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Chapter 1

Introduction

Abstract

This monograph presents a summary account of the subject of a posteriori error
estimation for finite element approximations of problems in mechanics. The study
primarily focuses on methods for linear elliptic boundary value problems. How-
ever, error estimation for unsymmetrical systems, nonlinear problems including
the Navier-Stokes equations, and indefinite problems, such as represented by the
Stokes problem are included. The main thrust is to obtain error estimators for
the error measured in the energy norm, but techniques for other norms are also
discussed.

1.1 A Posteriori Error Estimation: The Setting

Since the beginning of computer simulations of physical events, the presence of
numerical error in calculations has been a principal source of concern. Numerical
error is intrinsic in such simulations: the discretization process of transforming
a continuum model of mechanical behavior into one manageable by digital com-
puters cannot capture all of the information embodied in models characterized
by partial differential equations or integral equations. What is the approxima-
tion error in such simulations? How can the error be measured, controlled, and
effectively minimized? These questions have confronted computational mechani-
cians, practitioners, and theorists alike, since the earliest applications of numerical
methods to problems in engineering and science.

Recent years have seen concrete advances toward the resolution of these ques-
- tions have been made in the form of theories and methods of a posteriori error
estimation, whereby the computed solution itself is used to somehow assess the ac-
curacy. The remarkable success of some a posteriori error estimators has opened a
new chapter in computational mathematics and mechanics that could revolution-
ize the subjects. By effectively estimating error, the possibility of controlling the
entire computational process through new adaptive algorithms emerges. Fresh
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6 CHAPTER 1. INTRODUCTION

criteria for judging the performance of algorithms become apparent. Most impor-
tantly, the analyst can use a posteriori error estimates as an independent measure
of the quality of the simulation under study.

The present work is intended to provide an introduction to the subject of a
posteriori error estimation for finite element approximations of boundary value
problems in mechanics and physics. The treatment is by no means exhaustive,
focusing primarily on elliptic partial differential equations and on the chief meth-
ods currently available. However, extensions to unsymmetrical systems of partial
differential equations, nonlinear problems, and indefinite problems are included.
Our aim is to present a coherent summary of a posterior: error estimation meth-
ods.

1.2 Status and Scope

The a priori estimation of errors in numerical methods has long been an enter-
prise of numerical analysts. Such estimates give information on the convergence
and stability of various solvers and can give rough information on the asymptotic
behaviour of errors in calculations as mesh parameters are appropriately varied.
Traditionally, the practitioner using numerical simulations, while aware that er-
rors exist, is rarely concerned with quantifying them. The quality of a simulation
is generally assessed by physical or heuristic arguments based on the experience
and judgment of the analyst. Frequently such arguments are later proved to be
flawed.

Some of the earliest a posteriori error estimates used in computational me-
chanics were in the solution of ordinary differential equations. These are typified
by predictor corrector algorithms in which the difference in solutions obtained by
schemes with different orders of truncation error is used as rough estimates of the
error. This estimate can in turn be used to adjust the time step.. It is notable
that the original a posteriori error estimation schemes for elliptic problems had
many features that resemble those for ordinary differential equations.

Interest in a posteriori error estimation for finite element methods for two
point elliptic boundary value problems really began with the pioneering work of
BABUSKA AND RHEINBOLDT [15]. A posteriori error estimation techniques were
developed that delivered numbers 7 approximating the error in energy or an en-
ergy norm on each finite element K. These formed the basis of adaptive meshing
procedures designed to control and minimize the error. During the period 1978-
1983, a number of results for explicit error estimation techniques were obtained:
we mention as representatives the work of BABUSKA AND RHEINBOLDT [13, 14].

The use of complementary energy Iurmulatiousjor obtaining a posteriori error
estimates was put forward by DE VEUBEKE [29]. However, the method failed to
gain popularity being based on a global computation. The idea of solving element
by element complementary problems together with the important concept of con-
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1.2. STATUS AND SCOPE _ 7

structing equilibrated boundary data to obtain error estimates was advanced by
LADEVEZE AND LEGUILLON [45]. Related ideas are found in the work of KELLY
fa1]. | -
In 1984, an important conference on adaptive refinement and error estimation
was held in Lisbon (see BABUSKA ET AL [22]). At that meeting, several new de-
velopments in a posteriori error estimation were presented, including the element
residual method. The method was described by DEMKOWICZ ET AL |31, 32| and
applied to a variety of problems in mechanics and physics. Essentially the same
process was advanced simultaneously by BANK AND WEISER [25, 24] who focused
on the applications to scalar elliptic problems in two dimensions and provided a
mathematical analysis of the method. The paper of BANK AND WEISFR [25] also
involved a number of basic ideas that proved to be fundamental to certain theo-
ries of a posteriori error estimation including the saturation assumption and the
equilibration of boundary data in the context of piecewise linear approximation
on triangles.

During the early 1980s the search for effective adaptive methods led to a wide
variety of ad hoe¢ error estimators. Many of these were based on a prior: or in-
terpolation estimates, that provided crude but effective indications of features
of error sufficient to drive adaptive processes. In this context, we mention the
interpolation error estimates of DEMKOWICZ ET AL [30]. In computational fluid
dynamics calculations these crude interpolation estimates proved to be useful for
certain problems in inviscid flow (see PERAIRE ET AL [52]), where sclutions fea-
tured surfaces of discontinuity, shocks, and rarefaction waves. Relatively crude
error estimates are sufficient to locate regions in the domain in which disconti-
nuities appear and these are satisfactory for use as a basis for certain adaptive
schemes. However, when more complex features of the solution are present, such
as boundary layers or shock-boundary layer interactions, these cruder methods
are often disastrously inaccurate.

ZIENKIEWICZ AND ZHU [62] developed a simple error estimation technique
that is effective for some classes of problem and types of finite element approxima-
tions. Their method falls into the category of recovery based methods: gradients
of solutions obtained on a given mesh are smoothed and the smoothed solution is
compared with the original solution to assess error. More recently, ZIENKIEWICZ
AND ZHU [63, 64] modified their approach leading to the superconvergent patcn
recovery method.

Extrapolation methods have been used effectively to obtain global error es-
timates for both A and p version of the finite element method. For example,
by using sequences of hierarchical p version approximations SZABO [57] obtained
efficient a posteriori estimators for two dimensional linear elasticity problems.

By the early 1990s the basic techniques of a posteriori error estimation werc
established. Attention then shifted to the application to general classes of prob-
lem. VERFURTH [58] obtained two sided bounds and derived error estimates for
the Stokes problem and the Navier-Stokes An important paper on explicit error
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residual methods for broad classes of boundary value problems, including non-
linear problems, was presented by BARANGER AND EL-AMRI [26]. ERIKSON ET
AL [34, 35, 36, 40] derived a posteriori error estimates for both parabolic and
hyperbolic problems.

Most studies have dealt with a posteriori error estimation for the h version
of the finite element method. The element residual method is applicable to both
p version finite elements and h-p versions finite element approximations. An
extensive study of error residual methods is reported in the paper by ODEN
ET AL [49]. These techniques were applied to non-uniform h-p meshes. Later,
in a series of papers AINSWORTH AND ODEN |7| produced extensions of the
element residual method in conjunction with equilibrated boundary data. This
was extended to elliptic boundary value problems, elliptic systems, variational
inequalities and indefinite problems such as the Stokes problem and steady Navier
Stokes equations with small data.

The subject of a posteriori error estimation for finite element approximation
has now reached maturity. The emphasis has now shifted from the development
of new techniques to the study of robustness of existing estimators and identifying
limits on their performance. Particularly noteworthy in this respect is the work
of BABUSKA ET AL [18, 17] who conduct an extensive study of the performance
and robustness of the main error estimation techniques applied to first order finite
element approximation.

The literature on a posteriori error estimation for finite element approximation .
1s vast. We have strongly resisted the temptation to produce an exhaustive survey.
The availability of computer databases means that anyone can generate an up
to data survey with minimal effort. Instead, the bibliography consists solely of
key references and work having a direct influence on our exposition. Surveys of
the earlier literature will be found in ODEN AND DEMKOWICZ [48], NOOR AND
BABUSKA [47] and more recently in EwWING [37].

1.3 Notations

1.3.1 Sobolev Spaces

Throughout, standard notations and conventions for function spaces are followed
[1]. Let © be an open bounded domain in IR", where n = 1, 2 or 3, with boundary
i



1.3. NOTATIONS _ 9

Integer Order Spaces

The integer order Sobolev spaces W™?(Q), m € Z*, 1 < p < co are equipped
with the norm ||-||yym.»(q) defined by

1/p
”u“Wrﬂ,p(nJ e { Z /Q|D“u|p d}(} if 1 S p < 00 (11)
[al<m
and

||'UHWm-m{n) = mg{n “D“u“me} ifp=o0 (1.2)

where
[|ull oo () = 58 sUP |u(x)]. (1.3)

Xen

The notations |u|wmsq) (and |u|gm(q)) are used for the seminorms { f ¥ joj=m | D%/’ dx}'/?
(for p = 2). The space W™P(Q) itself is the completion of C*°(2) in this norm

and is therefore a Banach space. The space Wy"*(f2) is the closure of C§°(£2)

in the norm on W™?(Q) where C§°(S2) consists of all functions which, together

with their derivatives of all orders, are continuous and compactly supported on

Q. In the case p = 2, the notations W™2(Q) = H™(Q) and Wy**(Q) = H*(Q)

are used.

1.3.2 Partitions

The basic procedure in the finite element method is the partitioning of the com-
putational domain €2 into a collection P = {K} of open subdomains or elements.
Various sets of assumptions are made on the construction ot the partition suffi-
cient to ensure the convergence of the method. More generally, families F = {P}
of partitions are considered so that statements may be made concerning the con-
vergence of the sequence of finite element approximations obtained on the parti-
tions. In the present work, various versions of the finite element will be considered
including adaptive methods. The partitions used for adaptive meshes are gener-
ally disallowed by the classical finite element theory but, nonetheless, must obey
strict conditions. For convenience we formulate the particular assumptions on
each notion of partition to be considered.

Partition

A partition P of 2 is a collection of elements K satisfying
(Pl) ﬁ - UKe'p?
(P,) each element K is a non-empty, open subset of

(P3) the intersection of each distinct pair K, J € P is empty
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(P.) each element K has a Lipschitzian boundary 8K
We denote by P the union of the element boundaries 0K; P = UkepOK.

Proper Partition

In general, each K will be the image of a master triangle or rectangle under a
smooth invertible map Fk in two dimensions or an image of a tetrahedron or a
hexahedron in three dimensions. For such partitions, we define a proper partition
P of €2 as a partition of §2 that satisfies the additional condition

(Ps) each side of an element K is either a subset of the boundary 052 or a side
of another element J in the partition.
Non-Degeneracy Condition

Let K be any element from a partition P. Define the diameter hx of the element
by

hy = diam (K) (1.4)
and let h(P) be
h(P) = 1}{13%}1;(. (1.5)
Define px by
PK = Sup {diam(S) : S is a ball contained in ?} . (1.6)

The partition is called non-degenerate or shape regular if there exists a constant
Yo that is independent of A(P) such that
hy
— < 7. h
rmax o Yo (1.7)
The non-degeneracy condition does not require that the elements be of compa-
rable size and permits highly refined meshes.

Regular Family of Partitions

A regular family F of partitions is a collection of proper, non-degenerate partitions
{P} with the non-degeneracy constant -y, independent of P; and, such that h(P)
approaches zero. This condition essentially rules out the use of many adaptive
algorithms.

Quasi-Uniform Family

A family F of partitions is quasi-uniform if each partition P in F is regular and
there exists a constant -y; such that for all partitions P
h(P)

Ef(lg%(“}? <n- (1.8)
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Locally Quasi-Uniform Family

A family F of partitions is locally quasi-uniform if each partition P in F is
proper and is composed of elements satisfying a non-degeneracy assumption with
a constant -y, independent of P.

Typically, we shall assume that the partitions are locally quasi-uniform. Such
partitions can be highly refined and yet satisfy a local quasi-uniformity condition.
For instance, let K be a element belonging to a locally quasi-uniform partition
P. The patch of elements surrounding K is defined by

K =int {Uj :JNK is non-empty} : (1.9)

The non-degeneracy condition implies that there is a constant C' depending only
on 7 such that for any element J contained in the subdomain K a local quasi-
uniformity condition holds on the subdomain

1  hg
— < —=<C. 1.10
C_hj-_c (1.10)

Moreover, notice that the number of elements contained in the subdomain K
must be uniformly bounded by a constant depending only on

max card {J :J C }(“} <C. (1.11)
KeP

Equally well, the number subdomains containing a particular element is uniformly
bounded by a constant depending on 7,

max card {J: K cJ}<c (1.12)

1.4 Approximation Spaces

Reference Elements

In both the mathematical analysis of finite element methods and in their applica-
tion to specific problems, it is natural to consider each element in a partitioning
of the domain (or finite element mesh) to be the image of a standard reference
element K. The reference element defines the element type while providing the
template on which element computations are performed. For instance, in the case
of a triangular element the reference element may be taken as

E={37:0<2<1; 0<§<1-%) (1.13)
or, in the case of quadrilateral elements

K={#9:-1<8<1; -1<§<1}). (1.14)
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Polynomial spaces of degree p € IN are defined on the triangular and quadrilateral
reference elements respectively by

P(p) = span {#'§" : 0 < j + k < p}. (1.15)

and
Q(p) = span {#7"* : 0 < j, k < p} (1.16)

In three dimensions, hexahedral, tetrahedral or prismatic reference elements are
used with analogous polynomial spaces.

Finite Element Spaces

Let P be a locally quasi-uniform partitioning of a connected, bounded, polygo-
nal domain €2 into triangular and quadrilateral elements. For simplicity, assume
that there exists an invertible mapping F : K — K that is affine for triangu-
lar elements and bilinear for quadrilateral elements. Each element is assigned a
parameter px € IN controlling the degree of approximation on the element. A
polynomial space Pk is thereby selected to be either Q(pg) or P(pk) as appro-
priate. The finite element space X consists of continuous piecewise polynomials

X ={veC(Q):v|x=00Fg" forsome ¥ € P forall K € P}.  (1.17)

If the polynomial degree pg is non-uniform over the partition P then the contind-
ity requirements may impose constraints on the approximation in the particular
element which mean that the effective polynomial degree within the element is,
in essence, reduced. When we speak of the polynomial degree pg, it will be un-
derstood to mean the effective polynomial degree. Further, the subscript K will
be often be omitted.

Approximation Theory

Approximation theoretic results concerning approximation using piecewise poly-
nomials on partitions will be required. A number of results concerning approx-
imation of continuous functions on regular partitions are known and well docu-
mented 1n the literature |27|. On occasion, it will be necessary to approximate
functions that may be discontinuous on partitions that are only supposed to be
locally quasi-uniform. Such approximations have been considered by CLEMENT
(28] and SCOTT AND ZHANG [54]:

Theorem 1.1 Suppose P be a locally quasi-uniform partitioning of the domain
Q. Let K be any element in the partition and denote

K = int {Uj :JNK is non-empty} : (1.18)
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Suppose that 0 < 1 < p+ 1 and m are integers and r,s€ [1,00] are chosen so

that the embedding W' (K) — W™3(K) holds. Then, for any v € W' (K) there
ezists [Iyv € X such that

1 — Txvllmeaqy < CCr0, YRR ™27 0]l iy - (1.19)

The approximation operator Ily : W (K) — X shall also be referred to as the
X-interpolation operator.

1.5 Model Problem

Let Q ¢ R? be a bounded domain with Lipschitz boundary 8. Consider the
model elliptic boundary value problem of finding the solution u of

—Au+cu = f(x) in Q (1.20)

subject to the boundary conditions

Ju

T, gom Iy | (1.21)
and

u=0on I'p. (1.22)

The data is assumed to be smooth, ie.f € Ly(R), g € Ly(C'y), ¢ is a non-
negative constant and the boundary segments I'y, I'p are assumed to be disjoint
with Ty UTp = 0. The unit outward normal vector to 9 is denoted by n and
belongs to the space [Loo ()]

The variational form of this problem is to find u € V such that

B(u,v) =L(v) YweV (1.23)
where V is the space
V= {v € H(Q):v=0o0n I‘D} (1.24)
and where -
B(u,v) = j{; (Vu- Vv + cuv) dx (1.25)
and
L(v) = /S;f'u dx+fr~ gvds. (1.26)

Suppose that X C V is a finite element subspace. The finite element approxima-
tion of this problem is to find ux € X such that

B(ux,vx) = L(vx) YVux € X. (1.27)
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The error e = u — uy belongs to the space V' and satisfies
B(e,v) = B(u,v) — B(ux,v) = L(v) — B(ux,v) YveV. (1.28)

Moreover, the standard orthogonality condition for the error in the Galerkin
projection holds

B(e,ux) =0 VYoux € X. (1.29)

1.6 Properties of A Posterior: Error Estimators

There are many techniques for error estimation. One can extrapolate approximate
solutions obtained on sequences of progressively finer meshes or on sequences of
meshes with shape functions of increasing order and then compare solutions to
obtain an indication of the error. Such methods can be quite effective when data
structures admit such multilevel computations. One popular method amongst the
engineering community is to postprocess the approximation vy to obtain more
accurate representations of the gradient G(ux). One can then use the difference
G(ux) — Vux as an estimate for the error. This type of approach can lead to
surprisingly good error estimators and is discussed in Chapter 2. One of the
weaknesses of the method and at the same time, one of its advantages, is that no
use is made of the information from the original problem.

Other error estimators make useYthe data for ‘the problem and properties
of the error in various ways. For instance, the approximation error satisfies
the residual equation (1.28) and the orthogonality condition (1.29). A residual
equation similar to (1.28) may be obtained by integrating by parts over each
element leading to

'/;((Ve-Vv-!—cev)dx:/Krvdx-!-f;axv(nx-Vu—-nK-Vux) ds  (1.30)

where 7 is the residual
r=f+Aux — cux (131)

and ng is a unit exterior normal to the element boundary K. Under suitable
conditions, the solution to (1.30) may be bounded by

lllelllx < CrllrllL,x) + Collnk - Vell k) (1.32)

where C; and C; may depend upon the element size hx and other mesh param-
eters. Replacing the flux on the element boundary by a suitable approximation
leads to a bound on the error on the element K (apart from the constants C; and
C,). This type of estimator is referred to as an ezplicit estimator and is discussed
in Chapter 3.
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The presence of the constants C; and C; in the explicit a posteriori error
estimators leads one to consider trying to solve an approximate local boundary
value problem for the error of the form

/;((vgﬁK-vu+c¢xu)dx:fxrudx+ﬁxu(g,(—nK-VuX) ds  (1.33)

where gy is an approximation to the boundary flux. The solution ¢x may be
used as follows

lell = [ (V[ +cg?) dx. (134)

to provide a measure of the error content in the approximation associated with
element K. The approach raises a number of issues:

e the infinite dimensional space containing the error must be approximated
by an appropriate finite dimensional subspace

e the boundary flux ng - Vu must be approximated in some effective way

e if ¢ = 0 the error residual problem may have no solution unless the condition

/}(?"dx+.ﬁK (gK—nK-Vux) ds=0 (135)
is satisfied.

The general process just described is an example of an implicit error residual
method. It is said to be implicit because the error residual problem must be solved
over each element to determine the error estimator |||¢x|||. Implicit estimators
are the subject of Chapter 4. Chapter 5 deals with implicit error estimators in
which the boundary fluxes are specially constructed so that the local problem
is well posed. The resulting estimators may be shown to possess several very
powerful properties.

If nk is a local error estimator on element K then the global error estimate 7
is usually taken to be

={x ) (136)

KeP

A major property demanded of all successful error estimators is that positive
constants Cj, C, exist such that

Cilllel|l < n < Cofllell] (1.37)

where [||e||| is the global error in the energy norm. Then 7 tends to zero at the
same rate as the true error. The quality of an estimator is often judged by global

effectivity indices
7

Ilelll

(1.38)
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Mk \
Ilelllz

These indices can be used to measure the quality of an estimator when the ex-
act error or a good approximation of it are known. Naturally, one hopes that
effectivity indices close to unity can be obtained, but global effectivity indices
of 2.0-3.0 or even higher are often regarded as acceptable in many engineering
applications.

Throughout, the ideas are presented for the simple model problem in the
plane. For the most part, the analysis may be easily extended to three dimen-
sions. Therefore, we shall comment on higher dimensions only in cases where
the extension is not immediately apparent. The extension of the results to more
general problems may be less straightforward. Therefore, in Chapter 6 appli-
cations to more complicated problems are given including problems with side
constraints (such as the Stokes’ problem); unsymmetric operators (Oseen’s equa-
tions); non-linearities (the incompressible Navier Stokes’ equations); and unilat-
eral constraints (the obstacle problem).

Essentially all of the results are already known in the literature. However,
it is hoped that by presenting the results in a single notation the interrelation
between different techniques will be more apparent. Furthermore, in many cases
the presentation is much simpler than the original references. Chapters 2, 3 and
4 may be read independently. Chapter 5 is also largely independent of the earlier
chapters, although the reader might find it helpful to first read Chapter 4.

or local effectivity indices
(1.39)



Chapter 2

Estimators Based on Gradient
Recovery

A particularly simple approach to error estimation consists of obtaining a contin-
uous approximation to the gradient by postprocessing the gradient of the finite
element approximation. These often rather crude methods can result in sur-
prisingly good approximations to the true gradient. The difference between the
postprocesses approximation and the direct approximation is then used as an
estimate of the error, often quite successfully. The current chapter follows [5]
and attempts to provide a simple framework for analyzing such recovery based
estimators.

2.1 A Priori and A Posteriori Error Estimates

Consider the model problem in Section 1.5. Typically, the error in the finite
element approximation may be bounded a priori by an estimate of the form

lllell| < Ch? ”u”le(n} (2.1)

where C is a constant independent of h and u; and |||-||| is the energy norm
for the problem. The a priori estimate reveals the rate of convergence but is of
limited use if one requires a numerical estimate of the accuracy. The difficulty
is that either the constant C is unknown or if bounds are found on C, then the
estimate will generally be extremely pessimistic, and that the solution u is also
unknown.

One way to improve the prospects of finding a reasonable estimate of the
discretization error is to use the finite element approximation itself. Error esti-
mators can be easily developed using heuristic arguments as follows. Suppose the
coefficient ¢ = 0; then the expression for the true error is

|||e|||2:/ﬂ|Vu-—VuX|2dx. (2.2)

17
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If the true gradient were known then it would be a relatively easy matter to sub-
stitute it into this expression and to calculate the true error exactly. Intuitively,
a reasonable error estimator should be obtained using an approximation to the
gradient in place of Vu.

A technique that is popular with the engineering community is the averaging
method. The gradient of the finite element approximation provides a (discon-
tinuous) approximation to the true gradient. This may be used to construct an
approximation at each node by averaging contributions from each of the elements
surrounding the node. These values may be interpolated to obtain a continuous
approximation over the whole domain. Whiie the method is apparently rather
crude, it can be astonishingly effective. The case ¢ # 0 is dealt with by arguing
that the dominant term in the error is the component containing the derivatives,
and so it should be enough to estimate this dominant part enly. In effect, the
absolute term is simply ignored.

The intuitive argument is appealing but does little to provide confidence in
the resulting estimator. Several estimators actually used in practice are based on
replacing Vu by a quantity which is believed to be a good approximation. Part
of the reason for the popularity of such methods is that frequently, a suitable
gradient (or stress) recovery module is already implemented in the finite element
code.

Conversely, it is found that some rigorously analyzed estimators obtained in
quite different ways fall within the framework of corresponding to a particular
choice of recovered gradient. The next section is devoted to developing a general
result for analyzing estimators falling within this framework.

2.2 Complementary Variational Principles
The error in the finite element approximation is the solution of a boundary value

problem is analogous to (1.23). In fact, replacing v = e + ux in (1.23) and
rearranging gives

e € V: B(e,v) = L(v) — B(ux,v) YveV. (2.3)

The function uyx is regarded as being known explicitly since we envisage using

ux itself in obtaining estimates of the error. Equally well, e is the solution to a
variational problem

ecV: Je)<Jw) YweV (2.4)

where J is the quadratic functional

J(w) = %B(w, w) — L(w) + Blux, v). (2.5)
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There is a unique solution to (2.4) since B(-, -) and L(-) are bounded on V. Notice
that using (1.23) gives

1
J(e) = EB(e, e) — L(e) + B(ux,eé)
- %B(e, ¢) — B(u,€) + Blux, )
1 S
= —= = —= : 2.6
3 Ble,e) =~ el (2.6)
This result in conjunction with (2.4) gives

lllelll* = —2J(e) > —2J(w) VYw €V (2.7

An interesting consequence of (2.7) is that for any w € V' we can calculate a
lower bound on the error [||e|||. In general the lower bound will be poor, or even
trivial, unless w is chosen suitably. The best choice is w = e.

In practice we are interested in finding an upper bound on the error. An
alternative variational principle is associated with the primal variational problem
(2.4). This compiementary variational principle may be used in a similar manner
to the primal principle with the important difference that an upper bound is
obtained. For instance, consider Poisson’s equation in R?:

—VZu=finQ; u=0ondN. (2.8)
The primal problem for the error is
ecV:Je)<Jw) YweV (2.9)

where 1

The complementary problem is to find p such that
peEW:G(p)>G(q) VqeW (2.11)

where G is the quadratic functional

_ 1 p)
G(q) = _Ej; lg — Vux|*dx (2.12)
and W is the set
W ={qe€ H(div,Q): V-q+ f =01in Q} (2.13)

with
H(div,9) = {q € Ly(Q) x L,(R) : divq € Ly(Q)}. (2.14)
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It may be shown that the unique solution df the complementary problem is p =
Vu and

| —26(Vu) = [[le][[*. (2.15)
Combining these results gives

[llelll < /—2G(q) VqeW. (2.16)

Therefore, to obtain a computable upper bound on |||e|||, we need only make a
suitable choice of q to substitute into the functional G(q). The best choice is
q = Vu. However, the constraint condition (2.13) on the choice of functions is
the main drawback. making the construction of feasible functions q awkward.

