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Abstract. In this paper we develop a posteriori error estimates for finite element discretization of
elliptic optimization problems with pointwise inequality constraints on the control variable. We derive
error estimators for assessing the discretization error with respect to the cost functional as well as with
respect to a given quantity of interest. These error estimators provide quantitative information about
the discretization error and guide an adaptive mesh refinement algorithm allowing for substantial
saving in degrees of freedom. The behavior of the method is demonstrated on numerical examples.
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1. Introduction. In this paper we develop a posteriori error estimates for fi-
nite element approximations of optimization problems governed by elliptic partial
differential equations. We discuss this question in a general manner, including the
consideration of optimal control and parameter identification problems with control
constraints given through a closed convex admissible set. The derived error estimates
have the goal of guiding an adaptive mesh refinement algorithm for finding economical
meshes for the optimization problem under consideration.

The use of adaptive techniques based on a posteriori error estimation is well
accepted in the context of finite element discretization of partial differential equations;
see, e.g., [6, 13, 35]. To our knowledge there are only a few results published on
adaptive finite elements for optimization problems; see [2, 17, 20, 23, 25, 27, 4, 7, 8, 30].

In articles [17, 20, 23, 25, 27] the authors provide a posteriori error estimates for
elliptic optimal control problems with distributed or Neumann control subject to box
constraints. These estimates assess the error in the control, state, and the adjoint
variable with respect to the natural norms of the corresponding spaces. In [2] another
approach for the estimation of the error with respect to the norm of the control space
is presented. In [17] convergence of an adaptive algorithm for a control constrained
optimal control problem is shown.

However, in many applications, the error in global norms does not provide a
useful error bound for the error in the quantity of physical interest. The a posteri-
ori estimators derived in this paper grant access to the error with respect to given
functionals.

*Received by the editors February 22, 2007; accepted for publication (in revised form) August 10,
2007; published electronically February 1, 2008.

http://www.siam.org/journals/sicon/47-1/68341.html

tJohann Radon Institute for Computational and Applied Mathematics (RICAM), Austrian
Academy of Sciences, Altenberger Strafie 69, 4040 Linz, Austria (boris.vexler@oeaw.ac.at). This
author’s research was partially supported by the Austrian Science Fund FWF project P18971-N18
“Numerical analysis and discretization strategies for optimal control problems with singularities.”

fInstitut fiir Angewandte Mathematik, Ruprecht-Karls-Universitit Heidelberg, INF 294, 69120
Heidelberg, Germany (winnifried.wollner@iwr.uni-heidelberg.de). This author’s research was sup-
ported by the DFG priority program “Optimization with Partial Differential Equations.”

509

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



510 B. VEXLER AND W. WOLLNER

In [4, 6] the authors present a general concept for a posteriori estimation of the
discretization error with respect to the cost functional in the context of optimal control
problems. In articles [7, 8] the authors have extended this approach to the estimation
of the discretization error with respect to an arbitrary functional depending on both
the control and the state variable, so-called quantity of interest. This allowed, among
other things, the treatment of parameter identification and model calibration prob-
lems. However, in all these publications, the control variable was searched for in a
Hilbert space @ without additional (inequality) constraints. Therefore the main con-
tribution of this work is the extension of these techniques to the case of optimization
problems with additional control constraints given through a closed convex admissible
set Qaq C Q. In the majority of practical cases this admissible set is described by
inequality control constraints of box type ¢— < g(x) < ¢4. Therefore we will concen-
trate on this case, although our techniques may also be extended to the consideration
of more general admissible sets Q.q.

In this paper we consider optimization problems governed by (nonlinear) partial
differential equations. The aim is to minimize a given cost functional J(g,u) which
depends on the state variable u € V and the control variable ¢ € @, with Hilbert
spaces V and ). These variables have to satisfy the state equation

(1.1) A(g,u) = f,

where A denotes a (nonlinear) differential operator and f represents the given data.
The optimization problem is then formulated as follows:

(1.2) {Minimize J(g,u), u€eV,qeQaq,

Algq,u) = f.

Constraints on the control are incorporated via the definition of the closed and convex
set (Qaq representing the set of admissible controls.

