the singular points is also well understood.
If the right-hand side function and its derivatives vanish to sufficiently high order at the
singular points, then the Shift Theorem holds for certain weighted Sobolev spaces (Nazarov
and Plamenevsky, 1994; Kozlov, Maz’ya and Rossman, 1997, 2001). Alternatively, one can
represent the solution near a singular point as a sum of a regular part and a singular part
(Grisvard, 1985; Dauge, 1988; Nicaise, 1993). For a 2m-th order problem, the regular part of
the solution belongs to the Sobolev space H?™** () if the right-hand side function belongs to
H¥(Q), and the singular part of the solution is a linear combination of special functions with
less regularity, analogous to the function in (28).

The situation in three dimensions is more complicated due to the presence of edge
singularities, vertex singularities, and edge-vertex singularities. The theory of three-
dimensional singularities remains an active area of research.

3. Finite Element Spaces

Finite element methods are Ritz-Galerkin methods where the finite-dimensional trial/test
function spaces are constructed by piecing together polynomial functions defined on (small)
parts of the domain 2. In this section, we describe the construction and properties of finite
element spaces. We will concentrate on conforming finite elements here and leave the discussion
of nonconforming finite elements to Section 7.2.

3.1. The concept of a finite element

A d-dimensional finite element (Ciarlet, 1978; Brenner and Scott, 2002) is a triple (K, Px, Nk ),
where K is a closed bounded subset of R? with nonempty interior and a piecewise smooth
boundary, P is a finite-dimensional vector space of functions defined on K and N is a basis
of the dual space Pj. The function space Pk is the space of the shape functions and the
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APAWA

Figure 2: Lagrange elements.

ANTLA

Figure 3: Cubic Hermite element, Zienkiewicz element, fifth degree Argyris element and Bell
element.

elements of Nk are the nodal variables (degrees of freedom).

The following are examples of two-dimensional finite elements.

Example 4. (Triangular Lagrange Elements) Let K be a triangle, Pk be the space P, of
polynomials in two variables of degree < n, and let the set N consist of evaluations of shape
functions at the nodes with barycentric coordinates Ay = i/n, Ao = j/n and A3 = k/n, where
i,j,k are nonnegative integers and i + j + k = n. Then (K, Pk, Nk) is the two-dimensional
P, Lagrange finite element. The nodal variables for the Py, P, and P3 Lagrange elements
are depicted in Figure 2, where o (here and in the following examples) represents pointwise
evaluation of shape functions.

Example 5. (Triangular Hermite Elements) Let K be a triangle. The cubic Hermite element
is the triple (K, P3,Nk) where N consists of evaluations of shape functions and their
gradients at the vertices and evaluation of shape functions at the center of K. The nodal
variables for the cubic Hermite element are depicted in the first figure in Figure 3, where
o (here and in the following examples) represents pointwise evaluation of gradients of shape
functions.

By removing the nodal variable at the center (cf. the second figure in Figure 8) and reducing
the space of shape functions to

3 3
{verione -2 o)+ (w00 - -0 =0} (> 1)
i=1 i=1
where p; (i = 1,2,3) and c¢ are the vertices and center of K respectively, we obtain the

Zienkiewicz element.

The fifth degree Argyris element is the triple (K, Ps, N) where N consists of evaluations
of the shape functions and their derivatives up to order two at the vertices and evaluations
of the normal derivatives at the midpoints of the edges. The nodal variables for the Argyris
element are depicted in the third figure in Figure 3, where O and 1 (here and in the following
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10 ENCYCLOPEDIA OF COMPUTATIONAL MECHANICS

Figure 4: Hsieh-Clough-Tocher element and reduced Hsieh-Clough-Tocher element.

Figure 5: Tensor product elements.

@A

Figure 6: @Q,, quadrilateral elements.

examples) represent pointwise evaluation of second order derivatives and the normal derivative
of the shape functions, respectively.

By removing the nodal variables at the midpoints of the edges (cf. the fourth figure in
Figure 3) and reducing the space of shape functions to {v € Ps: ((’91}/87L)|e € Ps(e) for each
edge e}, we obtain the Bell element.

Example 6. (Triangular Macro Elements) Let K be a triangle that is subdivided into three
subtriangles by the center of K, Pk be the space of piecewise cubic polynomials with respect to
this subdivision that belong to C1(K), and let the set N consist of evaluations of the shape
functions and their first-order derivatives at the vertices of K and evaluations of the normal
derivatives of the shape functions at the midpoints of the edges of K. Then (K, Px,Nx) is the
Hsieh-Clough-Tocher macro element. The nodal variables for this element are depicted in the
first figure in Figure 4.

By removing the nodal variables at the midpoints of the edges (cf. the second figure in
Figure 4) and reducing the space of shape functions to {v € CY(K): v is piecewise cubic
and (61}/5‘71)}6 € Pi(e) for each edge e}, we obtain the reduced Hsieh-Clough-Tocher macro
element.

Example 7. (Rectangular Tensor Product Elements) Let K be the rectangle [a1,b1] X [az, b],
Px be the space spanned by the monomials xix) for 0 < i,j < n, and the set Ni consist of
evaluations of shape functions at the nodes with coordinates (ay+i(b1—ay)/n, az+j(ba—asz)/n)
for 0 <i,5 < n. Then (K,Pk,Nxk) is the two-dimensional Q,, tensor product element. The
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o
A\
A
S

o C; ©

Figure 7: Serendipity and Bogner-Fox-Schmit elements.

nodal variables of the Q1, Q2 and Q3 elements are depicted in Figure 5.

Example 8. (Quadrilateral @Q,, Elements) Let K be a convex quadrilateral; then there exists
a bilinear map (x1,x2) — B(x1,22) = (a1 + b1z1 + 122 + dix129, ag +bax1 + coxe + dox122) f
rom the biunit square S with vertices (£1,+1) onto K. The space of shape functions is defined
by v € Pk if and only if v o B € Q,, and N consists of pointwise evaluations of the shape
functions at the nodes of K corresponding under the map B to the nodes of the @, tensor
product element on S. The nodal variables of the Q1, Q2 and Q3 quadrilateral elements are
depicted in Figure 6.

Example 9. (Other Rectangular Elements) Let K be the rectangle [a1,b1] X [c1,d1];

4 4

Pr = {v € Qa: dv(c) + Y w(p) —2) v(my) = o}(g Py)

i=1 i=1

where the p;’s are the vertices of K, the m;’s are the midpoints of the edges of K and c is
the center of K; and N consist of evaluations of the shape functions at the vertices and
the midpoints (cf. the first figure in Figure 7). Then (K, Pk, Nk) is the 8-node serendipity
element.

If we take Px to be the space of bicubic polynomials spanned by xllx% for 0 <i,5 <3 and
Nk to be the set consisting of evaluations at the vertices of K of the shape functions, their
first-order derivatives and their second-order mixed derivatives, then we have the Bogner-Fox-
Schmit element. The nodal variables for this element are depicted in the second figure in
Figure 7, where the tilted arrows represent pointwise evaluations of the second-order mized
derivatives of the shape functions.

Remark 4. The triangular P, elements and the quadrilateral @, elements, which are
suitable for second order elliptic boundary value problems, can be generalized to any dimension
in a straightforward manner. The Argyris element, the Bell element, the macro elements, and
the Bogner-Fox-Schmit element are suitable for fourth-order problems in two space dimensions.

3.2. Triangulations and finite element spaces

We restrict 2 € R? (d = 1,2,3) to be a polyhedral domain in this and the following sections.
The case of curved domains will be discussed in Section 7.4.
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12 ENCYCLOPEDIA OF COMPUTATIONAL MECHANICS

Figure 8: Partitions and triangulations.

A partition of € is a collection P of polyhedral subdomains of §2 such that

Q= |JD and DND' =0 ifD,D' €P,D#D
DeP

where we use  and D to represent the closures of Q and D.

A triangulation of € is a partition where the intersection of the closures of two distinct
subdomains is either empty, a common vertex, a common edge or a common face. For d = 1,
every partition is a triangulation. But the two concepts are different when d > 2. A partition
that is not a triangulation is depicted in the first figure in Figure 8, where the other three figures
represent triangulations. Below we will concentrate on triangulations consisting of triangles or
convex quadrilaterals in two dimensions and tetrahedrons or convex hexahedrons in three
dimensions.

The shape regularity of a triangle (or tetrahedron) D can be measured by the parameter

B diam D
 diameter of the largest ball in D

(D (29)
which will be referred to as the aspect ratio of the triangle (tetrahedron). We say that a f
amily of triangulations of triangles (or tetrahedrons) {7;: i € I} is regular (or nondegenerate)
if the aspect ratios of all the triangles (tetrahedrons) in the triangulations are bounded, that
is, there exists a positive constant C' such that

v(D)<C forall De7; and i€l

The shape regularity of a convex quadrilateral (or hexahedron) D can be measured by the
parameter (D) defined in (29) and the parameter

(D) = max {|61| e1 and ey are any two edges of D} (30)

lea]

We will refer to the number max(y(D),o(D)) as the aspect ratio of the convex quadrilateral
(hexahedron). We say that a family of triangulations of convex quadrilaterals (or hexahedrons)
{T:: i € I} is regular if the aspect ratios of all the quadrilaterals in the triangulations are
bounded, that is, there exists a positive constant C' such that

v(D),o(D) < C forall De7; and i€l
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A family of triangulations is quasi-uniform if it is regular and there exists a positive constant
C such that
h; < Cdiam D vDeT;, iel (31)

where h; is the maximum of the diameters of the subdomains in 7;.

Remark 5. For a triangle or a tetrahedron D, a lower bound for the angles of D can lead
to an upper bound for (D) (and vice versa). Therefore, the regularity of a family of simplicial
triangulations (i.e. triangulations consisting of triangles or tetrahedrons) is equivalent to the
following minimum angle condition: There exists 6, > 0 such that the angles of the simplexes
in all the triangulations 7; are bounded below by 6,.

Remark 6. A family of triangulations obtained by successive uniform subdivisions of an
initial triangulation is quasi-uniform. A family of triangulations generated by a local refinement
strategy is usually regular but not quasi-uniform.

Let 7 be a triangulation of , and a finite element (D, P5,N5) be associated with each
subdomain D € 7. We define the corresponding finite element space to be

FEr = {UELQ(Q):%:U|5EP5 VD ecT, and

v, vy share the same nodal values on D N EI} (32)

We say that FE7 is a C" finite element space if FE7 C C"(Q). For example, the finite
element spaces constructed from the Lagrange finite elements (Example 4), the tensor product
elements (Example 7), the cubic Hermite element (Example 5), the Zienkiewicz element
(Example 5) and the serendipity element (Example 9) are C? finite element spaces, and those
constructed from the quintic Argyris element (Example 5), the Bell element (Example 5), the
macro elements (Example 6) and the Bogner-Fox-Schmit element (Example 9) are C! finite
element spaces.

Note that a C™ finite element space is automatically a subspace of the Sobolev space H"T1(Q)
and therefore appropriate for elliptic boundary value problems of order 2(r + 1).

3.3. Element nodal interpolation operators and interpolation error estimates

Let (K,Pk,Nk) be a finite element. Denote the nodal variables in Nx by Ni,..., N,
(n = dim Pk ) and the dual basis of Px by ¢1, ..., ¢, that is,

1 if i=j
Ni(¢j)_5ij_{0 if i;é;

Assume that ¢ — N;(¢) is well-defined for ¢ € H*(K) (where s is a sufficiently large positive
number), then we can define the element nodal interpolation operator i : H*(K) — Pg by

k¢ = ZNJ(C)%‘ (33)

Encyclopedia of Computational Mechanics. Edited by Erwin Stein, René de Borst and Thomas J.R. Hughes.
© John Wiley & Sons, Ltd. ISBN: 0-470-84699-2



14 ENCYCLOPEDIA OF COMPUTATIONAL MECHANICS

Note that (33) implies
Hrgv=wv Vv e Pk (34)

For example, by the Sobolev embedding theorem (Adams, 1995; Necas, 1967; Wloka,
1987; Gilbarg and Trudinger, 1983), the nodal interpolation operators associated with the
Lagrange finite elements (Example 4), the tensor product finite elements (Example 7), and
the serendipity element (Example 9) are well-defined on H*(K) for s > 1 if K C R? and
for s > 3/2 if K C R3. On the other hand the nodal interpolation operators associated with
the Zienkiewicz element (Example 5) and the macro elements (Example 6) are well-defined on
H*(K) for s > 2, while the interpolation operators for the quintic Argyris element (Example 5),
the Bell element (Example 5) or the Bogner-Fox-Schmit (Example 9) are well-defined on H*(K)
for s > 3.

The error of the element nodal interpolation operator for a triangular (tetrahedral) or
convex quadrilateral (hexagonal) element (K, Pk, N ) can be controlled in terms of the shape
regularity of K. Let K be the image of K under the scaling map

z v H(z) = (diam K) ' (35)

Then K is a domain of unit diameter and we can define a finite element (I? ,Pr . Ng) as
follows: (i) 0 € Pg if and only if © o # € Pk, and (ii)) N € N if and only if the linear
functional v — N (v o H~!) on Pk belongs to Nx. It follows that the dual basis b1,..., b of
Pr is related to the dual basis ¢1,. .., ¢, of Px through the relation ¢i o H = ¢;, and (33)
implies that

(Ix¢) o HTH=Tz(C o HTY) (36)

for all sufficiently smooth functions ¢ defined on K. Moreover, for the functions ¢ and ¢ related

by ((z) = ((H(z)), we have
|é|i[s(g) = (diamK)zS*dKﬁ{S(K) (37)
where d is the spatial dimension.
Assuming that Py 2 P, (equivalently Px O Pp,), we have, by (34),

16 = Tgllmzy = NC=9) =T = Pl
2||Hf(||m,9”éipHHs(f() VpEPm

IN

~ ~

where |[IIz||,s is the norm of the operator Il5: H*(K) — H™(K), and hence

1€ — (|

H™(K) < 2HHF<||m,s piel}fm ||CA _pHHs(f() (38)

Since K is convex, the following estimate (Verfiirth, 1999) holds provided m is the largest
integer strictly less than s:

pier}Dfm ”C _pHHs(f() < CS,d|<|HS(I?) V(e HS(K) (39)
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where the positive constant Cs 4 depends only on s and d.

Combining (38) and (39) we find

Hé - Hf(éHHm(f() < 203,d||H1?||m,s|€|Hs(]?) VCA € HS(I?) (40)

We have therefore reduced the error estimate for the element nodal interpolation operator to
an estimate of ||IIz||m,s. Since diam K = 1, the norm |[II |, s is a constant depending only

on the shape of K (equivalently of K), if we considered s and m to be fixed for a given type
of element.

For triangular elements, we can use the concept of affine-interpolation-equivalent elements
to obtain a more concrete description of the dependence of |11z ||, s on the shape of K. A d-
dimensional nondegenerate affine map is a map of the form = — Ax+b where A is a nonsingular
d x d matrix and b € R?. We say that two finite elements (K, P, , Nk, ) and (K2, Px,, Nk, )
are affine-interpolation-equivalent if (i) there exists a nondegenerate affine map ® that maps
K, onto Ky, (ii) v € Pk, if and only if v o ® € Pk, and (iii)

(M) © @ =T, (¢ © D) (41)

for all sufficiently smooth functions ¢ defined on K. For example, any triangular elements in
one of the families (except the Bell element and the reduced Hsieh-Clough-Tocher element)
described in Section 3.1 are affine- interpolation-equivalent to the corresponding element on
the standard simplex S with vertices (0,0), (1,0) and (0,1).

Assuming (IA( , P Ng) (or equivalently (K, Pk, Nk)) is affine-interpolation-equivalent to
the element (S, Ps, Ng) on the standard simplex, it follows from (41) and the chain rule that

||Hf(||m,s < CHHSHm,s (42)

where the positive constant depends only on the Jacobian matrix of the affine map $: 85 K

and thus depends only on an upper bound of the parameter v(K) (cf. (29)) which is identical
with v(K).

Combining (36), (37), (40) and (42), we find

> (diam K)*|¢ = T g gy < C(diam K)*[¢] go ()
k=0
V(e HY(K) (43)

where the positive constant C' depends only on s and an upper bound of the parameter (K)
(the aspect ratio of K), provided that (i) the element nodal interpolation operator is well-
defined on H*(K), (ii) the triangular element (K, Pg,Nk) is affine-interpolation-equivalent
to a reference element (S, Ps, Ns) on the standard simplex, (iii) P 2 P,,, and (iv) m is the
largest integer < s.

For convex quadrilateral elements, we can similarly obtain a concrete description of
the dependence of |IIz|/nm,s on the shape of K by assuming that there is a reference
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element (S, Ps,Ng) defined on the biunit square S with vertices (4+1,+1) and a bilinear
homeomorphism @ from S onto K with the following properties: © € Py if and only if
v o ® e Pgand (Hf{f) o & =TIIg(C o ®) for all sufficiently smooth functions ¢ defined on

K. Note that because of (36) this is equivalent to the existence of a bilinear homeomorphism
from S onto K such that

vE P << vodePyg
and (IIg¢) o @ =TIg(¢ o D) (44)

for all sufficiently smooth functions ¢ defined on K. The estimate (42) holds again by the
chain rule, where the positive constant C' depends only on the Jacobian matrix of d and
thus depends only on upper bounds for the parameters v(K) and o(K) (cf. (30)), which are
identical with v(K) and o(K). We conclude that the estimate (43) also holds for convex
quadrilateral elements where the positive constant C' depends on upper bounds of v(K) and
o(K) (equivalently an upper bound of the aspect ratio of K) provided condition (ii) is replaced
by (44). For example, the estimate (43) is valid for the quadrilateral @Q,, element in Example 8.

Remark 7. The general estimate (40) can be refined to yield anisotropic error estimates for
certain reference elements. For example, in two dimensions, the following estimates (Apel and
Dobrowolski, 1992; Apel, 1999) hold for the P,, Lagrange elements on the reference simplex S
and the @, tensor product elements on the reference square S:

0
Haxj“—ﬂso

L2 (S)

o%¢
= ¢ <H8$181‘j Lz(S)) (45)

for j = 1,2 and for all ¢ € H?(S). We refer the readers to Interpolation in h-version Finite
Element Spaces, for more details.

b
+
La(S) 6$281‘j

Remark 8. The analysis of the quadrilateral serendipity elements is more subtle. A detailed
discussion can be found in Arnold, Boffi and Falk (2002).