One possibility is to obtain a suitable q by means of a finite element discretiza-
tion of the complementary problem as suggested by AUBIN AND BURCHARD [10]
and DEVEUBEKE [29]. The method requires the solution of a global problem,
essentially to satisfy continuity requirements. Unfortunately the computational
effort required in the solution of any global problem is comparable with that of
obtaining the finite element approximation itself, in which case it would be sim-
pler to resolve the original problem using a finer discretization. It ought to be
unnecessary to carry out any further global computation since there is already
global information in the finite element approximation itself to enable a sensible
choice of q to be made giving a realistic bound on the error.

Another difficulty is that the equality constraint on q

V-q+f=0in Q2 (2.17)

must be satisfied exactly. This rules out any possibility of using a simple function
q, unless f is itself simple. One would expect it to be sufficient to satisfy the
condition approximately. '

The constraint may be relaxed by making use of a device used by BABUSKA
AND RHEINBOLDT [14]. Firstly, we define a new bilinear form B(-,-) by

" B(u,v) =/ﬂVu-Vudx+/ﬂ)\uvdx (2.18)

where A > 0 is a constant specified later. The following problem is a perturbed
version of (2.3):

y €V : B(y,w) =L(w)-B(ux,‘w). YweV (2.19)

The solution may be characterized as the solution of the primal variational prob-
lem

yeV:Jy) <J(w) VyeVv (2.20)
where ]
J(w) = §E(w,w) — L(w) + B(ux,w). (2.21)

The following theorem gives the complementary principle associated with the
perturbed primal problem.
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Theorem 2.1 Let G(p) be the quadratic functional on H(div,Q) given by

G(p) :/ﬂ|p—Vux|2dx+/n%(f+v-p—cux)2dx. (2:22)
Then the following bound holds: |
B(y,y) = G[V(ux +9)] <G(p) Vp € H(div,Q). (2.23)
Proof. At a stationary point of the variational problem (2.23)
V- [V(ux +y)] + f — cux = . (2.24)
Let p = V(y + ux). Since both ux and y belong to V'
V-p=cux — f+ My € L*Q). (2.25)
Consequently p € H(div,). A direct calculation using (2.24) shows that
§(p) = [[IVoP dx+ 2 [ 4 dx = Blw.y). (2:26)
Now let nn € [0,1] and q,r € H(div, ). It is easily shown that
G[(1 = mr+nq] < (1 = n)G(r) +nG(q) (2.27)
S0 5 is convex. Furthermore
%3‘% {010 —mp +nal}|
= fn(q~p) - Vydx+/QyV- (q —p)dx
= [ V-lya-p)] dx

= [ v@-p)-nds=0 (2.28)

where we have used (2.24) and recalled that y € V. Thus G is stationary at p
and the result follows. _ u

The result in Theorem 2.1 shows that the functional G (p) delivers an upper bound

on y measured in the perturbed energy norm |||y|||. = v/B(¥,¥). In essence the
result is similar to (2.16). However, there is an important difference. If (2.23)
is used to find an upper bound on |||y|||. then there is no equality constraint to
satisfy. This makes (2.23) a more amenable result. However, the bounds are on
lllyl|l« instead of |||e]||. The fact that y is the solution of a perturbed version of
(2.3) characterizing e means there is a relationship between the functional G(p)
and [[|e|||. The following result quantifies this statement.
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Theorem 2.2 Suppose that there erist positive constants C, p such that
llell L, < CRllell] (2.29)

where C and p do not depend on h or u. Let A\ = Mh™ where M > 0 is a
constant. Then for any p € H(div,) and h sufficiently small

llell[* < {1 + O(r*)}G(p) (2.30)

where the constant in the O(h*) term is independent of v and h.

Remark If Q2 is a convex domain then the Aubin-Nitsche Trick shows that the
assumption (2.29) helds with g = 1. If the domain ? is not convex, then the
assumption holds with g > 0 depending on the maximum interior angle.

Proof. From (2.3) and (2.19) we have

B(e,w) = B(y,w) VYwe V. (2.31)
Sinceee VandyeV
lllelll* = B(e,y) = Ble,y) + (A = 0)e,y) = By, v) + (A = c)e,y).  (2:32)
For h sufficiently small, 0 < ¢ < ) and so
[(A=ce,y)l < 2X|lell ) ¥l
< 202 lel| oy 1w
< 20X 2Rlel]] 1Tyl (2.33)

where (2.29) was used. Replacing A with Mh™* and using the elementary in-
equality 2ab < a? + b?, we obtain

(X = c)e, )| < CMM2RE(||le] |17 + [[Iyll12)- (2.34)

Rearranging (2.33) gives for sufficiently small h
lllelll> < {1+ O HIlwllI2 (2.35)
and the result follows on applying Theorem 2.1. [

Theorem 2.2 shows that the functional associated with the perturbed primal
problem can be used to obtain approximate upper bounds on |||e|||. The in-
troduction of the perturbed variational formulation has resulted in the equality
constraint being removed at the expense of introducing a second term into G(p).

Theorem 2.2 is a tool that may be used in the analysis of the various heuristi-
cally proposed error estimators. If such an estimator can be shown to be related
to a particular choice of p in (2.30), then Theorem 2.2 immediately shows that
the resulting estimator will be an asymptotic upper bound on the error. There
are many heuristically proposed estimators to be found in the literature, yet it is
found that many of them may be profitably viewed as corresponding to a partic-
ular choice of p in Theorem 2.2. In addition to the heuristically based estimators,
some rigorously analyzed estimators are also found to fit in this scheme.
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2.3 Recovery Operators

In this section we define and analyze a class of schemes that make use of the
finite element approximation ux to find a suitable approximation to Vu. Later,
we analyze the properties of the resulting a posteriori error estimators.

In particular we shall identify a set of conditions sufficient for the operators
G x guaranteeing that Gx(IIxu) is a good approximation to the true gradient.

Consistency Condition

Naturally, if the error estimator is to be asymptotically exact, the recovery scheme
must give an approximation consistent with the true gradient in certain circum-
stances. Again, let X denote the finite element subspace, X C V, and suppose
that X contains polynomials of degree < p (recall (1.17)). Let X4 be a higher-
dimensional subspace X C X,;; C V, say, with polynomials of degree < p + 1.

(R1) If u € X4, then
G/\'(qu) = Vu (236)

where Iy is the X-interpolation operator.

The consistency condition does not determine G x uniquely and provides a con-
venient and simple criterion to work with.

Localization Condition

An important practical requirement is that Gx should be inexpensive to com-
pute. Specifically, it must be possible to compute Gx without recourse to global
computations: otherwise it would be simpler to resolve the original finite element
problem on a finer mesh. Particularly convenient schemes are those where the re-
covered gradient at a point x* is a linear combination of values of the gradient of
the finite element approximation sampled in a neighborhood of the point x*. Let
K denote the patch consisting of the element K and its neighbouring elements

KE=it{JJ:TnK #0}. (2.37)
The localization condition is:

(R2) Ifx* € K then the value of the recovered gradient Gx[v](x*) depends only
on values of Vv sampled on the patch K.

The following standard approximation theoretic result will be useful:

Theorem 2.3 Let s,m € Z'' be such that m > s+ 1. Then for any u € H'(Q)
and p > m, there holds

o~ xtly gy < CA™** o (2.39)
where C > 0 is independent of h.

1Z* is the space of non-negative integers.
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Boundedness and Linearity Conditions

Ideally Gx should be a simple function that may be evaluated and integrated
easily. If Gx is similar to functions belonging to the space used to construct the
finite element subspace then existing routines from the finite element code may
be used to manipulate Gx. These considerations lead to

(R3) Gx : X —» X x X is a linear operator and there exists a constant C
(independent of h) such that

ICx[illxy € Clolprozry VK E€P WweX (2.39)

2.3.1 Approximation Properties of Gx

The conditions (R1)—(R3) imply the operator G'x possesses various approxima-
tion properties. In particular, when u is smooth, Gx(Ilxu) is a good approxima-
tion to Vu.

Lemma 2.4 Suppose that Gx satisfies (R1)-(R3) and that u € HP**(K). Then
||Vu - GX(HXU)“L:(K) < ChPH! |Ual+2(ﬁ) (2-40)

where C > 0 is independent of h and u.

Proof. Let
Flu](x) = [Vu— Gx (IIxu)] (x) x € K. (2.41)

Suppose u € HP*2(K). By (R1) and the linearity of Gx
IFllp o = |Fle— 15|

e
< |u Iy u|w1

Loo(K)
+ |[Cx (Tx (u — T )|

(2.42)

o (K) Loo(K)

Here it is understood that I is the interpolation operator with range Xp4:.
With the aid of (R3)

exieu -, <Clixw-T8 )|, m- (43
The mesh is quasi-uniform on the patch K so
[ (u = )|, o SORT Mx (-T2 (249)
and
o=, < Cle-T8, gy @)
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The mesh is quasi-uniform on the patch K so

p+1 _ 1P+l -
|1'[x(u — 1% le sy = < Ch~ “H u— II% u)”Lm{g) (2.44)
and
_ yyprtl _ yyptl
[ (e — 1 u)"Lm(K < Cu-T1% u||Lm“?) . (2.45)
Hence,
_ myptl __ qyptl
IFlllL, k) < |u I u|w1-m(m +Ch™ “u Iy u"Lm(E}. (2.46)
Theorem 2.3 then shows that
“F[u]“[.m(ff) <CH 1U|Hp+2(;?) : (2.47)
Finally, noting that
1Pl oy < CRIFR iy < CHH Tl goa (2.48)
gives the desired result. L

This local result can be used to obtain a global estimate:
Lemma 2.5 Suppose that Gx satisfies (R1)-(R8) and that u € HP*?(Q). Then
Ve — Gx(Ixu)]| ) < Ch+ |l grp2(q) (2.49)

where C > 0 is independent of h and wu.

Proof. Sum over the elements using Lemma 2.4. u

2.4 The Superconvergence Property

It has been shown that if a recovery operator G x is found satisfying the conditions
(R1)—(R3), then applying the operator to IIxu furnishes us with good approxi-
mations to the derivatives of u. Consider now the effect of applying Gx to the
finite element approximation itself. In some circumstances, for instance if the
superconvergence phenomenon is present, then applying Gx to the finite element
approximation itself gives equally good approximations to the derivatives.

The superconvergence property can be appreciated by recalling the standard
a priori error estimate

[[lu — ux|l] < Ch? |ulgpe1(q) - (2.50)
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The estimate (2.50) is optimal in the sense that the exponent of h is the largest
possible. In fact, for the h-version finite element method one has that

Illelll > C(u)h? (2.51)

for some constant C(u) > 0 depending only on u. The constant C(u) vanishes
only in trivial cases.

Superconvergence is present if, under appropriate regularity conditions on the
partition and the true solution, an estimate of the form

|’£.£X = qu[l{,{m < C(‘U;)hp-l_l (252)

holds. Comparing (2.51) and (2.52) shows that Vuy is a better approximation
to VIIxu than it is to Vu. This will be referred to as the superconvergence

property.

(SC) There exists a constant C independent of h such that

The precise assumptions used to obtain such estimates differ according to the
type of finite element approximation scheme being used. It should be stressed
that superconvergence will only occur in very special circumstances. A
survey of superconvergence results is contained in KRIZEK AND NEITAANMAKI
[44].

Lemma 2.6 Suppose u € HP*?(Q), Gx satisfies (R1)-(R3) and (SC) holds.
Then

Ve — Gx(ux)ll L, < C(u)p**! (2.54)
holds where C > 0 is independent of h and w.

Proof. By the Triangle Inequality and the linearity of Gx

IV~ GX(UX)”Lz(K) < Vu-— GX(HXH)!LZ(K) +|Gx (Ixu — uX)[Lg(K) . (2.55)
The boundedness property (R3) of Gx implies

”GX(HX'U' - 'U'X)”Lz(f() < C |HXU - 'U'lel(ﬁ) (2-56)

where the Inverse Property [27](p.142) has been applied separately on each of

the elements in K. Summing over the elements and using Lemma 2.4 and (SC)
gives the result as claimed. -
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2.4.1 A Posteriori Error Estimators

Consider the class of error estimators obtained by using Gx(ux) instead of Vu
in the expression for the error. That is, the estimator on element K is nx where

nx = [|Gx(ux) — Vuxl|lp,q) - (2.57)
The global estimator is obtained by summing contributions from the elements.

Theorem 2.7 Let i be the a posteriori error estimator defined above. Assume
that (SC), (R1)-(R3) and (2.51) hold. Then

lim —— = (2.58)
w0 [|le]||
Proof. By the Triangle Inequality, (2.29) and the foregoing results
In—1llellll < lIGx(ux) — Vux — Vellp,q) + CllellL,(q)
= IGx(ux) = Vull,q) + Ch*|lle]ll, n=>1
< C(u)h** + Ch*||lel|l- (2.59)
The result follows from (2.51). u

Theorem 2.7 reduces the problem of finding a posteriori error estimators to
using the existing superconvergence results to define an appropriate recovery
operator Gx. Consequently, whenever we have superconvergence results for a
particular finite element scheme, it is then possible to define an a posteriori error
estimator that is asymptotically exact.

2.5 Examples of Recovery Based Estimators

The theory will be illustrated by deriving error estimators for some particular
types of finite element approximation scheme. This will show how an existing
estimator fits into the framework; how another popular estimator can be viewed
as a simplified recovery based estimator; and, how new estimators can be easily
derived.

2.5.1 The Babuska and Rheinboldt Estimator

Consider piecewise linear approximation in one dimension. There are many types
of a posteriori error estimator available for this case. The purpose here is not
to obtain new results, but to show how an existing estimator fits within the
framework.
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A superconvergence result is known for this situation (c.f. ZLAMAL [65]): if
u € H3(Q);p = 1, and the mesh is quasi-uniform then

where IIyx interpolates at the endpoints of the elements. The recovery operator
is constructed using the process shown in Figure 2.1. The operator is linear and
based on values of the direct approximation to the gradient sampled on the set
K as shown in Figure 2.1. It is easily verified that for any piecewise quadratic
function v one has Gx(Ilxv) = v'. Moreover,

1GX(U)|L“,(K) SS'”JwLm{H): (2-61)
where | - |w1e(K) is the seminorm on the Sobolev space W1*°(K). Therefore,
(SC) and (R1)-(R3) are valid. The estimator on element X is

nk = ||Gx(ux) - qu”Lg(K}' (2.62)

The estimator is precisely the estimator originally proposed and analyzed by
BABUSKA AND RHEINBOLDT [14](Definition 6.3). Previously, the estimator was
obtained by an argument based on locally projecting the error onto a quadratic
function that vanishes at the nodes. For further details see [14] where numerical
examples illustrating the effectiveness of this estimator will also be found.

2.5.2 An Estimator for Quadratic Approximation

Consider approximation using piecewise quadratic functions in one dimension.
The superconvergence property holds in this situation, see LESAINT AND ZLA-
MAL [46]. A recovery operator Gx may be defined by exploiting the resuit:
if the true solution is cubic then the true gradient v’ and the gradient of the
quadratic interpolant ITxu, coincide at the nodes used in the 2-point Gauss Leg-
endre quadrature rule on the element. Therefore, on the element [z;,:41] we
sample the gradient at the points

{.'L‘,_ + Tiy1 + _\/—(xs-ﬂ I,:)}. (263)

The next step is to define the recovery operator Gx. This is done by first recov-

ering the gradient at the nodes and the centroid of each element. There are many

possible ways to carry out this process (many of which fall within the framework).

We shall use a cubic interpolation process to interpolate the gradient sampled at

the Gauss Legendre points. A procedure based on quadratic interpolation would

meet the recovery criteria (R1)-(R3) but would give an unsymmetrical scheme.
The recovery operator G x is as follows:
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e the value of Gx[v] at the centroid of element .[:L',',:L',;+1] is taken to be the
value of the of the cubic polynomial interpolating to v’ at the points

{zf 1,27, 28, 500} (2.64)

e the value G x[v] at a node z; is the value of the cubic interpolating to v’ at
the points
{Ii_—la mf_l,:r;,xf}. (2'65)

e the function Gx[v] is taken to be the X-interpolant of the recovered values
at the centroids and nodes.

It is easily verified using elementary manipulations that conditions (R1)-(R3) are
satisfied. Theorem 2.7 then shows the estimator is asymptotically exact. One
could obtain an explicit expression for the estimator in terms of the values of
the finite element approximation at the Gauss Legendre points. However, this is
unnecessary since the recovery process combined with a quadrature rule provides
a simplc method of implementation. Examples showing the performance of the
estimator will be found in [5].

2.5.3 The Kelly, Gago, Zienkiewicz and Babuska Estima-
tor

Consider the finite element approximation of Poisson’s equations using piecewise
bilinear approximation in two dimensions. For the sake of simplicity assume each
of the elements K is a square with sides of length h parallel to the axes.

Results from ZLAMAL [65, 66] show that the superconvergence property (SC)
holds for this situation

lux — Mxulgi(q) < CH? |ulgs(q) (2.66)

where IlIx is the bilinear interpolant at the vertices of the mesh. The recovery
operator Gy is piecewise bilinear in each component. The values at the vertex
x are obtained by a simple averaging of the gradient sampled at the centroids of
the elements having a vertex at x (seeFigure 2.2). If (z,y) is a boundary vertex,
then Gx[v](z,y) is the value at (z,y) of the bilinear function which interpolates
to Vv at the centroids of the elements that are nearest to the point (z,y). The
operator G'x is linear and bounded since

Gx [0l iy < 4 lolyrmy W0 € X. (2.67)
and a straightforward manipulation reveals

Gx[Hx’U] = Vv (2.68)
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whenever v is piecewise biquadratic. Consequently, the recovery operator satisfies
conditions (R1)-(R3) and (SC). The estimator nx on element K is

nx = ||Gx(ux) — vu'X“L;(K) . (2.69)

This estimator will be asymptotically exact thanks to Theorem 2.7.
It is interesting to compare the new estimator with the estimator 7jx proposed
by KELLY ET AL [42]:

h dux ]’
~9 X
= - 2.
K = 94 Jox { on ] ds, (2-70)
and where 5 5 5
Uy Ux Ux
= 2.71
l@n] 8nK|K+5nJ|J 2.7)

is the discontinuity in the finite element approximation to the gradient across
the edge between neighbouring elements K and J. Using the midpoint rule for
integration along each side of the element, the estimator (2.70) may be rewritten

as
dux ]’
on

hz
w25 om
YCOK

where the discontinuities are evaluated at the midpoints of the sides. ZIENKIE WICZ
ET AL [61] state that the derivation of (2.72) is complez and subject to many
heurtistic arguments. .

KELLY ET AL [{42] note that the estimator bears out practical experience
that the accuracy of the approximation is related to the discontinuity of the
finite element approximation to the gradient on the interelement boundaries.
The recovery based estimator (2.69), like (2.72), is found after a lengthy but
otherwise straight forward manipulation, to depend on the discontinuities in the
finite element approximation to the gradient. The dependence is more intricate
than in (2.72) involving, in addition, differences in tangential components at the
centroids. The estimator (2.70) uses gradients sampled from the element K and
elements sharing a common edge, while the estimator (2.72) also involves elements
sharing a common node as shown in Figure 2.2.

The estimator (2.69) may be simplified by avoiding terms arising from ele-
ments sharing only a common node. This may be achieved by taking the values
of the recovered gradient at the vertices to be (see Figure 2.2)

1
Gx[v)(z,y) = ) [vle—%h,y+%h + vvl:r—}—%h,y—%h] : (2.73)

The new recovery operator satisfies (R1)—(R3) and gives rise to an estimator iden-
tical to Ng. The estimator derived by Kelly et al. therefore may be viewed using
the above framework. This approach makes the derivation of (2.72) straightfor-
ward.
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It might seem that the estimator 7k is too complicated to be of practical
use. However, it is in many ways much simpler than the Kelly estimator. For
instance, with the Kelly estimator it is not obvious how one should define the
value of the jump along the exterior boundary 952. This difficulty does not arise
with the recovery based estimator. The recovery based approach even provides
the answer: the value of should be taken to be the jump on the opposite side
of the element. The performance of the estimators for an idealized problem is
shown in Table 2.1, taken from [5].

2.5.4 Zienkiewicz Zhu Patch Recovery Technique

An alternative type of recovery estimator was introduced by ZIENKIEWICZ AND
Zuu [63, 64]. Let ¥ denote the set of vertices in the finite element partition. The
recovery operator Gy is defined by first identifying the patch 2, of elements
having a vertex at x,, € ¥. That is,

Qnm={K €P:K C supp b} (2.74)

where 6,, is the pyramid function associated with the node x,,. An intermediate
recovered gradient Gx ,, is then constructed for each patch and the final recovered
gradient is obtained by averaging

Gx[’u.)(](x |QI| Z me[‘U,x] ) (275)

mevw

The intermediate functions Gx - are constructed using values of the gradient of
the finite element approximation sampled on the patch Q,,. Let Z(m) denote the
set of points at which the gradient is to be sampled. For instance, working with
quadrilateral elements one would use the Gauss Legendre quadrature points (see
Figure ?7?). For triangular elements, the set Z(m) consists of the points shown
in Figure 2.3. Further examples will be found in [63, 64].

The function Gx , is obtained by calculating a least squares fit to the gradient
sampled at the points Z(m). The function Gx ., is assumed to be of the form
X X X where X is the finite element subspace. That is

Gxm(X) =Y angn(x) (2.76)

where ¢, (x) form a basis for the finite element subspace X and «, are constant
vectors chosen to minimize the expression

> {Gxm(z) — Vux(2)}*. (2.77)

ZeZ

Of course, in the summation (2.76), only degrees of freedom associated with
elements in the patch €,, need be considered. This means that the actual value
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of the final recovered gradient Gx on an element K will depend only on values
sampled from the patch K of elements neighbouring K. Therefore, condition
(R2) will be satisfied. Equally well, the recovery operator is linear and bounded
so that condition (R3) is also valid. The superconvergence condition (SC) and
condition (R1) can be satisfied by selecting the sampling points Z(m) to con-
sist of the points at which superconvergence occurs. If this is the case, then
the estimator will be asymptotically exact according to Theorem 2.7. This is
confirmed in numerical examples [63, 64]. However, it is often the case in prac-
tical computations that the superconvergence property is not satisfied, or, the
sampling points may be chosen differently. The estimator might be expected to
degrade in such circumstances. In fact, it is found that the estimator is astonish-
ingly robust, continuing to perform satisfactorily even in quite extreme situations
BARUSKA ET AL (17, 18]. While Theorem 2.2 suggests that the estimators might
tend to bound the error asymptotically, the reason behind the robustness of the
estimators remains an open question.

2.6 Summary

The error estimation techniques often used in the engineering community and
sometimes referred to as averaging based error estimators have been considered.
The development can be thought of as consisting of two main parts. Firstly, the
derivation of Theorem 2.2. As a special case, this shows that (for A sufficiently
small) the averaging based estimators should tend to overestimate the true error.
It is only if one wishes to obtain two-sided estimates or asymptotic exact-
ness that it then becomes necessary to make the additional and rather stringent
assumption concerning the superconvergence property. Under this condition, it
was shown that a class of estimators based on the use of recovery operators Gx
will be asymptotically exact. The recovery cperators are closely related to the
averaging based schemes and in some cases are identical. In this respect, the the-
ory developed for the recovery operators Gx and the associated error estimators
can be regarded as providing some indication of the behaviour of the averaging
based schemes and how they might be modified to enhance their performance.



Chapter 3

Explicit A Posterior: Estimators

3.1 Introduction

Consider the model problem in Section 1.5. Suppose that the finite element
approximation uyx has been computed. The basic issue in a posteriori error
estimation is embodied in the question: how can the discretization error e be
estimated? In order to provide an answer one may make use of

e the Galerkin approximation uy itself
e the data f and ¢
e equation characterizing the true error:

B(e,v) = B(u,v) — B(ux,v) = L(v) — B(ux,v) Yv € V. (3.1)

e the Galerkin orthogonality property:
B(e,vx) =0 Yux € X. (3.2)

The following section illustrates how these may be used to derive a simple a
posteriori error estimate.

3.2 A Simple A Posteriori Error Estimate

The first step is to decompose the equation (3.1) for the error into local contri-
butions from each element:
B(e,v)
= L(v) — B(ux,v)

Z {fK fodx + /éumrN gudx — ]K (Vuy - Vv + cuxv) dx} (3.3)

KeP

Il

33
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for all v € V. Integrating by parts over each element gives

Bux
Blew)= Y { [ rvd Ruds — e 4
(e, v) gp{ | rvdx+ L /f)‘K\FN anvds} (34)

where r is the interior residual

r=f+Auy —cuy in K (3.5)
and R is the boundary residual
d
R=g- %X on K NTx (3.6)
Ong

where ng is the unit outward normal vector to K. Each of these quantities
is well defined thanks to the smoothness of the data and the regularity of the
approximation uy on each element. The contribution from the final term in (3.4)
can be rewritten by observing that the (trace of the) function v is continuous
along an edge shared by two elements giving

B(e,v):Z{/KrvdH MNRvds}— ) /

KeP yeaP\aa -7

a‘ILX

where the final summation is over all the inter-element edges < on the interior of
the mesh. The quantity

[Bux

W] =ng - (Vux)g +ns- (Vux), ‘(3‘8)

defined on the edge 7y separating elements K and J represents the jump discon-
tinuity in the approximation to the flux. The identity (3.8) can be written more
compactly by extending the definition of the boundary residual to incorporate
the jump discontinuity in the flux. Therefore, on interior edges the definition
(3.6) is augmented by

1 8U X

R=—=|— 3.9

2 [ on ] (3.9)

so that (3.8) then becomes

B(e,v) = Y [K'r'udx+ S

f Ruds YoeV (3.10)
KeP ~yeaP ™Y

where the final summation is over all the edges in the partition P.