For numerical treatment this infinite dimensional optimization problem is dis-
cretized in virtue of finite element methods; see the discussion in section 3. Let the
solution to the discretized problem be denoted by (gp,up). Our aim is to derive a
posteriori error estimates for the error between the solutions to the continuous and
the discrete problem. A crucial point for our error analysis is the choice of a quantity,
which describes the goal of the computation. If this quantity coincides with the cost
functional, we have to estimate the error

J(q,u) — J(qn, un).

In a more general case, we suppose I: Q X V — R to be a given functional describing
the quantity of interest. Then the error to be estimated is

I(q,u) — I(qn,un).

The consideration of quantities of interest is important, for instance, in the context
of parameter identification and model calibration problem; see [8] for an application
of this concept to an optimization problem from computational fluid dynamics.

To the authors’ knowledge this is the first article providing a posteriori error
estimates with respect to a given functional for optimization problems with partial
differential equations and subject to control constraints.

The paper is organized as follows. In the next section we describe the optimization
problem under consideration, discuss necessary optimality conditions, and sketch the
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solution algorithm on the continuous level. In section 3 we describe the discretization
of the optimization problem in virtue of finite element methods. Section 4 is devoted
to a posteriori error estimation. In sections 4.1 and 4.2 we derive two different error
estimates for the error with respect to the cost functional J. The first error estimator is
based on the optimality system involving a variational inequality, whereas the second
one exploits Lagrange multipliers for the treatment of inequality constraints. Due
to the fact that the optimal control ¢ is not expected to be sufficiently smooth (due
to inequality constraints), the approximation of (interpolation) weights involved in
the error estimator cannot be treated in a usual way. To overcome this difficulty we
exploit the projection formula (2.9) from the optimality conditions and propose an
approximation on the (interpolation) weights using a postprocessing step (4.7), which
is motivated by the considerations in [31]. In section 4.3 we provide an error estimator
with respect to a given quantity of interest. To this end we utilize an additional (dual)
linear-quadratic optimal control problem describing the sensitivity with respect to the
quantity of interest. In the last section we present numerical examples to illustrate
the behavior of our method.

2. Optimization problem. In this section we give a precise formulation of the
optimization problem under consideration and describe necessary optimality condi-
tions and the solution algorithm.

In order to deal with different types of optimization problems simultaneously, we
seek the control variable ¢ in the Hilbert space @ = L?(w) with scalar product (-, )
and norm ||-||. Typically, w is a subset of the computational domain € or a subset
of its boundary 02. The case of finite dimensional controls is realized by choosing
w=1{1,2,...,n} resulting in Q = R"™.

Throughout this paper we suppose that the state equation (1.1) for u € V' is given
in a weak form:

(2.1) alq,u)(p) = flp) Ve eV,

where a: Q x V x V — R is a four times directional differentiable form which is linear
in the third argument and f is in the dual space V’. A possible choice for this space
is V. =HYQ), or V= H}), or a direct product of such spaces. In the presence of
inhomogeneous Dirichlet boundary conditions, one seeks the state variable u in a4V,
where 4 represents the boundary data. However, for clarity of notation, we assume
throughout that 4 = 0.

Remark 2.1. Throughout this paper we use two pairs of parentheses after a
form to indicate that the form is linear in all variables enclosed by the second pair of
parentheses, as seen in (2.1) for a(-,-)(+).

The cost function is given by

(2:2) J(g,u) = Ji(w) + Sl

where J7 is a four times directionally differentiable operator on V and a > 0. Let the
admissible set Q.4 be given through box constraints on g, i.e.,

(2.3) Qada ={0€Qq- <gq(x) < g4 ae. onw},

with bounds ¢_, ¢y € RU{+oco} and q_ < ¢.
Now we are able to formulate the optimization problem as

(2.4) Minimize J(q,u), u €V, q€ Qaa, subject to (2.1).
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Remark 2.2. The choice of constant bounds g_, ¢4 € RU{£o0} is not a limitation,
since one can transform an optimal control problem with bounds ¢_, ¢+ € @ into an
equivalent one with constant bounds for the control.

To shorten notation we introduce the space X and the admissible set X,q by

(2.5) X =QxVxV,
(2.6) Xad :Qad xV xV.

In addition we shall write £ = (q,u, z) for a vector in X or X,q, where z will denote
an adjoint state.