Remark 9. The estimate (43) can be generalized naturally to 3-D tetrahedral P, elements
and hexahedral @Q,, elements.

Remark 10. Let n be a nonnegative integer and n < s < n 4+ 1. The estimate

inf — sy < Cas . V(e H(Q 46
SnE ¢ = plaeo) < CaslClun@  VCEH Q) (46)
for general Q follows from generalized Poincaré-Friedrichs inequalities (Necas, 1967). In the
case where () is convex, the constant Cq ; depends only on s and the dimension of €2, but not
on the shape of 2, as indicated by the estimate (39). For nonconvex domains, the constant
Cq,s does depend on the shape of 2 (Dupont and Scott, 1980, Verflirth, 1999).

Let F be a bounded linear functional on H*(§) with norm || F|| such that F(p) = 0 for all
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p € P, (). It follows from (46) that

F < inf |F(¢—p)| <||F| inf - s
FOI < inf FC=p < IP] inf ¢ = plie

< (CaslIFIDIC e (47)

for all ¢ € H*(2). The estimate (47), known as the Bramble-Hilbert lemma (Bramble and
Hilbert, 1970), is useful for deriving various error estimates.

3.4. Some discrete estimates

The finite element spaces in Section 3.2 are designed to be subspaces of Sobolev spaces so that
they can serve as the trial/test spaces for Ritz-Galerkin methods. On the other hand, since
finite element spaces are constructed by piecing together finite-dimensional function spaces,
there are discrete estimates valid on the finite element spaces but not the Sobolev spaces.

Let (K,Pk,Nx) be a finite element such that Px C H¥(K) for a nonnegative integer k.
Since any seminorm on a finite-dimensional space is continuous with respect to a norm, we
have, by scaling, the following inverse estimate:

|U‘H’C(K) < C’(diamK)é_kHvHHe(K) VvePg, 0<l<k (48)

where the positive constant C' depends on the domain K (the image of K under the scaling
map H defined by (35)) and the space Pk.

For finite elements whose shape functions can be pulled back to a fixed finite-dimensional
function space on a reference element, the constant C' depends only on the shape regularity
of the element domain K and global versions of (48) can be easily derived. For example, for
a quasi-uniform family {7;: ¢ € I'} of simplicial or quadrilateral triangulations of a polygonal
domain 2, we have

i) < Chi llp,  VYveV, and i€l (49)

where V; C H'(f) is either the P, triangular finite element space or the @, quadrilateral
finite element space associated with 7;. Note that V; C H*(f2) for any s < 3/2 and a bit more
work shows that the following inverse estimate (Ben Belgacem and Brenner, 2001) also holds:

|U|Hs(Q) < Cbhz_éH’U”Hl(Q) VoeV,iel (50)

and 1 < s < 3/2, where the positive constant Cy can be uniformly bounded for s in a compact
subset of [1,3/2).

It is well-known that in two dimensions the Sobolev space H* () is not a subspace of C(€2).
However, the P, triangular finite element space and the @, quadrilateral finite element space
do belong to C(Q) and it is possible to bound the L., norm of the finite element function by
its H' norm. Indeed, it follows from Fourier transform and extension theorems (Adams, 1995,
Wloka, 1987) that, for e > 0,

o]z o) < 06_1/2||UHH1+6(Q) Yo e H1+€(Q) (51)
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18 ENCYCLOPEDIA OF COMPUTATIONAL MECHANICS

By taking € = (1 + |Inh;])~! in (51) and applying (50), we arrive at the following discrete
Sobolev inequality:

[Vl L) € COA+ )20l 1) YoV, (52)
where the positive constant C' is independent of ¢ € I.

The discrete Sobolev inequality and the Poincaré-Friedrichs inequality (8) imply immediately
the following discrete Poincaré inequality:

[z < o=@ + 0@
< 2l =9 (0
< C(L+nhi)2|lv — o]l g (e
< CO+[h)ola o) (53)

for all v € V; that vanishes at a given point in  and with mean v = [, vdx/|Q].

Remark 11. The discrete Sobolev inequality can also be established directly using calculus
and inverse estimates (Bramble, Pasciak and Schatz, 1986; Brenner and Scott, 2002), and both
(52) and (53) are sharp (Brenner and Sung, 2000).

4. A Priori Error Estimates for Finite Element Methods

Let T be a triangulation of € and a finite element (D, Pp.Np) be associated with each
subdomain D € T so that the resulting finite element space FE1 (cf. (32)) is a subspace of
C™=1(Q) c H™(f). By imposing appropriate boundary conditions, we can obtain a subspace
Vi of FEy such that Vi C V, the subspace of H™(f)), where the weak problem (1) is
formulated. The corresponding finite element method for (1) is:

Find uwy € V7 such that

a(ug,v) = F(v) YveVr (54)

In this section, we consider a priori estimates for the discretization error u — uy. We will
discuss the second-order and fourth-order cases separately. We use the letter C' to denote a
generic positive constant that can take different values at different appearances.

Let us also point out that the asymptotic error analysis carried out in this section is not
sufficient for parameter-dependent problems (e.g. thin structures and nearly incompressible
elasticity) that can experience locking (Babuska and Suri, 1992). We refer the readers to other
chapters in this encyclopedia that are devoted to such problems for the discussion of the
techniques that can overcome locking.
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4.1. Second-order problems

We will devote most of our discussion to the case where Q C R? and only comment briefly on
the 3-D case. For preciseness, we also assume the right-hand side of the elliptic boundary value
problem to be square integrable. We first consider the case where V' C H!(Q) is defined by
homogeneous Dirichlet boundary conditions (cf. Section 2.1) on T' C 9€2. Such problems can be
discretized by triangular P, elements (Example 4) or quadrilateral @,, elements (Example 8).

Let 7 be a triangulation of Q by triangles (convex quadrilaterals) and each triangle
(quadrilateral) in T be equipped with the P, (n > 1) Lagrange element (@, quadrilateral
element). The resulting finite element space F E7 is a subspace of C°(Q2) ¢ H*(£2). We assume
that T' is the union of the edges of the triangles (quadrilaterals) in 7 and take V- = VN FE7T,
the subspace defined by the homogeneous Dirichlet boundary condition on T.

We know from the discussion in Section 2.3 that u € H'**(P)(D) for each D € T, where the
number «(D) € (0,1] and «(D) = 1 for D away from the singular points. Hence, the element
nodal interpolation operator Il is well-defined on w for all D € 7. We can therefore piece
together a global nodal interpolant H7]—V u € Vg by the formula

(I7) |5 = U (ulp) (55)

From the discussion in Section 3.3, we know that (43) is valid for both the triangular P,
element and the quadrilateral @,, element. We deduce from (43) and (55) that

e = D ullip @) < € 3 (diam DY** P uffpssa) ) (56)
DeT

where C' depends only on the maximum of the aspect ratios of the element domains in 7.
Combining (22) and (56) we have the a priori discretization error estimate

1/2
e (Z (diam D)7 ulip+~<D><D>> o
DeT

where C' depends only on the constants in (2) and (3) and the maximum of the aspect ratios
of the element domains in 7.

Hence, if {7;: i € I} is a regular family of triangulations, and the solution u of (1) belongs
to the Sobolev space H!T(Q) for some « € (0,1], then we can deduce from (57) that

lu —uT; | (@) < Ohf'lulgire(q) (58)

where h; = maxpe7; diam D is the mesh size of 7; and C is independent of i € I. Note that
the solution w of (23) with @ replaced by u7 also belongs to H'*(Q) and satisfies the elliptic
regularity estimate

Wl z1+e @) < Cllu —ur (|1, (0)

Encyclopedia of Computational Mechanics. Edited by Erwin Stein, René de Borst and Thomas J.R. Hughes.
© John Wiley & Sons, Ltd. ISBN: 0-470-84699-2



20 ENCYCLOPEDIA OF COMPUTATIONAL MECHANICS

Therefore, we have
inf - -1y
ot [w—vlm (0 [[w 7wl (@

Chiflwlmi+e(q) (59)
Chit|lu —ur ||L2(Q)

IN N IA

The abstract estimate (24) with @ replaced by us and (59) yield the following Lo estimate:
) < Ch?a|u‘Hl+a(Q) (60)

where C' is also independent of ¢ € 1.

Remark 12. In the case where o = 1 (for example, when I' = 9Q in Example 1 and Q is
convex), the estimate (58) is optimal and it is appropriate to use a quasi-uniform family of
triangulations. In the case where a(D) < 1 for D next to singular points, the estimate (57)
allows the possibility of improvement by graded meshes (cf. Section 6).

Remark 13. In the derivations of (58) and (60) above for the triangular P, elements, we
have used the minimum angle condition (cf. Remark 5.). In view of the anisotropic estimates
(45), these estimates also hold for triangular P, elements under the mazimum angle condition
(Babuska and Aziz, 1976; Jamet, 1976; Zenisek, 1995; Apel, 1999): there exists 6, < m such
that all the angles in the family of triangulations are < .. The estimates (58) and (60) are
also valid for @, elements on parallelograms satisfying the maximum angle condition. They
can also be established for certain thin quadrilateral elements (Apel, 1999).

The 2-D results above also hold for 3-D tetrahedral P, elements and 3-D hexagonal @,
elements if the solution u of (1) belongs to H'T*(Q2) where 1/2 < a < 1, since the nodal
interpolation operator are then well-defined by the Sobolev embedding theorem. This is the
case, for example, if I' = 02 in Example 1. However, new interpolation operators that require
less regularity are needed if 0 < a < 3/2. Below, we construct an interpolation operator
II4: HY(Q)) — V7 using the local averaging technique of Scott and Zhang (1990).

For simplicity, we take V3 to be a tetrahedral P; finite element space. Therefore, we only
need to specify the value of 14 % at the vertices of T for a given function ¢ € Hl(Q) Let pbea
vertex. We choose a face (or edge in 2-D) F of a subdomain in 7 such that p € F. The choice
of F is of course not unique. But we always choose F C 09 if p € 9 so that the resulting
interpolant will satisfy the appropriate Dirichlet boundary condition. Let {9, };;:1 C Pi(F) be
biorthogonal to the nodal basis {gf)] _1 C Pi(F) with respect to the Ly(F) inner product. In
other words ¢; equals 1 at the jth Vertex of F and vanishes at the other vertices, and

/ Yip;ds = 0y (61)
f
Suppose p corresponds to the jth vertex of F. We then define

MO = [ wycas (62

where the integral is well-defined because of the trace theorem.
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Figure 9: A two-dimensional example of S(D).

It is clear in view of (61) and (62) that II4v = v for all v € FE7 and [14¢ = 0 on T' if
¢ =0onI'. Note also that Hé is not a local operator, i.e., (H‘74—C)|D is in general determined

by ¢ | (D)’ where S(D) is the polyhedral domain formed by the subdomains in 7 sharing (at

least) a vertex with D (cf. Figure 9 for a 2-D example). It follows that the interpolation error
estimate for Il takes the following form:

I¢ = T7¢ N2, (py + (diam D)?|¢ — T7C 7 )
< C’(diam D)2(1+Q(S(D))) ‘C|§II+Q(S(D))(S(D)) (63)

where C' depends on the shape regularity of 77, provided that ¢ € H**+*(5(P)(S(D)) for some
a(S(D)) € (0,1]. The estimates (58) and (60) for tetrahedral P; elements can be derived for
general « € (0,1] and regular triangulations using the estimate (63).

Remark 14. The interpolation operator H‘74— can be defined for general finite elements (Scott
and Zhang, 1990; Girault and Scott, 2002) and anisotropic estimates can be obtained for H‘74- f
or certain triangulations (Apel, 1999). There also exist interpolation operators for less regular
functions (Clément, 1975; Bernardi and Girault, 1998).

Next, we consider the case where V is a closed subspace of H!(2) with finite codimension
n < oo, as in the case of the Poisson problem with pure homogeneous Neumann boundary
condition (where n = 1) or the elasticity problem with pure homogeneous traction boundary
condition (where n =1 when d =1, and n = 3(d — 1) when d = 2 or 3). The key assumption
here is that there exists a bounded linear projection @ from H'(Q2) onto an n dimensional
subspace of F'Er such that ¢ € H(Q) belongs to V if and only if Q¢ = 0. We can then define

an interpolation operator Il from appropriate Sobolev spaces onto Vi by
Iy = (I -Q)r

where Il is either the nodal interpolation operator H¥ or the Scott-Zhang averaging
interpolation operator Hé introduced earlier. Observe that, since the weak solution u belongs
to V,

u—Tru=u—Qu— (I - QIyu=(I—Q)(u—Iyu)

and the interpolation error of Il can be estimated in terms of the norm of Q: H'(Q) — H' ()
and the interpolation error of II;. Therefore, the a priori discretization error estimates for
Dirichlet or Dirichlet/Neumann boundary value problems also hold for this second type of
(pure Neumann) boundary value problems.
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For the Poisson problem with homogeneous Neumann boundary condition, we can take

1
— [ ¢
Qc |Q|/QCX

the mean of ¢ over (). For the elasticity problem with pure homogeneous traction boundary
condition, the operator @ from [H'(Q)]¢ onto the space of infinitesimal rigid motions is

defined by
/ Q¢dx = / ¢dx and
Q Q

/v x Q¢dx = /v x ¢dx V¢ e [HY Q)
Q Q
In both cases, the norm of ) is bounded by a constant Cq,.

Remark 15. In the case where f € H*(Q) for k > 0, the solution u belongs to H2**(Q) away
from the geometric or boundary data singularities and, in particular, away from 0€2. Therefore,
it is advantageous to use higher-order elements in certain parts of €, or even globally (with
curved elements near 02) if singularities are not present. In the case where f € Lo(2), the
error estimate (57) indicates that the order of the discretization error for the triangular P,
element or the quadrilateral @, element is independent of n > 1. However, the convergence
of the finite element solutions to a particular solution as h | 0 can be improved by using
higher-order elements because of the existence of nonuniform error estimates (Babuska and
Kellogg, 1975).

4.2. Fourth-order problems

We restrict the discussion of fourth-order problems to the two-dimensional plate bending
problem of Example 3.

Let 7 be a triangulation of Q by triangles and each triangle in 7 be equipped with the
Hsieh-Clough-Tocher macro element (cf. Example 6). The finite element space FE7 defined
by (32) is a subspace of C1(Q2) C H?(Q). We take V7 to be V N FEr, where V = HZ(Q) for
the clamped plate and V = H{(Q) N H?(Q) for the simply supported plate.

The solution u of the plate-bending problem belongs to H?*t*(P)(D) for each D € T,
where a(D) € (0,2] and a(D) = 2 for D away from the corners of Q. The elemental nodal
interpolation operator Il is well-defined on u for all D € 7. We can therefore define a global
nodal interpolation operator II¥ by the formula (55). Since the Hsieh-Clough-Tocher macro
element is affine-interpolation-equivalent to the reference element on the standard simplex, we
deduce from (55) and (43) that

lu — T |20y < C ) (diam D)2a(D)|u|12LI2+a(D)(D) (64)
DeT
where C depends only on the maximum of the aspect ratios of the triangles in 7 (or equivalently
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the minimum angle of 7 ). From (22) and (64), we have

1/2
Ju = ur ey < C (Z (dian D>2“(D>lulima<D><D>> (05)
DeT

where C' depends only on the constants in (2) and (3) and the minimum angle of T.

Hence, if {7;: i € I} is a regular family of triangulations, and the solution w of the plate
bending problem belongs to the Sobolev space H2t%(Q) for some o € (0,2], we can deduce
from (65) that

[u—ur[[r2@) < Ch|ulg2+a @) (66)
where h; = maxper; diam D is the mesh size of 7; and C is independent of ¢ € I. Since the

solution w of (23) also belongs to H2T%(Q), the abstract estimate (24) combined with an error
estimate for w in the H2-norm analogous to (66) yields the following Lo estimate:

[u = ur: ||y () < ChE®ulm2taq) (67)

where C' is also independent of ¢ € 1.

Remark 16. The analysis of general triangular and quadrilateral C' macro elements can
be found in Douglas et al (1979).

The plate-bending problem can also be discretized by the Argyris element (cf. Example 5).
If a(D) > 1 for all D € D, then the nodal interpolation operator H¥ is well-defined for
the Argyris finite element space. If a(D) < 1 for some D € T, then the nodal interpolation
operator H¥ must be replaced by an interpolation operator constructed by the technique of
local averaging. In either case, the estimates (66) and (67) remain valid for the Argyris finite
element solution.

5. A Posteriori Error Estimates and Analysis

In this section, we review explicit and implicit estimators as well as averaging and multilevel
estimators for a posteriori finite element error control.

Throughout this section, we adopt the notation of Sections 2.1 and 2.2 and recall that u
denotes the (unknown) exact solution of (1) while & € V' denotes the discrete and given solution
of (19). It is the aim of Section 5.1-5.6 to estimate the error e := w — @ € V in the energy
norm || - [|lo = (a(-,-))"/? in terms of computable quantities while Section 5.7 concerns other
error norms or goal functionals.

Throughout this section, we assume 0 < ||e||, to exclude the exceptional situation u = .
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5.1. Aims and concepts in a posteriori finite element error control

The following five sections introduce the notation, the concepts of efficiency and reliability,
the definitions of residual and error, a posteriori error control and adaptive algorithms, and
comment on some relevant literature.

5.1.1. Error estimators, efficiency, reliability, asymptotic exactness. Regarded as an
approximation to the (unknown) error norm |lel|,, a (computable) quantity 7 is called
a posteriori error estimator, or estimator for brevity, if it is a function of the known domain
Q and its boundary T', the quantities of the right-hand side F, cf. (6) and (13), as well as of
the (given) discrete solution u, or the underlying triangulation.