The orthogonality property (3.2) may now be used as follows. For given
v € V, let IIxv be the interpolant to v from the subspace X. Thanks to (3.2)
and the identity (3.10) there holds

= Z /Krﬂx'udx+ Z

fRnxvds. (3.11)
KeP yeapP 7
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Combining this with identity (3.10) gives

E/r(v—ﬂxv )dx + Z[ (v-Ilxv)ds YoeV  (3.12)

KeP YEQP

The identity (3.12) plays an important role, indirectly or directly, throughout a
posteriori error analysis. It may be used to derive the a posterior: error estimate
as follows. Applying the Cauchy Schwarz Inequality gives

Be,v) < > lIrll iy v = Mxvll ey + Do MR Ly 10 = Dxvll ) - (3:13)
KeP ~EGP

Let K denote the subdomain consisting of elements sharing a common edge with
element K

K=int{{JJeP:TnK # 0} (3.14)

It may then be shown [28] that there exist a constant C which is independent of
v and hg such that

llv — Txofl, 2(K) S Chy [v| (3.15)

(J\
and
2
llv = Txvll, o5y < Ch¥ vl (3.16)

where h is the diameter of the element K. Inserting these estimates in inequality
(3.13) and applying the Cauchy Schwarz Inequality leads to

1/2
B(e,v) < C|’U|H1(Q) { Z hft{ ”T”Lg{!{) + Z hk “R”Lg(';r)} . (3.17)
KeP

Finally, noting that |v|; gy < [[|v]|| and substituting e in place of v gives the a
posteriort error estimate

llelll” < C{ > g Il Z e + Z hx llRlle(T)} (3.18)
KeP
where |||-]|| denotes the energy norm for the model problem |||v|||? = B(v,v).

Apart from the constant C, all of the quantities on the right hand can be com-
puted explicitly from the data and the finite element approximation. Typically,
the terms on the right hand side are regrouped as follows

llelll? < €& 3 {20 + ¢ IRl o} (319)
KeP

The purpose in doing so is that defining the local error indicator by nx on element
K by

i = hix HT“LZ(K} + h'K ||R"Lz{a.r<) (3.20)
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allows one to identify contributions from each of the elements. It is then assumed
that each of these quantities is a measure of the local discretization error over each
element. In this way one can use 7y as a basis for guiding local mesh refinements.

Error estimators of this form were originally derived by BABUSKA AND RHEIN-
BOLDT [16] in one dimension; BABUSKA AND MILLER [11] for bilinear approx-
imation in two dimensions; and, KELLY ET AL [42]. Estimators that may be
computed explicitly from the solution and the data are often referred to as ez-
plicit estimators.

3.3 A Simple Error Estimator in the Ly Norm

The estimator derived above gives information about the error measured in the
energy (or any equivalent) norm. The duality argument due to Aubin and Nitsche
[27] plays an important role in the derivation of a priori error estimates in norms
other than the energy like norms. It may also be used in the context of a posterior:
error estimators.

To apply the technique consider the adjoint of the original model problem:

dp €V :Bv,dr) = (Fv) VeV (3.21)

where F' € L,(f) is given data. It is assumed that this problem is regular in
the sense that the solution ®p has the extra regularity ®r € H2(Q)NV and the
solution operator from Ly(£2) to H?(2) is continuous

12Fl 2@y < ClIF L, q) - (322)
The specific choice of data F' equal to the error function e then gives
llellZ,) = Ble, @). (3.23)

The residual equation (3.12) plays the same role as in the derivation of the energy
norm estimator

Ble,d) = 3 / (@, — Tx®,)dx + Z[ (3, —Tx®)ds  (3.24)

KeP yedP

and, as before, the Cauchy Schwarz Inequality gives

B(e,v) < E ||7'||L3(K) llv— HXU”Lg(K} + Z ||R||L.2(n,) llv— HX’U”LQ['T} (3.25)
KeP

Slightly different approximation theoretic results are required; there exists a con-
stant C which is independent of v and hg such that [28]

llv — Txvl| L, k) < Chk vl g2y (3.26)
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and
2
lv = Txvll gyom) < Ch” [Vl oy - (3.27)

Substituting these estimates and applying the Cauchy Schwarz Inequality leads
to

1/2
||e“ig{n) < C|‘De|mm) { ): h ”’*"”iz(x} + Z hi ||R”iz(*r)} (3-28)
KeP

YEIP

and sc, with the aid of the regularity assumption there follows

||3||§,2{ﬂ) < C{ Z h- “T| Lyk) T Z h “R"iz("}')}' (3.29)

KeP YEIP
A rearrangement of the terms on the right hand side gives an e stimator similar
to the one derived before, apart from a higher order scaling

1
el < C 3 { Bl + 5% IR or0 }- (3.30)
KeP

Summarizing, we have proved the following

Theorem 3.1 Suppose that the regularity condition (3.22) holds. Let 1,k de-
note the local error indicator

Moy = P Il piiey + h' IRIIZ, o) (3:31)

where v and R are the interior and boundary residuals. Then there ezists a
constant C depending only on the shape of the elements such that

llellZa@ < C Y nhaw)- | (3.32)
KeP

For the case of Dirichlet boundary conditions, it may be shown that the adjoint
problem satisfies the regularity assumptions when the domain € is convex. =

3.4 Equivalence of Estimator

The estimator implied by equation (3.19) provides an upper bound on the dis-
cretization error up to an unknown constant. If the estimator is to be used as the
basis of an adaptive refinement algorithm, then it is desirable that it be an equiv-
alent measure of the error. That is to say, there should be a constant C which
does not depend on the solution u, the data f and g or the mesh parameter h,
such that

lell> < C > nk- (3.33)
Kep
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Should such an estimate fail to be valid, one cannot expect that the resulting
adaptive procedure will be effective.

The problem of obtaining two sided bounds for explicit estimators such as
the one derived in Section 3.2 was addressed by VERFURTH [59] who devised the
following technique.

3.4.1 Bubble Functions

Let K denote a reference element. The interior bubble function @ - K Ris the
lowest order polynomial which vanishes on the boundary 0K and is non-zero on
the interior of K. An edge bubble function is the lowest order polynomial which
vanishes on all but one edge and is non-zero on the interior.

Triangular Elements

In the case of triangular elements
K={@7:0<%<1; 0<§<1-7}. (3.34)

The functions \;, A, and 2\3 denote the barycentric (area) coordinates on K. The
interior bubble function % is defined by

¥ =210 (3.35)
and the first edge bubble function is
X = 4X22;. (3.36)
Quadrilateral Elements
In the case of quadrilateral elements
K={@9:-1<2<1; -1<g§<1}. (3.37)
The interior bubble function 1 is defined by
p=01-2)1-7) (3.38)
and the first edge bubble functions is
%= 3(1-2)(1~9). (3.39)

Lemma 3.2 Let P € H\(K ) be a finite dimensional space of functions defined
on the reference element. Then there ezists a constant C such that for all v € P

O ol g, < [, $9%d% < Clloll}, g, (3.40)



3.4. EQUIVALENCE OF ESTIMATOR _ 39

and _
CM ol iy <[99 1y < € W0llz,qmy (341)

where the constant C is independent of v.

Proof. It is easily seen that the mappings
N 1/2
T { /A wa?dse}
K

-3 "1‘36”111{1?)

and

both define norms on the finite dimensional space P. The results then follow
immediately from the fact that all norms on a finite dimensional space are equiv-
alent. n

Let K € P be any element and F : K + K be an invertible mapping. The
associated bubble functions on element K are then defined by

Yk =PoFgl; xy=3xo0Fg' (3.42)

It is assumed that the partition P is non-degenerate. Therefore, there exists a
positive number hx and constants C;, C, and C; such that the following prop-
erties hold for each of the local mappings Fk:

[kl < Ciha; I < Cohis  C3'hi < ldetJi| < Cshy  (343)
where Jx is the Jacobian of the transformation Fg. The set P is defined by
P={ioFg':7¢ 1‘5} (3.44)
where P is a finite dimensional subspace consisting functions of defined on K.

Theorem 3.3 There erists a constant C such that for allv € P

C ol < [, 90 dx < C ol s (3.45)

and
C‘_I ”U”LQ(K} S ”‘wU”Lz(K) + h’K |w’U|H‘(K} S G ”U“L:;(K) (346}
where the constant C is independent of v and hg.

Proof. The result follows by mapping to the reference domain K, applying the
previous lemma and a standard scaling argument. =
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Lemma 3.4 Let 5 C 8K be an edge and ¥ the corresponding edge bubble func-
tion. Let P be a finite dimensional space of Lo-functions defined on 5. Then
there exists a constant C such that

C7MIoll} ) < [xd < Cll},q - (3.47)

Suppose that 5 € P is estended to K according to the rule
v(Z,7) = X(Z,9)0(Z) (3.48)
there ezists a constant C such that
|%€9] ..z, < C lllL.) (3.49)
In each case the constants C are independent of v.

Proof. The proof is based on the equivalence of norms on a finite dimensional
space similar to before. [ |

A scaling argument can be used to translate these results to a general element
K.

Theorem 3.5 Let v C 0K be an edge and x. the corresponding edge bubble
function. Let P be the finite dimensional space of functions defined on <y obtained
by mapping P. Then there exists a constant C such that .

CH |2,y < [7 X0*ds < C o],y (3.50)

Morcover, there etists an extension of v to K (again denoted by v) such that
hfclﬁ’ ”X*r””bz(x} + h}éﬂ IXTvIHl(K) <C ”‘U”Lg(-,) (3.51)

In each case the constants C are independent of v.

3.4.2 Bounds on the Residuals

The proof of equivalence makes use of the residual equation (3.10) in conjunction
with special choices of the function v.

The first task is to bound the term ||r|[, k- Let Tx be a polynomial approx-
imation to the interior residual r on element K. For instance, ¥x might be the
L,(K) projection onto piecewise constants. Applying Theorem 3.3 gives

c! “FK”L(K} 5 fK “!JK?%{ dx. (3.52)
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The function v = Tx1x vanishes on the boundary of element K. It may therefore
be extended to the whole of the domain § giving a function v belonging to the
space V. The residual equation (3.10) then implies

Bﬁafgwg)zzj;wgffgdx (3.53)

where the first term contains contributions from element K only. Therefore

fK PrTx dx = /K YT (Fx — r)dx + B(e, Tk k) (3.54)

The first term on the right hand side may be bounded as follows; by Cauchy
Schwarz

fK YT (Tx —7)dx < ”wh’FK“L;{K) 7 — T||L2(K) (3.55)
and then by Theorem 3.3 (Part 2)
”"»bK?K”LQ(K} <C “FK”LQ(K) . (3.56)
The second term is dealt with similarly
Ble, Fctxe) < Illelllx bl (3.57)
and by Theorem 3.3 (Part 2)
YTrl g aey < Chy' 17k ) (3.58)

Therefore, _
Pkl oy < © (i llelllzc + IFxe = 7ll a0 ) (3.59)
and equally well, by the Triangle Inequality

Il oy < € {BR el + 17k = Tll oy} - (3.60)

It remains to bound the terms ||R . The argument proceeds in an anal-
La(v)

ogous fashion. Let R, be a polynomial approximation to the boundary residual
or jumps. Theorem 3.5 gives

|7
Let 4 denote the subdomain of €2 consisting of the union of the side v and the pair
of elements (K and J say) sharing the common side 4. The function v = R,
vanishes on the boundary of the subdomain ¥ and is continuous. Extending to

the whole of the domain 2 gives a function v from the space V. The residual
equation (3.10) with this choice of v yields

B(e,Ryx,) = /;;x,,rﬁ, dx+[rx,,}?ﬁ7 ds. (3.62)

2

2
thCL%&“ (3.61)
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Therefore,
LX';R: ds = / X+By(Ry — R)ds + B(e, xo Ry) — A.XTTE ds. (3.63)
i

Each of these terms may be dealt with using Theorem 3.5 and the Cauchy Schwarz
Inequality as follows:

[,X'TE(I_?”_R) ds < ”X’YRT"LQ(-;,} "X"’(R' B R)‘ La2(7) <C "I_?’f La(v) "RT N RE Lz{')j}
3.64
Be, x,R,) < Clllelllz xa Rl ., < Chic”lllellz | Bl ..., (3.65)

and
LBy ds <l Rl ) < OB rllgy (Rl (366)

This may be used to estimate [|R|[,,,, after using the Triangle Inequality and
(3.68) giving

—1/2 2 1= 5}
1Bllyy < © {hi el + R I = 7l g+ [Br = B} (367)

Lemma 3.6 Let r and R denote the interior and boundary residuals associated
with the finite element approzimation constructed from the subspace X. Sup-
pose that Tx and R, are finite dimensional approzimations to the residuals on an
element K and an edge vy C 0K. The approrimations need not be globally con-
tinuous. Then there ezists a constant C depending only on the shape regularity
of the elements such that

7l yx) < € {htlllelllx + 17k = 7ll ey} (3.68)

and

1Rl < € {1 elll+ B2 I~ vl + [B — B, )} - (369

Proof. Follows from the previous arguments. n

3.4.3 Proof of Equivalence

As before, suppose that the finite element subspace X is constructed using piece-
wise polynomials of degree p. Lemma 3.6 is used to analyze the error estimator
as follows. Choose the approximation Tx to be Ly(K)-projection of the resid-
ual 7 onto the degree p polynomials which are restrictions of elements of X to
the element K. Similarly, the approximation R, is the Lo(7)-projection of the
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boundary residual R onto degree p polynomials (thié time in one variable) which
are the restrictions of elements of X to the single edge v. Lemma 3.6 then applies
giving

a0 < C {3 llelll + 17k = 7ll s} (3.70)
and

1Rl < C {B2 el + B e = Tl + [ B — B, ) G70)

For interior edges, the boundary residual R is simply the jump in the normal
derivative which is itself a polynomial of degree p in one variable. Thus, one
has R, = R on interior edges. Conversely, on the exterior boundaries, one has
R, — R= g-—1Il,g, where I1,9 is the polynomial approximation to g on the edge
. Noting that the data c for the original differential equation was constant leads
toTx — 1 = f —II,f on each element K. Therefore,

Il iy < € {Rillelllx + 11 = Tpfll ) (3.72)

and

IRy < C{RxMllellly + B 11f = T fll sy + 119 = Togll Lyrary ) - (3-73)

The local error indicator g associated with the element K can then be bounded
by

7??( <C {”Ie”l%& +hi |If - pr“i,,(}() + Z by |lg - Hpglliz(-f]} (3.74)

+COKNTy

where the constant C depends only on the shape regularity of the element. The
estimate shows that the error indicator is local in a certain sense, since the terms
on the right hand bound involve only contributions from the actual element and
its immediate neighbours. Summarizing the results so far

Theorem 3.7 Let ng denote the local error indicator

1
ﬂ?{ = h%( “T”?EQ(K) + §hK |[R“iz(ax} (3.75)

where 7 and R are the interior and boundary residuals. Then there erists a
constant C depending only on the shape regularity of the elements such that

ZllellP < Y- 2 <© {nwmz + 5 Bl = Tl + 3 hacllo— npgniz(,,,} .

KeP KeP vCI'w
(3.76)

Moreover, the local bound

YCOKNI

Mg <C {Illelll% + 0 S =~ f 0+ > hxllg— Hpgiiizm} (3.77)

is valid.
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Proof. Follows from previous arguments. ~ a

Typically, the terms involving the differences f —Il, f and g — II,g will be small
compared to the other terms. In this sense, the estimator obtained by summing
the local indicators provides an equivalent measure of the actual error in the
energy norm. The local bound (3.77) is of importance for the design of adap-
tive algorithms showing that the estimator gives some indication of the error
distribution and not simply a global bound.

3.5 The Effect of Numerical Quadrature

In practice, the error indicator ng will not be computed exactly since the integrals
of the residuals will be performed using numerical quadrature. That is to say,
the actua! error indicator 7jx will be given by

= _ 1 —
g = h ”TK"L(K) T §hK "R'r

where 7x and _R, are once again finite dimensional approximations of the actual
data (but not necessarily the same choices as previously). In fact, if the data is
continuous then the numerical quadrature would correspond to taking 7x to be
the polynomial I,7 which interpolates the residual r at the quadrature points.
Equally well, the approximation R, would be the polynomial I, R (this time in one
variable) which interpolates to R at the quadrature points on the boundary. This
estimator can be analyzed as follows. Firstly, applying the Triangle Inequality
gives

2
]L2(8K) (3.78)

g < g + B If = Lflu+ 2 hxllo—Tgliz,e- (3.79)
yCAKNTy

With the aid of Lemma 3.6 and proceeding much the same as before one obtains
<C {Illelll"}; B~ T f Iy + > hxllg— Hpguizm} . (380)
YCAKNTy

Combining these results gives a result derived by VERFURTH [58] (but see also
BABUSKA AND MILLER [11] and Section 4.2.4):

Theorem 3.8 Let fjx denote the local error indicator

(3.81)

1 — 2
iy — 12
Ny = h,%( ”rf("Lz(K} + EhK HR'Y !L2(8K}

where v and R are the interior and boundary residuals. Then there exists a
constant C depending only on the shape regularity of the elements such that

lelll? < { S Tt 3 Welf =Tl 0+ 2 hclo - npg\|im}} .
KeP €P yCI'n
(3.82)
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Moreover, the local bound

x < C {IIIeHI}, +h N~ flu0+ 2 hxllg— Hpgllizm} (3.83)

yC8KNI'y
1s valid.
If the data f and g is smooth then the extra terms appearing in the bounds can

be neglected showing that the estimator is in this sense equivalent to the actual
€rror.

3.6 Error Estimators for W;(Q2) and L,(Q)

3.6.1 Estimates in W;(Q2), 1<p< oo

The basic argument used to derive the simple error estimator in the energy norm
can be generalized to obtain estimates in the norm on the space W; (). Let q
denote the conjugate exponent

Cpt=1 (3.84)
p q
The residual equation (3.12) gives
B(e, v) Z/ r(v—Txv)dx+ 3 /R(U—Hxv) ds. (3.85)
KeP yedP T

Here IIx is regarded as the map from W} (K) into Ly(K) that preserves polyno-
mials of degree < p. Applying Holder’s Inequality gives

B(e 2 ||"”L,(K) ””‘Hxv|1.r,,,(f{)+ Z ||R||L,,(-,«) [lv — Ixvll, o(7) (3.86)
KeP ~YESP

Slightly different approximation theoretic results are needed; there exists a con-
stant C which is independent of v and hg such that [28]

[|lv— HX‘U”LQ(K) < Chg Ivlw‘;(ﬁ) (3.87)
and
1-1

llv— HX”"Lq(aK) < Chg fa |U|w‘;(i€) : (3.88)

Substituting these estimates and applying Holder’s Inequality leads to

1/p
B(e,v) < C|’U|w;(n){ E R “T”L,,(K) + Z hx HR“ip(ﬂ } . (3.89)
Y€EIP

As usual, the terms may be rearranged to identify contributions from each element

1 2
Ble,v) < C”UHWI(Q) E {h (711, Ly(k) T ‘2'hK ”R“IIJ,,,{BK)} : (3.90)
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Theorem 3.9 Let nw) (k) denote the local error indicator

1
M) = P Iz, ) + ghx BRI, o) (3.91)

where 7 and R are the interior and boundary residuals. Then there ezists a
constant C depending only on the shape regularity of the elements such that

1/p
llellwy ) < C{ > Tf?v,;(x)} : (3.92)
KeP
Proof. The result follows on observing that
B(e,v
lellyoy < C_sup 2 (3.93)
» vewd @) [vllwy @)
and then using the above arguments. n

The effects of using numerical quadrature to approximate the integrals in the
estimator can easily be incorporated.

3.6.2 Estimates in L,(Q), 1 <p < oo

One might suspect that the same basic argument used to obtain estimates for
the error in the L, norm can be extended to the L, case. Once again, the Aubin-
Nitsche Trick [27] is the essential idea. Consider the adjoint of the original model
problem:

dp €V :Bv,&) = (F,v) YWweV (3.94)

where F' € L,(f2) is given data. It is assumed that this problem is regular in the
sense that the solution ®r has the extra regularity @ € W2(Q2) NV and the
solution operator from L, () to W2(Q) is continuous

I2Fllwz) < ClIFLy@) - (3.95)
The specific choice of v equal to the error function e then gives
(e,F) = B(e, ). (3.96)

The residual equation (3.12) is used as before,

B(e,@p) = Z /KT(@F—HX(I’F)dx+ Z

f R(®r - lIx®r)ds  (3.97)
KeP yedpP =7

and applying Holder’s Inequality gives

B(e,F) < Z ||7"”Lp(1{) llv - HX””Lq(m + Z “R“L,,(-]-} llv— Hxﬂlqu{'y) . (3.98)
KeP Y€3P



3.6. ERROR ESTIMATORS FOR W}(S) AND Lp(S) | 47

The appropriate approximation theoretic results are that there exists a constant
C which is independent of v and hg such that [28]

flv— HX‘U“LQ(K] < Ch%( ]U|qu(§) (3.99)
and
lv = Txvll,, o5y < Chix /* [olwai) - (3.100)
With the aid of Holder’s Inequality

1/p
(e, F)<C |‘I’F|wg(n} { Z 11 iz L)t Z hil” ||R|]ip("r]} (3.101)

KeP YEOP

and, thanks to the elliptic regularity assumption there follows

(e, F) < ClIFl,q { > BRI, + 2 b IRIE (T}} (3.102)

KeP YEIP

A rearrangement gives an estimator in the familiar form apart from a different
scaling

1

@F) SCIFly@ X {21l 0+ 5hE7 (R o} - (3103)
KeP

Theorem 3.10 Suppose that the domain Q is convez. Let 1y, (k) denote the local
error indicator

Ty = i Il ey + h”” IR, ox) (3.104)

where v and R are the interior and boundary residuals. Then there ezists a
constant C depending only on the shape regularity of the elements such that

1/p
llell,,@ < C Z ﬂi,(K} : (3.105)
»(%)
KeP

Proof. The adjoint problem satisfies the regularity assumptions when the domain
Q is convex. The proof follows using the identity

(e, F)
“’3“1,,,(9} = _Ssup

(e, F) 3.106
FeL @) IFllL @ ( )

and the previous arguments. [ ]
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Chapter 4

Implicit A Posterior: Estimators

4.1 Introduction

Chapters 2 and 3 deal with estimators that can be computed directly from the
finite element approximation and the data for the original problem. The methods
described in the present chapter require the solution of a local boundary value
problem approximating the residual equation satisfied by the error itself. The
local error estimator is the norm of the solution of the problem. Such schemes
give rise to implicit error estimators. The boundary value problems are local in
the sense that they are posed either over a single element or a small subdomain
of elements.

One might wonder whether it is worthwhile considering implicit estimators at
all, since explicit schemes are apparently much simpler. There are good reasons
for using implicit schemes. Firstly, the explicit estimators lead to local error
indicators containing generic constants. These constants are in general unknown.
In practice, one can try to find a suitable bounds on the values of the constants.
However, the values of constants would be dictated by the worst case scenario and
therefore would usually give pessimistic estimators. Secondly, there are two types
of residual present in the explicit estimators corresponding the interior and the
boundary. The correct relative weighting to attach to each type of residual is far
from obvious. In addition, it is conceivable that there are cancellations between
the two types of residual that is lost when one deals with each separately.

Implicit estimators, and the element residual method in particular, avoid such
issues by solving a boundary value problem with the residuals as data. In this way
the generic constants are avoided and the correct balance between the two types
of residual is catered for by the solution process itself. The drawback is that one
is obliged to solve an auxiliary problem requiring an appropriate approximation
scheme; as we shall see, this creates its own difficulties.

The ideas will be illustrated by considering the model problem in Section 1.5.
The basic idea is to approximate the residual problem characterizing the true

49
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error:

B(e,v) = B(u,v) — B(ux,v) = L(v) — B(ux,v) YveV. (4.1)

4.2 The Subdomain Residual Method

A method for a posterior: error estimation based on solving local residual prob-
lems with homogeneous essential boundary data over small patches or subdomains
of the domain € was devised by BABUSKA AND RHEINBOLDT [15]. The approach
is particularly noteworthy because it provides a generally applicable method of
a posterior: error estimation with firm theoretical foundations. Here, it will be
assumed that the partition P is locally quasi-uniform, although BABUSKA AND
RHEINBOLDT [15] dealt with more general classes of partitions (see also {11]).

4.2.1 Formulation of Subdomain Residual Problem

Let ¥ denote the set of element vertices in the partition P and {6, },ecy denote
the first order Lagrange basis functions based at the element vertices. These
functions are characterized by the conditions

B{Fm) =8 (4.2)

where x,,, is any vertex in ¥ and

Y b(x)=1, xe

nevw

(4.3)

The support {3, of the nodal function 6, consists of the patch of elements con-
taining the vertex x,. _

The method is formulated starting with the equation (4.1) characterizing the
true error e € V. The usual considerations apply: while, in principle, one could
approximate the solution of this equation using a refinement of the finite element
subspace X, it would be simpler to compute a new finite element approximation
directly. The underlying idea is to replace the single global problem characterizing
the error by a sequence of independent problems posed on small subdomains of
the partition P. The nodal basis functions may be utilized for this purpose. With
the aid of property (4.3)

B(e,v) = B(e,v Z‘pﬂﬂ) = Z@B(e, v,) = Z\];L(vg“) — B(ux,vby) (4.4)

where v € V. Each of the functions 6,v belongs to the space H; (Q,). Define the
local bilinear form B, : H}(Q,) x H}(2,) — R by

Ba(u,v) = fﬁ (V- Vo + cuv) dx (4.5)
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and the local load functional L, : H}(Q,) — R by -
Lg (v) =.ﬁ fodx+ /_, guds. (4.6)
" Nn 6anI‘N

The subdomain residual problem is to find ¢, € H3(Q,) such that
Bo($n,v) = La(v) — Ba(ux,v) Vv € Hy(2n). (4.7)

Motivated by equation (4.4), the error estimator 7, associated with the subdo-
main §2, is taken to be

T = |||¢n”|ﬁn (48)

and the global error estimator 7 is obtained by summing

=% nz}m. 49)

nevy

In practice, the subdomain residual problems are approximated using a finite
dimensional subspace of H{(€2,). We shall return to this point in Section 4.2.4.