Throughout the paper we assume that the problem (2.4) admits a solution. Con-
ditions ensuring the existence of solutions to optimal control problems may, for in-
stance, be found in [16, 26, 34]. We shall especially assume that the primal and dual
equations associated with (2.4) are solvable for every given ¢q € Q.

To establish an optimality system, we introduce the Lagrangian £: X — R as
follows:

£(€) = Ji(w) + 5 lal* + £(2) ~ alg, u)(2),

where z denotes the dual variable. Due to the convexity of the admissible set Qaq,
the first-order necessary optimality condition for (q,u) € Qaq x V reads as follows:
There exists z € V such that the triple £ = (g, u, z) € Xaq satisfies

(2.7a) L, (6)(6u) =0 YéueV,
(2.7b) L,(6)(6g —q) 20 Véq € Qaa,
(2.7¢) L.(&)(6z) =0 VézeV.

This system can be stated explicitly in the following form:

(2.8a) Ji(u)(6u) — al,(q,u)(6u,z) =0 Véu €'V,
(28b) a(qa 6(] - Q) - a’;(‘]a u)(éq —4q, Z) Z 0 Véq € Qada
(2.8¢) f(62) —a(q,u)(6z) =0 Vbéz e V.

We introduce a projection operator Pg,,: @ — Qaa by

PQ.q(p) = max (g—, min(p, ¢+ ))

pointwise a.e. This allows us to rewrite variational inequality (2.8b) (see, e.g., [34]) as

(29) 0= Po(yona(.).

where a(u, q)(+, 2) is understood as a Riesz representative of a linear functional on
Q.

For a solution (g, u) of (2.4) we introduce active sets w_ and w4 as follows:
(2.10) w_ ={z ew|q(x) =

q-},
(2.11) wr ={z €wlq(r)=q+}.
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Let £ € X be a solution to (2.7); then we introduce an additional Lagrange multiplier
u € @ by the following identification:

(2.12) (1, 6q) = —alq, 8q) + ag(q, u)(6q, 2) = =L (€)(6q) Véq € Q.

The variational inequality (2.8b) or the projection formula (2.9) are known to be
equivalent to the following conditions:

(2.13a) wz) <0 ae onw_,
(2.13b) uw(z) >0 ae onwy,
(2.13c¢) wx) =0 ae onw\ (w_Uwy).

Using this representation of the optimality condition (2.8b) we apply nonlinear primal
dual active set strategy (see, e.g., [9, 24]) to solve (2.4). In the following we sketch
the corresponding algorithm on the continuous level.
Nonlinear primal-dual active set strategy
1. Choose initial guess ¢°, u° and ¢ > 0 and set n = 1.
2. While not converged
3. Determine the active sets w’} and w”:

W ={rew|q" (@) +p" 7 (2) /e~ q- <0},
Wi ={z €w|q" " (z) + 1" (2)/c— ¢4 > 0}.

4. Solve the equality-constrained optimization problem
Minimize Ji(u")+ Z[q"[?, u" € V.q" € Q.
subject to (2.1) and
q"(r) =q-onw",  ¢"(z) =g onwi.
5. Set
pt = —aq" +ag(q",u")(- 2")

with adjoint variable z".
6. Set n =n+ 1 and go to 2.

Remark 2.3. The convergence in step 2 can be determined conveniently from
agreement of the active sets in two consecutive iterations.

Remark 2.4. The algorithm above is known to be globally convergent for a class
of optimal control problems if « is sufficiently large; see, e.g., [9, 24]. Moreover, local
superlinear convergence can be shown; see, e.g., [21].

In our practical realization, the equality-constrained optimization problem in
step 4 is solved by Newton’s method on the control space without assembling the
Hessian. The finite element discretization of the optimization problem, described in
the next section, allows us to directly translate these algorithms onto the discrete
level.