An estimator 7 is called reliable if

”eHa < Crel n+ h.o.t. el (68)

An estimator 7 is called efficient if

N < Ceft ||€]|la + h-0.t.cnr (69)

An estimator is called asymptotically exact if it is reliable and efficient in the sense of (68)-
(69) with Cye1 = C -

Here, C,q and C.g are multiplicative constants that do not depend on the mesh size of an
underlying finite element mesh 7T for the computation of & and h.o.t. denotes higher-order
terms. The latter are generically much smaller than n or |le||,, but usually, this depends on the
(unknown) smoothness of the exact solution or the (known) smoothness of the given data. The
readers are warned that, in general, h.o.t. may not be neglected; in case of high oscillations
they may even dominate (68) or (69).

5.1.2. Error and residual. Abstract examples for estimators are (26) and (27), which involve

dual norms of the residual (25). Notice carefully that R := F — a(i,-) is a bounded linear

functional in V', written R € V*, and hence the dual norm
R(v) a(e,v)

IR+ := sup = sup
veV\{0} [vlla veV\{0} [v]la

= llella < o0 (70)

The second equality immediately follows from (25). A Cauchy inequality in (70) with respect
to the scalar product a results in || R[]y~ < ||e||, while v = e in (70) yields finally the equality
1B]lv+ = llella-

That is, the error (estimation) in the energy norm is equivalent to the (computation of the)
dual norm of the given residual. Furthermore, it is even of comparable computational effort to
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compute an optimal v = e in (70) or to compute e. The proof of (70) yields even a stability
estimate: The relative error of R(v) as an approximation to ||e||, equals

2
€

v —
lella llq

forall veV with ||, =1 (71)

llella o2

(llella = R(v)) 1 ‘

In fact, given any v € V' with ||v||, = 1, the identity (71) follows from

() = (o)~ (e)
l—al|l—,v = —a ,—— | —a ,U
lella 2 \lella” llella llella

1 1 2
+s a(v,v) = = Hv

e
2

llella llq

The error estimate (71) implies that the maximizing v in (70) (i.e. v € V with maximal R(v)
subject to ||v||, < 1) is unique and equals e/||e||,. As a consequence, the computation of the
maximizing v in (70) is equivalent to and indeed equally expensive as the computation of the
unknown e/|le||, and so (since @ is known) of the exact solution u. Therefore, a posteriori error
analysis aims to compute lower and upper bounds of ||R||y« rather than its exact value.

5.1.3. Error estimators and error control. For an idealized termination procedure, one is
given a tolerance Tol > 0 and interested in a stopping criterion (of successively adapted mesh
refinements)

|le]le < Tol
Since the error ||el|, is unknown, it is replaced by its upper bound (68) and then leads to
Cren + h.o.t.pe) < Tol (72)

For a verification of (72), in practice, one requires not only 7 but also C¢ and h.o.t.,.. The later
quantity cannot be dropped; it is not sufficient to know that h.o.t..q is (possibly) negligible
for sufficient small mesh-sizes.

Section 5.6 presents numerical examples and further discussions of this aspect.

5.1.4. Adaptive mesh-refining algorithms. Error estimators are used in adaptive mesh-
refining algorithms to motivate a refinement rule, which determines whether an element or
edge and so on shall be refined or coarsened. This will be discussed in Section 6 below.

At this stage two remarks are in order. First, one should be precise in the language and
distinguish between error estimators, which are usually global and fully involve constants and
higher-order terms and (local) refinement indicators used in refinement rules. Second, constants
and higher-order terms might be seen as less important and are often omitted in the usage as
refinement indicators for the step MARK in Section 6.2.
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5.1.5. Literature. Amongst the most influential pioneering publications on a posteriori error
control are Babuska and Rheinboldt (1978), Ladeveze and Leguillon (1983), Bank and Weiser
(1985), Babuska and Miller (1987), Eriksson and Johnson (1991), followed by many others.
The readers may find it rewarding to study the survey articles of Eriksson et al (1995), Becker
and Rannacher (2001) and the books of Verfiirth (1996), Ainsworth and Oden (2000), Babuska
and Strouboulis (2001), Bangerth and Rannacher (2003), Repin (2008), and Verfiirth (2013)
for a first insight and further references.

5.2. Explicit residual-based error estimators

The most frequently considered and possibly easiest class of error estimators consists of local
norms of explicitly given volume and jump residuals multiplied by mesh-depending weights.

To derive them for a general class of abstract problems from Section 2.1, let u € V' be an
exact solution of the problem (1) and let @ € V' be its Galerkin approximation from (19) with
residual R(v) from (25). Moreover, as in Example 1 or 2, it is supposed throughout this chapter
that the strong form of the equilibration associated with the weak form (19) is of the form

—divp = f for some flux or stress p € L*(Q;R™*")

The discrete analog p is piecewise smooth but, in general, discontinuous; at several places
below, it is a T piecewise constant m X m matrix as it is proportional to the gradient of some
(piecewise) P, FE function 4. The description of the residuals is based on the weak form of
f+ divp=0.

5.2.1. Residual representation formula. It is the aim of this section to recast the residual in

the form
R(v) = Z/T’I“T~UdX—Z/EI“E-VdS (73)

TeT Ee&

of a sum of integrals over all element domains 7' € T plus a sum of integrals over all edges or
faces E € £ and to identify the explicit volume residual rp and the jump residual rg.

The boundary 9T of each finite element domain 7' € T is a union of edges or faces, which
form the set £(T), written 0T = UE(T). Each edge or face E € £ in the set of all possible
edges or faces &€ = U{E(T): T € T } is associated with a unit normal vector vg, which is
unique up to an orientation +vg, which is globally f ixed. By convention, the unit normal v
on the domain € or on an element T points outwards.

For the ease of exploration, suppose that the underlying boundary value problem allows the
bilinear form a(@,v) to equal the sum over all fT Djk Djvpdx with given fluxes or stresses pjy.
Moreover, Neumann data are excluded from the description in this section and hence only
interior edges contribute with a jump residual. An integration by parts on 71" with outer unit
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normal vp yields
/ Pjk Djvrdx = / Pjk vk v jds — / v Djpjrdx
T ar T

which, with the divergence operator div and proper evaluation of pv, reads

a(t,v —i—Z/v lede—Z/ - vds

TET TET

Each boundary 0T is rewritten as a sum of edges or faces. Each such edge or face E belongs
either to the boundary 0f), written E € Eyq, or is an interior edge, written E € £g. For E € Esq
there exists exactly one element 7' with E € £(T) and one defines Ty =T, T_ = E C 99,
wg = int(T) and vg := v = vg. Any E € £(Q) is the intersection of exactly two elements,
which we name T and T and which essentially determine the patch wg := int(7T4 UT-) of E.
This description of T is unique up to the order that is fixed in the sequel by the convention
that vg = v, is exterior to T’ . Then,

Z/ pv) - vds = Z /pI/E - vds
TeT E€E(Q)

where [pvg| := (p|r, —p|r_)ve for E = 0T, NOT_ € £(Q) and [prg] =0 for £ € £(T) N &sq.
Altogether, one obtains the error residual error representation formula (73) with the

f+divp inTeT
Jump residuals TEp = [pvg] along E € £(Q)

volume residuals rr

5.2.2. Weak approzimation operators. In terms of the residual R, the orthogonality condition
(20) is rewritten as R() = 0 for all & € V. Hence, given any v € V with norm |[v|, = 1, there
holds R(v) = R(v — 0).

Explicit error estimators rely on the design of ¥ := H‘;‘—(v) as a function of v, H‘;‘- is called
approzimation operator as in (61)-(63) and discussed further in Section 4. See also (Carstensen,
1999; Carstensen and Funken, 2000; Nochetto and Wahlbin, 2002). For the understanding of
this section, it suffices to know that there are several choices of © € V that satisfy first-order
approximation and stability properties in the sense of

—1/2 ~
STt =), + > b =0, m

TeT EcE(Q)

Here, hp and hg denotes the diameter of an element T' € 7 and an edge FE € &, respectively.
The multiplicative constant C' is independent of the mesh-sizes hr or hg, but depends on the
shape of the element domains through their minimal angle condition (for simplices) or aspect
ratio (for tensor product elements).
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5.2.3. Reliability. Given the explicit volume and jump residuals rr and rg in (73), one defines
the explicit residual-based estimator Ng, g,

Mar = bplrelli,m+ Y. helrell,m (75)
TeT E€&(Q)

which is reliable, that is
lella < Cnr.r (76)
The proof of (76) follows from (73)-(75) and Cauchy-Schwarz inequalities:

R(v) = R(v—10) Z/TT v—10)

TeT
- / rp - (v —7)
Ec&(Q)
< > (b lrrllzam) (bt v = bll )
TeT
1/2 1/2
+ 3 (P el ) (s o = Ol Ly
E€&E(Q)
1/2 1/2
< (Z h7 ”TT%Q(T)) (Z hy” ||U—17||2L2(T)>
TeT TeT
1/2 1/2
+ > helrsli,m S hgtllv =0l
EcE(Q) Ec&(Q)

< COngrr a0

For first-order finite element methods in the situation of Example 1 or 2, the volume term
r7 = f can be substituted by the higher-order term of oscillations, that is

lelz < C [osc(f)*+ > helrelie (77)
Eec&(Q)

For each node z € N with nodal basis function ¢, and patch w, := {z € Q: ¢.(x) # 0} of
diameter h, and the source term f € Lo(Q2)™ with integral mean f, := |w.| ™! fwz flx)dx € R™,
the oscillations of f are defined by

1/2
osc(f <Z h2||f - fZ”Lg(wz))

zeN
Notice for f € H' ()™ and the mesh size hy € Py(T ) there holds
osc(f) < C||h3 D,

and so osc(f) is of quadratic and hence of higher-order. We refer to Carstensen and Verfiirth
(1999), Nochetto (1993), Becker and Rannacher (1996), and Rodriguez (1994b) for further
details on and proofs of (77).
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5.2.4. Efficiency. TFollowing a technique with inverse estimates due to Verfiirth (1996), this
section investigates the proof of efficiency of ng r in a local form, namely,

he lrelleary < C (el + ose(f, T)) (78)
W2 reliam < C (el s +ose(f,wr)) (79)

where f denotes an elementwise polynomial (best-) approximation of f and
ose(f,T) = hr|f = fll.cr (80)
and _
OSC(f7 CUE) = hE ||f - f”Lz(wE) (81)

The main tools in the proof of (79) and (78) are bubble functions by and by based on an edge
or face FE € € and an element T' € T with nodes N (E) and N (T), respectively. Given a nodal
basis (¢, : 2 € N) of a first-order finite element method with respect to 7 define, for any
T T and E € £(Q), the element- and edge-bubble functions

bri= [[ ¢.-€HYT) and bp:= [] ¢.€Hj(wr) (82)
2EN(T) 2EN(E)

bg and by are nonnegative and continuous piecewise polynomials < 1 with support suppbg =
wg =Ty UT_ (for Ty € T with E=T, NT_) and suppby =T

Utilizing the bubble functions (82), the proof of (78)-(79) essentially consists in the design
of test functions wy € HJ(T), T € T, and wg € H}(wg), E € £(Q), with the properties

lwr|mvy < Chrllrrlly

and
el we) < Chi” lIreliae) (83)
h2. HrT||%2(T) < Cy R(wr) + Cyosc(f,T)? (84)
hg \|7"E||%2(E) < C1 R(wg) + Cyosc(f,wr)? (85)

In fact, (83)-(85), the definition of the residual R = a(e, ), and Cauchy-Schwarz inequalities
with respect to the scalar product a prove (78)-(79).

To construct the test function wr, T € T, recall divp + f = 0 and rr = f + divp and set
7r := f + divp for some polynomial f on T such that 77 is a best approximation of rr in
some finite-dimensional (polynomial) space with respect to Lo(T'). Since

he lFrlyry < hellrrlleyy < he Pl +he 1f = Flliao

it remains to bound 77, which belongs to a finite-dimensional space and hence satisfies an
inverse inequality

hr |Frll oy < Cher 10y izl L)
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This motivates the estimation of

by 2773, = / brfr - (Fr - 7aT)dXJr/ brir - xrdx
T T

16727l 2oy 107 (F = Pllzacoy
+/ brir - div (p — p)dx
The combination of the preceding estimatez results in
Blirrlry < Cr [ (ibrie) -div (5 - plax

+Cyosc(f, T)?
An integration by parts concludes the proof of (84) for
wr = h%bT’FT (86)

the proof of (83) for this wr is immediate.

IA

Given an interior edge E = T4 NT_ € £(N) with its neighboring elements T and T_,
simultaneously addressed as Ty € T, extend the edge residual rg from the edge F to its patch
wg = int(T} UT-) such that

10ETE| Lo (ws) + hEIPETE]H (W) < Cyhy HTE||L2
< Cohy? |0 B Loy (87)

(with an inverse inequality at the end). The choice of the two real constants

/ hEbEfTi 'T’EdX
Ty

/ wry 'fTidX
T+

wg = aywr, +a_wr_ —hpbprp (88)
1/2-

oL =

in the definition
yields fT wg - Fr.dx = 0. Since fT wy, - Frodx = h?ri Hb Ti||L2 (T.)» one eventually

deduces |a| wr, |17,y < C’hE I7E| £, (£) and then concludes (83). An integration by parts
shows

_ 1/2
C™?hg |lrelll, s < hilby rEl7,m)

:_/EwE.rEds:/EwE~[(p—I5)'VE]dS
:/( ~)-Dwde+/ wg - divy (p — p)dx

WE

= R(wg) — /wE (f + divrp)dx

WE

/ wg - dX
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(with fT:t wg - frydx = 0 in the last step). A Friedrichs inequality |wplr,w,) <
Chp |wg|g1 (wy) and (83) then conclude the proof of (85).

5.3. Implicit error estimators

Implicit error estimators are based on a local norm of a solution of a localized problem of
a similar type with the residual terms on the right-hand side. This section introduces two
different versions based on a partition of unity and based on an equilibration technique.

5.3.1. Localization by partition of unity. Given a nodal basis (¢,: 2 € N') of a first-order
finite element method with respect to T, there holds the partition of unity property

ZQDZ:l in Q
zeN

Given the residual R = F — a(a, ) € V*, we observe that R, (v) := R(p,v) defines a bounded
linear functional R, on a localized space called V, and specified below.

The bilinear form «a is an integral over w on some integrand. The latter may be weighted with
©, to define some (localized) bilinear form a, : V, x V, — R. Supposing that a, is V,-elliptic
one defines the norm || - ||, on V, and considers

R.(v)
Nz = Ssup
veV,\{0} v]la,

(89)

The dual norm is as in (70)-(71) and hence equivalent to the computation of the norm |le.||,.
of a local solution
e, €V, with a.(e,,")=R, eV} (90)

(The proof of |le,||o, = 1. follows the arguments of Section 5.1.2 and hence is omitted.)

Example 10. Adopt notation from Fzample 1 and let (¢, : z € N') be the first-order finite
element nodal basis functions. Then define R, and a, by

R, (v)

/ v, fodx —/ Vi -V(ipv)dx YoeV
Q Q

a,(vy,vg) = @,V - Vugdx  Vui,ve €V
Q

Let V, denote the completion of V' under the norm given by the scalar product a, when ¢, Z 0
on I' or otherwise its quotient space with R, i.e.

{ve H} (w:): as(v,v) <00, pv=00nTNow,}

V. — if ¢, Z0o0nT
? {ve H (w.): a.(v,v) < o0, [, p.vdx =0}
if p,=0o0nT

Notice that R, (1) =0 for a free node z such that (90) has a unique solution and hence n, < co.
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In practical applications, the solution e, of (90) has to be approximated by some finite

element approximation €, on a discrete space V, based on a finer mesh or of higher order.
(Arguing as in the stability estimate (71), leads to an error estimate for an approximation

”éznaz of nz-)

Suppose that 7, is known exactly (or computed with high and controlled accuracy) and that
the bilinear form a is localized through the partition of unity such that (e.g. in Example 10)

a(u,v) = Z a,(u,v) Yu,v eV (91)
zEN

Then the implicit error estimator ny, is reliable with C,e; = 1 and h.o.t..q = 0,
1/2
el < . = (z ﬁ) 92
zeN

The proof of (92) follows from the definition of R, 1., and e, and Cauchy-Schwarz inequalities:

lel = R(e)=)_ Ru(e) <Y n:llella.

zEN 2EN

<Z 773) " (Z ||€||32> " =z llella

zEN zEN

IN

Notice that ||€,||a, := 7. <. for any approximated local solution
é.c€V. with a.(é.,-)=R, eV} (93)

and all of them are efficient estimators. The proof of efficiency is based on a weighted Poincaré
or Friedrichs inequality which reads

lpzvlla < Cllvfla. VoeVe (94)
In fact, in Example 1, 2, and 3, one obtains efficiency in a more local form than indicated in
n. < Clella with hotees =0 (95)

(This follows immediately from (94):

RZ(U) = R((pzv) = a(ea(pzv) < ||e||a ||90zvlla
Cllellalvlla.)

IA

In the situation of Example 10, the estimator n; dates back to Babuska and Miller (1987);
the use of weights was established in Carstensen and Funken (1999/00). A reliable computable
estimator 7y, is introduced in Morin, Nochetto and Siebert (2003a) based on a proper finite-
dimensional space ‘Z of some piecewise quadratic polynomials on w,.
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5.3.2. Equilibration estimators. The nonoverlapping domain decomposition schemes employ
artificial unknowns gr € Ly(90T)™ for each T € T at the interfaces, which allow a
representation of the form

R(v) = Z Rr(v) where
TeT
Rr(v) := /Tf -odx — /Tﬁ : Dvdx + /6T gr - vds (96)

Adopting the notation from Section 5.2.1, the new quantities g satisfy
gr, +g9r_. =0 along E =0T, N9T_ € £(Q)

(where Ty and T denote neighboring element domains) to guarantee (96). (There are non-
displayed modifications on any Neumann boundary edge E C 99.) Moreover, the bilinear
form a is expanded in an elementwise form

a(u,v) = Z a7 (u,v) Yu,v €V (97)
TET

Under the equilibration condition Ry (c) = 0 for all kernel functions ¢ (namely, the constant
functions for the Laplace model problem), the resulting local problem reads

er € Vp with ar(er,) = Ry € V} (98)
and is equivalent to the computation of
Ryr(v
mro= s ey (99)

veVr\{0} ||UHGT

The sum of all local contributions defines the reliable equilibration error estimator ngq,

/
lella < e = (X u3)" (100)

TeT

(The immediate proof of (100) is analogous to that of (92) and hence is omitted.)