4.2.2 Nomenclature and Assumptions

Suppose that the basis function 6, is non-zero on an element K; then
|0.(x)| <1, x€K (4.10)

and, moreover, there exists a constant C' depending only on the non-degeneracy
of the element such that

|[VO,.(x)| < Chy', x€K. (4.11)

It is possible to partition the set of vertices ¥ into the union of disjoint subsets
¥, ¥,,. .. such that any pair of nodal basis functions in the same subset ¥, have
non-overlapping supports. Specifically, the condition that will be required is

V6,,0m € ¥, :m#n= supp’, Nsupp’f,, is empty (4.12)

where supp®, denotes the interior of the support of 6,. It is easy to see that
this process is always possible since one can simply choose each of the sets ¥, to
consist of a single basis function. Later, it will be found advantageous if this is
accomplished using as few subsets as possible. The smallest number of subsets
will be denoted by p and referred to as the overlap indez for the partition.

Let K be any element in the partition P. The set of basis functions which
are non-zero on this element is denoted by o(K). The maximum cardinality of
any of these sets is denoted by 7 and referred to as the intersection inder. If
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the partition is locally quasi-uniform then the intersection index will be equal to
the maximum number of vertices in any element. However, if the mesh is not
proper then the intersection index may increase without bound as the refinement
progresses. Such a situation is disallowed by requiring the intersection index 7
and the overlap index p are uniformly bounded for the family of partitions.

The subdomain consisting of the elements which neighbour element K is de-
noted by

K =int {Uj :JNK is non—empty} : (4.13)

Since the elements are non-degenerate the maximum number of elements con-
tained in any of these subdomains is bounded by a multiple of 7. Local approxi-
mation properties will be needed. In particular, there exists [28] a constant C de-
pending only on the non-degeneracy of the elements such that for any v € H'(Q)
and any element K there holds

The assumptions are true regardless of the polynomial degree actually used
to construct the finite element subspace, and merely impose restrictions on the
mesh topology and mesh geometry. The conditions are always satisfied should
the partition be locally quasi-uniform.

4.2.3 Equivalence of Estimator

Lemma 4.1 Suppose that the above conditions hold. Then there exists a constant

C depending only on the non-degeneracy of the elements such that for any v €
HY(Q)

3 1162 (v = Ix0) 510y < C72 0]y - (4.15)
nevy

Proof. Let K be any element and 6, € ¥ be a nodal basis function which does
not vanish on K. Then,
2
(16 (v - HX'U)“in(K) < ||5n||im(:q lv— HX’UEN(K} + |9nﬁvm(x} [lv— HX”"L;{K) g
Thanks to properties (4.10)-(4.11)
- 2
18 — TLxv) 14y < C {lo = Mxvla ey + B 1o = ol -}
and using the approximation property gives

2 2
116 (v — HX'U)HHI(K} <C |'U|H1{f?) :
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Summing this inequality over all vertices gives the result

S 6w —Tx0) iy = > 2 16a(v — Txv)[[7 sy

nev K€P neo(K)

KeP neo(K)

2
= Cr 3 ol )

KeP

IA

24 12
C7™ vl 5 qy
as claimed. ™

Theorem 4.2 Let 1, denote the local error estimator obtained using the sub-
domain residual method. Then there ezists a constant C' depending only on the
non-degeneracy of the elements such that

7
— <llelll < Cm (4.16)

5=
where T is the overlap indez and p is the intersection indez.
Proof. Using the Galerkin orthogonality

B(e,v) = B(e,v — [Ixv)
and then by property (4.3)

B(e,v) = Y _ B(e,0,(v — Ixv))

nevw

and noting that 8, (v — Ixv) € H}(Qn)

Ble,v) = Z B(¢n, 0n(v — Ixv)).

nevw

Hence

|B(e, )| < 3 tlll6n(v — xw)[l-

nev
Applying the Cauchy Schwarz Inequality and Lemma 4.1

1/2
|B(e,v)| < Cnq { Z 167 (v — HXU)“?{L(Q)} <Cyr |'U|;;1(g) < Cor||lv]l|

nev

from which the result follows immediately

lelll < Cra.
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Conversely, consider

7?2 = Z f)ﬁ = z B (¢n, #n)

nevy new
= E::lgﬂ(e!¢n):: EE:I;(&,éh)
new new
= B(e, Y ¢n)
nevy
< el ¢alll-
nevw

By partitioning the set ¥ of vertices as described above

1122 gall> =113 X2 ¢alll® <PZ1|I > ¢alllP=03" 3 lienlll?

nevw Y, nev, v, nev, W, aev,

where property (4.12) has been used. Consequently,

1S galll* < pn®

ned

and the result follows immediately. u

4.2.4 Treatment of Residual Problems

The subdomain residual method described above requires the ezact solution of
the local problems

¢ € HX () : Baldn, vn) = L(vn) — Balux,vn) Voun € Ha(Q). (4.17)

In practice, the method is seldom used, partly because it is inconvenient and
relatively expensive to develop approximations over the patches Q.. BABUSKA
AND MILLER [11] circumvented this difficulty by obtaining an equivalent measure
for the local error estimator |||¢y,||| as follows. Integrating the right hand side of
(4.17) by parts gives

L(vg) — Ba(ux,vn) = Y {/Krvndx+ Z /Rvnds} (4.18)

Kefl 7Cn

where 7 and R are the usual interior and boundary residuals. A routine applica-
tion of the Cauchy-Schwarz Inequality leads to the bound

1/2
T < C{ Z h’K ||7'“L2(K)+ Z hk ||Rl|L2(7)} = (4.19)

KCQn "I"CQﬂ
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Summing this estimate over all vertices in the partitibn and regrouping the terms
leads to the familiar explicit error estimator

lllelll<C > nk (4.20)
KeP
where
M = Irllzegey + 2 hr IRz - (4.21)
YyCOK

Babuska and Miller also obtain the following result:

> hk Il L2y + > hit* IRl 2(y) < Cm +€) (4.22)
Kcﬁ“ ')"Cﬁn

where

£= Z hi ||T||2L!(K) + Z hzz "R - R, (4.23)

KCQ, YCn

L2(y)

This result is essentially identical to those derived in Section 3.4 when considering
explicit error estimators but predates the discovery of those estimates.

4.3 The Element Residual Method

4.3.1 Formulation of Local Residual Problem

In principle, one could approximate the problem (4.1) and obtain an approxima-
tion to the actual error function. The optimality of the Galerkin method and the
associated orthogonality property of the error, means that one must use a larger
subspace than the original finite element subspace X if one is to obtain a non-zero
approximation to the error. The cost of solving the problem would be compara-
ble with simply resolving the original problem using the finer discretization. One
can atterapt to reduce the cost of solving this global problem by replacing it by
a number of independent local problems posed over each element in the domain.
The local problems could then be approximated relatively inexpensively and even
solved in parallel.

Let the error on an element K be denoted by e = u — uy. Thanks to the
smoothness of the finite element approximation on the element interiors, one finds
that the error satisfies the differential equation

—~Ae+ce= f+ Aux — cux in K. (4.24)

The major difficulty is to supplement the equation with appropriate boundary
conditions. There are various cases to consider. First, suppose that the element K
intersects a portion of the boundary of the domain §2 where an essential boundary



56 CHAPTER 4. IMPLICIT A POSTERIORI ESTIMATORS

condition is imposed. The appropriate boundary condition for the local error
residual problem is clearly

e=0on dKNTp. (4.25)

Here, it has been assumed that the finite element approximation has been con-
structed so that the essential boundary conditions are satisfied exactly (although
this is not essential). Next, suppose that the element intersects a portion of the
boundary 992 where a natural boundary condition is imposed. The local error
residual problem is subjected to a natural boundary condition

Oe =g- Oux on 0K NTy. (4.26)
8?’1;{ BnK

So far, appropriate boundary conditions have been clear. It remains to consider
the case when the element boundary lies on the interior of the domain. The first
decision is whether to impose an essential or a natural boundary condition. The
element residual method is based on using a natural boundary condition. Ideally,
one would like to impose the condition

de  Ou Oux
onxg  Onxg BnK|K {#27)

on the edge separating elements K and J, where ux|x denotes the restriction
of the finite element approximation to an element K. Unfortunately, the true
flux appearing on the right hand side is unknown in general. However, one
may replace the true flux by an approximation obtained from the finite element
approximation itself

Ou . [Oux
Bn_K = <6n;(> | (4.28)
where we define
Ot 1
<aﬂ> = sng - {(Vux)g + (Vux),}. (4.29)
Nk 2

The motivation for this choice is founded on the hope that by averaging the
discontinuous finite element approximation to the normal flux one obtains a rea-
sonable approximation to the true flux.

The error residual problem is formulated as a variational equation as follows.
On each element K the actual error satisfies the boundary value problem

)
Bx(e,v) = Fx(v) — By (ux, v) + /a . ﬁv ds Vv € Vi (4.30)

Here,
Vi = {ve H'(K):v=00n K NTp} (4.31)
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and Bg : Vg X Vg — IR is the local bilinear form
Bg(u,v) = / (Vu- Vv + cuw) dx (4.32)
K
and Fg : Vg — IR is the local load functional

Fx(v) = [K fudx. (4.33)

The error residual problem is the weak form of the problem specified by the
conditions (4.24)-(4.28): find ¢x € Vi such that
aux
BK(¢}(,U) = FK(U) - BK(‘U,,\’,‘U) + —— )Yvds Vv € V. (4.34)
aK \ Ong
Here, the definition of the average has been extended to include the portion 'y
of the exterior boundary

<6ﬂ> _ { sng - {(Vux)g + (Vux),}, on KnJ

8?’1[( B g, on ?ﬂ PN (435)

In general, the existence of solutions to (4.34) can be guaranteed only if the
(residual) data satisfy appropriate compatibility conditions; see Chapter 5 for
further details.

4.3.2 Subspaces for the Element Residual Method

The error residual problem (4.34) is an infinite dimensional problem. The ele-
ment residual method is obtained by constructing particular finite dimensional
subspaces Yx of the local spaces Vx. Here, the discussion is restricted to first
order finite element approximation; the general case will be dealt with later.

Quadrilateral Elements

Consider the case of finite element approximation using piecewise bilinear func-
tions on quadrilateral elements. The local approximation space for the error
residual problem is constructed using the basis functions specified on the refer-
ence element _

K={#79):-1<z<1; -1<y<1}. (4.36)

The edge bubble functions are given by
o~ 1 - -
2= 51-)1-9)

- 1 ” o
%2 = 5(-F)1+3)

% o= 30-)1+9)
% = 50-9)(1-3) (437
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and the interior bubble function 9 is given by

P =(1-3%)1-7). (4.38)

The space Y is defined by

- -

Y = span {%1, %2, %3, X4, %} (439)

and the error residual problem is approximated using the subspace Yk obtained
by mapping the bubble space Y to the element K.

Triangular Elements

The paper by BANK AND WEISER [25] on the element residual method considered
the case of finite element approximation using piecewise affine functions on linear
triangular elements. The local approximation space for the error residual problem
1s constructed using the basis functions specified on the reference element

—

K={(%7):0<%<1; 0<7§<1-%} (4.40)

The functions Xl, Xg and )3 denote the barycentric (area) coordinates on K and
the edge bubble functions are given by

?1 — 4X2X3; 22 = 4X133; 23 e 4&1}2. (4.41)

Let ¥ denote the space
Y = span {X1, X2, X3} - _ (4.42)

The error residual problem is approximated using the subspace Yx obtained by
mapping the bubble space Y to the element K. The bubble space suggested
by Bank and Weiser contains no interior bubble function. VERFURTH [58] has
suggested an alternative bubble space based on including the extra interior bubble
function.

In each of these cases, the basic pattern for approximating the local problem
(4.34) is to increase the order of the space used to construct the original finite
element approximation and then factor out the functions which are non-zero at
the vertices of the element. This may be achieved by subtracting the interpolant
in the original finite element space.

The discussion has been restricted to first order finite element approximation.
For higher order approximation, some care has to be exercised when selecting
the subspaces with which to approximate the residual problem (see [4] and Sec-
tion 4.5.3).
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4.3.3 The Classical Element Residual Method

The classical error residual method [24, 25, 31, 50] for a posteriori error estimation
is to solve the local error residual problems

¢K € YK : B}(((ﬁf(,‘v) = FK(U) At BK(H};,U) =+ - <3—u£>‘vd5 Vv € YK

an;{
(4.43)
thereby obtaining a function ¢x. The local error estimator nx on element K is
defined by

nx = ||léx|llk (4.44)

and the global error estimator is obtained by summing the local contributions

= { > ni}m. (4.45)

KeP

As remarked earlier, such estimators will be referred to as implicit estimators.

4.4 Equivalence of Estimator

4.4.1 Relationship with Explicit Error Estimators

The implicit estimators can be related to the explicit estimators of Chapter 3.
By applying Greens identity to the right hand side of the error residual equation
(4.43) one obtains

By (¢x,v) = [K rodx+ [ Rods WoeYg (4.46)

where 7 and R are the precisely the interior and boundary residuals appearing in
the explicit error estimators. Choosing the function v to be the estimated error
function ¢g leads to

= [K réxdx + /a  Roxds. (4.47)

The function ¢k belongs to a finite dimensional space. Moreover, if the gradient
of ¢ vanishes then ¢g itself must be the zero function. Therefore, there exists
a constant C' which depends only on the shape regularity of the element K but
not on its size such that

6k llz,x) < Chx bk (k) (4.48)

and for any edge v C 0K

”d’K”Lz('r) < Ch.}g2 |¢K|H‘[K] - (449)
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With the aid of these results and the Cauchy—Séhwarz Inequality

Mg <C {h;{ 7l iy + 22 hd? ||R||L,m} |bx |1 (k) (4.50)

YCIK

from which one can deduce that

1/2
1
nk <C {h%( ||"'"”i,2(x) + ) Z hk ”R“iz(‘ﬂ} (4.51)
YCEK

where term on the right hand side is the explicit error estimator discussed earlier.

4.4.2 Further Bounds

Suppose that the space Yx used to approximate the error residual problem is
equipped with an interior bubble function. This assumption rules out the space
chosen by BANK AND WEISER [25] for piecewise affine approximation on lin-
ear triangles, but is satisfied if the space is chosen as suggested by VERFURTH
[58]. Let ¢k € Yk denote the interior bubble constructed in Theorem 3.3. The
following result complements Lemma 3.6:

Lemma 4.3 Let r and R denote the interior and boundary residuals associated
with the finite element approzimation constructed from the subspace X. Suppose
that Tx and R, are finite dimensional approzimations to the residuals on an
element K and on an edge v C 0K, and let nx denote the element residual error:
estimator. Then there ezxists a constant C depending only on the shape regularity
of the elements such that

I7ll oy < € {Bnk + Pk = 7l iy } (4.52)
and
Bl <€ {h;{‘%\» LIk =l + [Rr— R, ) (459)

Proof. The first result is shown by following the arguments from (3.52) to (3.60),
except that the identity (obtained by choosing v = Fx9k in (4.43))

Br(¢x, TxVk) = /K YrTTR dx

is used in place of (3.53). The second result is obtained by following similar
arguments to those from (3.61) to (3.67) and using the identity (which foilows
from (4.43) with the choice v = R,x,)

Brlow Box,) = /K rR, X dx + L X, RR, ds
instead of (3.62). [
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4.4.3 Proof of Equivalence

Thanks to the relationship between the explicit and implicit error estimators, one
immediately obtains the following result as a corollary of Theorem 3.7 (c.f. [58]):

Theorem 4.4 Let ng denote the locel error estimator obtained using the element
residual method. Then there ezists a constant C depending only on the shape
reqularity of the elements such that

lell?<C Y {Tﬁ( + W I = Mpfllf,0+ > hxllg— Hpgllizt-r)} :

KeP YCOKNTx
(4.54)

Moreover, the local bound

g < C {IHEHI% R Nf = fly + D hillg— Upgliiz{.,)} (4.55)

YCOKNT N

holds for all elements K € P.

As noted elsewhere, the extra terms depend on the smoothness of the data and
will often be negligible in comparison with the estimator and the actual error.
In this sense, the element residual method gives an equivalent measure of the
discretization error in the energy norm.

4.4.4 The Effect of Numerical Quadrature

In practice, just as for explicit error estimators, the computations of the the
integrals appearing in the element residual equation will be performed using nu-
merical quadrature. Therefore, the computed error estimator 7 will be obtained
by solving the perturbed problem

Q‘g}{ €Yyk: BK(&'K,U) = f/,z{(v) — BK(‘U.){,‘U) -+ <§E£> vds Vv € Yk
aK \ Ong _
3 (4.56)
and where Lg : Y — R is the functional
Lxlv) = fK(f,, flvdx + fa o Tpg)ods: (4.57)

where I,f and I,g are the polynomials which interpolate to the data at the
quadrature points (assuming the data is sufficiently smooth). This estimator can
be analyzed by noting that

Bx(éx,v) = Bre($x, v) + fK (f — I f)vdx + /a o (9=Lgds  (458)
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from which one obtains

t”|¢x|||f(—|||5xﬂ|fc|Sc{hkﬂf—fpf”;,,m)'i" S Rl Lglle ¢ -

YCEKNT
(4.59)
This estimate used in conjunction with the previous result gives:

Theorem 4.5 Let fjg denote the error estimator obtained from the element resid-
ual method in the presence of numerical quadrature. Then there ezists a constant
C depending only on the shape regularity of the elements such that

llellf> < C{ S et RS~ B+ 3 el - fpgniﬂ.,)}.

KeP KeP yCI'n
(4.60)

Moreover, the local bound

ﬁffSC{IIIeIH%Jrhi I =B+ > ngwrpgnizm} (4.61)
YCOKNI'y

18 valid.

4.5 Performance of Estimators

The robustness and quality of estimators along with the identification of limits
of their performance is of vital importance. Studies of this type have been under-
taken by BABUSKA ET AL [17, 18]. Here, the influence of the subspace used to
solve the element residual problem is studied. In practice, the only feasible ap-
proach is to construct an approximate solution to the local problem. The choice
of subspace used for first order finite elements is reasonably well established and
understood; see for example [25] and Section 4.3.1. For higher order finite ele-
ment approximation, the situation is less clear and some unpleasant surprises are
lurking.

Although the classical element residual method is popular, relatively little is
known about its performance. For instance, it was only comparatively recently
proved by DURAN AND RODRIGUEZ [33] that the classical element residual error
estimator converges to the actual error in the energy norm for regular solutions
on parallel meshes of linear triangular elements.

Throughout, it will be assumed that the mesh and the true solution are as
regular as necessary for the analysis. This is an unrealistic assumption from
the practical viewpoint, but. serves to isolate the effects-associated- with the-ap-
proximate solution of the local residual problem from effects due to singularities,
non-smooth domain, irregular meshes and so on. A simple test of the perfor-
mance of an error estimator is consistency (or asymptotic eractness). Roughly
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speaking, an a posteriori error estimator is said to be asymptotically exact if the
ratio of the estimated error to the actual error tends to unity as the mesh size
tends to zero. Whilst asymptotic exactness should not be over-emphasized, it
is useful to understand how the estimator behaves in the most favourable case
when the mesh is regular and the underlying problem smooth.

To begin with, we analyze the case when the local residual problem is solved
exactly. As already noted, this is not a viable proposition, but will bring into
sharp relief the effects not associated with the approximate solution of the local
problem. The selection of suitable approximate subspaces is then discussed. It is
shown that the estimators arising from solving the local problems approzimately
perform better than if the problems are solved ezactly.

4.5.1 Exact Solution of Element Residual Problem

In this section, we review the analysis in [2] for the classical element residual
technique applied to p-th order finite element approximation on quadrilateral
elements. It is assumed that the solution ¢y to (4.34) exists and that these
local residual problems determining the error estimator are solved exactly. The
analysis shows that in the case of odd order approximation of regular solutions on
meshes consisting of quasi-uniform square elements, the classical element residual
estimator is asymptotically exact in the energy norm.

The conditions under which the result is demonstrated at first appear unneces-
sarily strict. It is surprising that the result is the best possible. A counterexample
will be given of even order approximation on square elements of a problem with a
smooth (polynomial) solution where the element residual scheme asymptotically

tends to overestimate the true error by a factor of /2(p +1). A second example
(again with polynomial solution) on a uniform partition gives an error estimate
which tends to overestimate by a factor of at least 1+ C cos? # where 6 is the an-
gle between the normals to the element edges. Asymptotic exactness is therefore
seen to be a rather fragile property.

The proof makes use of superconvergence results due to LESAINT AND ZLA-
MAL [46]. However, while the superconvergence results continue to hold for
approximations of all orders and for partitions containing elements other than
squares, by themselves they are insufficient to guarantee the effectiveness of the
estimator. A difference between the behaviour of error estimators for odd versus
even order approximation has already been observed by BABUSKA AND YU [21].
The results will shed light on the source of this difference.

Assumptions on the Mesh

It will be assumed that the domain {2 may be obtained by an affine invertible
mapping of a reference grid. The reference grid is supposed to consist of squares
with sides parallel to the coordinate axes. The images of each of the squares
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under the mapping generate a partitioning P of the domain 2 into the union of
non-overlapping quadrilaterals. The assumptions are extremely stringent, essen-
tially restricting one to square elements. However, it will be found even these
are insufficient to guaréntee the asymptotic exactness of the a posterior: error
estimators.

These conditions satisfy the assumptions (2.6-2.7) and (4.5) in LESAINT AND
ZLAMAL [46], under which they were able to show that if the true solution u of
the model problem is sufficiently regular, then the finite element approximation
uyx exhibits superconvergence. The following special case of their result will be
useful:

Theorem 4.6 Suppose that the finite element partitions satisfy the above condi-
tions and that all integrals are evaluated ezactly. If the true solution u belongs to
HP*%(Q), then there exists a positive constant C such that

[IMxu — ux||| < CAP*! “u”Hp+2(ﬂ) (4.62)
where Ilxu € X 1s the interpolant to u at the Gauss Lobatto nodes.

Proof. For any v € X it follows from the orthogonality of the error in the
Galerkin approximation that B(ITxu — ux,v) = B(Ilxu — u,v). The result then
follows on recalling the following result (equation (4.9) in [46]):

|B(Ilxu — u,v)| < ChP*! “u||m+2(n) |’”|Hl(n) (4.63) |

and choosing v = [Ixyu — ux. n

Accuracy of Averaged Flux

The accuracy of the flux approximation on the element boundaries is critical to
the performance of the error estimator 5. Therefore, let 4 be an interelement
edge. The key result concerning the accuracy of the averaged flux is

Theorem 4.7 Let p € IN be odd and v € HP*2(2). Suppose that the partition
consists of square subdomains. Then there erists a constant C, depending only

on p, such that
ov ollxv
On On

where 7 is the subdomain consisting of the pair of elements sharing the edge 7.

La(7)

Proof. See [2]. -

The hypotheses that the polynomial degree be odd and the elements be square
might seem to be overly strong. However, counterexamples [2] show that the
result is sharp.
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4.5.2 Performance of the Error Estimator

This section contains three principal results. The element residual error estima-
tor is shown to be asymptotically exact for odd degree elements on meshes of
squares provided the true solution is sufficiently smooth. It is shown that this
result is sharp. Counterexamples are given showing that the estimator is not
asymptotically exact for even order elements on square elements and that the
estimator is not asymptoticaily exact for odd order elements when the elements
are not approximately square.

Asymptotic exactness on square elements of odd degree

Suppose that the solution u of the model problem belongs to the space HP12(2).
Let ¥k be the solution of the local problem
Find ¢, € H'(K)/R such that for all v € H}(K)/R

Bk (¥, v) = Fx(v) — Bx(Ilxu,v) + - <3£§:L> vds | (4.65)

For any v belonging to H'(K)/RR, it then follows that

By (¥ — u+ xu,v) = jéK (<3H"“> _ Ou ) vds (4.66)

311[{ 311;{

By the Cauchy-Schwarz Inequality:
f oIl xXu ou ds ou oIl xu
- v - _
8K Ong Ong On on
Let K denote be the subdomain consisting of the element K and its nelghbours

~ Using Theorem 4.7 yields
du <3ﬂxu> ? du <6qu> ’
on on LK)  JeE On on La(Txs)

<

“U“Lz(af() (467)
L2(8K)

S Ch2P+1 Iulilp-u(i‘;)

(4.68)
Collecting these results gives for any v € H*(K)/R:

IBr (xc — (u = Txw), )| < CR 2 {ul oy ol oy (4:69)

Hence,
[k — (u— Ixu)|||lx < ChP*! lulypw(f{') . (4.70)

Moreover, for any v belonging to Xg:

Bg(¢x — Yk,v) = Br(ux —H)(’U,,‘U)—l-f \8n (qu——ux)>vds (4.71)
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and using the Cauchy-Schwarz Inequality and the Trace Theorem leads to the
estimate

lléx — Yrlllx < [llux — Mxulllx + Clllux — Mxulllz (4.72)
Finally,

Ille — dxlllx < [Ii(w — Txu) — Yxlllx+llvx — ¢xlllx+[Txu — ux|||x (4.73)

and collecting the foregoing results, there follows:

3 llle - xlliz < € {IlIMxu — uxlIf? + B+ [ufppuagy ) (4.74)
KeP

The optimal rate of convergence in the energy norm that may be achieved using
degree p elements is O(h?). Only in trivial cases can this rate be exceeded. If
there exists a constant C(u) for which the error in the energy is bounded below
by C(u)h® then the error is said to be properly O(h?). The main result may now
be stated:

Theorem 4.8 Let p € IN be odd and u € HP*%(Q). Suppose the error e mea-
sured in the energy norm is properly O(h?) and that all integrals are evaluated
ezactly. If the partition consists of square elements, then the error estimator 1 is
asymptotically ezact, i.e.