As we will encounter some trouble with the variational inequality in the neces-
sary optimality condition (2.8) due to missing Galerkin orthogonality, we consider in
addition the full Lagrangian £: X x Q x Q — R which is given by

Lx)=LE)+ (1 - —q)+ (uhq—aqy),
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with x = (&, p~,u") = (g u, 2, u™,uT) € X x Q x Q, where u~ and p* denote the
variables corresponding to Lagrange multipliers for the inequality constraints. To
shorten notation we introduce the abbreviation

(2.14) V=XxQxQ.
Using the subspaces

Q-={reQ|r=0ae onw\w_},
Qi+ ={reQ|r=0ae onw\wy},

we introduce

(215) Yad = Xad X Q, X Q+7
(2.16) Vad =X xQ_ x Q4

and see that the following equality holds for all xy € V,q:
(2.17) L(&) = L(x)-

We can rewrite the first-order necessary optimality condition for (q,u) € Quq XV
equivalently as follows (cf. [34]):

There exist z € V, u~ € Q_, u™ € Q, such that the following conditions hold
for x = (q,u, 2z, 0=, u) € Vaa:

(2.18a) L (x)(6u) =0 YéueV,
(2.18b) Ly(x)(6q) =0 VéqeQ,
(2.18¢) L(x)(62) =0 Y6z €V,
(2.18d) L,-(x)(6p7) =0 Vép~ €Q-,
(2.18e) L (x)(6p") =0 Vet € Qy,
(2.18f) ptop” >0 ae. onw.

It is easy to verify that the Lagrange multipliers 4™ and p~ are given as the positive
and negative part of the Lagrange multiplier p from (2.12); cf. [34].
Note that (2.18d), (2.18e) are equivalent to the complementarity conditions

(2.19) p(g-—aq)=p"(¢—gq1) =0 ae onw.

For later use we recall a second-order sufficient optimality condition.

LEMMA 2.1 (sufficient optimality condition). Let & = (q,u,2) € Xyq satisfy the
first-order necessary condition (2.7a)—(2.7¢) of optimization problem (2.4). Moreover,
let z— al,(q,u)(-,2z) : V. — V' be surjective. If there exists p > 0 such that

20 (avou) [0 F O] (30) 2 (loull + o)

holds for all (6q,6u) satisfying the linear (tangent) partial differential equation

(2.21) ay(q,w)(bu, ©) + al(q,u)(6q,9) =0 Ve eV,

then (q,u) is a (strict) local solution to the optimization problem (2.4).
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We refer the reader to [29] for the proof.

Remark 2.5. Throughout the paper we exploit only first-order information. This
means that the error estimators proposed in section 4 are applicable to all solutions
of the optimality system (2.8) or (2.18), respectively.

For the convenience of the reader we list the assumptions made in the preceding
section.

Assumption 1. The optimization problem (2.4) possesses a solution (g,u). In
addition there exists z € V such that the first-order necessary conditions (2.8) are
fulfilled by the triple (q, u, z).

Remark 2.6. It is sufficient for the existence of z in the preceding assumption if
the mapping z — a!,(q,u)(+, z) is surjective onto V’. This is one of the requirements
in Lemma 2.1 and is fulfilled by all examples given in this article.

Assumption 2. The functional a(-,-)(-) : @ x V x V — R defined in (2.1) is
assumed to be four times directional differentiable.

Assumption 3. The functional J(-,-) : @ x V — R defined in (2.2) is assumed to
be four times directional differentiable.

Assumption 4. The functional I(-,-) : @ X V' — R mentioned in the introduction
(see also (4.20)) is assumed to be three times directional differentiable.

3. Finite element discretization. In this section we discuss finite element
discretization of the optimization problem (2.4).

To keep the following sections simple we restrain ourselves to the case of problems
where H'-conforming finite elements are satisfactory. However, the ideas can be
adapted to other problems.

Let 73 be a triangulation (mesh) of the computational domain 2 consisting of
closed cells K which are either triangles or quadrilaterals. The straight parts which
make up the boundary 0K of a cell K are called faces. The mesh parameter h is
defined as a cellwise constant function by setting h| K= hi,and hg isthe diameter of
K. The mesh 7}, is assumed to be shape regular. In order to ease the mesh refinement
we allow the cells to have nodes, which lie on midpoints of faces of neighboring cells.
But at most one of such hanging nodes is permitted per face.

On the mesh 7;, we define a finite element space Vj, C V consisting of linear or
bilinear shape functions; see, e.g., [14] or [10]. The case of hanging nodes requires
some additional remarks. There are no degrees of freedom corresponding to these
irregular nodes, and therefore the value of the finite element function is determined
by pointwise interpolation. This implies continuity and therefore global conformity.