Example 11. In the situation of Example 10 there holds np < oo if and only if either T NOT
has positive surface measure (with Vo = {v € HYT) : v = 0 on T N OT}) or otherwise
Rp(1) =0 (with Vp = {v e H'(T) : [,vdx =0}). Ladeveze and Leguillon (1983) suggested a
certain choice of the interface corrections to guarantee this and even higher-order equilibrations
are established. Details on the implementation are given in Ainsworth and Oden (2000); a
detailed error analysis with higher-order equilibrations and the perturbation by a finite element
simulation of the local problems with corrections can be found in Ainsworth and Oden (2000)
and Babuska and Strouboulis (2001).

The error estimator 1 = ngg is efficient in the sense of (69) with higher-order terms h.o.t.(T')
on T that depend on the given data provided
1/2 ~
hi*llgr —pveliae < Clellar +hot(T)
for all E € E(T) (101)
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(Recall that £(T) denotes the set of edges or faces of T.) This stability property depends
on the design of gr; a positive example is given in Theorem 6.2 of Ainsworth and Oden
(2000) for Example 1. Given Inequality (101), the efficiency of nr follows with standard
arguments, for example, an integration by parts, a trace and Poincaré or Friedrichs inequality

ht 0l Loy + b 20l Loor) < Clv]lag for v € Vi

Rr(v) = /TTT-de—i—/aT(gT—fw)wds

IN

1/2 ~
C (hrllrrlzaey + 03 lor = 3lzaom) ) ollar

followed by (79) and (101).

Further examples and the relation to the hypercircle identity can be found in Braess (2001).
Some refinement with a postprocessing is suggested in Carstensen and Merdon (2014).

5.4. Multilevel error estimators

While the preceding estimators evaluate or estimate the residual of one finite element solution
ug, multilevel estimators concern at least two meshes Ty and 7; with associated discrete
spaces Vi C Vi, C V and two discrete solutions ug = 4 and uy. The interpretation is that py
is computed on a finer mesh (e.g. 7y, is a refinement of Tz) or that py, is computed with higher
polynomial order than py = p.

5.4.1. Error-reduction property and multilevel error estimator. Let Vg C Vj, C V denote two
nested finite element spaces in V' with coarse and fine finite element solution uy =4 € Vg =V
and up € Vj, of the discrete problem (19), respectively, and with the exact solution u. Let
pH = D, Ph, and p denote the respective fluxes and let || - || be a norm associated to the energy
norm, for example, a norm with ||p — p|| = [Ju — ||, and ||p — pa|l = [|u — un|l. Then, the
multilevel error estimator

nur = |lpn — pull = lun — unlla (102)

is simply the norm of the difference of the two discrete solutions. The interpretation is that
the error ||p — pp|| of the finer discrete solution is systematically smaller than the error
llella = |lp — pr|| of the coarser discrete solution in the sense of an error-reduction property:
For some constant ¢ < 1, there holds

lp—pull < ollp — pul (103)

Notice the bound ¢ < 1 for Galerkin errors in the energy norm (because of the best-
approximation property). The point is that ¢ < 1 in (103) is bounded away from one. Then,
the error-reduction property (103) immediately implies reliability and efficiency of nasp.:

(1—=o)llp—pall <nuvr=llpr—pull < 1+0)|lp—prH| (104)

(The immediate proof of (104) utilizes (103) and a simple triangle inequality.)
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Ty T

Figure 10: Two triangulations 7y and 7, with equal discrete P; finite element solutions
ug = wup for a Poisson problem with right-hand side f = 1. The refinement 7, of Ty is
generated by two (newest-vertex) bisections per element (initially with the interior node in Ty
as newest vertex).

Four remarks on the error-reduction conclude this section: Efficiency of n,r, in the sense of
(69) is robust in ¢ — 1, but reliability is not: The reliability constant Cye; = (1 — ) ! in (68)
tends to infinity as ¢ approaches 1.

Higher-order terms are invisible in (104): h.o.t.;cqc = 0 = h.o.t.cg. This is unexpected when
compared to all the other error estimators and hence indicates that (103) should fail to hold
for heavily oscillating right-hand sides.

The error-reduction property (103) is often observed in practice for fine meshes and can be
monitored during the calculation. For coarse meshes and in the preasymptotic range, (103)
may fail to hold.

The error-reduction property (103) is often called saturation assumption in the literature
and frequently has a status of an unproven hypothesis.

5.4.2. Counterexample for error-reduction. The error-reduction property (103) may fail to
hold even if f shows no oscillations: Figure 10 displays two triangulations, 7z and its refinement
Trn, with one and five free nodes, respectively. If the right-hand side is constant and if the
problem has homogeneous Dirichlet conditions for the Poisson problem

1+Au=0 inQ:=(0,1)> and u=0 on IN

then the corresponding P; finite element solutions coincide: ug = uy. A direct proof is based on
the nodal basis function ®; of the free node in Vi := F E7,, (the first-order finite element space
with respect to the coarse mesh Tz) and the nodal basis functions s, ..., ps5 € V3, := S (Th)
of the new free nodes in 7. Then,

By 1= D) — (g + -+ 5) €V, := FE7,
satisfies (since [, ®ods = 0 for all edges E in Ty and [, Podx = 0)
R(®2) =0
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Thus ug is the finite element solution in Wy, := span{®;, ®s} C V4. Since, by symmetry, the
finite element solution wuy in V}, belongs to W, there holds uy = wuy,.

The characterization of the saturation property in Carstensen, Gallistl and Gedicke (2016)
illustrates that only a few very particular triangulations lead to counterexamples of this type.

5.4.5. Affirmative example for error-reduction. Adopt notation from Section 5.2.4 with a
coarse discrete space Vg =V and consider the fine space V}, := Vg & W}, for

Wy, :=span{frbr: T €T }@®span{rgbg : E€ E(Q)} CV (105)

Then there holds the error-reduction property up to higher-order terms

1/2
osc(f) := (Z h%’”f - f||%2(T)>

TeT

namely
Ip = pull® < ollp — pul|* + osc(f)? (106)

The constant o in (106) is uniformly smaller than one, independent of the mesh size, and
depends on the shape of the elements and the type of ansatz functions through constants in
(83)-(85).

The proof of (106) is based on the test functions wr and wg in (86) and (88) of Section 5.2.4
and

wp, = ZwT+ Z wg €W, CV
TeT Ec&(Q)

Utilizing (83)-(85) one can prove

w2 < C Zh%llfTH%Q(T)—i_ Z he llrel?, s
TeT Ec&(Q)

IA

C ZR(wT)—i— Z R(wg) + osc(f)?

TeT EcE(Q)
= C(R(wp) +osc(f)?)

Since wy, belongs to Vj, and wy, is the finite element solution with respect to Vj, there holds
R(wn) = a(un — um,wn) < [lun — unlla lwnlla

The combination of the preceding inequalities yields the key inequality

Npr = Z h% H’FT”%,Q(T) + Z he ||7'E||2L2(E)
TeT EeE(Q)
< C(llun — unll +osc(f)?)
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This, the Galerkin orthogonality ||u — ug||? = ||u — up||? + ||un — ug||?, and the reliability of
nr show
o — w2 < CC2 (Il — wp 2 — llu — wnll? + osc(f)?)

and so imply (106) with p =1 — 0710;812 <1

Example 12. In the Poisson problem with Py finite elements and discrete space Vi, let Wp,
consist of the quadratic and cubic bubble functions (82). Then (106) holds; cf. also Example 1}
below.

Example 13. Other affirmative examples for the Poisson problem consist of the P; and Ps
finite element spaces Vi and Vy, over one reqular triangulation T or of the Py finite element
spaces with respect to a reqular triangulation Ty and its red-refinement Tp,. The observation
that the element-bubble functions are in fact redundant is due to Dorfler and Nochetto (2002).

5.4.4. Hierarchical error estimator. Given a smooth right-hand side f and based on the
example of the previous section, the multilevel estimator (102) is reliable and efficient up to
higher-order terms. The costly calculation of uj, however, exclusively allows for an accurate
error control of uy (and no reasonable error control for uy). Instead of (102), cheaper versions
are favored where uy is replaced by some quantity computed by a localized problem. One
reliable and efficient version is the hierarchical error estimator

1/2
Ny = (Z e+ n%) (107)

TeT Ee€
where, for each T' € T and E € £ and their test functions (86) and (88),

—— R(wr) and g = R(wg)
wrla |wella

(108)

|
(The proof of reliability and efficiency follows from (83)-(85) by the arguments from
Section 5.2.4.)

Example 14. In the Poisson problem with Py finite elements and discrete space Vi, let Wp,
consist of the quadratic and cubic bubble functions (82). Then,
1/2

Ne = ZR(bT) I Z)}TIEZEII)E (109)

2
for Iorlla EeE(Q

is a reliable and efficient hierarchical error estimator. With the error-reduction property of Py

and Py finite elements due to Ddrfler and Nochetto (2002),

1/2

ma= > Rlbe)” (110)

2
pegy I0ElE

1s reliable and efficient as well. The same is true if, for each edge E € £, by defines a hat
function of the midpoint of E with respect to a red-refinement Ty, of Th (that is, each edge is
halved and each triangle is divided into four congruent subtriangles; cf. Figure 15, left).
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5.5. Averaging error estimators

Averaging techniques, also called (gradient) recovery estimators, focus on one mesh and one
known low-order flux approximation p and the difference to a piecewise polynomial ¢ in a finite-
dimensional subspace Q C Ly(€2; R™*") of higher polynomial degrees and more restrictive
continuity conditions than those generally satisfied by p. Averaging techniques are universal
in the sense that there is no need for any residual or partial differential equation in order to
apply them.

5.5.1. Definition of averaging error estimators. The procedure consists of taking a piecewise
smooth p and approximating it by some globally continuous piecewise polynomials (denoted

by @) of higher degree Ap. A simple example, frequently named after Zienkiewicz and Zhu
and sometimes even called the ZZ estimator, reads as follows: For each node z € N and its

patch w, let
/ pdx
Wz c Rmxn

/ 1dx

be the integral mean of p over w,. Then, define Ap by interpolation with (conforming, i.e.
globally continuous) hat functions ¢, for z € NV,

Ap= 5 (4p)(=) p. €Q

zEN

(4p)(z) = (111)

Let Q = span{p,: z € N'} denote the (conforming) first-order finite element space and let
|l - || be the norm for the fluxes. Then the averaging estimator is defined by

na = |lp— Ap|| (112)
Notice that there is a minimal version

Ny s=min [|p — || <na (113)
i€l

The efficiency of 1, follows from a triangle inequality, namely
m < llp—=pll + lp—dll forall e Q (114)
and the fact that ||[p — p|| = O(h) while (in all the examples of this chapter)
min ||p — ¢|| = h.o.t.(p) =: h.o.t.eg
GeqQ
This is of higher order for smooth p and efficiency follows for n = ny; and Ceg = 1.
It turns out that ng and nys are very close and accurate estimators in many numerical
examples; cf. Section 5.6.4 below. This and the fact that the calculation of 14 is an easy

postprocessing made n4 extremely popular.
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For proper treatment of Neumann boundary conditions, we refer to Carstensen and Bartels
(2002) and for applications in solid and fluid mechanics to Alberty and Carstensen (2003) and
Carstensen and Funken (2001a,b) and for higher-order FEM to Bartels and Carstensen (2002).

Multigrid smoothing steps may be successfully employed as averaging procedures as
proposed in Bank and Xu (2003).

5.5.2. All averaging error estimators are reliable. The first proof of reliability dates back to
Rodriguez (1994a,b) and we refer to Carstensen (2004) for an overview. A simplified reliability
proof for ny; and hence for all averaging techniques (Carstensen, Bartels and Klose, 2001) is
outlined in the sequel.

First let I be the Ly projection onto the first-order finite element space V and let q be
arbitrary in @, that is, each of the m X n components of § is a first-order finite element
function in F'Ey. The Galerkin orthogonality shows for the error e := v — w and p := Vu in
the situation of Example 1 that

lel2 = /Qwu—@.we_ne)dx
+/Q(d—ﬁ)-V(e—He)dx

A Cauchy-Schwarz inequality in the latter term is combined with the H'-stability of II, namely,

V(e —TIe)||l L, ) < Cstabll Vel L, )

(For sufficient conditions for this we refer to Crouzeix and Thomée (1987), Bramble, Pasciak
and Steinbach (2002), Carstensen (2002, 2003b), and Carstensen and Verfiirth (1999).) The
H'-stability in the second term and an integration by parts in the first term on the right-hand
side show

lell; < /Qf'(e—ne)dX—&-/Q(e—He)~div€1dx
+Cstabl| Vel L@ 1P — dll L. (2

Since e — Ile is Lo-orthogonal onto f :=1I1f € ‘77
/ f(e—Te)dx
Q
— [~ f)- (- Te)ax
Q

< ||h7' (e = Te) | Ly 1hr (F = TLF) | oo

Notice that, despite possible boundary layers, ||y (f —ILf)||z,) = h.o.t. is of higher order.
The first-order approximation property of the Lo projection,

[h7" (e = TIe)|| 1, 0) < Capxl|Vell L)
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follows from the H!-stability (cf. e.g. Carstensen and Verfiirth (1999) for a proof). Similar
arguments for the remaining term div§ and the T-piecewise divergence operator divy with
div§ = divyq = div 7 (¢ —p) (recall that @ is of first-order and hence Aw = 0 on each element)
lead to

/ (e — Te) - div gdx
Q

< Capx||Vell Ly 1h7 divr (§ = P)l 2o
An inverse inequality hr||divy (§ — D) 2,7y < Cinvlld — Bz, () (cf. Section 3.4) shows

/Q(e—He) - div Gdx < Capx Cinv | Vel o) 10—l L. ()

The combination of all established estimates plus a division by |e[, = [|Ve| r,) yield the
announced reliability result

lella < (Cstab + CapxCine) 1 — dllza() + hoo.t.

In the second step, one designs a more local approximation operator J to substitute II as
in Carstensen and Bartels (2002); the essential properties are the H!-stability, the first-order
approximation property, and a local form of the orthogonality condition; we omit the details.

5.5.8. Averaging error estimators and edge contributions. There is a local equivalence of the
estimators 14 from a local averaging process (111) and the edge estimator

1/2

np = > helbvellle,

EcE(Q)
The observation that, with some mesh-size-independent constant C,
C™lng <na < Cng (115)

dates back to Rodriguez (1994a) and can be found in Verfiirth (1996). The proof of (115) for
piecewise linears in V' is based on the equivalence of the two seminorms

ei(q) = min |Ig =7z,
and
1/2
02(q) = > hellavelli, e

Eec&(z)

for piecewise constant vector-valued functions ¢ in P,, the set of possible fluxes ¢ restricted
on the patch w, of a node z, and with the set of edges £(z) := {E € £ : z € E}. The main
observation is that o1 and oo vanish exactly for constants functions R”*™ and hence they are
norms on the quotient space P,/R™*™. By the equivalence of norms on any finite-dimensional
space P, /R™*™ there holds

C7'01(q) < 02(9) < Co1(q) VGe P,
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This is a local version of (115), which eventually implies (115) by localization and composition;
we omit the details.

For triangles and tetrahedra and piecewise linear finite element functions, it is proved in
Carstensen (2004) that
v <na < Canu (116)

with universal constants Cy = /10 and C3 = /15 for 2-D and 3-D, respectively. This
equivalence holds for a larger class of elements and (first-order) averaging operators and then
proves efficiency for n4 whereas efficiency of 7y, follows from a triangle inequality in (114).

5.6. Comparison of error bounds in benchmark example

This section is devoted to a numerical comparison of energy errors and its a posteriori error
estimators for an elliptic model problem.

5.6.1. Benchmark example. The numerical comparisons are computed for the Poisson

problem
1+4Au=0inQ and u =0 on 99 (117)

on the L-shaped domain Q = (—1,+1)2\([0, 1] x [~1,0]) and its boundary 9. The first mesh
T1 consists of 17 free nodes and 48 elements and is obtained by, first, a decomposition of €2 in
12 congruent squares of size 1/2 and, second, a decomposition of each of the boxes along its
two diagonals into 4 congruent triangles. The subsequent meshes are successively red-refined
(i.e. each triangle is partitioned into 4 congruent subtriangles of Figure 15, left). This defines
the (conforming) P; finite element spaces Vi C Vo C V3 C --- C V = HE(2). The error
e := u — u; of the finite element solution u; = @ in V; = V of dimension N = dim(V}) is
measured in the energy norm (the Sobolev seminorm in H'({))

1/2
lelie == lelai() = (/ De|2dx> = a(u — @,u+ u)'/?
Q

. /
= (|U|%11(Q) - |u‘%{1(9)>

(by the Galerkin orthogonality) computed with the approximation |u|§{1(9) ~
0.21407315683398.

Figure 11 displays the computed values of |e|; 2 for a sequence of uniformly refined meshes
Ti,T2,...,T¢ as a function of the number of degrees of freedom N = 17, 81, 353, 1473, 6017,
24321, 97793. Tt is this curve that will be estimated by computable upper and lower bounds
explained in the subsequent sections where we use the fact that each element is a right isosceles
triangle.

Notice that the two axes in Figure 11 scale logarithmically such that any algebraic curve of
growth « is mapped into a straight line of slope —a. The experimental convergence rate is 2/3
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Figure 11: Experimental results for the benchmark problem (117) with meshes 77, ..., 7. The
relative error |e|; 2/|ul1,2 and various estimators n/|ul; 2 are plotted as functions of the number
of degrees of freedom N. Both axes are in a logarithmic scaling such that an algebraic curve
N~ is visible as a straight line with slope —a. A triangle with slope —0.33 is displayed for
comparison.

in agreement with the (generic) singularity of the domain and resulting theoretical predictions.
More details can be found in Carstensen, Bartels and Klose (2001).

