Journal of Computational and Applied Mathematics 287 (2015) 125-147

Contents lists available at ScienceDirect

Journal of Computational and Applied
Mathematics

journal homepage: www.elsevier.com/locate/cam

Goal-oriented adaptive finite element methods for elliptic @CmssMark
problems revisited

Markus Biirg?®, Murtazo Nazarov >*

@ Department of Mathematics, Texas A&'M University, USA
b Division of Scientific Computing, Department of Information Technology, Uppsala University, Box 337, SE-751 05 Uppsala, Sweden

ARTICLE INFO ABSTRACT

Article history: A goal-oriented a posteriori error estimation of an output functional for elliptic problems
Received 5 November 2014 is presented. Continuous finite element approximations are used in quadrilateral and
Received in revised form 9 February 2015 triangular meshes. The algorithm is similar to the classical dual-weighted error estimation,

however the dual weight contains solutions of the proposed patch problems. The patch

Msc: problems are introduced to apply Clément and Scott-Zhang type interpolation operators
65M60 to estimate point values with the finite element polynomials. The algorithm is shown to be
Keywords: reliable, efficient and convergent.

Poisson equation © 2015 Elsevier B.V. All rights reserved.

Adaptive finite element method
Goal oriented error estimation
hp-mesh refinement

Convergence of adaptive algorithm

1. Introduction

In this paper we develop a goal-oriented a posteriori error estimation with respect to certain target functionals. A goal
oriented adaptive finite element method has been an active research of many scientists since last three decades and goes
back to earlier work of Erikson and Johnson, Becker and Rannacher, with co-workers, see [1-5]. The error in the target
functional, or the so-called quantity of interest is written as a product of the residual of the underlying primal problem
and the corresponding adjoint or dual solution. Although dual-weighted a posteriori error estimates are applied successfully
for various problems and impressive performance was obtained in terms of efficiency and computability, see e.g. [6-8], the
convergence of the adaptive algorithm was not known until the work of [9,10]. In [9] the dual-weighted term is kept element-
wise, and by making rather stronger regularity assumptions for the primal and dual solutions they proved the convergence
and optimality of the adaptive algorithm. Whereas in [ 10] product of the energy norms of primal and dual problems is kept
globally. The estimator marks cells with respect to the energy norms of primal and dual problems separately, then the set
of marked cells with the smallest cardinality is refined. The convergence and optimality of the algorithm are established
for the scaled Poisson equation, however the generalization for more complex differential equations is not clear. In [11] the
product of energy norms of the primal and dual problems is separated by Holder’s inequality, then the union of the sets
with the largest error with respect to both primal and dual error indicators is chosen for the refinement. The approximated
error is overestimated in this case, nevertheless the convergence of the underlying adaptive algorithm is obtained using the
contraction framework by [12].

The presented method in this paper is closely related to the classical dual-weighted algorithm, i.e. the error on the
quantity of interest is estimated by the sum of the cell errors, which are the product of the primal and dual contributions.
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Moreover, finite element spaces for the primal and dual solutions can be the same. The main idea consists of using Clément
or Scott-Zhang type interpolation operator to estimate the continuous dual solution by a local average of the underlying
finite element space. First, we prove reliability and efficiency of the new algorithm. We then prove the convergence and
show the optimality of the algorithm numerically. The proof of optimality of the algorithm is under investigations and will
be reported in due time.

To avoid confusion in notations between triangular and quadrilateral elements, we develop the main framework and
proofs for quadrilateral meshes. Nevertheless, the below analysis also apply to triangular meshes.

The paper is organized as follows. In Section 2 we give the standard finite element notations and the problem formulation.
Section 3 is the main contribution of this paper. We introduce an adaptive algorithm based on goal-oriented a posteriori error
estimation, we prove its reliability, efficiency. Then in Section 3 we discuss convergence of the proposed adaptive algorithm
for h and hp refinements. Number of numerical illustrations is given in Section 5 to support the theory presented in this

paper.
2. Preliminaries

In this section, we want to fix some notations and introduce the basic assumptions which we require throughout this
work. Further, the elliptic model problem is presented and we introduce the basic idea of goal-oriented adaptivity.

2.1. Notations and basic assumptions

Let 2 C R? denote some open and bounded domain. We denote the Lebesgue space of square-integrable functions in
£ by I?(£2) and its dual by [2(£2)’. The Sobolev space H!(£2) is defined by

H'(2) = {u e *(2) : Vu e [*(2)*}.

The space Hg (£2) contains all functions from H'(£2) with vanishing trace on the boundary 352 of £2. Let 7 be a triangulation
of §2 consisting of quadrilaterals with possibly one-irregular hanging nodes. We assume that, for every K € 7, there exists
areference mapping F : K — K.Leth := (hg)ges » hx := diam(K) denote the mesh size vector and p := (px)ges » Pk € N
be the polynomial degree vector associated with triangulation 7. Further, we assume that 7 is (yh, yp)-regular [13-15]:

Definition 1 ((ys, ¥p)-Regularity). T is called (yh, yp)—regular, if and only if there exist constants y;, ¥, > 0 such that
hg

1

< hg, < ynhy,
Vh
and
Pk,
Yo

forall K1, K; € T with Ky N Ky # @.

= Px, = VpPk,

The finite-dimensional approximation space VP (7") is defined by
VP(T) = {u € HA(2) : ulk o Fx € Qy (K) forallK € T},

where Qg (E) denotes the tensor-product polynomial space of degree q € N. An interior edge is the (nontrivial) intersection
e = K; N K; of two elements Kq, K, € 7 and we denote the collection of all interior edges by & (7).

Now, let K € 7 be arbitrary. Then, we denote the set of all interior edges of cell K by &(7; K). Fore € &(T; K), we set
he := diam(e) and p, := max {pK, Pk, } where K, € 7 with K N K, = e. Further, we define the patch wy around cell K by

wg = U{L : K and L share a common edge}.
LeT

A slightly larger patch wy ; is defined by

Wk, 1= U L

LeT
KNL#£A

and we can extend this definition iteratively by

WK i1 = U L (M

LeT

ok NLAD

foralli € N.
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