(4.75)

lim —— =
w0 ||[e]||

Proof. Follows immediately from equation (4.74) by using Theorem 4.6 and the
assumption on e. L

Non-asymptotic exactness for elements of even order

The estimator 7 is not asymptotically exact when the approximation is of even
order as the following counterexample shows. Consider the problem:

—Au = —p(p+1)z"tin Q (4.76)

v = 0onTIp
Ouf/on = OonTy

with Q@ = (0,1) x (0,1), Tp = {(z,9) :z={0,1},0 <y < 1} ,Ty = 80 \ Tp.
The partition is formed by subdividing 2 into uniform squares of size h. The
true solution is

u(z,y) = z(z? — 1) (4.77)

and the true error on element K may be computed explicitly [2]

\ 2h  (R\** (p+1)?
== e 4.
llelllk = 57 { 3 E (4.78)
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where k,, is the coefficient of the leading term in the Legendre polynomial. For the
local error estimator 7k, it suffices to consider only those elements K lying on the
interior of the partition, since the combined effect of elements on the boundary
of the domain {2 becomes negligible as the partition is refined (provided the true
solution is smooth). The estimator when the polynomial degree is even is

R\ 7t 1ZJ+12 2
2 =h{-= 2%, 4.79
i=n(s) (%) (a2 (79

Consequently, when p is even:

lim el =+/2(p+1) (4.80)

Non-asymptotic exactness on non-square elements

The estimator is not asymptotically exact when the subdomains are not square
even if the approximation is of odd degree. Suppose that the domain 2 is a rhom-
bus with angle §. Details will be given for the case of first order approximation
of the problem:

—Au=fin2? u=0onITp Ou/On=gonTly (4.81)

The data f and g are chosen so that the true solution is u(z,y) = y*. The domain
(2 is partitioned into a mesh of N x N uniform rhombuses. The finite element
approximation of this problem coincides with the interpolant of the true solution.

The true error is given by
8h (h ’ |
lellge =5 (Feine) (452)

The solution of the error residual problem is difficult to compute exactly for this
example. However, bounds can be established using variational analysis (see [2]):

1
615 > h( sin ) {_ 5 costo) (4.83)
Hence, using the expression for the true error reveals
el 5 1, 2 o o
[IEIA

Letting n; and n, denote unit outward normals on adjacent edges of any subdo-
main in the partition, we obtain

2

i 2
—_— 21 4.
T 5

Therefore the estimator cannot be asymptotically exact unless the normal vectors
are orthogonal so that the mesh must consist of squares.
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4.5.3 Analysis and Selection of Abproximate Subspaces

The case of finite element approximation on quadrilateral elements using piece-
wise polynomials of degree p was studied in the previous section. Following the
analysis in [4], the effect of solving the local residual problems approzimately is
studied. At first sight, one might expect that the effect of solving approximately
would only exacerbate the already tenuous situation regarding the performance
of the estimators. It is perhaps surprising that this need not be the case.

Parallel Meshes

Let P be a regular partitioning of the domain © and Fg : K +— K be an
invertible, bilinear transformation of the reference element onto an element K.
More specifically, we shall consider the class of parallel meshes. That is, each
element K is a parallelogram with sides of length hg, kx making angles ax and
Bx with the coordinate axes (see Figure 4.1). It is assumed that there exist
positive constants C, @ such that for all K € P

1 h}(

~<—<C; 0<|fx—akx|<n—0 (4.86)

C ™ kg
and for any pair of neighbouring elements K and K’ there holds

lox — ax:| < Chk; Bk — Br| < Chy. (4.87)

If h is the maximum element size, then the constants C and 6 should be indepen-

dent of h. Strictly speaking, parallel meshes are mild distortions of the partitions
described above.

Illustration of Influence of Approximate Subspaces

The a posteriori error estimate on element K is obtained by solving a local
residual problem of the form
Find ¢y € Yk such that for all v € Y

By (¢x,v) = /K fodx = B(ux,v) + | <3"’X > vds (4.88)

BIIK

where Yy is a finite dimensional subspace of H}(K). In the previous section,
it was assumed that the subspace Yx was chosen to be H'(K). The estimator
resulting from solving exactly were rather discouraging, asserting that the esti-
mator gives a consistent error estimator only under highly restrictive conditions.
The assumption that the error residual problem be solved exactly is now relaxed.
At first sight, one might expect this to lead to an even less encouraging result.
However, we shall see that this need not be the case, provided that the subspace
is selected with some care.
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The choice of subspace for the error residual problem has a significant effect
on the performance of the error estimator, as the following simple illustration
shows. Consider the problem

Find u such that

—Au= fin Q= (0,1) x (0,1). (4.89)

The boundary conditions and data f are chosen so that the true solution is given
by
u(z,y) = z(2” - 1) (4.90)

for p € IN. The problem is solved using elements of degree p on the meshes
consisting of lines parallel to the z and y axes. The finite element approximation
is identical to the interpolant. The error residual problem will be solved using
various choices of subspace:

Full Space L
Y=Q@+1\R
Uniform
? = span {{1) :’ﬁa ey 519} Wp+1(§): Wp-!-i(f) {11 g: ceey ﬁ?} ] WP+1(§)Wp+1(§)}
(4.91)
where

Wpii(s) = H?:o(s - ;)
and s; =—-1+25/p,j=0,...,p.

Legendre

Y= span {{1,Z,...,3%} Ppy1(9), Bpt1 (@) {1, 9, ..., T}, Pp1(Z) Ppa ()}
where P, is the degree p + 1 Legendre polynomial.
Lobatto
Y =span {{1,%,...,%°} Ly1(9), Lps1(E) {L, 7, - - -, T}, Lpsa () L1 (8)}
where Ly11(s) = (1 — s?)P,,,(5).
The subspace Yk used for the solution of the residual problem is then
Ye ={ooFg':9e¥}. (4.92)

In each case, the error residual problem is solved and the error estimator com-
puted. Table 77 shows the results obtained for uniform mesh spacing (hx =
kx = h for all K). The performance of the error estimator is seen to be quite
sensitive to the choice of subspace used to solve the residual problem. In some
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cases, the estimator is a gross over-estimate while in others estimates the error as
begin zero. Moreover, increasing the dimension of the subspace does not improve
the performance of the error estimator; the full space is consistent only when the
polynomial degree is odd (as found in the previous section). The Lobatto basis
is the only choice that is consistent in all cases.

Suppose that the mesh spacing is non-uniform. The analysis in [4] shows that
the estimator based on the Lobatto subspace is consistent when the degree p > 1
and inconsistent when p = 1. The results of using estimators based on the other
spaces are inconsistent for all values of p.

It is worth observing that these results have been obtained for a very simple
model problem. The purpose is to illustrate that even in such a simplified setting
the error estimator can give misleading results inconsistent with the actual error
unless the subspace used to approximate the residual problem is chosen carefully.
Even so, one finds that the estimator can still be inconsistent if the mesh is only
mildly non-uniform. In practical computations the true solution may be singular
and the mesh highly irregular. It is only to be expected that further problems in
the performance will arise.

It can be shown [4] that the behaviour illustrated in the examples is true
generally whenever the mesh is parallel and the true solution smooth. Equally
important is to understand the mechanism leading to these somewhat surprising
phenomena. Henceforth, it will be assumed that the Lobatto subspace is used.

Accuracy of Boundary Flux Functionals

The analysis in the previous section showed that the boundary flux approximation
plays a key role in the performance of the error estimator. Suppose elements K
and K’ share a common edge y. The performance of the error estimator depends
crucially on how well the the boundary flux functional I'(-) defined for fixed

is approximated by I'(ux) where uy is the finite element approximation to u.
The accuracy of the boundary flux functionals plays a key role in the proof of:

Theorem 4.9 Suppose that the mesh is parallel and the true solution u belongs
to HP+2(Q). If the error is properly O(h?) and p > 1, then the error estimator
obtained using the Lobatto basis is asymptotically ezact:

lim = (4.94)
h=0 |[[e] ||

Proof. See [4]. ™
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4.5.4 Conclusions

The error residual method for a posteriori error estimation is based on solving
local residual problems for the error. It has been seen that the estimator is quite
sensitive to the choice of subspace used to solve the problem. In particular, using
a full space of polynomials is inappropriate since the resulting estimator may
give results completely inconsistent with the actual error. By considering certain
subspaces of polynomials the estimator can be improved. Theorem 4.9 shows that
if the mesh is parallel and the true solution smooth, then the resulting estimator
is consistent with the actual error for degree p > 1 finite element approximation.
However, the estimator is still inconsistent on non-uniform meshes when p = 1.

The results can be explained as follows. The error in the finite element ap-
proximation can be thought of as consisting of a number of components. The true
solution of the residual problem can also be regarded as comprising of a number
of components, some of which correspond to actual modes in the true error and
other spurious modes that arise from the formulation of the problem using inex-
act boundary data. When a full space is used to approximate the problem, all of
these components are present in the approximation. The resulting estimator 1s
inconsistent owing to the contributions from the spurious modes. However, when
a subspace Y is used to approximate the residual problem, then the components
orthogonal to Yx are not present in the approximation. If the subspace can be
chosen so that it is precisely the spurious modes that are orthogonal to the space,
then the consistency of the estimator will be recovered.

It is not surprising then, that the estimators are so sensitive to the choice
of subspace. The results obtained using the subspaces in the illustration can be
interpreted in the light of this explanation as follows. First, the subspace based
on Uniform Nodes (4.91) is inappropriate since it still contains some spurious
modes when the degree p exceeds two, leading to over-estimates of the error. On
the opposite extreme, the subspace based on Legendre Nodes is inappropriate
since it is not only orthogonal to the spurious modes but also to modes that
represent the actual error, leading to gross under-estimates of the error. The
subspace based on Lobatto Nodes is orthogonal to spurious modes but at the
same time provides sufficient resolution of the true modes (whenever p > 1).
An alternative possibility is to construct the boundary data for the underlying
problem differently, for instance, using the equilibration procedures discussed in
the next chapter.
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Chapter 5

The Equilibrated Residual
Method

5.1 Introduction

The advantages of using implicit error estimators have been outlined in Chap-
ter 4. The element residual method requires the solution of local boundary value
problem. However, in many ways the basic formulation of the element residual
problem is somewhat unsatisfactory. For instance, the local Neumann problems
that must be approximated may not have a solution. This ‘difficulty’ is avoided
by solving using a quotient space with the null space factored out. In Chapter 4,
the estimators were shown to perform extremely well in certain circumstances.
However, the investigations revealed other deficiencies in the basic formulation of
the problem. In particular, the construction of the boundary data for the local
problem is somewhat ad hoc.

An alternative criteriou tor choosing boundary data is to require that the local
problem is well posed. This requires that the houndary data be in equilibrium
with the interior residual. The equilibration condition was first used in a poste-
riori error analysis by LADEVEZE AND LEGUILLON [45], who wished to solve a
local dual problem for the error. The element residual method with equilibrated
data was first used by BANK AND WEISER [25] who, on the basis of numerical
experience, conjectured that the resulting estimator gives an upper bound for the
error. The method was analyzed and generalized by AINSWORTH AND ODEN [6)]
which the current exposition follows closely. One by-product of [6] is a proof that
Bank and Weiser’s conjecture is correct.

Consider the usual model problem described in Section 1.5. Suppose that
X C V is a finite element subspace constructed on a non-degenerate partition P.
The finite element approximation of this problem is to find ux € X such that

B(ux,vx) = L(vx) Vux € X. (5.1)

73
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The error e = u — uyx belongs to the spacé V and satisfies

B(e,v) = B(u,v) — B(ux,v) = L(v) — B(ux,v) YveV. (5.2)

5.2 A Posteriori Error Analysis

5.2.1 Mesh Dependent Forms and Spaces

It will be convenient to reduce the global spaces and forms into sums of contri-
butions from each of the elements in the partition P. With this in mind, define
the broken Sobolev spaces for m € Z*

H™(P) = {v € Ly(Q) : v|x € H™(K) VK € P}. (5.3)

Here, and in what follows, vi denotes the restriction of v to a single element K.
The associated mesh dependent norm is

1/2
ol p = { D nwfufn,x} | (5.4)

KeP

For each element K € P, let
Vi ={ve H'(K):v=0o0nTpnaK} (5.5)
and introdu_ce the bilinear form Bg : Vg X Vg =+ R
Bk (u,v) = /K (Vu- Vv + cuv) dx (5.6)

Similarly, Fg : Vxk — R is defined by

&@:Ln@ (5.7)
Hence forv, w eV
B(’U,’c‘.ﬂ) = Z BK(‘UK,WK) (58)
KeFP
and
M@:E:Q@Q+LQMMQ$. (5.9)
KeP N

The inner products on the Sobolev spaces are decomposed as sums of contribu-
tions from each element in the partition in an analogous fashion. The broken
version of the space V is defined by

V(P) = {'U € Ly(RN) :vg € Vk VK € 'P} (5.10)
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Later, we shall wish to consider the space of continuous linear functionals 7 on
V (P) which vanish on the subspace V. Therefore, let H(div,2) denote the space

H(div,Q) = {A € [L(Q) : div A € L,(Q)} (5.11)
equipped with norm

) . 1/2
H(div Q) — g,n g,n : :
(1A lAllgq + lIdiv Afl (5.12)

Let M denote the subspace
M:{AEH(div,Q):}gnvn-Ads:ﬁ VUEV}. (5.13)

The following result is originally due to RAVIART AND THOMAS [53]:

Theorem 5.1 A continuous linear functional T on the space V(P) vanishes on
the subspace V' if and only if there exists A € M such that

T[v] = thg vk ng - Ads (5.14)

KeP

where ng denotes the unit outward normal on the boundary of K.

Proof. Suppose 7 € V(P)’ vanishes on V. By Riesz’ Theorem, any continuous
functional on the space H*(K) may be written in the form

v-—)/ {ZAj-——-Fagv} dx (5.15)

where A; and ag € Ly(K). Therefore, summing over the elements shows that for
any v € V(P), 7 may be written in the form

o] = z/ {ZA- +agv}dx (5.16)

KeP

where A; and @ now denote elements of the global space Ly(§2). Owing to the
hypothesis on 7 it follows that for any v € V

ozfﬂ{i -g +a0v} dx. (5.17)

Hence, in the sense of distributions

04,
5z, T 0= =0 (5.18)
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and consequently (4;, A;) belongs to the space H(div, ). With the aid of (5.16),
(5.18) and Green’s Identity

o] = Z/Z{ £ gAj }dx— ng vgng-Ads.  (5.19)

KeP KeP

Finally, A € M since for any v € V

=3 jJ Vi g - Ads_j{ vn-Ads (5.20)
KeP
The converse is shown using similar arguments. L

The import of this result is that one may identify 7 with an element A of the
space M and vice versa. In view of Theorem 5.1, we shall abuse the nomenclature
slightly and refer to an element of M as being a linear functional.

5.2.2 Preliminaries

The residual equation (5.2) characterizing the error may be stated equivalently
as a minimization problem

minJ(v) :v €V (5.21)
where J : V — R is the quadratic functional

1
J(v) = §B('u,'u) — L(v) + B(ux,v). (5.22)
The error e in the finite element approximation is the minimizer of J
1
uéB(e, e)=J(e) <Jv) YweV. (5.23)

where (5.2) has been used.

In principle, one could approximate the problem (5.23) directly and thereby
obtain a computable bound on the error. However, the cost associated with solv-
ing a global problem renders this approach impractical. However, an alternative
approach is to attempt to reduce the single global problem (5.23) into a sequence
of independent problems posed locally over each element. The advantage would
be that each of these smaller problems might then be approximated comparatively
inexpensively and even in parallel.

The theme throughout the rest of this section is to recast the global statement
(5.23) as a sequence of independent local problems posed on each element K € P.
However, rather than simply decompose the problem indiscriminately and risk
losing the valuable bound on the actual discretization error, we shall proceed in
a way whereby the relationship is preserved.
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The approximation to the true flux on the inter-element boundaries played
an important role when we considered the classical element residual method.
There a simple averaging of the finite element approximations to the flux from
the neighbouring elements on an edge was used. Approximations to the true flux
will again be of importance, but at this stage we shall proceed more generally as
follows:

Approximation of Fluxes on Element Boundaries

Let 0P denote the element edges in the partition. Suppose that we order the
elements in some way. For instance one could order elements according to their
global numbers in the finite element code. Let oy : K — {+1,~1} be the
piecewise constant function on the edges of element K defined by

+1 seKnJ,K>J
ox(s)=¢ -1 se KNJ,K<J . (5.24)
+1 s€ o

Notice that if elements K and J share a common edge then
ok(s)=—a,(s) seKnJ. (5.25)

With each element interface y we associate a smooth function g, : v = R. If v
lies on the portion of the boundary I'y on which a Neumann boundary condition
is prescribed then we shall always choose g, to be the Neumann data g on the
edge. It will be unnecessary to define g, should < lie on the Dirichlet boundary
I'p. Specific constructions for the functions g, on the interior interfaces will be
discussed later. The approximation to the flux is then defined by

gk = 0k gy on 7y C OK. ' (5.26)

There is no danger of confusion with the Neumann data g using this notation
since the functions gx agree with the boundary data on I'y. The notation [ is
used to denote differences in values of functions v from the broken space V(P)
across element boundaries

| ok(vk—v;) ony=EKnJ
] = { v on y C 80 (5.27)
and n is defined by
n=ogng onyC K. (5.28)

These definitions are unambiguous since on any edge K N J one has

G’K(UK—UJ):O'J(‘UJ"‘UK) (529)
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and
Og Mg =0y (5-30)

The following identity valid for v € 1"{P) is readily obtained:

Z jtgk grvds= )

KeP YEIP

[r g4[v] ds. (5.31)

5.2.3 Localization

The process of decomposing the global problem (5.23) into smaller, local problems
posed over the elements can now be discussed precisely. Two basic steps are
involved in breaking up the problem:

e Decomposition of the quadratic functional J into separate contributions
from each element.

e Localization of the global space V. The essence is to decompose the space V
of globally smooth functions into functions belonging to the broken space
V(P). These functions need not be continuous across the interelement
boundaries and allow one to deal with a series of problems, on each of the
elements independently, thereby substantially reducing the complexity of
the problem.

The chief difficulty arises in the second step. If one were to simply substitute the
space V' with the broken space V(P) then the key relationship (5.23) with the
true error would be irretrievably lost.

We begin by extending the functional given by
V 3 w— L(w) — B(ux,w) (5.32)
to the broken space V(P). For any w € V(P) define the linear functional R :
V(P) = R by

Rw) = 3 {Fg(w) — Bc(ux, w) + jfa gk ds}

- KeP

-y /g.r[w]ds. (5.33)

vedP ¥
Notice that, thanks to (5.31), whenever w € V
R(w) = L(w) — B(ux,w). (5.34)

so that R is an extension of the functional (5.32) to the whole of V(P).
Hereafter, we identify the space M of (5.13) with functionals defired on V(P)
and establish the following.
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Lemma 5.2 Under the above notations and conventions, there ezists p, €(M
such that for all w € V(P)

pe(w)= 3 f | gylwlds (5.35)

1€3P 7

Proof. The right hand side of equation (5.35) is continuous on V(P) and vanishes
on V. Applying Theorem 5.1, the result follows immediately. =

Applying Lemma 5.2 yields the identity

R(w) = Z {FJ\(’H;) — B (ux,w) + ék JKWK ds} — . (w) (5. 59y

KeP

valid for all w € V(P).

5.2.4 Variational Analysis

The requirement that v belong to the space V in (5.23) may be regarded as a
constraint on the interelement continuity of the function v. Recall that the aim
is to relax this constraint and yet retain the bound on the error. Therefore, we
follow the standard approach of introducing a Lagrange multiplier to enforce the
constraint indirectly. Let the Lagrangian functional £ : V(P) x M — R be
defined by

£w, 1) = S B(w,w) ~ Rw) ~ 1(w) (5.37)

and note that

1B(w,w) —R(w) ifweV
= { 22\
fé’,ﬁ £(w, 1) { +00 otherwise (5.38)
Moreover, for w € V, (5.34) and (5.2) reveal
1 2
+ Bluw,u) ~ R(w)
= % {B(w—e,w—e) — Ble,e)}
1 1
B == 2, k
> —5B(e,0) = —;liell (5.39)
Therefore,
1 B _
=3 lllelll” = wéﬁfm B L(w, p) = sup wégfmﬁ(w, 1)- (5.40)
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The interchange in the order of the inf-supis justified here since a saddle point is
obtained when the multiplier u is the true interelement flux. This choice is a valid
multiplier as can be seen by applying Theorem 5.1. Equation (5.40) immediately
gives the bound

1 2
—lllelll” 2 inf  L{w, ~) (5.41)

which is valid for any p € M. Moreover,

L = 3 inf {%B(w;(,w;() ~ Fie(w) + Br(ux,w) - §_orcwcds]

Kep“ireVE

+ paw) - pw) (5.42)

and so
Sl > 3 _inf Jiclw) + e (w) ~ o) (5.43)

Kep"
where
1

Jx(w) = an(’w,w) — Fyg(w) + Bg(ux,w) — j{mg;{w;{ ds. (5.44)

Studying the estimate (5.43) one sees that the space V has been replaced by
the broken space V(P) while preserving the bound on the error. Thus, the
continuity requirements on the choice of admissable functions imposed by the
space V have been relaxed. However, the statement (5.44) has not yet been
decomposed into independent contributions from each element. The contribution
from Lagrange multiplier term g, (w) — p(w) preserves the bound on the error. In
fact, examining Lemma 5.2 reveals that the interelement continuity requirement
is being imposed indirectly through the Lagrange multiplier acting on the jumps
[w] on the admissable functions. A key point now emerges: this coupling between
elements can be removed by choosing the Lagrange multiplier 1 to be equal to
e, While simultaneously retaining the becund on the error.
Summarising, we have shown:

Theorem 5.3 Let Jx : Vg — IR be the quadratic functional
1
Jk(w) = EBK(w’ w) — Fg(w) + Bg(ux,w) — j%;KngK ds. (5.45)
Then,

el <=2 >° oinf Jk(wk) (5.46)

Kep"
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5.3 The Equilibration Principle

To begin with assume that the coefficient ¢ appearing in the differential operator is
strictly greater than zero. Later, this assumption will be removed. Theorem 5.3
leads us to consider a sequence of local minimization problems posed on each
element K

inf Jy(v) (5.47)

veEVy

where Jg is the quadratic functional defined in equation (5.44). For the present
purposes it will be convenient to reorganize the terms appearing in the functional
Jk. Applying Green’s identity gives

Fy(v) — By (ux,v) +j£ grvds :f rudx+jf R.vds (5.48)
K K K
where 7 is the interior residual
r= f+A‘U,,\' — Cuy (549)
and R, is a modified form of the boundary residual
R, = gk — ng - Vux|g. (5.50)
Theorem 5.4 Let
Wk ={p € H(div,K) : ng -p= R, on 8K} (5.51)

and define Gg : W — IR by
1 1 2
=—> [ p-pdx—2- [ (V- . .
Gk(p) szp P 50 ), (V P+7) dx (5.52)
Let ¢x be the solution of the problem
Bi(éx,v) = Fie(v) — Bi(ux,v) + fa gxvds Vo € Vi. (5.53)

Then Vog € Wik and

inf (o) = Jx(8x) = =5 llIgxll = Gx(Vox) = sup G(p). (554

Proof. The existence and uniqueness of ¢ is a consequence of the Lax-Milgram
Theorem. Problem (5.53) means that in the sense of distributions

—div (Vék) +cpy =7 (5.55)
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and hence, since 7 is smooth on the interior of element K and ¢k belongs to
Ly(K), one sees that V¢ € H(div, K). Furthermore, again in a distributional
sense, we have

n-Véx = R, (5.56)

and hence V¢g belongs to Wg.

Equation (5.53) is the Euler equation for the functional Jx and consequently
@k is a minimizer of Jg, and

Ti1) = ~3 6kl (5:57)

Furthermore,

1
Gu(Ver) = —5 [ Vol dx = 3 [ = (i) dx = —3lllgull?.  (558)

Finally, since G is strictly concave and quadratic, it suffices to show Gk is
stationary when V¢y. Let

g€ {peHdiv,K):n-p=0) (5.59)
and let A € R. Then V¢g + A\q € Wi and
2 Gk (Vég + A
ar k (Véx + Aq) [a=0
1
- —/ q-v¢de—[ 2 (div q)(div Véx + i) dx
K KcC
-—/;{q-V(;Bde—fK(dwq)qf:de

= = jgm ¢k (nk - q)ds _ (5.60)

and this vanishes owing to (5.59). - ]

Using Theorems 5.3 and 5.4 one obtains

Corollary 5.5 Let ¢ and Gk be as above. Then

lllell* < =2 >~ Gk(px) (5.61)

KeP

for any choices of p € gepWk.