5.6.2. FExplicit error estimators. For the benchmark problem of Section 5.6.1, the error
estimator (75) can be written in the form
1/2
PYRE
[u} ds> (118)

1/2
NR,R = (Zh%|1”%2(T)> +< m

TeT

e .
EGZSQEE

and is reliable with C,q = 1 and h.o.t.,qy = 0 (Carstensen and Funken, 2001a). Figure 11
displays ng g as a function of the number of unknowns N and illustrates |e|1 2 < ng,&.

Guaranteed lower error bounds, i.e. with the efficiency constant Ceg, are less established
and the higher-order terms h.o.t..g usually involve || f — fr| 1, (r) for the elementwise integral
mean fr of the right-hand side. Here, f = 1 and so h.o.t..s4 = 0. Following a derivation in
Carstensen, Bartels and Klose (2001), Figure 11 also displays an efficient variant ng g as a
lower error bound: ng g < |e|i 2.

The guaranteed lower and upper bounds with explicit error estimators leave a very large
region for the true error. Our interpretation is that various geometries (the shape of the
patches) lead to different constants and C,o = 1 reflects the worst possible situation for every
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patch in the current mesh.

A more efficient reliable explicit error estimator ng ¢ from Carstensen and Funken (2001a)
displayed in Figure 11 requires the computation of local (patchwise) analytical eigenvalues and
hence is very expensive. However, the explicit estimators ng c and ng g still overestimate and
underestimate the true error by a huge factor (up to 10 and even more) in the simple situation
of the benchmark. One conclusion is that the involved constants estimate a worst-case scenario
with respect to every right-hand side or every exact solution.

This experimental evidence supports the design of more elaborate estimators: The stopping
criterion (72) with the reliable explicit estimators may appear very cheap and easy. But the
decision (72) may have too costly consequences.

5.6.8. Implicit estimators. For comparison, the two implicit estimators nr and ngqg are
displayed in Figure 11 as functions of N. It is stressed that both estimators are efficient
and reliable (Carstensen and Funken, 1999/00)

le[12 < mr <2.37e|12

The practical performance of 7y, and ngq in Figure 11 is comparable and in fact is much
sharper than that of g r and ng r.

5.6.4. Averaging estimator. The averaging estimators 14 and n; are as well displayed in
Figure 11 as a function of N. Here, 1y, is efficient up to higher-order terms (since the exact
solution u € H®/ 3=2(Q) is singular, this is not really guaranteed) while its reliability is open,
i.e. the corresponding constants have not been computed. Nevertheless, the behavior of 4 and
N is exclusively seen here from an experimental point of view. The striking numerical result
is an amazing high accuracy of 1y ~ n4 as an empirical guess of |e] 2. If we took C,e into
account, this effect would be destroyed: The high accuracy is an empirical observation in this
example (and possibly many others) but does not yield an accurate guaranteed error bound.

5.6.5. Adapted meshes. The benchmark in Figure 11 is based on a sequence of uniform
meshes and hence results in an experimental convergence rate 2/3 according to the corner
singularity of this example. Adaptive mesh-refining algorithms, described below in more detail,
are empirically studied also in Carstensen, Bartels and Klose (2001). The observations can be
summarized as follows: The quality of the estimators and their relative accuracy is similar to
what is displayed in Figure 11 even though the convergence rates are optimally improved to
one.

5.7. Goal-oriented error estimators

This section provides a brief introduction to goal-oriented error control.
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5.7.1. Goal functionals. Given the Sobolev space V. = HE()) with a finite-dimensional
subspace V' C V, a bounded and V-elliptic bilinear form a : V' x V' — R, a bounded linear
form F : V — R, there exists an exact solution u € V' and a discrete solution @ € V' of

a(u,v) = F(v) YoeV and a(i,d)=F(0) VoeV (119)

The previous sections concern estimations of the error e := u—1 in the energy norm, equivalent
to the Sobolev norm in V. Other norms are certainly of some interest as well as the error with
respect to a certain goal functional. The latter is some given bounded and linear functional
J:V — R with respect to which one aims to monitor the error, that is, one wants to find
computable lower and upper bounds for the (unknown) quantity

[T (u) = J(@)| = | T (e)]

Typical examples of goal functionals are described by Lo functions, for example,
J(v) :/ ovdx Yv eV
Q
for a given g € Ly(£2) or as contour integrals.

In many cases, the main interest is on a point value and then J(v) is given by a mollification
o of a singular measure in order to guarantee the boundedness of J : V' — R.

5.7.2. Duality technique. To bound or approximate J(e) one considers the dual problem
a(v,z) =Jw) YoeV (120)
with exact solution z € V' (guaranteed by the Lax-Milgram lemma) and the discrete solution
zZeV of
a(v,2) =J(@0) YoeV
Set f := 2z — Z. On the basis of the Galerkin orthogonality a(e, Z) = 0 one infers
J(e) = ale,2) = ale, 2 — 2) = ale, f) (121)

As a result of (121) and the boundedness of a one obtains the a posteriori estimate

[T(e)| < llallllellv [1fllv < [lall nun-
Indeed, utilizing the primal and dual residual R, and R, in V*, defined by
R, :=F —a(a,-) and R,:=J—a(2)

computable upper error bounds for |le||y < n, and || f|lv < 7. can be found by the arguments
of the energy error estimators of the previous sections. This yields a computable upper error
bound ||la|| n,n, for |J(e)| which is global, that is, the interaction of e and f is not reflected.
One might therefore speculate that the upper bound is often too coarse and inappropriate for
goal-oriented adaptive mesh refinement.
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5.7.3. Upper and lower bounds of J(e). Throughout the rest of this section, let the bilinear
form a be symmetric and positive definite; hence a scalar product with induced norm || - ||.
Then, the parallelogram rule shows

2J(e) =2ale, f) = lle + f15 — el = I/12

This right-hand side can be written in terms of residuals, in the spirit of (70), namely,
lella = [Resullv<, [[flla = [Resz[lv-, and

lle+ flla = ||Resyszllv= for Resyy,:=F+J —a(a+Z2,-)
= Res, + Res, ¢ V*

Therefore, the estimation of J(e) is reduced to the computation of lower and upper error
bounds for the three residuals Res,, Res,, and Res,, with respect to the energy norm. This
illustrates that the energy error estimation techniques of the previous sections may be employed
for goal-oriented error control.

For more details and examples of a refined estimation see Ainsworth and Oden (2000) and
Babuska and Strouboulis (2001).

5.7.4. Computing an approximation to J(e). An immediate consequence of (121) is
J(e) = R(2)

and hence J(e) is easily computed once the dual solution z of (120) is known or at least
approximated to sufficient accuracy. An upper error bound for |J(e)| = |R(z)| is obtained
following the methodology of Becker and Rannacher (1996, 2001) and Bangerth and Rannacher
(2003).

To outline this methodology, consider the residual representation formula (73) following the
notation of Section 5.2.1. Suppose that z € H%(Q) (e.g. for a H? regular dual problem) and
let Iz denote the nodal interpolant in the lowest-order finite element space V. With some
interpolation constant C; > 0, there holds, for any element T € T,

3/2

hi?llz = Izl oy + by N2 = L2l 1y om) < Crlzlmzer

The combination of this with (73) shows

J(e) = Res(z—1z)
= Z/rT~(z—Iz)dX—Z/rE-(z—Iz)ds
TeT”T Bee /E
< > (el Iz = 12) Loy
TeT

+lrellc.or 12 = 12 Ly0m)

3/2
Z Cr (h?rH?“THH(T) +hy ||7”E||L2(8T)) 2|2 (1)
TeT

IN
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The influence of the goal functional in this upper bound is through the unknown H?
seminorm |z|g2(1), which is to be replaced by some discrete analog based on a computed
approximation zp. The justification of some substitute | D3 zy| Lo(T) (postprocessed with some
averaging technique) for |2| g2 () is through striking numerical evidence; we refer to Becker and
Rannacher (2001) and Bangerth and Rannacher (2003) for details and numerical experiments.

6. Local Mesh Refinement

This section is devoted to the mesh-design task in the finite element method based on a priori
and a posteriori information. Examples of the former type are graded meshes or geometric
meshes with an a priori choice of refinement toward corner singularities briefly mentioned in
Section 6.1. Examples of the latter type are adaptive algorithms for automatic mesh refinement
(or mesh coarsening) strategies with a successive call of the steps

SOLVE = ESTIMATE = MARK = REFINE

Given the current triangulation, one has to compute the finite element solution in step
SOLVE; cf. Section 7.8 for a MATLAB realization of that. The accuracy of this finite element
approximation is checked in the step ESTIMATE. On the basis of the refinement indicators
of Section 6.2 the step MARK identifies the elements, edges or patches in the current mesh in
need of refinement (or coarsening). The new data structure is generated in step REFINE where
a partition is given and a closure algorithm computes a triangulation described in Section 6.3.
The convergence and optimality of the adaptive algorithm is discussed in Section 6.5.

6.1. A priori mesh design

The singularities of the exact solution of the Laplace equation on domains with corners
(cf. Figure 1) are reasonably well understood and motivate the (possibly anisotropic) mesh
refinement toward vertices or edges. This section aims a short introduction for two-dimensional
P, finite elements—Interpolation in h-version Finite Element Spaces, will report on three-
dimensional examples.

Given a polygonal domain with a coarse triangulation into triangles (which specify the
geometry), macro elements can be used to fill the domain with graded meshes. Figure 12(a)
displays a macro element described in the sequel while Figure 12(b) illustrates the resulting
fine mesh for an L-shaped domain.

The description is restricted to the geometry on the reference element Tt with vertices
(0,0), (1,0), and (0,1) of Figure 12(a). The general situation is then obtained by an affine
transformation illustrated in Figure 12(b). The macro element Ter is generated as follows:
Given a grading parameter 3 > 0 for a grading function g(¢) = ¢”, and given a natural number
N, set & := g(j/N) and draw line segments aligned to the antidiagonal through (0,¢;) and
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Figure 12: (a) Reference domain Tyes with graded mesh for 8 = 3/2 and N = 4. (b) Graded
mesh on L-shaped domain with refinement toward origin and uniform refinement far away from
the origin. Notice that the outer boundaries of the macro elements show a uniform distribution
and so match each other in one global regular triangulation.

(&;,0) for j = 0,1,..., N. Each of these segments is divided into j uniform edges and so define
the set of nodes (0,0) and &;/j (j — k,k) for k=0,...,5 and j = 1,..., N. The elements are
then given by the vertices §;/j (j —k, k) and &;/j (j —k—1, k+1) aligned with the antidiagonal
and the vertex &;_1/(j — 1) (j —k — 1,k) on the finer and &;+1/(j + 1) (j — k,k + 1) on the
coarser neighboring segment, respectively. The finest element is conv{(0,0), (0,&1), (£1,0)} of
diameter /(2) g(1/N) ~ N5,

Figure 12(b) displays a triangulation of the L-shaped domain with a refinement toward the
origin designed by a union of transformed macro elements with 8 = 3/2 and N = 7. The other
vertices of the L-shaped domain yield higher singularities, which are not important for the
first-order Courant finite element.
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(a) (b)

Figure 13: (a) Reference domain Tyer with geometric mesh for parameter § = 1/2 and N = 4.
This mesh can also be generated by an adaptive red-green-blue refinement of Section 6.3.
(b) Tllustration of the closure algorithm. The refinement triangulation with 50 element domains
is obtained from the mesh (a) with 18 element domains by marking one edge (namely the second
along the antidiagonal) in the mesh (a).

The geometric mesh depicted in Figure 13 yields a finer refinement toward some corners
of the polygonal domain. Given a parameter § > 0 in this type of triangulation, the nodes
& :=0and & := BN for j =1,..., N define antidiagonals through (¢;,0) and (0,&;), which
are in turn bisected. For such a triangulation, the polynomial degrees pr on each triangle T'
are distributed as follows: pr = 1 for the two triangles T' with vertex (0,0) and pr = j + 2
for the four elements in the convex quadrilateral with the vertices (£;,0), (0,¢;), (§j+1,0),
and (0,&;41) for j =0,..., N — 1. Figure ?? compares experimental convergence rates of the
error in H~!-seminorm |e|g1 for various graded meshes for the P; finite element method, the
p-and hp-finite element method, and for the adaptive algorithm of Section 6.4. The P; finite
element method on graded meshes with 5 = 3/2, 8 = 2 and h-adaptivity recover optimality
in the convergence rate as opposite to the uniform refinement (8 = 1), leading only to a
sub-optimal convergence due to the corner singularity. The hp-finite element method performs
better convergence rate compared to the p-finite element method.

Tensor product meshes are more appropriate for smaller values of 3; the one-dimensional
model analysis of Babuska and Guo (1986) suggests 3 = (2)'/2 — 1 ~ 0.171573.

6.2. Adaptive mesh-refining algorithms

The automatic mesh refinement for regular triangulations called MARK and RE-
FINE/COARSEN frequently consists of three stages:

(i) the marking of elements or edges for refinement;
(ii) the closure algorithm to ensure that the resulting triangulation is (or remains) regular;
(iii) the refinement itself, i.e. the change of the underlying data structures.
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Figure 14: Experimental convergence rates for various graded meshes for the P; finite element
method, the p- and hp-finite element method, and for the adaptive algorithm of Section 6.5
for the Poisson problem on the L-shaped domain.

This section will focus on the marking strategies (i) and the subsequent one on (ii)-(iii).

In a model situation with a sum over all elements T" € T (or over all edges, faces, or nodes),
the a posteriori error estimators of the previous section give rise to a lower or upper error

bound n = VZTeT”%' The marking strategy is an algorithm selects a subset M of T called

the marked elements; these are marked with the intention of being refined during the later
refinement algorithm.

A typical algorithm computes a threshold L, a positive real number, and then utilizes the

refinement rule or marking criterion

mark T e T if L<nr
Therein, nr is referred to as the refinement indicator whereas L is the threshold; that is,

M ={TeT:L<nr}

Typical examples for the computation of a threshold L are the mazimum criterion

L:=0max{nr:TeT}
or the bulk criterion, where L is the largest value such that

1-02 > mp< > np

TeT TeM

The parameter © is chosen with 0 < © < 1; © = 0 corresponds to an almost uniform refinement

and © =1 to a raw refinement of just a few elements (no refinements in the bulk criterion).
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Figure 15: Red-, green-, blue-(left)- and blue-(right) refinement with reference edge on bottom
of a triangle (from left to right) into four, two, and three subtriangles. The bold lines opposite
the newest vertex indicate the next reference edge for further refinements.

A different strategy is possible if the error estimator gives rise to a quantitative bound of a
new meshsize. For instance, the explicit error estimator can be rewritten as ng =: [|h1 R| 1, q)
with a given function R € Ly(€2) and the local mesh size hy (when edge contributions are
recast as volume contributions). Then, given a tolerance Tol and using the heuristic that R
would not change (at least not dramatically increase) during a refinement, the new local mesh
size h"" can be calculated from the condition

|R"™ R|| L, () = Tol

upon the equi-distribution hypothesis h**" o Tol/R. Another approach that leads to a
requested mesh-size distribution is based on sharp a priori error bounds, such as ||+ D?ul| La(Q)
where D?u denotes the matrix of all second derivatives of the exact solution u. Since D?u is
unknown, it has to be approximated by postprocessing a finite element solution with some
averaging technique.

The aforementioned refinement rules for the step MARK (intended for conforming FEM)
ignore further decisions such as the particular type of anisotropic refinement or the increase
of polynomial degrees versus the mesh refinements for hp-FEM.

6.3. Mesh refining of regular triangulations

Given a marked set of objects such as nodes, edges, faces, or elements, the refinement of the
element (triangles or tetrahedra) plus further refinements (closure algorithm) for the design of
regular triangulations are considered in this section.

6.3.1. Refinement of a triangle. Triangular elements in two dimensions are refined into two,
three, or four subtriangles as indicated in Figure 15. All these divisions are based on hidden
information on some reference edge. Rivara (1984) assumed the longest edge in the triangle
as base of the refinement strategies while the one below is based on the explicit marking of
a reference edge. In Figure 15, the bottom edge of the original triangle acts as the reference
edge and, in any refinement, is halved. The four divisions displayed correspond to the bisection
of one (called green-refinement), of two (the two versions of blue-refinement), or of all three
edges (for red-refinement) as long as the bottom edge is refined. In Figure 15, the reference
edges in the generated subtriangles are drawn with a bold line.
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6.3.2. Closure algorithms. The bisection of some set of marked elements does not always lead
to a regular triangulation—the new vertices may be hanging nodes for the neighboring elements.
Further refinements are necessary to make those nodes regular. The default procedure within
the class of bisection algorithms is to work on a set of marked elements M (k).

Closure Algorithm for Bisection. Input a regular triangulation 7 (?) := 7 and an initial
subset M(©) := M c T (O of marked elements, set Z = () and k := 0.

While M (k) # 0 repeat (i)-(iv):

(i) choose some element K in M(k) with reference edge E and initiate its midpoint zx as
new vertex, set £ := Z U {zk };
(ii) bisect F and divide K into K, and K_ and set 7 *+t) .= {K, K _}U (T ®\ {K});
(iii) find all elements Ty,..., Ty, € T *TD with han- ging node z € Z (if any) and set
MEFD = ATy T U (M(K) \ {K});
(iv) update k := k + 1 and go to (i).

Output a refined triangulation 7).

According to step (iii) of the closure algorithm, any termination leads to a regular
triangulation 7*). The remaining essential detail is to guarantee that there will always occur a
termination via M (k) = @ for some k. In the newest-vertex bisection, for instance, the reference
edges are inherited in such a way that any element K € T, the initial regular triangulation, is
refined only by subdivisions which, at most, halve each edge of K. Since the closure algorithm
only halves some edge in 7 and prohibits any further refinements, any intermediate (irregular)
T®*) remains coarser than or equal to some regular uniform refinement T of T. This is the
main argument to prove that the closure algorithm cannot refine forever and stops after a
finite number of steps.

Figure 13(b) shows an example where, given the initial mesh of Figure 13(a), only one edge,
namely the second on the diagonal, is marked for refinement and the remaining refinement is
induced by the closure algorithm. Nevertheless, the number of new elements can be bounded
in terms of the initial triangulation and the number of marked elements (Binev, Dahmen and
DeVore, 2004).

The closure algorithm for the red-green-blue refinement in 2-D is simpler when the focus
is on marking of edges. One main ingredient is that each triangle K is assigned a reference
edge F(K). If we are given a set of marked elements, let M denote the set of corresponding
assigned reference edges.

Closure Algorithm for Red-Green-Blue Refinement. Input a regular triangulation
T with a set of edges £ and an initial subset M C &£ of marked edges, set k := 0 and
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MO = NO) = M.
While N'*) £ () repeat (i)-(iv):

(i) choose some edge E in N'(®) and let T € T denote the (at most) two triangles that
share the edge E C 0T%4;
(ii) set M*HD) .= M(k)U{E,, E_} with the reference edge Fy := E(T%) of Ty;
(i) if METD = M(k) set NE+HD .= NN\ LEY else set N D .= (VR U{E,, E_})\{E};
(iv) update k := k + 1 and go to (i).

Bisect the marked edges {E € M(k) : E C 9T} of each element T' € T and refine T by one of
the red-green-blue refinement rules to generate elementwise a partition 7 as output.

The closure algorithm for red-green-blue refinement terminates as N®) is decreasing and
M(k) is increasing and outputs a set M := M(k) of marked edges with the following closure
property: Any element T € T with an edge in M satisfies E(T) € M, i.e. if T is marked, then
at least its reference edge will be halved. This property allows the application of one properly
chosen refinement of Figure 15 and leads to a regular triangulation.

The reference edge E(K) in the closure algorithm is assigned to each element K of the
initial triangulation and then is inherited according to the rules of Figure 15. For newest-
vertex bisection, each triangle with vertices of global numbers j, k, and ¢ has the reference
edge opposite to the vertex number max{j, k, £}.

On the basis of refinement rules that inherit a reference edge to the generated elements, one
can prove that a finite number of affine-equivalent elements domains occur.

6.4. Newest vertex bisection (NVB)

The newest vertex bisection for simplicial finite element domains in R™ for any space dimension
n=1,2,3,... dates back to Maubach (1995) and Traxler (1997); this subsection follows the
description of Stevenson (2008) to which we refer for proofs.

A tagged simplex (zo,...,2n;7) is an (n 4 2)-tuple of vertices zo, ..., 2z, € R™ and of a type
~v € {0,...,n—1}. The simplex dom(zy, . . ., zn;y):=conv{zo, ..., 2, } is a compact subset of R™
supposed to have a positive n-dimensional volume; in other words, the vertices zg, ..., z, € R"
do not belong to an (n — 1)-dimensional hyperplane. The nodes N'(T) and sides E(T) of a
tagged simplex (zo, ..., 2,;7) are

N(T) :={z0,...,2n} and &E(T):= {conv{zo,...,2j-1,2j41,...,2n} 15 =0,...,n}.

It sometimes appears convenient to identify the tagged simplex (2o, .. ., 2,;y) with its domain
T := dom(zg, ..., 2zn;7y):=conv{zo,..., 2, }; but this suppresses further information on the n
different types of simplices with the same domain and with a different order of the vertices,
which conduct the mesh-refinement.
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The bisection of a tagged simplex (zo,...,zn;7) bisects the refinement edge conv{zg, z, }
and so generates the two tagged simplices

20+ zn

oA
(z07 2 ,Z],...72’77274,_1,...,2”_1,’}/), (122)
20 + 2n /
(Z'rn 9 ;Zlv'",Z’yaznflv"'az’y%»l;’y)'

of the type v/ := (y+1) (mod n) one higher than « with the convention of n-periodicity. (The
list zp—1,...,2y41 Tepresents 2,_1,2n—2,2n—3,. .., Zy+2, 2y+1 and this list is empty, whence
neglected, for n — 1 < 7 4+ 1.) The two new tagged simplices (122) are called the children of
the tagged simplex (zg,...,2n;7). A tagged simplex generated from T by a finite number of
applications of (122) is called a descendant of (the tagged simplex) T'. In particular, any child
of some child is called grandchild (of a tagged simplex). Notice that, given a tagged simplex
T = (z0,...,2n;7), the tagged simplex

TR = (Znazla ceey Ry Rp—1- - '7Z'y+1azo;7)

has the same children as T'. Notice that the type v does not play any role for n < 2.

A regular triangulation T of a polyhedral bounded Lipschitz domain 2 C R™ into tagged
simplices is a finite set of tagged simplices with the following properties (a)-(c). The simplices
cover the domain 2 in the sense that (a) their union is equal to the closure € of the domain

U dom(T) = Q

the simplices are non-overlapping in the sense that (b) the interiors of two distinct tagged
simplices T and T” are disjoint

int(dom (7)) Nint(dom(7T")) = @

(c) two non-disjoint tagged simplices T' = (Yo, ..., yn;y) and T := (20, ..., zn;7y) share some
hyper-surface in that there exists 0 < j; < --- < jy <mand 0 < k; <--- < ky <n for some
N € {1,...,n} such that

dom(T") Ndom(T") = conv{yj,, ..., Yjn } = conv{zg,,...,2ky } (123)

The initial condition of the input triangulation of Stevenson, 2008 involves the concept of
a reflected neighbor. Two distinct tagged simplices T and T” in T are neighbors if they share
a side in that F(T) N F(T") # 0. The regularity of 7 shows that T and 7" share exactly
the n vertices N(T) N N(T”). If, in addition to that, the positions of the common vertices
in the respective lists of vertices in T and T’ or in T and T coincide in all but exactly
one position, then T and T" are called reflected neighbors. In other words, N = n holds
in (123) and, moreover, there is exactly one index j € {0,...,n} with y; # z; such that
(Yos -+ s Yj=1,Yjs Yit1s -2 Un3¥) €E{T, Tr}Y and T := (Yo, - -, Yj—1, 2§, Yjt1r - - s Yn} Y )-

The following condition on the initial triangulation 7y is assumed throughout the newest-
vertex bisection (NVB). The regular triangulation 7y satisfies the matching condition or initial
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condition if the following conditions (a)—(c) hold. (a) Ty is a regular triangulation of 2 into
tagged simplices. (b) All simplices in 7y are of the same type 7. (¢) Any two neighbouring
tagged simplices T' = (Yo, - .-, Yn;y) and T" = (2o, ..., 2n;7y) in To satisfy (c1)—(c2).

(cl) If conv{yo, yn} € TNT" or conv{zy, 2z} € TNT’, then T and T" are reflected neighbours.
(c2) If conv{yo,yn} € T NT’ # § and conv{zg, z,} € TNT’, then any child S of T and any
child S” of T" (each understood as in (122)) are either reflected neighbors or no neighbors.

This initial condition guarantees that uniform refinements of a triangulation are regular; in
particular there exist refinements of Tg which are regular, cf. Stevenson, 2008, Theorem 4.3
for further details. In other words, the set T of all such admissible refinements is non-trivial.
Given the initial triangulation Ty which satisfies the aforementioned initial condition then 7T
is an admissible triangulation, written 7 € T, if T is a regular triangulation and if there is
a finite sequence of successive bisections of the type (122) that applies to 7y and generates
T in the following sense. There exists a nonnegative integer L and sets Ty, ..., Ty of tagged
simplices (71,...,7r—1 may not be regular triangulations) such that 7, = T and for each
£=0,...,L —1it holds Tpy1 = {Tl(e),TQ(@} UTe \ {T®} for exactly one T € T; bisected
into its children 71" and 74" by (122).

This implied concept of successive bisections equips T with a partial ordering < and defines a
lattice (T, <). Hence there exists the smallest common refinement V and the greatest common
coarsening A of a finite number of admissible triangulation. The smallest common refinement
TRT =TV T of two admissible triangulations 7,7’ € T, also called their overlay , satisfies

card(T @ T") + card(7o) < card(T) + card(T")

The mesh-refinement in adaptive finite element algorithms is usually driven by some marking
followed by refinement. Given an admissible triangulation 7 € T and a subset M C T, let
T =: refine(7, M) be the smallest admissible refinement of 7 with M N7 = (. There exists
effective algorithms to compute refine(7, M) for a singleton M = {T} for T € T and by
successive calls of those routines also for the computation of

refine(7, M) = \/ refine(7,{M})

MeM

The reader is referred to p.235 in Stevenson (2008) for algorithms and proofs. Two further
properties of T will be employed in the optimality analysis outlined in Subsection 6.5 below.

The fundamental overhead control due to Binev, Dahmen and DeVore (2004) for n = 2
and Stevenson (2008) for n > 3 reads, in the notation of an adaptive algorithm below with
Tex1 := refine(Ty, My) for any My C Ty and £ =0,1,2..., as

k—1
card(Tx) — card(To) < Cppy anrd(/\/lj)

=0

for all k = 0,1,2... with some constant Cgpy, which solely depends on 7y. The example
of Figure 13 illustrates that this result cannot be proven by mathematical induction over the
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levels; it requires a deeper insight in the refinement of simplices and their size as well as their
distances. It is a nontrivial observation of Gallistl, Schedensack and Stevenson (2014) that the
number of children in each of the above calls refine(7;, My) is indeed controlled by card(7y)
times some universal constant.

6.5. Convergence of adaptive algorithms

The overwhelming practical success of adaptive mesh-refining algorithms has been justified
in one-dimensional examples by Babuska and his collaborators in the eighties while the
first convergence proof dates back to Dérfler (1996). The first optimal convergence rates are
obtained in Binev, Dahmen and DeVore (2004) with an embedded coarsening step, before it
became clear that the standard adaptive algorithm leads to asymptotically optimal convergence
rates in Stevenson (2007). For more discussions on the history and a larger overview about
the literature, the reader is referred to Carstensen, Feischl, Page and Praetorius (2014). The
remaining parts of this subsection focus on an outline of abstract conditions called axioms
of adaptivity that are sufficient for optimal asymptotic convergence rates of the adaptive
algorithm (CAFM).

The adaptive algorithm based on collective marking is abstractly described in terms of
an estimator 7 which is defined for any admissible triangulation 7 € T in the notation of
the previous subsection for newest vertex bisection as follows. Given any T € T, there is a
map 7(7,e) : T — [0,00) (written 1(7,e) € [0,00)7) which fulfills certain properties, called
axioms below. In other words, n(7, K) is a computable nonnegative real number with square
n*(T,K)=n(T,K)? forany K € T € T.

Throughout this subsection, an estimator is such a family n := (n(7,e) : T € T) €
[Trer[0,00)7. The adaptive algorithm (CAFEM) driven the an estimator 1 and the collective
Dorfler marking reads as follows.

CAFEM. INPUT initial coarse triangulation 7y and bulk parameter 0 < 6 < 1
For £=0,1,2,... DO
COMPUTE 7(7g, K) for all K € T; and their norm 7, := \/ZKeTe n2(Te, K)
SELECT a subset M, C T of (almost) minimal cardinality with
g < Y 0T, K) = n*(Te, My) (124)
KeM,
CALL Ty41 := refine(7y, My) from NVB oD
OuTPUT sequence of triangulations (7;) and estimated values ()

The convergence rates in CAFEM concern the decay of the estimated values 7, towards zero
and the growth of the number N, := card(7;) — card(7p) of extra element domains on the level
¢ towards infinity as £ — co. The asymptotic convergence rate is at least s > 0 provided that

sup (Ne +1)%ne < 00
LENy
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the supremum of all s with this property is the asymptotic convergence rate. The comparison
of the asymptotic convergence rate of CAFEM is with respect to an optimal choice of a
triangulation with respect to the values of the estimators. Given any N € Ny, this amounts in
the minimization of the quantity

n(T)=n(T,T) = [> n*T,K)
KeT

for all admissible triangulations 7 € T(NV), where
T(N) :={T € T:card(T) — card(Ty) < N}

The optimal convergence rate of an estimator 1 € [[1[0, 00)7 is the supremum of all s > 0
such that

sup (N +1)° min T) < o0
Ne%( ) TET(N)n( )

Based on an observation due to Gallistl, Schedensack and Stevenson (2014), it is obvious that
the asymptotic convergence rate of the CAFEM is always smaller than or equal to the optimal
convergence rate of an estimator. Optimality of the adaptive algorithm means that equality
holds.

Given (1) the set of admissible triangulations T with the partial ordering < for refinement
from the previous subsection, given (2) an estimator 5 € [[.7[0,00)7, and given (3) a function
§:{(T,T) € T2 : T < T} — [0,00) suppose the following four conditions with universal
positive constants Ay, ..., As, Ay < 0o and py < 1. In (A1)-(A3), T is an arbitrary refinement
of T and the subset R C T of T includes the refined triangles T \ 7 C R but not too many
further triangles such that card(R) < A4 card(7T \ 7). The CAFEM algorithm outputs the
triangulations 7, and estimated values 1, := n(7y) for any £ =0,1,2,... which arise in (A4).

(T, TOT) =T, TNT)| < AS(T,T)
DT, T\T) < pan(T, T\T) + Ab(T, T)
§2(T,T) < Asn*(T,R)

Z (i, Teg1) < Aym?  for all £ € Ny
k=¢

Al
A2

(A1)
(A2)
(A3)
(A4)

The axioms (A1)-(A4) are sufficient for convergence n; — 0 as £ — oo and allow an optimal
asymptotic convergence rate for bulk parameters 6 < 0y := (1 + A2A3)~!. For any s > 0 and
0 < 6y, the equivalence

sup (Ng +1)°np =~ sup(N +1)° min n(T

éeNo( ) NGN( ) TET(N) ™
is contained in Carstensen, Feischl, Page and Praetorius (2014) and Carstensen and Rabus
(2016) to which we refer to an overview of the literature as well as for many examples.
Unlike the former contributions in the literature, the critical bound 6, does not depend on

any notion of efficiency. In fact, the efficiency is solely required in a global version to lead to
optimal convergence rates of the error as well. Easy examples cover lowest-order conforming,
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nonconforming or mixed adaptive finite element methods with R C T\7A' in (A3) and the error
O(T,T) :=||p — pllL2(q) of the flux approximation p (resp. p) computed for the triangulation

T (resp. its refinement 7). For nonconforming or mixed schemes, the quasi-orthogonality (A4)
requires a little modification called (A4.).

A generalization with separate marking appears necessary for least-squares or mixed finite
element methods when the data approximation term does not allow any weight by the mesh-
size. Details on the algorithm SAFEM and the generalization of the axioms for optimal
asymptotic convergence rates appear in Carstensen and Rabus (2016).

7. Other Aspects

In this section, we discuss briefly several topics in finite element methodology. Some of the
discussions involve the Sobolev space WZ’f(Q) (1 < p < o0), which is the space of functions in
L,(92) whose weak derivatives up to order k also belong to L,(£2), with the norm

1/p
[ollws @) = ( > )
Ly ()

|| <k
o
ox

For 1 <p< oo, the seminorm (Zlalzk ||(6°‘v/8a:a)||Lp(Q))1/p will be denoted by |'U|W117€(Q)7 and
the seminorm max|q|= [|(9%v/02%)||L . (o) Will be denoted by [v]yx (q)-

o0™v
Oz«

for 1 < p < oo and

[vllwe (@) = max
L) = max o

7.1. Nonsymmetric/indefinite problems

The results in Section 4 can be extended to the case where the bilinear form a(-,-) in the
weak problem (1) is nonsymmetric and/or indefinite due to lower order terms in the partial
differential equation. We assume that a(-,-) is bounded (cf. (2)) on the closed subspace V' of
the Sobolev space H™(2) and replace (3) by the condition that

a(v,v) + LlvlZ,) = Csllvllipm@y — YveV (125)
where L is a positive constant.

Example 15. Let a(-,-) be defined by
d v
1
a(vi,ve) = /QVvl.vadx—i— E /ij(:zc)axjvgdx
Jj=1

—&—/Qc(a:)vl vodx (126)
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for all vi,vs € H' (), where bj(x) (1 < j <d), c(z) € Loo(Q). If we take V = {v € H'(Q) :
’U|F = 0} and F is defined by (6), then (1) is the weak form of the nonsymmetric boundary
value problem

d
—Au—i—ij;)—u—i—cu:f, u = 0 on T,
=1 9
Ou
on

and the coercivity condition (125) follows from the well-known Garding’s inequality (Agmon,
1965).

= 0 on OQ\T (127)

Unlike the symmetric positive definite case, we need to assume that the weak problem (1)
has a unique solution, and that the adjoint problem is also uniquely solvable, that is, given
any G € V* there is a unique w € V' such that

a(v,w) = G(v) YoeV (128)

Furthermore, we assume that the solution w of (128) enjoys some elliptic regularity when
G(v) = (9,v) L, () for g € Ly(Q), ie., w € H™T*(Q) for some o > 0 and

lwl| gm+e(ay < Cllgllza ) (129)

Let T be a triangulation of 2 with mesh size h+ = maxpe7 diamT and V- C V be a finite
element space associated with 7 such that the following approximation property is satisfied:

Jnf lw —vlgm@) < erllwlgmia) — Ywe H™(Q) (130)
where
ETJ,O as hTJ,O (131)
The discrete problem is then given by (54).

Following Schatz (1974) the well-posedness of the discrete problem and the error estimate
for the finite element approximate solution can be addressed simultaneously. Assume for the
moment that ur € Vr is a solution of (54). Then we have

alu—ur,v) =0 Yo e Vr (132)

We use (132) and a duality argument to estimate ||u — w7y ||z, () in terms of [|u — ur || gm ().
Let w € V satisfy
a(v,w) = (u —u7,v)1,Q) Vo e Vg (133)

We obtain, from (2), (132), and (133), the following analog of (24):
|u—ur ||2LQ(Q) = a(u — ur,w)

<c( inf fw— vl )lu—ur llmme (134)
veVr
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and hence, by (129) and (130),

lu = ur o) < €7 llu = ur [ame) (135)

It follows from (125) and (135) that

lu = ur | Fmq) < alu —ur,u—ur ) + Cexllu — ur | Fmq)
which together with (131) implies, for hs sufficiently small,

lu = ur 3y < alu—ur,u—ur) (136)

For the special case where F = 0 and v = 0, any solution us of the homogeneous discrete
problem
alur,v) =0 YoveVr
must satisfy, by (136),
2
lur gm0 <0
We conclude that any solution of the homogeneous discrete problem must be trivial and hence

the discrete problem (19) is uniquely solvable provided hy is sufficiently small. Under this
condition, we also obtain immediately from (2), (132), and (136), the following analog of (22):

||U—U7‘HHm(Q) < C inf ||u—v||Hm(Q) (137)
veVr
Concrete error estimates now follow from (137), (134), and the results in Section 3.3.