The implication of this result on the computation of error bounds is that by simply
constructing elements of the sets Wy, one can obtain rigorous upper bounds on
the error. Of course, care must be exercised in choosing pg if one is to obtain
realistic bounds.
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Suppose p € Wy then and define dx to be
S = / (V-p+7) dx (5.62)
K
then

ok = j£ ng-pds+ | rdx
K K

= }{ R.ds+ [ rdx (5.63)
aK K

or alternatively
8x = Fie(1) = Bre(ux, 1) + j{g _gicds. (5.64)

Cbserve that éx is independent of the particular choice of n. Now, with the
second term of the functional G in mind, we note that by the Cauchy Schwar:
Inequality

§% < meas(I() f (V-p+7)° dx (5.65
.
and hence for any p € Wg,
/ LV p+1)? dx > 62 Jemeas(K). (5.66)
K C

This estimate shows that as we refine the partition so that meas(K) tends to
zero then the bound proclaimed by Corollary 5.5 will become trivial, unless ther
quantity dg vanishes too. The value of §k is not something which may be altered
by our choice of p, since it is a generic property arising from the definition of the
space Wk itself. Essentially, §; represents a third type of residual in addition to
the interior residual 7 and the boundary residual R,.

The means by which we can control the quantity dx is provided by the func-
tions g, that also determine the boundary conditions on the local error residual
problem (5.53). Consequently, a natural strategy is to attempt select these func-
tions in such a way that the’quantity §x vanishes. This procedure is referred to
as equilibration.

So far, we have assumed that the parameter c in the differential operator was
strictly positive. Much of the foregoing analysis cannot be directly applied when
c vanishes. A natural question to ask is whether the equilibration criterion is still
relevant. Inserting the function v = A, where A is an arbitrary real number, into
the original quadratic functional Jg gives

Jx(\) = Fie(A) — Bre(ux, \) + ﬁ  9ichds = M. (5.67)

Consequently, unless x vanishes, the value of the functional Jx can be made as
negative as we wish by choosing A appropriately. Therefore, if Theorem 5.3 is to
yield useful information, it hecessary that the data be equilibrated. If the data
is equilibrated then Theorem 5.4 may extended to include the case ¢ = O:
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Theorem 5.6 Suppose that ¢ = 0 and let-
Wk ={p€ H(div,K) :divp=r71 on K andng -p = R, on 0K}  (5.68)
and define Gx : W — IR by

1
Gr(p) = —3 pr . pdx. (5.69)

Let ¢ be the solution of the problem

Bk (¢x,v) = Fr(v) — Br(ux,v) + }{”{ grvds Vv € Vk. (5.70)

Then Vi € Wy and

inf Ji(v) = J(x0) = ~3lll6xllf = Gx(Vox) = sup Glp).  (5:71)

veV ]'JEW'K

The proof is virtually identical to Theorem 5.4. The requirement that the data
be equilibrated is necessary if the set Wy is to be non-empty.

When ¢ = 0 the local minimization problem is the variational form of the
pure Neumann problem

—A¢pg =rin K (5.72)
subject to the boundary conditions d¢x/0n = R, on the whole of K. The

equilibration principle has a natural physical interpretation that the interior load 3
r is in equilibrium with the boundary forces R,.

5.4 Construction of Equilibrated Fluxes

The discussion above indicates the advantages of constructing 'appm}dmations
to the interelement fluxes in such a way that the data for each of the element
residual problems is equilibrated:

0 = Fye(l) — By (ux,1) + j; 9xds. (5.73)

The equilibration condition cannot be satisfied for each element independently of
the remaining elements since the flux approximations gx and g; on neighbouring
elements K and J are related by the condition

K = OKGy = —019y = —gJ-. (5.74)

In effect, while the localization arguments from earlier have decoupled the ele-
ment residual problems, coupling still persists implicitly through the boundary
conditions if we demand that the data be equilibrated.

There are now two issues to be resolved:
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e is it possible to satisfy the equilibration conditions at all?
e if so, can this be achieved by performing independent local computations?

It is essential to reduce the computation of equilibrated fluxes to independent
local computations so that the resulting error estimator is economical to compute.
Perhaps surprisi.gly, we shall tind that the answer to both ot these questions is
affirmative. Moreover, the fluxes are not uniquely determined and there is more
than one procedure whereby equilibrated fluxes may be computed locally.

The basic 1dea used to obtain local problems is to introduce a partition of
unity as follows. Let ¥ denote the set of element vertices in the partition P and
for n € ¥ let 6, denote the first order Lagrange basis function based at the vertex
x,. That is, 6, is piecewise linear (or bilinear) on the partition and satisties

On(Xm) = Omn (5.75)

where 6,,, is the Kronecker symbol. For each element K € P, let U(K) C ¥
consist of the vertices of element K. Notice that

Y 6,(x)=1, xeK. (5.76)
ne¥(K)

Finally, let Q. denote the elements having a vertex at x,,.

We describe two basic procedures for obtaining equilibrated data: Ladeveze’s
Method [45] and Flux Splitting [6, 7).

5.4.1 Ladeveze’s Method

LADEVEZE AND LEGUILLON [45] (see also [25]) construct equilibrated fluxes by
defining the flux approximation on the edge v between elements K and J to be

ou
9k = <55§> + ok B, (5.77)

where

<3ux>={ ing - {Vux|x + Vux|;}, on KNJ (5.78)

g, OHFOI‘N

Bn K
and 3, : v = IR is a linear function on each edge and is identically zero on I'y. It
is easily seen that this choice satisfies our earlier conditions on gg. Substituting
the definition (5.77) into the equilibration condition (5.73) and rewriting gives

— 3 ok [ Byds=éx(1) (5.79)

vC8K "’

where

ou v
81 (v) = Fic(v) = Bic(ux,v) + § <-(,%;\{—>vds.  (5.80)
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The equilibration condition (5.79) is localized by inserting the sum (5.76) in place
of unity giving the following condition for each element K

- Y ok f 0B ds= S Ox(6n). (5.81)

ne¥(K)vCaK nev(K)

Let 1, n € ¥ be piecewise linear functions defined on the edges. The func-
tions are constructed so that on any edge v with an endpoint at x,, there holds

f B (5)0m(5) dS = Sy (5.82)

where 4, is again the Kronecker symbol. A straightforward computation shows
that on an edge -y with endpoints x,, and x,, one has

2
M(Qqﬁn(s) - ¢m(3)) (583)

where || is the length of . On this edge the piecewise linear function f, may
be written in terms of the functions ¥, and 1,

Yn(s) =

By (5) = By %m(s) + By¥a(s) (5.84)

where 87" and 7 are constants to be determined. Inserting this definition into
condition (5.81) and simplifying gives the condition that for each element K

Y Y oxBri= Y Sk(a). (5.85)

ne¥(K)yCOK ne¥Y(K)

A sufficient condition for (5.85) to hold is

— 3 ok =6k(6,) Vne U(K) (5.86)

YyC8K

which may in turn be reformulated: for each n € ¥

— > okB} =0k(0x) VK € Q. - (5.87)

YCOK

The difference is that before we sought to satisfy the condition for each element
by solving over the nodes of the element. Now, we seek to satisfy the condi-
tion for each node by solving over the elements containing the node. Later, we
shall show that there exist constants 7 such that the conditions (5.87) are satis-
fied. Once these constants have been ascertained, one then reconstructs the flux
approximation from the definitions (5.77) and (5.83).



5.4. CONSTRUCTION OF EQUILIBRATED FLUXES _ 87

5.4.2 Flux Splitting

An alternative approach to constructing equilibrated fluxes was developed in
[6, 7]. The basic approach stems from the construction of the flux approximation
employed in the classical element residual method. There, a simple averaging
of the finite element approximations to the flux from the neighbouring elements
on an edge was used. A natural alternative is to use a weighted average of the
fluxes from the neighbouring elements. To this end, introduce smooth functions
o, : v — IR on the interior edges. The functions a., are identically zero on
exterior edges. Suppose that elements K and J share a common edge v, then the
approximation to the flux on the edge is taken to be the weighted average

_ Bu,\—
9K = 0K <_8-;1_> (5.88)

where
=) = (—1 +0o a)n Vuy| +(l+aa-)n Vux| (589)
an * 9 Ky ux|K 9 JOny X\J- .

Notice that the scheme is consistent in the sense that if the approximation from
each of the neighbouring elements is the same then the approximation gg will
agree with this value. This expression may be rewritten as

Bux —(%x Bux
B ()l e
where 5
{%l =ng - Vux|g +ny - Vuy|s (5.91)

is the jump in the approximation to the flux across the edge 7. Inserting (5.91)
into the equilibration condition and simplifying leads to the condition on each
element K
Bu X
-3 ok / a, | 22X ds = 6x(1). (5.92)
YyC8K
As before, this is still a global problem thanks to the coupling across edges ex-

pressed through the functions .. The functions ., are chosen to be piecewise
linear on the edges

a,(s) = afrﬂl(s) + a0, (s) (5.93)
where cxf, are constants to be determined. In an attempt to decouple the problem.

we replace unity on the right hand side by the sum (5.76) ana insert the definition
(5.93) to obtain the condition for each element K

~ S oxal, fﬂ;(s [3”"] ds— 3 oxol fe (s) [&"X] ds= 5 6x(6a):

YCOK YCOK ne¥(K)
(5.94)
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One way to obtain a solution of this system is to satisfy the stronger conditions:
for each vertex x, € ¥

-3 oxay |

yCOK s

0. (5) [%‘%l ds = 6x(8,) VK € Q,. (5.95)

If conditions (5.95) hold then by summing over all vertices n € ¥(K) one obtains
(5.94). The systems (5.95) consist of independent, problems to be solved for o
over the support of the function @,. As before, it is not immediately obvious that
there is a solution of the problems. However, if one can find constants aly satis-

tying these conditions then the flux approximation is obtained from definitions
(5.93) and (5.88).

5.4.3 Solvability of Local Equilibration Systems

Both Ladeveze’s Method and Flux Splitting reduce the single coupled global
equilibration condition into a sequence of independent equilibration problems.
Each such problem is localized over the patch Q, of elements surrounding each
of the nodes x,, in the partition. Both systems of equations are of the form: for
each vertex x, € ¥

— 3 oxpl =0k(6.) VK CQy (5.96)
YCOK

where, in the case of Ladeveze’s method

= (5.97)

and in the case of Flux Splitting

= e [ 0.(9) [";i,f] ds. (5.98)

This correspondence means that we may deal with the solvability of the local
equilibration conditions for both methods at the same time. To simplify the
notation we shall omit the superscript n.

Proper Partitions in the Plane

Suppose that the partition P is proper. That is, each element edge is either a
subset of the exterior boundary 99 or a complete edge of another element in
the partition. The domain (2 is supposed to be two dimensional. There are now
two possibilities to be considered depending on whether the vertex x, lies on the
boundary of €2 or the interior.
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Interior Vertex If x, is an interior vertex then the subdomain ﬁn is of the
form shown in Figure ??. The system (5.96) in this case is

—m+p = 6(6,)
—po+pz = 62(6,)

—unv+p = On(6n).
(5.99)

This represents a system of N linear equations in N unknowns. However, the
equations are linearly dependent as may be seen by summing all equations. The
left hand side then vanishes. Fortunately, summing the right hand sides gives

Z_ 5!((911)
= 3 - % 3_u,_\_ s)ds
= KZﬂ Fi(6n) — Brc(ux,0n) + ¢ < ank>en(L)d
= F(6n) = B(ux, ) (5.100)

where the final step follows since the integrals over the boundary cancel pairwise
across on each edge, and because we have summed over all elements on which 6,
is non-zero. Noting that x, is an interior vertex it follows from the definition of
the finite element approximation ux itself that

B(ux, 6,) = L(6,) = F(6,) (5.101)

and so the sum of the right hand sides also vanishes. Consequently, the system
(5.99) has solutions determined up to an arbitrary constant.

Boundary Vertex Suppose that the vertex x, lies on the boundary I'y as in
Figure 5.2. The values of the constants y on the edges ; and x4 are required
to vanish in both Ladeveze’s and the Flux Splitting methods. This is a natural
condition since the value of the flux on these boundaries is known exactly and it
is undesirable to introduce any perturbations. Incorporating these constraints,
the system (5.96) has the form :

Ha = 61(9n)
—po+pz = 62(6n)

—pun = On(6n).
(5.102)
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This time there are N equations in only N — 1 unknowns. The first N —1
conditions in (5.102) uniquely determine the unknowns. Summing the first N —1
equations reveals that

N
pn = —=0n(6a) + D Sx(6n) (5.103)
K=1
and then a calculation similar to the case of an interior vertex shows that the
second term on the right hand side vanishes. Consequently, the N-th equation in
the system (5.102) is automatically satisfied. The system therefore has a unique
solution when the vertex lies on the boundary.

There is an additional possibility that may arise in the Flux Splitting algo-
rithm. It may happen that the approximation to the normal fluxes between two
elements is continuous. This imposes the extra constraint that the constant pf
must vanish. If there is only one edge on which to enforce the constraint then
there is no problem since the solution of the original problem was determined
only up to an arbitrary constant. However, for more than one edge the condi-
tions cannot be satisfied in general. In practice, these situations occur due to
symmetry which often allows the system to be solved anyway.

Irregular Partitions in the Plane

Several finite element codes now incorporate local refinements in which irregular
partitions are created (see Figure 5.3). Previously these cases have not be singled .
for attention because little is changed from the analysis of the proper partitions.
It is worth pointing out the differences in the equilibration procedures for such
meshes. The discussion is based on AINSWORTH AND ODEN [6].

The first difference comes in the classification of the vertices of the partition.
The open nodes in Figure 5.3 show where the linear degrees of freedom must be
constrained so that a conforming approximation is obtained. Such vertices must
now be excluded from the set ¥ of regular vertices in the partition. The Lagrange
basis function associated with the vertex x,, shown in Figure 77 is still defined
to be the piecewise bilinear function satisfying the conditions

00 (Xm) = Omn m € V. (5.104)

}
However, a little reflection reveals that 6, is also non-zero on elements not con-
taining the vertex x,. In particular, the support of 8, consists of elements 2, ...
,7. The previous definition is modified to become

Qn={K €P:K Csuppby,}. (5.105)

That is, ﬁn consists of the elements on which 6, is non-zero. The definition of
the set ¥(K) is also modified to

U(K)={n€¥:K Csuppb,}. (5.106)
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Each of these definitions generalize the original conditions. It is worth noting
that the key identity (5.76) used in the localization process is preserved

Y bu(x)=1, x€K. (5.107)
ne¥(K)

Both Ladeveze’s method and the Flux Splitting algorithm are derived following
the same steps as before. This leads to a series of local systems of equations that
are expressed exactly as in (5.96): for each vertex x, € ¥

~ 3 oxu? =08k(6,) VK C Q. (5.108)
YyCOK

However, the modified notations mean that the issue of solvability has to be
considered afresh. For example, expanding the conditions for the vertex x, using
the notations shown inFigure 5.4 gives (omitting superscripts)

— — ps — p7 = 62(0n)

p1—pg = 63(0n)

M2 — M3 — 4 — 54(971)

M1 — Mg = 55(9n)

Ha— ps+ pe +ps = b6(6n)
pa+ps = 67(6,). (5.109)

The system is singular as may be seen by summing the left hand sides. As before
the sum of the right hand sides reduces to L(f,) — B(ux,0,) which vanishes
since (x, is a regular node ) 6, belongs to the finite element subspace. It suffices
to show that this is the only linear dependency within the system. For proper
partitions this was a trivial fact.

Consider then a general regular vertex x,. The sysiem (5.108) may be ex-
panded as a matrix equation

Mp =86. (5.110)

where & € R? with E the number of elements contained in the patch Q,. We
examine the null space Ker, M, where M* is the transpose of M. Suppose that
£ € Ker M*. Then M*€ = 0. First, notice that each column of M (and therefore
each row of M *) has precisely two non-zero entries corresponding a single edge -y
in the patch €2,,. Moreover, if the edge -y separates elements L and R, with L > R
say, then these entries are: +1, in the row corresponding to element L; and —1
in the row corresponding to element R. In turn this means that £ — &égr = 0
since Mt¢ = 0. Thus, for any pair of neighbouring elements in the patch we have
that the corresponding components of £ must be identical. However, for any pair
of elements K and J in the patch, starting from K we can always find a path
leading to element J by passing across element edges. As we pass across an edge
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the value of the component of £ in the new element is the same as the value in
the initial element K. Hence, ¢ = &, for all pair of elements in the patch. We
have shown that if £ € Ker M* then £ must have all its components equal, i.e.

Ker M* = span{A} (5.111)

where A = (1,...,1)%. Therefore, a necessary and sufficient condition for the
systems (5.108) to have a solution is that the sum of the components on the right
hand sides be zero. This has already been seen to be true. The solution exists
and is determined up to an arbitrary constant (as for proper partitions).

The systems (5.108) have a sufficiently simple structure on proper partitions
for it to be possible to write down solutions explicitly. However, on irregular
partitions this is not so straightforward. It is undesirable to attempt to enumerate
every possible mesh configuration. A simple general procedure for constructing
solutions was presented in AINSWORTH AND ODEN [6]. A typical system is of
the form

Mup=34. (5.112)
Suppose that we can find a solution of the related system
MM¢=34 (5.113)

then we simply take p = M'€. The matrix MM® is symmetric, positive and
indefinite. Moreover

Ker (M M*") = Ker M* = span{\} (5.114)

with A as before. Therefore, the system (5.113) has solutions. The key obser-
vation is that in addition, the matrix MM* has a particularly simple structure.
Assume K and J are elements in the patch {),,. Earlier arguments show that the
components of M are given by

1, ify=KnJwith K>J
Mg,=<{ -1, ify=KnJwith K<J . (5.115)
0, otherwise

Consider the diagonal element of M M* corresponding to element K:

MMYgx =3 Mg, (5.116)
i

where the summation is over all edges in the patch. Therefore,
[MM*)k x = number of elements in patch adjacent to element K.  (5.117)
A similar argument can be used to obtain the off-diagonal elements (K # J):

1, if K and J share an edge

otherwise (5.118)

[MM]s = { N
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The net result is that the topology matriz MM?* is readily constructed directly
from the topological information in the patch and has integer entries. The con-
jugate gradient algorithm is suitable to solve (5.113) since the matrix vector
products may be efficiently implemented and the method generally requires at
most three iterations (even for irregular meshes in three dimensions). Having
obtained &, the action of M* is performed using the information in (5.115). The
advantage of this approach is that it copes with all mesh topologies in a straight-
forward and numerically stable manner. Further details and operation counts
will be found in [6].

Once a solution of the systems (5.108) has been computed, the fluxes are con-
structed using (5.83) for Ladeveze’s method or (5.93) for Flux Splitting. There is
the slight difficulty with Ladeveze’s method that the definition (5.82) character-
izing the function 1, has to be altered to accommodate the various topologies.

Partitions in Three Dimensions

Equilibration on (proper and irregular) partitions in three dimensions is essen-
tially the same as in two dimensions with element faces taking over the role of
the element edges. The solvability of the systems can be dealt with by precisely
the same argument used for irregular partitions in two dimensions. Furthermore,
the system can be solved efficiently even on irregular meshes by following the
approach based on the topology matrix discussed above.

The minor difference with the two dimensional algorithm is that the defini-
tion of the functions %, used in Ladeveze’s method must be altered. The chief
advantage of the Flux Splitting approach is that it can cope with the myriad of
possible mesh configurations when using irregular meshes in three dimensions.
The drawback is the careful treatment sometimes needed for continuous fluxes.

5.4.4 Higher Order Equilibration

Let X be the finite element subspace and for each element let X consist of the
restrictions of functions from X to the element K. It has been demonstrated that
flux functions g, on the edges may be constructed so that on each element X in
the partition

0 = Fy(v) - Bx(ux,v) + [ gxvds forall v € Xg. (5.119)
aK

The equilibration condition follows immediately from this fact. So far all the
arguments have been for first order approximation. The question arises of whether
(5.119) can be satisfied when X is constructed using higher order basis functions.
The following simple inductive argument will show how property (5.119) can be
satisfied when X is constructed using higher order basis functions.

Suppose that the finite element subspace is based on polynomials of degree
p = 2. Associated with each edge  in the partition is a test function 6, € X
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supported on the two elements sharing the edge.. Often 6., is referred to as the
edge bubble function. Let

Q,={K €P: K Csuppb,} (5.120)

so that ﬁ., consists of the elements of which vy is an edge.

Let g/, be edge functions constructed so that condition (5.119) holds whenever
v 1s a first order polynomial basis function. New edge functions approximating
the boundary flux are defined by

by = 9; + fy Wy (5.121)

where 9, : v = R is the quadratic function uniquely defined by the conditions
[wq,(s)f?n(s) ds =0 foralln € ¥ (5.122)
P

and
fe;:;?f(s) ds = 1. (5.123)
g

The constant j, will be chosen to satisfy the higher order equilibration condition.
The boundary function is then given by gx = okg,. The equilibration condition

0 = Fi(v) — B (ux,v) + ](;K grvds (5.124)

can easily be seen to hold whenever v € Xk is a first order basis function.
Moreover, the condition holds when v € Xk is a second order interior basis
function supported on the single element K, from the definition of the finite
element approximation itself. Thus, it suffices to deal with the case of v being an
edge bubble function. Inserting the expression (5.121) into the condition (5.119)
with v = 6, leads to

—oxpy =6%(6,) VK €, (5.125)
where
0k (v) = Fg(v) — Br(ux,v) + ](;K grvds. (5.126)

This is analogous to the condition (5.87) but has a simpler form owing to 6., being
supported on only one edge. Letting R and L denote the pair of elements sharing
edge v with R > L gives the conditions

“Hy = 5;;(67)
oy = 80). (5.127)

The system has a solution since

2(05) + B (6y) = L(8;) — Blux, 6,) = 0 (5.128)
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thanks to the definition of the finite element approximation. The construction is
repeated for all edges allowing boundary fluxes to be found such that condition
(5.119) is satisfied.

The process described above shows how boundary fluxes equilibrated up to
first order may be extended to second order. The same arguments may be used
inductively to extend the equilibration to the full order p of the finite element
approximation. Of course, one cannot then continue to higher orders since the
argument relies on properties of the finite element approximation.

The results obtained in this section are summarized in:

Theorem 5.7 Let ux € X be a Galerkin finite element approzimation:
B(uy,v) = L(v) Yve X. (5.129)

Then, there ezist smooth (polynomial) functions defined on the interelement edges
such that the equilibration condition s satisfied

0= FK(U) == BK(‘U,\', U) + j{”( aKv ds Vv e Xg (5130)

where

Fy(v) = /K fodx (5.131)

and gk + g7 = 0 on K NJ. Moreover, the functions may be computed locally
using the algorithms described above.

5.5 A Posteriori Error Estimators

Two key results have been obtained: Theorem 5.3, is the basic result showing
the possibility of obtaining computable upper bounds on the energy norm of
error in the finite element approximation; and Theorem 5.7, showing that it is
possible to compute approximations to the boundary flux so that the equilibration
condition is satisfied. The task is to use these results to derive a posteriori error
estimators. There are two basic approaches: solve the primal problem or solve
the dual problem.

5.5.1 Primal Method

The primal method consists of solving the primal problem (5.53):

By (¢x, v) = Fx(v) — Bx(ux,v) + Jé Joxvds WweVi  (5132)
where Vi is the space

Vi = {ve H'(K):yv=00nTpNOK}. (5.133)
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A solution exists provided that the equilibration condition is satisfied. According
to Theorem 5.3 and Theorem 5.4 (or Theorem 5.6 in case ¢ = 0) one obtains

ell* < > MMl (5.134)

KeP
Thus, an appropriate choice for the error estimator 7k is to take
ni = |[|éxll|x- (5.135)

This method is not a viable algorithm since the space Vi is infinite dimensional.

Relationship with Classical Element Residual Method

The problem (5.132) is reminiscent of the classical element residual method dis-
cussed in the previous chapter. In fact, suppose that the finite element approx-
imation uy is based on first order basis functions and that we simply take the
boundary flux functions to be

8ux
={—=—). 5.136
The residual problem (5.141) may not have a solution with this choice of data.
However, if we first replace the space Vi by the finite dimensional subspace
VK ~ YK (5137) "

where Yk is one of the subspaces defined in Section 4.3.1, then problem (5.141)
now has a solution. The method is precisely the classical element residual method.
The approximation provided by the subspace Yx means that one will not have a
guaranteed upper bound on the error.

5.5.2 Duality Method

An alternative approach is to solve the dual problem suggested by Theorem 5.4
and Theorem 5.6: find p € Wy such that

Gk(p) > Gk(a) Vqe Wk (5.138)

where Wy is defined in Theorem 5.4 and Theorem 5.6. The equilibration principle
assures us that a solution p exists. An error estimator may be defined by

Nk = —2Gk(p) (5.139)
and Theorem 5.3 then gives the upper bound
el < > llexlllk- (5.140)

KeP
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The infinite dimensional problem (5.138) has to be approximated by a suitable
finite dimensional approximation. LADEVEZE AND LEGUILLON [45] construct a
finite dimensional subspace of Wy using a finite element discretization on a parti-
tioning of the element K into three or four subelements. Many other constructions
suggest themselves. The basic approach to a posteriori error estimation based on
constructing a dual variational principle seems to be due to DE VEUBEKE [29).

5.6 The Equilibrated Residual Method

The infinite dimensional problem to be approximated is: find ¢x € Vi such that
Bg(¢k,v) = Fi(v) — Bg(ux,v) + é!{ grvds Yve Vg (5.141)

where the finite element approximation uy is based on polynomials of degree
p. Suppose that the boundary fluxes have been chosen so that the equilibration
condition

0 = Fye(v) — Bie(ux,) +5€3 gxvds Vv € Xk (5.142)
K

is satisfied. We construct a family of subspaces Y,(f), g € N as follows. If the

—

element K is the image of the reference element K under an invertible mapping
Fyg then

Y = {50 F7': % € R(q)} (5.143)
where R(q) is the space

R(g) = { Q(q) if K is a square

= P . 5.144
P(q) if K is a triangle ( )

In particular, note that the local finite element space Xx = YI((’rJ ). A sequence of
error estimators for ¢ = p,p+1,... may be defined by: find ¢a§3} € Yf(f) such that

Bk (49, v) = Fx(v) — Bx(ux,v) + fa _gxvds Vue Y (5.145)

with the error estimator given by

162111 = VB (¢, 62). (5.146)

By increasing the polynomial degree g, the accuracy of the approximation to the
infinite dimensional problem (5.141) is improved. In effect, one is using the p
version finite element method on the single element K; c¢.f. BABUSKA ET AL
[20, 19].