7.2. Nonconforming finite elements

When the finite element space FE7 defined by (32) does not belong to the Sobolev space
H™(Q) where the weak problem (1) is posed, it is referred to as a nonconforming finite element
space. Nonconforming finite element spaces are more flexible and are useful for problems with
constrains where conforming finite element spaces are more difficult to construct.

Example 16. (Triangular Nonconforming FElements) Let K be a triangle. If the set Nk
consists of evaluations of the shape functions at the midpoints of the edges of K (Figure 16a),
then (K, P1,Nk) is the nonconforming Py element of Crouzeiz and Raviart (Crouzeix and
Raviart, 1973). It is the simplest triangular element that can be used to solve the incompressible
Stokes equation. We refer the readers to Brenmnmer (2015) for many applications of this
interesting element.

If the set N consists of evaluations of the shape functions at the vertices of K and the
evaluations of the normal derivatives of the shape functions at the midpoints of the edges
of K (Figure 16b), then (K, Po, Nx) is the Morley element (Morley, 1968; Shi, 1990). It is
the simplest triangular element that can be used to solve the plate bending problem. Higher
dimensional analogs of Morley can be found in Ruas (1988) and Wang and Xu (2006).
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®
(@) (b) l

Figure 16: Triangular nonconforming finite elements.

(a) (b)

Figure 17: Rectangular nonconforming finite elements.

Example 17. (Rectangular Nonconforming Elements) Let K be a rectangle. If Pk is the space
spanned by the functions 1,21, x5 and 2 —x3 and the set N consists of the mean values of the
shape functions on the edges of K, then (K, Px,Nk) is the rotated Q1 element of Rannacher
and Turek (Rannacher and Turek, 1992) (Figure 17(a), where the thick lines represent mean
values over the edges). It is the simplest rectangular element that can be used to solve the
incompressible Stokes equation.

If Px is the space spanned by the functions 1,11, 2, 2%, 2179, 23, 2319 and x123 and the
set N consists of evaluations of the shape functions at the vertices of K and evaluations of
the normal derivatives at the midpoints of the edges (Figure 17b), then (K, Pr,Nk) is the
incomplete Qo element (Shi, 1986). It is the simplest rectangular element that can be used to
solve the plate bending problem.

Remark 17. Poincaré-Friedrichs and Korn’s inequalities are responsible for coercivity in
Examples 1-3. They have been extended to piecewise H! functions (Brenner, 2003; Brenner
and Sung, 2015), piecewise H? functions (Brenner, Wang and Zhao, 2004), and piecewise
H?! vector fields (Brenner, 2004; Mardal and Winther, 2006; Brenner and Sung, 2015). These
results can be applied in particular to nonconforming finite element spaces.

Consider the weak problem (1) for a symmetric positive definite boundary value problem,
where F' is defined by (6) for a function f € Lo(f2). Let Vr be a nonconforming finite
element space associated with the triangulation 7. We assume that there is a (mesh-dependent)

Encyclopedia of Computational Mechanics. Edited by Erwin Stein, René de Borst and Thomas J.R. Hughes.
© John Wiley & Sons, Ltd. ISBN: 0-470-84699-2



FINITE ELEMENT METHODS 61

symmetric bilinear form a7 (-, -) defined on V + V7 such that (i) ar (v,v) = a(v,v) for v € V,
(ii) a7 (-, -) is positive definite on V. The discrete problem for the nonconforming finite element
method reads: Find us € V7 such that

ar (ur,v) = / Sfudx YveVr (138)
Q

Example 18. The Poisson problem in Example 1 can be solved by the nonconforming Py
finite element method in which the finite element space is V= {v € L2(Q) : U|T € P(T) for
every triangle T € T, v is continuous at the midpoints of the edges of T and v vanishes at the
midpoints of the edges of T along I'} and the bilinear form ay is defined by

ar (v1,v2) = Z Vuy - Vedx (139)
TeT T

Below we will discuss the a priori error analysis of nonconforming finite element methods
and refer the readers to Dari, Duran, Padra and Vampa (1996), Carstensen and Hoppe (2006),
Becker, Mao and Shi (2010) and Hu, Shi and Xu (2012) for the a posteriori analysis.

7.2.1. Convergence analysis of nonconforming finite element methods: standard approach.
The nonconforming Ritz-Galerkin method (138) can be analyzed as follows. Let ar € Vi
be defined by

ar (Ur,v) = ar (u,v) Vv e Vr
Then we have
i lar = 6 s vy
where ||w||o, = (a7 (w,w))'/? is the nonconforming energy norm defined on V + Vi, and we
arrive at the following generalization (Berger, Scott and Strang, 1972) of (21):

lv—urllar < llu—a7llar + [la7 =T llar

inf flu—vlla, + sup ar (47 — ur,v)
veVr veVr\{0} [v]lar

inf flu—vlla, + sup ar (u—ur,v)
evr veVr\{0} vllar

(140)

Remark 18. The second term on the right-hand side of (140), which vanishes in the
case of conforming Ritz-Galerkin methods, measures the consistency errors of nonconforming
methods.

As an example, we analyze the nonconforming P; finite element method for the Poisson
problem in Example 18. For simplicity we assume I' = 9Q. For each T' € T, we define an
interpolation operator Iy : H(T) — P(T) by

1
(W) (me) = 5 [ cds
EJE
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where mg is the midpoint for the edge E of T" and hg is the diameter of E. The interpolation
operator Il satisfies the estimate (43) for m = 1, and they can be pieced together to form an
interpolation operator IT : H'(Q) — V. Since the solution u of (5) belongs to H*t(T)(T),
where 1 < a(T) < 1 (Grisvard, 1985; Dauge, 1988), the first term on the right-hand side of
(140) satisfies the estimate

IN

inf fu—vlay < Jlu— Tl

IN

1/2
c <Z (diamT)Qa(T)|u|ip+a(T)(T)> (141)

TeT

where the constant C' depends only on the minimum angle in 7.

To analyze the second term on the right-hand side of (140), we write, using (5), (138), and
(139),

0
aT (U —ur, U) == Z / 8nu [U]Eds (142)
peg(m)/ETE

where E(T) is the set of edges in 7 that are not on I', ng is a unit vector normal to E, and
[v]g = vy — v_ is the jump of v across F (ng is pointing from the minus side to the plus side
and v = 0 outside 2). Note that (142) is well-defined because u belongs to H'**({2) for some
ac(3,1].

Since [v]g vanishes at the midpoint of E € £(T), we have

ou [ O(u—p)
[ eelilsds = [E S leds Ve P (143)

Let Te = {T € T: E C 9T}. It follows from (143), the trace theorem and the Bramble-Hilbert
lemma (cf. Remark 10.) that

ou
/e 8nE [’U]Eds

1/2 1/2
+(diamT)2a(T)|u|ip+a(T)(T))] < Z |U%1(T)>

TeTE

: 2
< Cplélgl l z (|U*p|H1(T)
TeTE

1/2 1/2
<c ( > <diamT>2a<T>|u|?wmm) ( > vlinm) (144)

TETE TeETE

We conclude from (142) and (144) that
1/2
sup ar (u—ur,v) <C Z(diamT)M(T)\U|§11+Q<T>(T) (145)
vEVS HU”aT TerT

where the constant C' depends only on the minimum angle in 7.
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Combining (140), (141), and (145) we have the following analog of (57)

Z lu—ur |?-11(T) <C Z (diam T)2Q(T)|U|§{1+0<T)(T) (146)
TeT TeT

Remark 19. Estimates of ||u — w7 | 1,(q) can also be obtained for nonconforming finite
element methods (Crouzeix and Raviart, 1973). There is also a close connection between
certain nonconforming methods and mixed methods (Arnold and Brezzi, 1982).

7.2.2. Convergence analysis of nonconforming finite element methods: nonstandard approach.
The analysis of the P; nonconforming finite element method in Section 7.2.1 relies on the
expression (142), which is not well-defined for u € H*(2). Therefore we had to use the elliptic
regularity v € H'**(Q) for some o € (3,1] in order to proceed. This is different from the
convergence analysis of the conforming P, finite element method where the derivation of the
error estimate (21) does not use any information on the regularity of u other than the fact

that it belongs to H().

The following estimate was established in Gudi (2010) without using any regularity of «
beyond H!():
lu=urllar <C( inf Jlu=ollay + > Oself, 7)) (147)
veVyr
TET
where .
Osc(f,T) = ( Z osc(f, T)Q) ’
TeT
and osc(f,T) is defined in (80). The estimate (147) shows that Cea’s lemma is valid for
nonconforming finite element methods up to data oscillations. It puts the convergence analysis
of nonconforming finite element methods on the same footing as that for conforming finite
element methods.

The proof of (147) uses local efficiency estimates in a posteriori error analysis and an
enriching B : Vo — H}(Q) with the following property:

S h2lo = Eroll o + 1 Ervlin e < Cllol2, (148)
TeT
for all v € V. The operator E7 can be constructed by using the P, Lagrange finite element
space associated with 7 and averaging (Brenner, 1994).

We begin with the following analog of (140) :
a7 (v —ur,w)

lu=urllar <llu—vlla; + sup (149)
wevfoy  [wllar
for any v € V7, and rewrite the numerator on the right-hand side of (149) as
ar(v —ur,w) = ar(v,w — Eyw) + ar(v — u, E7w)
+/ f(Erw —w)dx (150)
Q
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Using integration by parts and the continuity of w at the midpoints of the edges, the first
term on the right-hand side of (150) can be written as

ar(v,w — Eyw) = Z /8v/8nE{w Erw}gds (151)
Eec&(T)

where [0v/0n]g is the jump of the normal derivative of v across the edge F and {w — Erw}g
is the average of w — E7w across E. Note that the integration by parts that led to (151) is
legitimate because v, w and E7w are piecewise polynomial functions.

It follows from (151) that

1

2

ar(v,w — Erw) < ( Z hell av/an]E”Lg(E))
Ee&(T)

N

> hHHw - Brulsll,m)

Ee&(T)
1
2

> helov/on]sl, ) (152)
Eec&(T)
%
% (3 hzllw - Brwl,m)
TeT

The second and third terms on the right-hand side of (150) are bounded by

ar(v —u, Erw) < [|[v = ullor | ETw| 51 (00 (153)
[ #Erw—wax< (X 1 ||f\|L2<T>)
TeT
1
_ 2
% (30 bl — Brwl, o ) (154)
TeT

Finally we observe that the estimates

Nl

(D 131 aer)) " < C(lu=vllar + Ose(f, 7)) (155)
TeT
> hel0v/onlslym )" < C(llu—ovllay +Ose(f, T)) (156)

Ee&(T)

can be established by the same bubble function techniques that led to (78) and (79).
The estimate (147) follows from (148)-(156).

Remark 20. Since the derivation of (147) uses both techniques from a priori analysis and a
posteriori analysis, convergence analysis based on (147) is also known as the medius analysis.
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Remark 21. It follows from (147) and the density of C°(2) in H}(Q) that the
nonconforming P; finite element method converges to win ||-||o, as the mesh size of T decreases
to 0. Therefore the medius analysis establishes the convergence of the P; nonconforming finite
element method without using any elliptic regularity theory. The elliptic regularity of u is only

needed if we want to obtain a convergence rate. Indeed O(h®) convergence follows immediately
from (147) and u € H'T(Q).

7.8. Effects of numerical integration

The explicit form of the finite element equation (54) involves the evaluations of integrals
which, in general, cannot be computed exactly. Thus, the effects of numerical integration must
be taken into account in the error analysis. We will illustrate the ideas in terms of finite element
methods for simplicial triangulations. The readers are referred to Davis and Rabinowitz (1984)
for a comprehensive treatment of numerical integration.

Consider the second order elliptic boundary value problem (5) in Example 1 on a bounded
polyhedral domain @ C R? (d = 2 or 3). Let T be a simplicial triangulation of ) such that
I' is a union of the edges (faces) of 7 and Vi C V be the corresponding P, Lagrange finite
element space.

In Section 4, the finite element approximate solution ur € V7 is defined by (54). But in
practice, the integral F'(v) = fQ fvdx is evaluated by a quadrature scheme and the approximate
solution us € V7 is actually defined by

a(ur,v) = Fr(v) Yove Vr (157)

where F7 (v) is the result of applying the quadrature scheme to the integral F'(v).

More precisely, let D € T be arbitrary and ®p : S — D be an affine homeomorphism from
the standard (closed) simplex S onto D. It follows from a change of variables that

/ Fodx = /(det Jo,)(f o ®p)(v o dp)dk
D S

where without loss of generality det Jp, (the determinant of the Jacobian matrix of @) is
assumed to be a positive number. The integral on S is evaluated by a quadrature scheme Ig
and the right-hand side of (157) is then given by

Fr(v) =Y Is((det Jo,)(f © ®p)(v o Dp)) (158)
DeT

The error u — u can be estimated by the following analog of (140):

a(u —ur, U)

lu—urlla< inf fu—vlo+ sup (159)
veVT

veVr\{0} lv]|a

The first term on the right-hand side of (159) can be estimated by ||u—IL7 ul|, as in Section 4.1.
The second term on the right-hand side of (159) measures the effect of numerical quadrature.
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Below we give conditions on the quadrature scheme w +— Ig(w) and the function f so that the
magnitude of the quadrature error is identical with that of the optimal interpolation error for
the finite element space.

We assume that the quadrature scheme w — Is(w) has the following properties:

Is(w)| < Csmaxfw(z)]  Ywe (), (160)
zTE
Is(w) = /wd& Vw e Po,_o (161)
S

We also assume that f € Wr(Q) such that ¢ > 2 and n > d/q, which implies, in particular,
by the Sobolev embedding theorem that f € C°(Q2) so that (158) makes sense.

Under these conditions it can be shown (Ciarlet, 1978) by using the Bramble-Hilbert lemma
on S that

[ o= (@t Juy )1 o ) o 00)

< C(diam D)"|D| V2= D| f|yn ) o] py Vv € Vi (162)

where the positive constant C' depends only on the shape regularity of D. It then follows from
(1), (158), (162) and Holder’s inequality that

/ fodx — Fy(v)
Q
Crrflwe@llvllm@ — YveVr (163)

ja(u —ur,v)| =

IN

We conclude from (159) and (163) that
lw —ur |la < [lu = Trulla + Ch7| fllwp @) (164)
We see by comparing (43) and (164) that the overall accuracy of the finite element method is

not affected by the numerical integration.

We now consider a general symmetric positive definite elliptic boundary problem whose
variational form is defined by

d
ow Ov
a(lw,v) = ai-x——dx—i—/bxwvdx 165
(w,0) E_j/ )5 g+ [ ) (165)
where a;;,b € W2(Q), b > 0 on Q and there exists a positive constant ¢ such that
d
D aij(@)6& > cléfP VrzeQ and ¢eR (166)
ij=1

In this case, the bilinear form (165) must also be evaluated by numerical integration and
the approximation solution uy € V to (1) is defined by

at (ur,v) = Fr (v) Yo e Vr (167)
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where a7 (w,v) is the result of applying the quadrature scheme Ig to the pull-back of
d
ow v
ijzz:l /D aij(x)a—xia—xjdx + /D b(x)wvdx
on the standard simplex S under the affine homeomorphism ®p, over all D € T.
The error u — uy can be estimated under (160), (161) and the additional condition that
g>0onS=1I5(9) >0 (168)
Indeed (161), (166), (168) and the sign of b imply that
ar (v,v) > c|v\%11(9) YoveVr (169)
and we have the following analog of (159)

lu—ur (o) < Uien‘fT lu —v|g1 (@)

1 { ar (u, 1}) — a(u, ’U) a(uv U) —ar (UT’ U) } (170)

+- sup + sup
¢ | vevr\{o} ol (@) veVr\{0} vl (@)

The first term on the right-hand side of (170) is dominated by |u — Il7u|g1(q). Since
a(u,v) —ar (ur,v) = [, fodx—F7 (v), the third term is controlled by the estimate (163). The
second term, which measures the effect of numerical quadrature on the bilinear form af(,-), is
controlled by the estimate

lar (u.v) —a(u,v)] < O (diam D))
DeT
X|u| grr+ao) (py || 51 (D) (171)

provided the solution u belongs to H'**P)(D) for each D € T and 1/2 < a(D) < 1. The
estimate (171) follows from (160), (161) and the Bramble-Hilbert lemma, and the positive
constant C' in (171) depends only on the W2 norms of a;; and b and the shape regularity of
7. Again we see by comparing (56), (164), and (171) that the overall accuracy of the finite
element method is not affected by the numerical integration.

Remark 22. For problems that exhibit the phenomenon of locking, the choice of a lower
order quadrature scheme in the evaluation of the stiffness matrix may help alleviate the effect
of locking (Malkus and Hughes, 1978).

7.4. Curved domains

So far, we have restricted the discussion to polygonal (polyhedral) domains. In this section,
we consider the second-order elliptic boundary value problem (5) on a domain 2 C R? with a
curved boundary. For simplicity, we assume that I' = 0f).
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(a) (b)

Figure 18: Triangulations for curved domains.

First, we consider the P; Lagrange finite element method for a domain  with a C? boundary.
We approximate 2 by a polygonal domain 2, on which a simplicial triangulation 7, of mesh
size h is imposed. We assume that the vertices of 7, belong to the closure of Q. A typical
triangle in 7; near 0 is depicted in Figure 18(a).

Let Vi, C H}(Q) be the P finite element space associated with 7. The approximate
solution up, € V}, for (5) is then defined by
ap(up,v) = Fy(v) YoveV, (172)

where

ap(w,v) = Vw - Vodx Yw,v € HY(Q) (173)
o,

and [}, (v) represented the result of applying a numerical quadrature scheme to the integral
th fvdx (cf. (158) with f and T replaced by f and T;,). Here f is an extension of f to R2.

We assume that the numerical scheme uses only the values of f at the nodes of T;, and hence
the discrete problem (172) is independent of the extension f.