It is impractical to calculate the error estimators using the full space Yf({q]
for larger values of ¢ owing to the expense of the computation. The alternative
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is to solve on a subspace of the full space Y(q). For instance, one might use
the same functions used for the classical element residual method. However, the
e?uilibration property may be exploited by using a more appropriate subspace

9 — fyeYW:Bw,w)=0 vweY¥ MV} (5.147)

Clearly these basls functions will be problem dependent and are discussed more
fully later. Importantly, the dimension of the space B9 x 1s significantly less than
the full space V¥

dimY? = (g+1)*> and dimBY =2¢+1. (5.148)

The size of the error residual problem using the space ng) 1s relatively modest
but the danger is that accuracy may have been sacrificed. The principal property
of the subspaces is that the solution of the error residual problem is identical with
the solution obtained using the full space:

Theorem 5.8 Suppose that the boundary fluzes have been chosen so that the

equilibration condition is satisfied. Forg=p+1,p+2,... let qﬁK €Yy, (Q} be such
that

Bx( Eg],v) = Fx(v) — B (ux,v) + j{w gkvds Vv € YI{{Q) (5.149)

and let 39 € BY be such that

Bic(¢4,0) = Fic(v) ~ Bi(ux,0) + § gxvds Vo€ BY. (5.150)
Then
s =3 59 (5.151)
j=p+1
and
NG = ;H e (5.152)

Proof. The definition of the spaces B}?J implies that for any v; € BE) and
w € Eﬁ?J
B(vj,wk) =0 lfj 76 k (5153)

and forg>p

YW = Xg U U BY. (5.154)
j=p+1
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Therefore, we may write

q
¢ =ux+ 3w (5.155)

j=p+1

where wx € Xk and w; € BE). Let Dg(v) denote the linear functional appearing
in the error residual problem

Di(v) = F(v) — Bic(ux,v) + }g gxcvds. (5.156)

Then, for any vy € Xk, the equilibration property reveals that

q
0= Dk(vx) = B(¢¥,vx) = 3 B(w;,vx)+B(wx,vx) = B(wx,vx) (5.157)

Jj=p+1

and hence wyx = 0. Therefore, for any v € Bf,ff)

B(@ic, ve) = Dxc(v) = B, v) = 3 B(wj,u) = Blw,w)  (5.158)

J=p+1
and hence wy = ¢ . Consequently,
a .
60 = > o). (5.159)
Jj=p+l

Property (5.1563) immediately shows that

B@.69) = 3 B, (5.160)

j=p+1

The result shows not only that one may use the reduced spaces Bgf) to construct
the solution on the full space, but also reveals that the functions J)&?, k=p+
1,p+ 2,... may be computed independently and then summed. In each case,
the resulting error estimator is identical. The result is of considerable practical
importance with regard to computing the estimators economically.

A posteriori error estimates for the residual problem

One can actually assess the accuracy of the approximation ¢§3’ =~ ¢g to the so-
lution of the infinite dimensional problem. If the p-version finite element method
is used to approximate a solution having a singularity on a corner of the domain
then the rate of convergence is (see [20, 19])

llgx — ¢l < CN;® (5.161)
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where N, = (¢ +1)? and C, « are positive constants depending only on ¢x. A
simple computation reveals that

1161 = $21115 = lldxclilf — N1 (5.162)
Therefore, we make the assumption that
gxlllz — 11181115 = CN;*. (5.163)

Suppose that we compute ||]¢:(p+1 |||, and |Hq3(f§+2)|||;<. The value of []|¢3(,§)||[K
is known to be zero owing to the equilibration condition. Theorem 5.8 may be
invoked to obtain the values of |||¢(?|||x, ¢ = p. p+ 1 and p+ 2. Three equations
may be obtained from equation (5.163) by choosing ¢ to be p, p+1 and p + 2.
Eliminating the constants C and « between these equations leaves the following
equation for the ‘unknown’ |[|¢||x:

log(Npp2/Npy1)

il — 1211 _ gl — EIE ™+
il =M% dnellli — 1621115

This equation may be solved to obtain an approximation to the value of |||¢x]||| k-
This type of extrapolation technique has been used to obtain global a posterior:
error estimates for p—version finite element computations SzABO [56].

(5.164)

Summary

The purpose of this section has been to show how, in principle, one may resolve
the infinite dimensional local error residual problem (5.53) exploiting the equili-
bration property. A key role is played by the finite dimensional subspaces Bﬁg).
In particular, one may control the accuracy of the approximation of the infinite
dimensional problem, and even make use of an extrapolation procedure to obtain

enhanced approximations to the energy of the true solution. Summarizing, we
have

Theorem 5.9 Suppose that the boundary flures have been chosen so that the
equilibration condition is satisfied. For each element K € P, let ¢ @ ¢ B
g=p+1,p+2,..., be defined by

BK(¢(‘*’ v) = Fx(v) — By(ux,v) + f gxvds Vo e BY. (5.165)
Then .
> SN = lIgxlllk es g — oo (5.166)
k=p+1
and the error in the finite element approzimation is bounded by
el < > lllexlll- (5.167)

KeP
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Proof. The limit (5.166) follows from the convergence estimates for the p—version
finite element method and Theorem 5.8. The bound (5.167) follows from Theo-
rem 5.3, Theorem 5.4 and Theorem 5.6. [ ]

5.7 Treatment of the Local Spaces B

5.7.1 Construction

Let K be a reference element and define the space
B9 = {ve R(q): Blv,w) =0 Yw € R(q—1)} (5.168)

where R(q) is either Q(q) or P(q) depending on whether K is a square or triangle.
A basis for B@ is easily constructed. Suppose that the basis functions for E(q)
are ordered so that functions belonging to the subspace ﬁ(q — 1) appear first.
Let ¥, be the vector whose components are the basis functions, so that

‘I’q = [‘I’ Ly ‘I’H] (5169)

where ¥, (respectively ¥y) is formed using the basis functions from R(g-1)
(respectively R(q)\R(g— 1)). This partitioning induces a block structure on the
element stiffness matrix

A Apt
= - ) 5.170
[ Ay Agn ] ( )
A basis for the space B9 is obtained by letting
w=Vy— ApLA7LY, (5.171)

and taking the basis functions to be the components of ¥',. It is readily verified
that these functions form a basis for the space B, Figures 5.5-5.7 show
typical basis functions for the spaces B®, B®) and B® when K is the square
reference element and the bilinear form corresponds to the Laplace operator. The
matrix Ay is singular unless the constant mode is factored out by prescribing a
Dirichlet condition at a single (arbitrary) point.

A basis for the spaces Bgf) can be found in the same manner.

5.7.2 Approximate Subspaces

An obvious drawback in constructing the spaces ng} is that the computation
has to be repeated for each element. An alternative is to define approximate
subspaces

B = {50 F':0e B9} (5.172)
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where Fy : K — K is the usual mapping of the reference element. The space BW@
is then constructed once and for all on the appropriate reference element and the
basis functions ‘hard-wired’ into the finite element code. The bilinear form B(-,-)
is taken to be the operator for the class of problems under consideration with
frozen coefficients. If the elements are not too distorted then one might expect

that as the partition is refined, the spaces B’SE) produce results approaching those

obtained if the true spaces B'Y were used. This statement will be quantified after
the next section.

5.7.3 Framework for Analysis of Approximate Subspaces

The analysis of the effect of clhioosing a subspace with which to approximate the
full space may be dealt with under a general framework. The problem on the full
space is of the form: find ¢ € Y such that

B(¢,v) =D(v) YweY (5.173)
where the data D(-) satisfies the equilibration condition
Dv)=0 YweXCY. (5.174)

Typically, we choose an approximate subspace Y to be the space Y with elements
of the subspace X excluded. Therefore, let IT : ¥ — X be bounded, linear and
suri~ctive. The aporoximate subspace has the form

Y={v—-Ilv:veY}. (5.175)
The approximation to the problem on the full space is to find: ¢’ € Y*
B(¢',v)=D(v) VveY' (5.176)

The issue is to assess the accuracy of the approximation |||¢]|| = |||¢'|||. The ac-
curacy is related to the angle between the subspaces Y’ and X expressed through
a Strengthened Cauchy-Schwarz Inequality.

Theorem 5.10 Suppose that the Strengthened Cauchy-Schwarz Inequality holds
|B(v, w)| < wlllvfl[{llwl]] VveY,we X. (5.177)

where 0 < u < 1. Then

a1l < ol < (5.178)

1 [}
ﬁ”!tﬁblﬂ
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Proof. Let v € Y be arbitrary. Then

lllv—To||* = [l[oll[* = [|TTo[[* + 2B(Mv, TTv — v)
< ol = [11o][[? + 2u{{[Tol|]||}v — v|]]
< Al + #?{llv ~ ||| (5.179)
where the inequality 2uab < a? + p?b? has been used. Hence,
1
—1II < . 9.180
[[lv —TIv||| < WIHUIH (5.180)
Note that B(4,)
v
#l|| = sup k (5.181)
[l SUP 1ol
and so by the equilibration condition and the definitions
|B(¢, v — Tv)|
Plll = sup
= sup iB(anU_HU)i
vey [vlll
; [|Jv — TTw]]|
< |ll¢lllsup —7——
Il |||UEY ol
1
< #'II. 5.182
Vol (5182)
Finally, since Y' C Y
l1#'11I* = D(¢") = B(¢,¢") < |lIglIl 1I&lll (5.183)
and the result is proved. =

The subspaces Bﬁ?) defined earlier are constructed so that the Strengthened
Cauchy Schwarz Inequality is valid with the constant x = 0. Theorem 5.10
confirms the earlier finding that the solution on the subspace coincides with the
solution on the full space. The effects of using the approximate subspaces ﬁﬁ? can
be analyzed by estimating the size of the constant p. Intuitively, if the elements
are not too distorted then p will be small meaning that the subspaces provided
a satisfactory approximation.

5.7.4 Alternative Choices of Subspace

ODEN ET AL [49] propose an alternative set of subspaces for dealing with the
error residual problem which have been popular. The subspaces are based on a
‘p-interpolation’ operator IT; : Q(p + 1) — Q(p) defined by

IDu = ug +up + us (5.184)
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where u; is the standard bilinear interpolant to u at the vertices of the square
reference element K. To describe the functions up and u;, we first introduce
the space IPY(I) of polynomials of degree p on the interval  that vanish at the
endpoints. The restriction of the function ug to each edge % of the reference
element K belongs to the space PP (3) and satisfies

ﬁ (up — (u—ug))v'ds=0 VvePP®H). (5.185)
Y

where the prime denotes the derivative with respect to arc length. The interior
function u; € Q(p) vanishes on the boundary 0K and satisfies

/ﬁ V(us - (u—up —ug)) Vodx=0 VYoeQp)nHYK).  (5186)

The operator II; is used to construct an approximate subspace for solving the
error residual problems

M) — {ve Q(p +1): ILv= 0}. (5.187)

We shall analyze the effectiveness of this choice using the framework of the pre-
vious section. First, we find a simpler description for the space.

The interior function u; vanishes along each of the boundaries 4 and so equa-
tion (5.185) may be rewritten as

A (M) o ds = A_ Zv'ds Ve PP ). (5.188)
Similarly, equation (5.186) is equivalent to
ff‘; V() - Vodx = j; Vu-Vodx Vo€ O(p) N HL(E). (5.189)
The operator II} has a simpler interpretation:

Lemma 5.11 Let II, : Qlp+1) — Q(p) denote the interpolation operator that
interpolates at the Gauss Lobatto points. That 1s,

(Mpu) (G, Ck) = (G Gk) VI,k=0,...,p (5.190)
where (; are the zeros of the polynomial (1 — s*)Li(s) with L, the p-th degree
Legendre polynomsial. Then

[Ty = Iu. (5.191)

Proof. Let § € Q(p) be the difference

§ = Myu — Myu. (5.192)
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Each of the operators II; and II, interpolate at the vertices of K and hence &
also vanishes at the vertices. Let 3 be any edge of K. Then by (5.188)

/;6' v'ds = L(H;u — yu) v'ds ﬂ(u — Tu) v'ds (5.193)
i g | T

but on the edge u — I,u o (1 — s?) L} (s) and since L, satisfies Legendre’s differ-

ential equation

ﬁé' v'(s)ds ﬂLp(s)v’(s)ds = {) (5.194)
=

5

using the orthogonality property of Legendre polyngmials. Hence, 6 vanishes on
the boundary 8K. Finally, by (5.189), for any v € Q(p) N H} (K)

/;? V6 - Vodx = /R V(Iu — Myu) - Vodx = ]R V(u-—u)- Vodx (5.195)
However, u — ITyu o (1 — 2?)L; (2)(1 — y*)L;(y) and so similarly to above one
finds ~ .

V6 Vvax=0 vve Qp)n Hi(E). (5.196)
K

Hence, since ¢ vanishes on the boundary it follows that § is identically zero. =

An immediate consequence is that the space M®*Y) may be rewritten more
simply in the form

ME+D = span {x;(2)x5 (1), Xp(2)X: (), X6 (@)Xp(¥) G =1,...,p—1}. (5.197)

where x;(s) = (1—s*)L}(s). The constant p in the strengthened Cauchy Schwarz
Inequality may be computed by solving an eigenvalue problem. Table 5.1 contains
the values obtained for various polynomial degrees for the Laplace operator. One
sees that the value of the all important quotient 1/1/1 — pZ grows relatively slowly.
The spaces M%H} used on an actuai element are obtained through the usual
mapping principle and may result in much larger Cauchy Schwarz constants if
the elements are distorted or if the operator is not the Laplacian.

5.8 Equivalence of Estimators

The analysis has shown that the estimator obtained using equilibrated data pro-
vides an upper bound on the discretization error. We now show that the estimator
is an equivalent measure of the error. The analysis follows that of AINSWORTH
[3]. To begin with, consider the estimator obtained from the solution of the
residual problem on the infinite dimensional space Vi (c.f. equation (5.53))

¢’K € VK : BK((ﬁK,‘U) = FK(’U) — BK(’U.X,’U) —+ j{’ﬂ( giv ds Vv e VK (5198)
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where the finite element approximation uy € X is based on bolvnomia,ls of degree
p and the boundary fluxes have been chosen so that the equilibration condition

0 = Fy(v) — Bre(ux, ) +j£ gxvds Vo € Xk (5.199)
K
is satisfied. Integrating the right hand side by parts gives

Bic(¢x,v) = / rrvdx + ?ﬁ. R,vds (5.200)

K vaK

where r is the familiar interior residual
r=f+ Auy —cux (5.201)
and R, 1s a boundary residual
R, = g —ng - Vuy|k. | (5.202)

Let IIxv denote the interpolant to v from the finite element subspace X. Thanks
to the equilibration condition there follows

Bi(éx,v) = /K ri(v — Txv) dx + fg (v Txv)ds. (5.203)

The Cauchy Schwarz Inequality along with the standard approximation theoretic
results imply that

Bi(x;v) < C {huc Irxcll yqacy + B 1 Rell oy § 0l iy (5.204)

where K consists of the element K and its neighbouring elements. Hence, choos-
ing v to be ¢k gives

KZE‘PI”QSK”l%{ < C}%}h?« k112, k) + x| RellZp00) - (5-205)

Inequality (3.60) applies equally well to the present situation

lracllzaaey < C {Btllelllze + lirx = Mxracll i} - (5-206)

Moreover, the same arguments leading to inequality (3.67) yield

1Rl 2oy < C {Billlelll + i irie = Tyricllyaey + 1R = THpRall 0} -
(5.207)
where v C 9K is any edge and 7 consists of the pair of elements sharing the edge.
Consequently, we have proved:
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Theorem 5.12 Let ¢x € Vi be the solution of problem (5.198) with equilibrated
data. Then there ezist a positive constant C dependina onlu on the shape requ-
larity of the elements and the polynomual degree p such that

llell® < > Iexlll (5.208)

KeP
and

> gkl < C {1]]6”[2 + 3 Wi i = Mpfuellp,0 + 2 hallg = Hpgllizm}

KeP KeP yCTn
(5.209)

Moreover, the local bound

llexlllk <C {Illelllf? W Wk = WpSucllyy + 2 Pallg = Hpglliz(.,)} -

7Cl",\vF18K
(5.210)
holds for all elements K € P.

Proof. The left hand inequality follows from Theorems 5.3, 5.4 and 5.6. The
remaining inequalities follow from the above arguments. =

As usual the terms involving! f — II,f and g — Il,g will be small in comparison
with the remaining terms. The local bound is of importance in the design ot
adaptive refinement algorithms.

5.8.1 Approximate Solution of Local Residual Problem

Suppose that the local residual problem (5.198) is approximated by solving on a
finite dimensional subspace Y C Vi

#2 e Y2 : Bi(#9,v) = Fi(v) — Brc(ux,v) + ﬁ _gxvds Vo e Y. (5211)
Identical steps leading to the estimate (5.205) give

S 21 < C X B Ml oy + e IRy om0y - (5.212)
KeP KeP

and hence the estimate

> el < G{lilel!F + 3 Bl = Mol + 3 hallo— Hpgllizm}.

KeP KeP ¥CTy
(5.213)

The proof of equivalence relies on
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Lemma 5.13 There ezists a constant C depending only on the shape regularity
of the elements and the polynomial degree such that

||?"K“L2(J{) <C {hﬁ’lulﬁé%)”]h’ +Irx - TK”Lg{K)} (5.214)

and

1Rl < C {h;‘”nwﬁ?nl« + b I = Tprllpy + 30 IR = n,,R,nm,}

yCIyNaK

(5.215)
Proof. Essentially the same as Lemma 4.3. ]

Summarizing, we obtain

Theorem 5.14 Let ¢ € Y, ¢ > p be the solution of problem (5.211) with
equilibrated data. Then there exist a positwve constant C depending on the shape
reqularity of the elements and the polynomial degree p such that

llell?P<c 3 {quﬁ‘;?)lll?( + RN = fllu + > hxllg— Hpgnim;}
KeP YC8KNT'y
(5.216)
and
> 2% < c{ruenP + 3 B llfe — Wpfxllhym + 2 hyllg - Hpgu’i,m}
KeP KeP Cln
(5.217)

Moreover, the local bound

g2l < ¢ {meu@; +h N ~oflu+ 2 hxllg— Hpguizm}

YCOKNTx
(5.218)
holds for all elements K € P.

One can immediately extend this result to cover the case where the full space
of polynomials Y,(f) is replaced by an approximate subspace, by making use of
Theorem 5.10.




Chapter 6

Applications

6.1 Stokes and Oseen’s Equations

There are a number of specific issues that must be resolved when developing
a posteriori error estimates for the Stokes problem. Firstly, the Stokes prob-
lem involves an incompressibility constraint and one must decide how to take
proper account of the condition. In addition, the Oseen approximation of the
incompressible Navier Stokes equations contains a non-self-adjoint operator in
the momentum equations. This means that there is no natural energy norm in
which to measure the error.

Explicit a posteriori error estimates for the Stokes’ problem have been derived
by BARANGER AND EL AMRI [26] and VERFURTH [58]. Generalizations of the
classical element residual method have been developed by BANK AND WELFERT
[23] and VERFURTH [58]. The estimator is obtained by solving a local Stokes
problem on each element, yielding a pair of functions whose norm is then used as
an estimate of the true discretization error. One might have expected to be faced
with an element residual problem requiring the solution of a local Stokes problem.
However, there are drawbacks with this approach. For instance, it has been shown
in earlier chapters that the local residual problem has to be approximated using
an appropriate subspace. However, when dealing with the Stokes problem, the
subspaces used to approximate the pressure and velocity components should also
be constructed so that the inf-sup stability condition is satisfied. Consequently,
one faces additional, rather awkward difficulties in designing stable schemes with
which to approximate the local problem.

The present discussion follows [8]. The error estimator is based on solving
local residual problems. Firstly, the basic question of the norm in which the error
will be estimated is considered. One outcome is that, perhaps surprisingly, it is
unnecessary to solve a local Stokes problem in order to obtain an a posteriori error
estimate. The significance of this conclusion in the design of a general a posteriori
error estimation procedure for incompressible fluid flow is vital. In particular, the

109
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approximation of the local residual problems can, to a large extent, be developed
independently of the type of element used to approximate the original fluid flow
problem since there is no inf-sup condition to be satisfied. The analysis is valid
for essentially any conforming discretization scheme for the Stokes problem. The
approach reveals an appropriate equilibration principle for the determination of
the boundary data and the error estimator provides an upper bound on the true
error in an energy like norm.

6.1.1 Model Problem

Introduce function spaces V and W as follows
V = H;(Q) x H} () and W = Ly(Q). (6.1)
Let B: VxV —>Randb:V xW — R be the bilinear forms
b(v,q) = — /nq divv dx (6.2)

and
B(v,w) = /Q {(vVv-Vw+w-(U-V)v}dx (6.3)

where v > 0 is the viscosity parameter and U is a smooth solenoidal vector field
on Q (i.e. divU = 0). For given data f € Ly(2) x L,(f2) we seek the solution of
the problem: ‘

Find (u,p) € V x W such that for all (v,q) € Vx W
B(u,v) +b(v,p) + b(u, q) = F(v) (6.4)
where F': V — IR is the linear functional

F(v) = /n fov dx. (6.5)

Equation (6.4) may be written equivalently as a pair of equations by choosing
v =0 and ¢ = 0 in turn. For ease of exposition we consider only homogeneous
Dirichlet boundary conditions. More general conditions may be dealt with in an
analogous fashion. In order to describe sufficient conditions for the existence of
a solution to (6.4) we introduce inner products a(-,-) and ¢(-,-) on V and W
respectively:

a(v,w) = /Q VYV - Vwdx (6.6)

and
c(p.q) = fn p g dx. (6.7)

These inner products induce norms on V and W denoted by ||-||, and ||-||, re-
spectively. The following facts [38] concerning B and b will be useful:
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there exists a positive constant Cp such that '

|B(v,w)| < Cg IV, Iwll, Vv, weV (6.8)

lo(v, @)l < v 2 Ivll, llalle V(v,q) € haLd (6.9)

b satisfies an inf-sup condition: i.e. there exists a positive constant a; such

that
b(v, q)]

=i 2 ollgll. VoeWw (6.10)
VEV ”vna
e B is coercive: i.e. owing to the vector field U being solenoidal there holds

B(v,v)=|vl} ¥veV (6.11)
Under these conditions it follows [38] that there is a unique solution to (6.4).

6.1.2 Normon VxW

The usual choice of norm on the product space V x W is

(v,q) = {IVIEZ + llall2}. (6.12)

It will be convenient to establish an equivalent norm for the space V x W. Let
(e, E) € V x W be arbitrary. The pair (¢,%) € V x W is defined to be the Ritz
projection of the residuals. That is,

a(q{), V) + C(“}ba Q) = B(ea V) + b(V, E) + b(e: Q) ) (613)

for all (v,q) € V x W. The existence and uniqueness of the pair (¢, ) follows
from the continuity of the forms B and b. Therefore, we may define

e, E)Il = {llell? + @2} " - 614)

The following result confirms that this quantity is a norm on V x W equivalent
to the usual norm: :

Theorem 6.1 Under the foregoing assumptions and definitions, there ezist pos-
itive constants ky and ky such that

killl(e, E)III* < llell + || < kalli(e, E)I|? (6.15)

“where k; depends only on Cg and v; and, ko depends only on Cp and ay.
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Proof. Right Hand Inequality. Making use of (6.10), (6.13), (6.8) and the
Cauchy-Schwarz Inequality yields:

1B}, < aib (l#ll, + Cs llell} (6.16)

Using (6.11), (6.13) (with ¢ = —F and v = e) and the Cauchy-Schwarz Inequal-
ity:
lellz < 191l llell, + 191l 1121, (6.17)

From (6.16) and (6.17) one finds

1 1 C 2
5 llellz < 5 (Il + 22 1wll) + il . (618)

Combining (6.18) with (6.16); once again using (6.18) gives the result with k; a
constant depending on a; and Cj;.
Left Hand Inequality. Using (6.13), (6.8), (6.9) and the Cauchy-Schwarz Inequal-
1ty gives

l@ll, < Cs llell, + ™72 || ], (6.19)

Using (6.13) and (6.9) gives

[l = b(e, %) < v [lell, lI¥ll. (6.20)

Combining (6.19) and ('6.20) yields the estimate claimed where k; depends only
on Cpg and v. u

6.1.3 Discretization

Let P be a locally quasi-uniform partition of the domain 2. Suppose that each
element K is the image of an appropriate reference element K under the usual
type of transformation Fx. The basis functions on the element K are of the form

Xy = Span{o Fg' : 5 € P(px)}? (6.21)

and
My = Span{go Fx': € P'(pum)} (6.22)

where px € IN and pps € Z" and IP, P’ are appropriate polynomial spaces on the
reference element. The global finite element subspaces X and M are constructed
in the usual manner so that the inclusion X x M C V x W holds. The finite
element approximation to (6.4) is then:

Find (ux,px) € X x M such that for all (vy,q) € X x M

B(ux,vx) +b(vx,px) + blux,q) = F(vx) (6.23)
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A few remarks concerning the construction of the finite element subspace X x M
are in order. It will have been noted that there was no requirement for a discrete
inf-sup condition to hold. The stability of the discretization scheme does not
affect the a posteriori error analysis since only stability of the underlying contin-
uous problem is used. Of course, the indiscriminate use of unstable discretizations
is not recommended.

6.1.4 A Posteriori Error Analysis

The argument closely parallels the discussion of the element residual method
with equilibration from Chapter 5 with which we assume the reader is familiar.
Throughout we shall use the saine notations and conventions.

Mesh Dependent Forms and Spaces
The local velocity space on each subdomain K € P is
Vi ={veH (K)x H'(K):v=0 on 2N3K} (6.24)
and the local pressure space is
Wk = Ly(K) (6.25)

The bilinear forms Bg : Vg X Vg — R and b : Vi X Wi — R are defined as
follows:

bi(v,q) = — 1 divv dx (6.26)

and
By(v,w) = /K {(vVv: Vw+w-(U-V)v} dx. (6.27)

Similarly, Fg : Vg — R is defined by

Fi(v) = [ £-v dx (6.28)

Hence for v, we Vandge W

b(v,q) = Z bre(Vic, qK) (6.29)
KeP
B(v,w) = Z By (v, Wk) (6.30)
KeP
and
F(v)= ) Fr(vi). (6.31)

KeP
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The broken space V(P) x W(P) is defined by

V(P) x W(P)
= {(v,0) € (LoD : (v.q)lx € Vi x Wi VK €P}.  (632)

Examining the previous notations reveals that W(P) = W. As before, we con-
sider the space of continuous linear functionals 7 on V(P) x W(P) that vanish
on the subspace V x W. Let H(div, ) be the space

H(div, Q) = {A € Ly(Q)>? : div A € Ly(Q)?} (6.33)

equipped with norm

2 : 2 1/2
14l i 2 = {IA 1L + I1div Al ) (6.34)
The following result generalizes Theorem 5.1:

Theorem 6.2 A continuous linear functional 7 on the space V(P) x W(P) van-
ishes on the subspace V.x W if and only if there erists A € IH(div,Q) such
that

(vl = 3§ nic-A-vicds (6.35)

KeP
where ng denotes the unit outward normal on the boundary of K.

Proof. Essentially identical with the proof of Theorem 5.1. =

Thanks to this result we may refer to the functional 7 as belonging to the space
H(div, Q).
Error Analysis

Let (ux,px) € X X M be the finite element approximation to (u,p) € V x W.
In view of the inclusion X x M C V x W, the discretization error (e, E)

e=u-ux; E=p—px (6.36)
belongs to the space V x W. Define a pair (¢,%) € V x W such that:
a(¢,v) +c(v,q) = B(e,v) + b(v, E) + b(e, q) (6.37)

for all (v,q) € V x W. Theorem 6.1 reveals that the norm of the discretization
error is given by

(e, EYIII* = Nill2 + Illl: - (6.38)

The problem is therefore to estimate ||@||, and ||9||, numerically. As before, we
reduce the single global problem (6.37) into a sequence of independent problems
posed locally over each element.
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Inter-Element Boundary Flux

The stress tensor p(v,q) is defined by

pii(v,q) = vg.—z; — q0;; (6.39)
where §;; is the Kronecker symbol. The interelement fluxes played a vital role in
Chapter 5. The normal flux on the boundary of clement I is given by (nk):jp;-.
Let ok be as defined in (5.24) and g, : v — IR? be smooth functions on the edges
-~ on the interior of the domain. The approximation to the flux on the boundary
of element K is given by g, where

g = U[\’g-]- on 7y C Ol (640)

As before the notation [-] will be used to denote differences in quantities across
element boundaries as before. The following identity valid for v € V(P) is
analogous to equation (5.31):

2 ﬁf(gk-vds: 2.

KeP YEIP

JERNES (6.41)

Localization

The next step is to decompose the global problem (6.37) into local problems
posed over the elements. Firstly, the unknowns (u,p) in (6.37) are replaced by
appealing to (6.4):

a(p,w) +c(v,q) = Bl(e,w)+b(w,E)+ble,q)
KE:P {Fk(w) — Bg(ux,w) — bx(w, px) — bk (ux, @ 42)

The global space V x W is decomposed into functions that are smooth on each
of the elements but not necessarily continuous between elements. The functional
given by (6.42) is then extended to the broken space V(P) x W(P). For any
(w,q) € V(P) x W(P) define the linear functional R : V(P) x W(P) — R by:

Riw,0)] = 3 {Fr(w)— Brux, w) = bic(w,px) — brcluix, ) + § g wicds)

KeP

- ¥ / g, - [w] ds (6.43)

YEBP 7

so that whenever (w,q) € V.x W

R[(w,q)] = a(¢, W) +c(¥,q) (6.44)
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Lemma 6.3 Under the above notations and conﬁentz’ons, there ezists u, € H(div, Q)
such that for all (w,q) € V(P) x W(P)

wltwal= 3 [ £ ds. (6.45)

Proof. The right hand side of equation (6.45) vanishes on V x W. The result
then follows immediately from Theorem 6.2. =

Applying Lemma. 6.3 yields:

Rlw,q) = 3 {F;\'(w)—mu,\-,w) — bre(w, px) — bic(ux, q) + nggK-des}

KeP
e [(w, )] (6.46)
for all (w,q) € V(P) x W (P).

Variational Analysis

Introduce the Lagrangian functional £ : V(P) x W(P) x H(div, ) - R given
by

1
L [(W: Q)nu'] = § {(I(W, W) .k C(Q: q)} ot "4 {(W, Q)] —H [(W, Q)] (647)
so that
1 B .
sup  L[(w,q),4] = { i{a(w’ W) +c(g,9)} = R[(w, )] 1ft}gw, q.) VW
weHdiv ) 00 otherwise.
(6.48)
and analogously to (5.39),
1 1
5 {a(w, w) +c(g,9)} - R[(w,q)] = —5]lI(e, E)III* (6.49)
for any (w,q) € V x W. Therefore,
1
Sl B
= inf sup  L[(w,q), 4]
(W,9)e V(P)xW(P) ueH(div )
= sup inf L[(w,q),u]
ueH(div ) (W.0)e V(P)xW (P)
> inf L{(w,q), p)
(W,9)e V(P)xW(P)
. 1
= Z inf {—G(WK:WK) —F;((W)+BK(UX:,W)+EJK(W,}))()
KepWkeVik 2

1 . 5
- }{? B wieds — 3 [[div ux||c‘K} (6.50)
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where the infimum over the space W (P) has been computed explicitly. As usual,
the order of the inf-sup may be changed since a saddle point is obtained when
the multiplier y is the true interelement flux. This choice is a valid multiplier as
can be seen by applying Theorem 6.2. Summarising , we have shown:

Theorem 6.4 Let Jg : Vi — IR be the quadratic functional

1
JK(WK) = ‘Q*G(WK,WK) = F;((Wk) + By (“x: Wl)

+ b (w,px) — f gx - Wi ds (6.51)
K K
Then,
|H(e,E)|||2 < Z {—2 inf  Jp(wy) + ||div u,\—][ix} : (6.52)
KepP WgeV i

6.1.5 Analysis of Local Error Residual Problems

The analysis has led to problems on each subdomain of the form

inf JK (W;{). (653)
WgeV i
Suppose for a moment that a minimum exists, then the minimizing element is
characterized by finding ¢x € Vg such that

a(¢g,v) = Fx(v) — Bg(ux,v) — bx(v,px) + .?{91{ grx-vds Vv e Vg, (6.54)

This problem decouples into a pair of Poisson type problem with Neumann data.
The result of the foregoing analysis has been that one can obtain a local a poste-
riori error estimator for the Stokes problem by solving auxiliary Neumann type
problems for the residual in the momentum equations. The contribution from
the incompressibility constraint may be calculated explicitly. This has a consid-
erable impact in the computation of the error estimator since one need not solve
a local Stokes type problem as, for example, is the case with [23] and [58]. The
approach suggested above could be used in the context of those papers, yielding
significantly simpler local problems.

The necessary and sufficient conditions for the existence of a minimum are
that the data satisfy the following compatibility or equilibration condition:

0= FK(B) - Bf((llx, 9) — b;{(G,px) + ﬁ{( Ex - 0ds (655)

for all 6 € Ker[a, Vg] where

Ker[a, VK] = {9 € VK' - G,K(W,G) =0 Vwe V}(} . (656)
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If the subdomain K lies on the boundary &Q then the local problem (6.54) will
be subject to a homogeneous Dirichlet condition on a portion of their boundaries
and thus will be automatically well posed. However, elements away from the
boundary are subject to pure Neumann conditions and the null space will consist
of the rigid body motions

Ker[a, V] = Span {6, 65} (6.57)

1 0 ,
alz[ﬁ}, 92:{1]. (6.58)

The equilibration theory and procedures described in Chapter 5 can be applied to
each of the equations in the system (6.55) in turn, giving boundary data satisfying
condition (6.55). It is worth neting that there is only an equilibration requirement
for the momentum equations and not for the incompressibility constraint.

In summary, the numerical procedure is to first calculate equilibrated bound-
ary data that ensures the local problems (6.54) are well posed. These problems
are then solved numerically using the approximate subspaces discussed in Chap-
ter 5 giving an approximate solution ¢,. The process then yields an a posteriori
error estimate 7y, on the subdomain K

where

2 . 2 1/2
mic = {1 @slla s + 1divux]? . | (6.59)

A global error estimate may be obtained by summing the local estimates. Theo-
rem 6.4 guarantees that the estimate bounds the true error |||(e, E)||| from above,
provided that the local approximate subspace provides sufficient resolution.

6.1.6 Summary and Conclusions

Ar important point of the analysis is that one does not have to solve a local
Stokes problem, it is sufficient to solve a pair of independent local Poisson prob-
lems. This means that one is solving a system of two equations (since the residual
corresponding to the incompressibility condition can be treated directly) rather
than the system of three coupled equations needed for other techniques. Impor-
tantly, when one comes to construct the basis functions used in approximating
the local problems, there is no issue of stability (inf-sup) conditions. These con-
ditions can be quite problematic if one is trying to solve a local Stokes problem
using an appropriate space, requiring a careful stability analysis [23]. This issue
does not arise with the approach presented here. These features make the com-
putation of the estimators less expensive, and more easily applicable to general
finite element schemes for Stokes’ type problems.

Although the analysis suggests that the boundary data for the local residual
type problems should be chosen to satisfy an equilibration condition, the above




6.2. INCOMPRESSIBLE NAVIER STOKES EQUATIONS _ 119

comments are equally valid whether one is equilibrating the boundary fluxes or
not. Of course, one loses the upper bound property if the equilibration condition
is not satisfied, but this may not be of primary importance in some applications.

One can question the usefulness of an upper bound in the unorthodox energy
norm |||-]|| albeit equivalent with the H' type norms. The analysis could be
used to obtain an estimator in H'! norm. The energy of the actual solution can
be estimated in the same |||-|||, being computed at the same time as the error
estimator by modifying the right hand sides used in the error estimation process
(after omitting the terms By (ux, v) and b(v,px) in equation (6.54)). The process
yields a sufficiently good estimate for practical purposes and may be used to scale
the error estimator giving an estimate of relative error. It is therefore possible
to perform rigorous and quantitative error control for Stokes’ and Oseen type
problems.

Summarizing, it has been shown that the equilibration principle carries over
from the scalar case along with the basic steps in the analysis. In addition,
the procedure for the treatment of side conditions, such as the incompressibility
constraints, has been outlined.

6.2 Incompressible Navier Stokes Equations

Following ODEN ET AL [51] the analysis for the Stokes and Oseen problem will

be extended to the incompressible Navier Stokes equations with small data. Let
D:VxVxV =R be the trilinear form

D(u,v,w) = /Qu-Vv-wdx. (6.60)

The form D is continuous in the sense that there exists a constant Cpg such that
D(u,v,w) < Cp |U|H1(n) |"|Hl(ﬂ) |W|H1(Q} : (6.61)

We shall assume that Cp is the best possible constant such that (6.61) holds.
The incompressible Navier Stokes problem is to
Find (u,p) € V x W such that for all (v,q) € Vx W

a(u,v) + b(v, p) + D(u,u,v) + b(u, ) = F(v) (6.62)
where F : V = IR is the linear functional

F(v) = /Q fv dx. (6.63)

The problem (6.63) is known [38] to possess a unique solution whenever the data
is sufficiently small. In particular, if

2
v
[F(v)| < 95{; Vim@ YvevV (6.64)
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for some fixed number 6 € [0,1) then there is a unique solution u € V satisfying

v
|u]H‘(Q) < SC—D' (6.65)
The finite element approximation to (6.62) is then:
Find (ux,px) € X x M such that for all (vy,q) € X x M
a(ux,v) + b(v,px) + D(ux,uy,v) + b(ux, q) = F(v). (6.66)

The finite element subspaces X and M are constructed as described previously.
It will be assumed that the finite element approximation uyx converges to the
velocity u as the partition is refined.

6.2.1 A Posteriort Error Analysis

The basic idea behind the extension of the analysis for the Stokes and Oseen type
problem to the Navier Stokes equations was suggested by Wu [60]. Let (e, E) be
tite error in the finite element approximation and define a pair (¢,9) € Vx W
to be the Ritz projection of the modified residuals

a(@,v) +c(,q) = ale,v) + b(v, E) + b(e, q) + d(u, ux, v) (6.67)
for all (v,q) € V x W, where
§(u,ux,v) = D(u,u,v) — D(ux, ux,v). (6.68) -

The data on the right hand side of (6.67) defines a continuous linear functional
and so the pair (¢, ) exists and is unique so that we may define

(e, E)IIl = {ligll2 + llali2}"*. (6.69)

The idea echoes the basic step (6.13) used before. However, there is a significant
difference: before the pair (e, F) was arbitrary but now it is essential that (e, E)
be the error in the finite element approximation. Furthermore, owing to the
presence of the non-linear term 4(-, -,-) one cannot directly apply Theorem 6.1.
However, suppose for a moment that

kxll(e, B)III® < llell; + I EIZ < KallI(e, B)III? (6.70)
for non-negative quantities k, and ky. Let ¢, € Vi be such that
a(¢y,v) = Fx(v)—ak(ux,v)—bx(v,px)—Dg(ux, uX,v)+ﬁK gr-vds (6.71)

for all v € Vg where the boundary data has been chosen so that the equilibration
condition

0 = Fx(0) — Bx(ux,6) — bx(0,px) — Di(ux,ux, 6) + j‘f;K gx-0ds (6.72)
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is satisfied for all @ € Ker|a, V]. The local a posteriori error estimate on element
K is taken to be

. 1/2
mic = ([l n + lldivuxlZs ) (6.73)
An argument identical to the linear case reveals that
e, B < 3 nf = n*. (6.74)
KeP

Consequently, thanks to the equivalence (6.70), 1 provides an error estimator for
the incompressible Navier Stokes problem with small data. It remains to prove
the equivalence (6.70).

Proof. First, we obtain bounds for the form 4(-,-,-). Suppose v € V then

6(“1 Ux, V) &= D(ll, u, V) - D(u){ , Uy, V)
D(u,e,v)+ D(e,uy, V)

IA

Cb {'u]Hl{Q} lel iy IVl ey + el o) lux ] |V|H‘-{Q)}

IN

! a2
Cp {2lu|mm) el Vi) + leln@) |"|H1(n)}

1y 2
Cp {%C_D el Vo) + lelm o MH’(“)}

Cp :
{20+ 22 lelinay | lel, v, (6.75)

IA

where (6.61) and (6.65) have been used. If v = e then a sharper bound may be
obtained by first noting [38][Equation 6,Page 285]

D(u,e,e) =0 (6.76)

and then following similar steps to before giving

C
B, ux,¢) < {0+ 22 lelyuiay | el (6.77)
Left Hand Inequality. Using (6.9), (6.67) and (6.75) gives
o C
¢l <721+ + =2 felyagay | el (6.78)
Using (6.9) and (6.67) gives (e D¢
¥l < v 2 lell, (6.79)
and hence
ki {1+ O(lel oy} (e, B < lell; + 1 E2 (6.80)

where k; depends on Cp and v.
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Right Hand Inequality. Using (6.10), (6.67) and (6.75) gives

b(v
VE\/" ”v“a
< sup —— la(,v) - ale, v) - 8(u, ux, )|
veV ”V"a
< Nl + llell {3+ <2lelingay } - (6:81)

Equally well, using (6.9), (6.67) and (6.77) gives

lel: = a(,e) - ble. B) - 6(u,ux,e)

= a(¢,e) — c(v. E) — §(u,uy,e)
C
< N9l llel, + 1l 181+ {0 + =2 lelnay } el (6:52)

I

Since |€jg1q) + L, ve may choose € > 0 sufficiently small that

e Cp

6+ 5+ 2 el =6 <1 (6.83)

v
Hence, from (6.82) and (6.81) we obtain

el < il ol + el {0l + = (3+ 2 felnca)) }

v
C
+llel2 {6+ =2 lelsqa)

1 I 2
< ™ ®ll, 141l + 6" llell,

o {19+ L (34 Llel) ) (6:84)

v
Hence, for |e| g sufficiently small

llell? < Clas, v, Cp, lel gy - 6) {12 + 112} . (6.85)

and using (6.77) gives

112 < Claw, v, Cb, lel iy - 0) {1812 + 1112} (6.86)

and the result follows. n
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6.3 Variational Inequalities

A class of variational inequalities describing the flow of an ideal fluid through an
unsaturated porous medium [43] will be considered. The strong form or linear
complementarity problem governing this situation is to find u such that on the
domain 2 there holds

—Au>f; u>y; (Auf)(u—1) =0 (6.87)

subject to Dirichlet conditions on the boundary df2. Evidently, the chief feature is
the presence of the inequality conditions. Previously, error estimators have been
obtained by solving local problems analogous to the original global problem.
The type of local problem for the error estimator that might be derived from
the system (6.87) is unclear. Naturally, one may expect to obtain the same
type of complementarity condition as (6.87) on the interior of the elements but
appropriate boundary conditions to impose on the boundaries of the elements is
not obvious. However, by following the basic idea used in Chapter 5 the correct
formulations of the local problems will emerge. The approach is based on [9].

6.3.1 Model Problem

Let © € IR? be an open bounded domain with smooth boundary 8. For suffi-
ciently smooth data f, 9 and ug consider the variational inequality:
Find u € K such that

B(u,v—u) > Flv—u) Wwek (6.88)
where K is the convex set
K={veH(Q):v>onand v =uy on 90} (6.89)
and B: K x K —= R and F : K = R are the usual bilinear and linear forms
B(u,v) = /n Vu-Vudx; F(v) = /ﬂfvdx. (6.90)

Let P be a regular partition of 2, X be a finite element space on the partition
and let Kx = KN X. The discretised version of (6.88) is:
Find ux € Kx such that

B(ux,vx —ux) > F(vx —uy) Vuy € Kx. (6.91)

1t is known [43] that if 9, f and u, are sufficiently smooth and ¥ < ug on 89

then there exists a unique solution of both the continuous and discrete problems
(6.88) and (6.91).
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6.3.2 A Posteriori Error Analysis |
Let W denote the convex set.
W = {w:w=v—uy, for some v € K} (6.92)
or equally well |
W={weH(Q):w+uy >1%inQand w+ux =0 on 9Q}. (6.93)

(From the variational inequality (6.88) it follows that the error e is characterised
as the solution of the problem:
Find e € W such that

Ble,w—e€) > F(w—e)— Bluy,w —e) Yw € W. (6.94)

The existence of a unique solution of (6.94) follows immediately from the existence
and uniqueness of the solution u of the original problem (6.88). The relation
(6.94) is the analogue of the residual equation from which error estimators were
obtained for linear problems. An alternative form equivalent to (6.94) is:

Find e € W such that

J(e) < J(w) YweWw (6.95)
where ]
J(w) = iB(w,w) — F(w) + B(ux,w). (6.96) .
Now, since Kx C K, there follows from (6.88)
lllelll* = Ble,e)

B(u,e) — B(uy,e)

< F(e) — B(ux,e) |
1
= —J)+llelll” (6.97)
and hence from (6.95) we obtain
: _ 1 2
inf J(w) = J(e) < ~llell. (6.98)

6.3.3 Localization

The notations and conventions used in Chapter 5 will be used. In addition, the
space W(P) is defined by

WP)={we H'(P):w+ux >9¥in Qand w+ux =00ndQ}. (6.99)

The estimate (6.98) is analogous to the basic result (5.23) used in Chapter 5 to
derive the a posteriori error estimates. The steps leading from (5.23) to Theo-
rem 5.3 may be repeated giving:
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Theorem 6.5 Let Jx : Wi — IR be the quadratic functional

1
JK(UJ) — 58;{(’&},“}) - Fx(w) -+ B;((ﬂ.x,’w) - féﬁ( grgw ds. (6100)
Then
2< -2 inf J i (w). 6.101
llell? < =2t 3 Jic(w) (6.101)

As anticipated, Theorem 6.5 shows that in order to obtain a bound on the dis-
cretisation error one need only construct elements of the space W(P). The set
W(P) does not impose any interelement restrictions on the ciioice. Consequently,
the statement (6.101) reduces to a series of local problems of the form:

Find ¢x € Wg such that

Ii(9x) < Jx(wik) Ywr € Wy (6.102)
where, with a slight abuse of notation, we define

Wk = {w;{ € H'(K) : wi +ux > % on K and wi +uy =0 on BKOGQ}.
(6.103)
The main advantage associated with dealing with local problems is that the com-
putational cost is negligible in comparison with the expense entailed in obtaining
ux. This contrasts with the related ideas presented in [39] where it is necessary
to solve a problem of comparable complexity to (6.91) to obtain an a posteriori
error estimate.

6.3.4 Analysis of Local Problems

Consider the local problem (6.102) on an element K in the interior of the domain
{2. The strong form of the problem consists of a linear complementarity condition
on the interior of the element

—A¢2> f+Aux; ¢>2¢—ux; (Ad+f+Aux)(d—+ux)=0 (6.104)
supplemented with a linear complementarity condition on the boundary K

Hro-BX o2v-un (Frrac-3E) G-vru=oomox

(6.105)

Therefore, we conclude that the appropriate local error residual problem to be

solved for the error consists of the weak form of the problem specified by condi-
tions (6.104) and (6.105).

The local problem (6.102) is automatically well posed if the element K lies

on the boundary of the domain Q. However, if the element lies on the interior
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of the domain, then it is subject the linear complementarity conditions (6.105)
on the whole of the boundarv 0/ and it may be that the problem possesses no
solution. A routine application of arguments found in [39] shows that the local
problem has a unique solution if and only if the condition

~Fic(1) + Bie(ux,1) = § _gicds >0 (6.106)

is satisfied. If the inequality is not strict then the solution is unique up to the
addition of a positive constant.

The condition (6.106) plays the role of the equilibration condition in Chapter 5
and provides a criterion for sclecting the boundary data gx. The discussion in
Section 5.4 may be extended to the case of an inequality equilibration condition
and used to deduce that it is indeed possible to construct boundary data so that
condition (6.106) is satisfied.

The approximate solution of the local variational problems (6.102) is com-
plicated by the unilateral condition in the definition (6.103). In particular, one
cannot easily use a p-version finite element method to approximate the local
problem. An alternative is to subdivide the element K into a small number of
subelements and compute a local h-version finite element approximation of the
local problem. Numerical examples based on this method will be found in [9].
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Figure 2.2: Construction of recovered gradient at vertex of element K. The value
at e is a linear combination of the values at o using the weights indicated.



Effectivity

Mesh Size | True Error | Kelly Est. Recovery Est. | Effectivity
1/h el i i/ llell n n/llell
2 2.92060(-1) | 2.08417(-1) 0.7136 2.94746(-1) 1.0092
4 1.39574(-1) | 1.31975(-1) 0.9456 1.52488(-1) 1.0925
8 6.89620(-2) | 6.77710(-2) 0.9827 7.16257(-2) 1.0386
16 3.43783(-2) | 3.41993(-2) 0.9948 3.48398(-2) 1.0134
32 1.71763(-3) | 1.71518(-3) 0.9986 1.72432(-2) 1.0039

Table 2.1: Comparison of Kelly estimator with recovery based estimator for Pois-
son problem with true solution u(z,y) = z(1 — z) sin 7y.
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Figure 2.3: Sampling set Z(m) for paich recovery technique.
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Figure 4.1: Notation for parallelogram element.



[ Degree | True Error Square of Error Estimator
p llel]]% Full Uniform Legendre Lobatto
1 ;h* 3h 3h* 3h 1h*
2 Lpo | g g 0 Lps
3 wsh | 1h° Gicsssrsonot  mmel Tsh”
4 CpLpte | S0 _64_pl0 0 L0

Table 4.1: Performance of error estimators on uniform mesh.




Figure 5.1: Patch ﬁﬂ associated with interior vertex x,,.



Figure 5.2: Patch ﬁn associated with boundary vertex x,,.



Figure 5.3: An irregular partition created by local refiner:
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Figure 5.4: Notations for equilibration problem on patch Q.
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Figure 5.6: Typical basis functions in the space B®).



(a) THREE MORE BY ROTATION. (b} ONE MORE BY ROTATION.
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Figure 5.7: Typical basis functions in the space B®.



Degree 1

P g | V1I=p?
2 0.6741 | 1.359
3 0.8898 | 2.191
4 0.9229 | 2.595
5 0.9387 | 2.901
6 0.9539 | 3.333
7 0.9559 | 3.406
8 0.9636 | 3.740
9 0.9662 | 3.878
10 | 0.9705 | 4.149

Table 5.1:  Values of Strengthened Cauchy Schwarz constant g for

Oden et al. basis functions.



(a) Finite element approximation u

o & & \u" o

(b) Gradient of u Y -

(c) Recovered gradient G(u).

Figure 2.1: Construction of recovery operator Gx = G from piecewise linear
approximation in one dimension. |
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