We assume that f € W, (Q) for 2 < ¢ < oo and hence u € W2(Q) by elliptic regularity. Let
@ € W2(R?) be an extension of u such that

lallwa ey < Callullw@) < Callfllwiy (174)
We can then take f = —Au € W, (R?) to be the extension appearing in the definition of Fy,.

The error @ — uyp, over €y, can be estimated by the following analog of (140):

a’h(ﬂ B U;h,'U)

[ = unlla), < inf [[&—vlla, + sup (175)
veEV)

vevirfor  N1vllay,

The first term on the right-hand side is dominated by ||@ — II,@l|,, where II; is the nodal
interpolation operator. The second term is controlled by

/Q ) fodx — Fy(v)

Chl fllwz @ 0]l a1 () (176)

lan (@ — up,v)| =

IN
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which is a special case of (163), provided that the conditions (160) and (161) (with n = 1) on
the numerical quadrature scheme are satisfied.

Combining (43) and (174)-(176) we see that
@ = unlur (@) = 1t = unlla, < CRIfllwy (177)

that is, the P; finite element method for the curved domain retains the optimal O(h) accuracy.

The approximation of Q) to 2 can be improved if we replace straight-edge triangles by
triangles with a curved edge (Figure 18(b)). This can be achieved by the isoparametric finite
element methods. We will illustrate the idea using the P, Lagrange element.

Let Qy,, an approximation of Q, be the union of straight-edge triangles (in the interior of
Q) and triangles with one curved edge (at the boundary of ), which form a triangulation
Trn of Q. The finite element associated with the interior triangles is the standard P, Lagrange
element. For a triangle D at the boundary, we assume that there is a homeomorphism ®p
from the standard simplex S onto D such that ®p(2) = (Pp1(£), Pp,2(£)) where ®p 1(F)
and ®p o(&) are quadratic polynomials in & = (Z1,22). The space of shape functions Pg is
then defined by

Pr={veC®(D): vo dpe PS5} (178)

that is, the functions in Py are quadratic polynomials in the curvilinear coordinates on D
induced by @Bl. The set N of nodal variables consist of pointwise evaluations of the shape
functions at the nodes corresponding to the nodes of the P, element on S (cf. Figures 2 and 18)
under the map ®p. We assume that all such nodes belong to £ and the nodes on the curved
edge of D belong to 92 (cf. Figure 18).

In other words, the finite element (D, Px,N5) is pulled back to the P, Lagrange finite
element on S under ®p. It is called an isoparametric element because the components of the
parameterization map ®p are shape functions of the P; element on S. The corresponding finite
element space defined by (32) (with 7 replaced by 73) is a subspace of H*(£2;,) that contains
all the continuous piecewise linear polynomials with respect to 7Tj. By setting the nodal values
on 98, to be zero, we have a finite element space V;, C H{ (). The discrete problem for
up € Vj, is then defined by

an(un,v) = Fr(v) (179)

where the numerical quadrature scheme in the definition of F}, involves only the nodes of the
finite element space so that the discrete problem is independent of the choice of the extension
of f and the variational form ay(-,-) is obtained from ay(-,-) by the numerical quadrature
scheme.

We assume that f € W2(Q) for 1 < ¢ < oo and hence u € W (Q) by elliptic regularity
(assuming that Q has a C® boundary). Let @ € W, (R?) be an extension of u such that

[allwswe) < Callullwa @) < Callfllwz@) (180)
Under the condition (168), we have
an(v,v) > c|vﬁql(gh) Vvel, (181)
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and the error of @ — uy, over €, can be estimated by the following analog of (170)

|L~L7uh‘H1(Qh) < in‘g |1’271)|H1(Qh)

+1{ sup dh(d,v)—ah(ﬂ,v)+ sup ah(a,v)—dh(uh,v)} (182)

veV\{0} [v| e () veVi\{0} [v] 1 (0,

The analysis of the terms on the right-hand side of (182) involves the shape regularity of a
curved triangle, which can be defined as follows. Let Ap be the affine map that agrees with
®p at the vertices of the standard simplex S, and D be the i image of S under Ap. (D is the
triangle in Figure 18(a), while D is the curved triangle in (b).) The shape regularity of the
curved triangle D is measured by the aspect ratio (D) (cf. (29)) of the straight-edged triangle
D and the parameter k(D) defined by

k(D) =max {h~'|®p o A5 w1 (p), h ?[®p o Ap'lw2 (p)} (183)

and we can take the aspect ratio (D) to be the maximum of (D) and k(D). Note that in
the case where D = D the parameter k(D) =0 and v(D) = v(D).

The first term on the right-hand side of (182) is dominated by ||4 — IIl|,, , where IIj is
the nodal interpolation operator. Note that, by using the Bramble-Hilbert lemma on S and
scaling, we have the following generalization of (43):

|ﬂ_HDa|H1(D) < C(dlamD)2||ﬁHHs(D) (184)

where IIp is the element nodal interpolation operator and the constant C' depends only on an
upper bound of v(D), and hence

G — Tntin |l 12 ) < Ch2(|l| g2 qy) (185)

In order to analyze the third term on the right-hand side of (182), we take f = —Ad and
impose the conditions (160) and (161) (with n = 2) on the numerical quadrature scheme. We
then have the following special case of (163):

/ fvdx — Fp(v)
Qp

CR?|| Fllwz ool ) (186)

|ah(ﬂ, v) — &h(uh,v)| =

IN

Similarly, the second term on the right-hand side of (182), which measures the effect of
numerical integration on the variational form ay(-,-), is controlled by the estimate

U|H1(Qh) Vv eV, (187)

|(~1h(ﬂ, 'U) — ah(ﬁ, U)| § Ch2|ﬁ‘H3(Qh)
Combining (182) and (185)-(187) we have
15— unll < CR?|| flwze) (188)
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where C' depends only on an upper bound of {y(D) : D € T} and the constants in (180).
Therefore, the P, isoparametric finite element method retains the optimal O(h?) accuracy.
On the other hand, if only straight-edged triangles are used in the construction of €2, then
the accuracy of the P, Lagrange finite element method is only of order O(h3/2) (Strang and
Berger, 1971).

The discussion above can be generalized to higher-order isoparametric finite element
methods, higher dimensions, and elliptic problems with variable coefficients (Ciarlet, 1978).

Remark 23. Estimates such as (175) and (177) are useful only when a sequence of domains
Qy,, with corresponding triangulations 73, can be constructed so that h; | 0 and the aspect
ratios of all the triangles (straight or curved) in the triangulations remain bounded. We refer
the readers to Scott (1973) for 2-D constructions and to Lenoir (1986) for the 3-D case.

Remark 24. Other finite element methods for curved domains can be found in Zldmal (1973,
1974), Scott (1975), and Bernardi (1989).

Remark 25. Let ; be a sequence of convex polygons approaching the unit disc. The
displacement of the simply supported plate on ; with unit loading does not converge to
the displacement of the simply supported plate on the unit disc (also with unit loading) as
i — oo. This is known as Babuska’s plate paradox (Babuska and Pitkédranta, 1990). It shows
that numerical solutions obtained by approximating a curved domain with polygonal domains,
in general, do not converge to the solution of a fourth-order problem defined on the curved
domain. We refer the readers to Mansfield (1978) for the construction of finite element spaces
that are subspaces of H?((2).

7.5. Pointwise estimates

Besides the estimates in La-based Sobolev spaces discussed in Section 4, there also exist a priori
error estimates for finite element methods in L,-based Sobolev spaces with p # 2. In particular,
error estimates in the L..-based Sobolev spaces can provide pointwise error estimates. Below
we describe some results for second-order elliptic boundary value problems with homogeneous
Dirichlet boundary conditions.

In the one-dimensional case (Wheeler, 1973) where € is an interval, the finite element
solution uy for a given triangulation 7 with mesh size hy satisfies

[u—=ur o) < Chrlulwa (189)
provided the solution w of (5) belongs to W (Q2) and the finite element space contains all
the piecewise polynomial functions of degree < n — 1. The estimate (189) also holds in higher
dimensions (Douglas, Dupont and Wheeler, 1974) in the case where (2 is a product of intervals
and uy is the solution in the @,,_; finite element space of Example 7.

For a two-dimensional convex polygonal domain (Natterer, 1975; Scott, 1976; Nitsche, 1977),
the estimate (189) holds in the case where n > 3 and uy is the P,_; triangular finite element
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solution for a general triangulation 7. In the case where u is the P; finite element solution,
(189) is replaced by
lu—ur L) < ChFIInhy | ulwz o (190)

L, estimates for general triangulations on polygonal domains with reentrant corners and
higher-dimensional domains can be found in Schatz and Wahlbin (1978, 1979, 1982) and
Schatz (1998). The estimate (190) was also established in Gastaldi and Nochetto (1987) for
the Crouzeix-Raviart nonconforming P; element of Example 16.

It is also known (Rannacher and Scott, 1982; Brenner and Scott, 2002) that
|’LL —ur |W010(Q) < C inf C’|u - U|W:>10(Q) (191)
veVr

where € is a convex polygonal domain in R? and us is the P, (n > 1) triangular finite
element solution obtained from a general triangulation 7 of 2. Optimal order estimates for
|u—uT w1 (o) can be derived immediately from (191). Extension of (191) to higher dimensions
can be found in Schatz and Wahlbin (1995).

7.6. Interior estimates and pollution effects

Let Q be the L-shaped polygon in Figure 1. The solution u of the Poisson problem (5) on
Q) with homogeneous Dirichlet boundary condition is singular near the reentrant corner and
u & H?(). Consequently, the error estimate |u — ur |g1(0) < Chr || f|| 1,0 does not hold for
the P triangular finite element solution u associated with a quasi-uniform triangulation 7
of mesh size hr.

However, u does belong to H?(£5) where s is the subset of the points of 2 whose distances
to the reentrant corner are strictly greater than the positive number ¢§. Therefore, it is
possible that

lu—ur g1(0,5) < Chr || fllL.0) (192)
That the estimate (192) indeed holds is a consequence of the following interior estimate
(Nitsche and Schatz, 1974):

lu—ur [ (5 < C(vien‘g lu = vl (@, ,0) + 1= w7 || a00s,)) (193)

where V3 C HE(Q) is the P; triangular finite element space. Interior estimates in various
Sobolev norms can be established for subdomains of general € in R? and general finite elements.
We refer the readers to Wahlbin (1991) for a survey of such results and to Schatz (2000) for
some recent developments.

On the other hand, since uy is obtained by solving a global system that involves the nodal
values near the reentrant corner of the L-shaped domain, the effect of the singularity at the
reentrant corner can propagate into other parts of €. This is known as the pollution effect and
is reflected, for example, by the following estimate (Wahlbin, 1984):

le = ur |l 1a(2) = OB (194)
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where 8 = 7/(37/2) = 2/3. Similar estimates can also be established for other Sobolev norms.

7.7. Superconvergence

Let us be the finite element solution of a second-order elliptic boundary value problem.
Suppose that the space of shape functions on each element contains all the polynomials of
degree < n but not all the polynomials of degree n + 1. Then the L., norm of the error u — uy
is at most of order K™, even if the solution u is smooth. However, the absolute value of u—ur
at certain points can be of order A"+ for some ¢ > 0. This is known as the phenomenon of
superconvergence and such points are the superconvergence points for us. Similarly, a point
where the absolute value of a derivative of u —u7 is of order h™ "7 is a superconvergence point
for the derivative of uy.

The division points of a partition 7 for a two point boundary value problem with smooth
coefficients provides the simplest example of superconvergence points. Let us be the finite
element solution from the P, Lagrange finite element space. Since the Green’s function G,
associated with a division point p is continuous in the interval 2 and smooth on the two
subintervals divided by p, we have (Douglas and Dupont, 1974)

[(u = ur )(P)| = la(u — ur, Gy)|
= la(u —ur,Gp —TIFG,)|
< Cllu = ur || g o lGp — TGyl @) < CA*"

provided that u is sufficiently smooth. Therefore, p is a superconvergence point for uy if n > 2.

For general superconvergence results in various dimensions, we refer the readers to Kiizek
and Neittaanméki (1987), Chen and Huang (1995), Wahlbin (1995), Lin and Yan (1996),
Schatz, Sloan and Wahlbin (1996), Kiizek, Neittaanméki and Stenberg (1998), Chen (1999),
and Babuska and Strouboulis (2001).

7.8. Finite element program in 8 lines of MATLAB

It is the purpose of this section to introduce a short (two-dimensional) P; finite element
program.

The data for a given triangulation 7 = {T1,...,T,,} into triangles with a set of nodes
N = {z1,...,2,} are described in user-specified matrices called c4n and nde. Figure 19
displays a triangulation with m triangles and n nodes as well as a fixed enumeration and
the corresponding data. The coordinates of the nodes zr = (xx,yr) (d real components
in general) are stored in the kth row of the two-dimensional matrix c4n . Each element
T; = conv{zy, z¢, zm } is represented by the labels of its vertices (k, ¢, m) stored in the jth row
of the two-dimensional matrix n4e. The chosen permutation of (k, ¢, m) describes the element
in a counterclockwise orientation. Homogeneous Dirichlet conditions are prescribed on the
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2 16 1
16 2 17
FRERI
0 1 17 3 18
05 -1 934
e 3 19 18
105 6 4 0
1 0 4 6 19
05 0 17 15 16
0 0 15 17 20
0 05 18 20 17
0 1 20 18 9
05 1 B89
1 1 8 18 19
105 w78
1 7 19 6
1 .05 15 21 14
0.5 0.5 2l v 20
20 10 21

0 -0.5
0.5 -0.5 1002009
05 0 14 12 13
05 05 12 14 21
' ' 21 11 12
can 1121 10

nde
Figure 19: Picture of a triangulation 7 = conv{(—-1/2,-1),(-1,-1/2),(-1,-1)},

conv{(—1,-1/2),(-1/2,-1),(-1/2,-1/2)},...,conv{(1/2,1),(1,1/2),(1,1)} with m = 24
triangles and n = 21 nodes (a). The picture indicates an enumeration of nodes (numbers
in circles) and elements (numbers in boxes) given in the matrices c4n (b) and nde
(c). The Dirichlet boundary conditions on the exterior nodes are included in the vector
dirichlet = (1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16) of the labels in a counterclockwise
enumeration. The data c4n , nde, and dirichlet are the input of the finite element program
to compute a displacement vector x as its output.

boundary specified by an input vector dirichlet of all fixed nodes at the outer boundary; cf.
Figure 19.

Given the aforementioned data in the model Dirichlet problem with right-hand side f =1,
the P; finite element space V := span{yp; : z; € K} is formed by the nodal basis functions ¢,
of each free node zj; the set K of free nodes, the interior nodes, is represented in the N vector
freenodes, the vector of labels in 1 : n without dirichlet.

The resulting discrete equation is the N x N linear system of equations Az = b with the
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positive definite symmetric stiffness matrix A and right-hand side b. Their components are
defined (as a subset of)

Aj, = /Vapj~Vg0kdx
Q

and
b = /fgojdx for j,k=1,....n
Q

The computation of the entries A;, and b; is performed elementwise for the additivity of the
integral and since 7 is a partition of the domain €. Given the triangle 7; number j, the
MATLAB command c4n(n4e(j,:),:) returns the 3 x 2 matrix (P, P2, P3)T of its vertices.
Then, the local stiffness matriz reads

STIMA(Tj)ap = Vi - Veedx  for a, 5 =1,2,3
T;
for those numbers & and ¢ of two vertices z;, = P, and 2, = Pg of Tj. The correspondence of
global and local indices, i.e. the numbers of vertices in (2, z¢, 2m) = (Pi, Pa, P3), of T} can be

formalized by
I(T;) = {(ev, k) € {1,2,3} x {1,...,n} : P, =z, € N'}

The local stiffness matrix is in fact

STIMA(T;) :detg(QQT) with P = [ 11 1 }

P P, P

and Q := P!

o = O

0
0
1
This formula allows a compact programming in MATLAB as shown (for any dimension d)

function stima=stima(vertices)

P=[ones(1,size(vertices,2)+1) ;vertices’];

Q=P\ [zeros(1,size(vertices,2));...
eye(size(vertices,2))];

stima=det (P)*Q%Q’/prod(l:size(vertices,2));

Utilizing the index sets I, the assembling of all local stiffness matrices reads

STIMA = Y~ > > STIMA(T))ap ex @ e
Ty€T (a,k)eI(Ty) (B,0)€I(Ty)

(er is the kth canonical unit vector with the ¢th component equal to the Kronecker delta &y,
and ® is the dyadic product.) The implementation of each summation is realized by adding
STIMA(T}) to the 3 x 3 submatrix of the rows and columns corresponding to k, ¢, m; see the
MATLAB program below.

function [x,A]=FEM(c4n,nd4e,Dirichlet)
N=size(c4n,1) ;d=size(c4n,2) ;A=sparse(N,N) ;b=zeros(N,1) ;x=b;
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04—

Figure 20: Discrete solution of —Awu = 1 with homogeneous Dirichlet boundary data based on
the triangulation of Figure 19.

for j=1l:size(nde,1)

area=abs(det ([ones(1,d+1) ;c4n(nde(j,:),:)’])/factorial(d));
grads=[ones(1,d+1) ;c4n(nde(j,:),:)’1\[zeros(1,d);eye(d)];
A(nde(j,:),nd4e(j,:))=A(nde(j,:),nde(j,:))+area*(grads*grads’) ;
b(nde(j,:))=b(nde(j,:))+ones(d+1,1)*area/(d+1) ;end
dof=setdiff (1:N,Dirichlet(:));x(dof)=A(dof,dof) (dof); end

Given the output vector x, a plot of the discrete solution

n
u = E J}j ©®n
j=1

is generated by the command trisurf(nde,cd4n(:,1),c4n(:,2),x) and displayed in
Figure 20.

For alternative programs with numerical examples and full documentation, the interested
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readers are referred to Alberty, Carstensen and Funken (1999) and Alberty et al (2002). The
closest more commercial finite element package might be FEMLAB. The internet provides
over 200000 entries under the search for ‘Finite Element Method Program’. Amongst public
domain software are the programs DEAL II and FREEFEM and details of implementation
of 2D adaptive mesh-refining close to the implementation can be found in Funken, Praetorius
and Wissgott (2011).
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