For the discretization of the optimization problem (2.4) we introduce an additional
finite dimensional subspace @}, C @ of the control space. Depending on the concrete
situation there are different possible ways to choose the space Qp. It is reasonable
to set @y, = @ if @ is finite dimensional. In the case where the control variable is a
distributed function on the computational domain €2, i.e., Q@ = L?(f2), one may choose
@, as an analogue to V}, or consider @y, as a space of cellwise constant functions on the
mesh 7j,. A priori error analysis for the last two choices in the context of distributed
(or boundary) elliptic optimal control problems can be found, e.g., in [1, 11, 15, 18, 28]
for cellwise constant control or in [12, 32, 33] for continuous cellwise linear control.
An approach without discretization of the control variable is presented in [22].

We denote a basis of @y, by
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Remark 3.1. It might be desirable to use different meshes for the control and the
state variable in the case of distributed control. The error estimator presented below
can provide information for separate refinement of the control and state meshes. One
can split the error estimator into two parts, one containing the functionals on the
space V which give information for the refinement of the state mesh and one part
consisting of the functionals defined on the control space @ which give information
for the refinement of the control mesh. The refinement then follows an equilibration
strategy for both estimators; cf. [30].

The discrete admissible set Qaq,5 is defined as

Qad,h = Qn N Qad

and the discretized optimization problem is formulated as follows:

(3.2) Minimize J(qn,up), un € Vi, qn € Qad,n
subject to
(3.3) a(qh,uh)(vh) = f(vh) Vvh S Vh.

We introduce the discretized versions of (2.5) and (2.6) by

(3.4) X =Qn x Vi x Vy,
(3.5) Xad,h =Qad,h X Vi x Vj

and denote a vector from these sets by &, = (qp, un, zr). The optimality system for
the discretized optimization problem is formulated as follows:

(3.6a) J1 (up)(0up) — al,(qn, un)(bup, zn) =0 Voéuy € Vi,
(3.6b) (qn, 6an — qn) — ag(qn, un)(6qn — g, 2n) >0 Voqn € Qaan,
(3.6¢) f(0zn) — a(gn,un)(62n) =0 Voz), € V.

The nonlinear primal dual active set strategy, described in the previous section,
can be translated directly into the discrete level to solve (3.6a)—(3.6¢).

In order to formulate the analog system to (2.18a)—(2.18f) we introduce discrete
active sets w_ j, and w4 j, for a solution (g, up) to (3.2), (3.3) by

(3.7) w—n ={z € wlgn(z) =q-},
(3.8) win ={rcw|gn(r)=qs}

and define a Lagrange multiplier p;, € Qp via
(3.9) (1trs 6qn) = —L4(qn, un, 20)(6qn) Y 6qn € Q.
Moreover, we introduce p; € @ and ,u;{ € Qn by

(3.10) W = g = pn, (i) >0, () =0 Vi € B

by which uf are uniquely determined if in addition the following complementarity
conditions hold:

(3.11) (g an — =) = (it g+ — qn) = 0.
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Remark 3.2. This definition corresponds to the Lagrange multipliers obtained for
the inequality constraints if the discrete optimization problem (3.2), (3.3) is considered
a finite dimensional optimization problem for ¢, = ", ¢;¢; € Qp with the following
restrictions:

- <¢q <qy Vi

Note that due to the choice of the basis B in (3.1) this is equivalent to ¢_ <
gn(x) < g4 for all x € w. Utilizing this fact, the discrete active sets w_ p, wy p are
completely determined by the values of the coordinate vector of ¢,. In particular they
consist only of whole cells, edges, and nodes.

To obtain the complementarity conditions with respect to the @ = L?(w)-inner
product (3.11) one requires

(i, 0i) = 0if ¢ < qpand () =0if ¢; > q— .

We now define the discretized versions of (2.14), (2.16), and (2.15) by

(3.12) Y =& x Qn X Qn,
(3.13) Yad,h = Xadn X Q- n X Q4 1,
(3.14) Vadh =Xn X QX Q.
where

Q- ={reQn|r(z)=0ae onw\w,},
Qin ={reQn|r(z) =0ae onw\w/'}.

A vector from these spaces will be abbreviated by xn = (qn, un, 2n, 1}, , ,u:)

Using the definitions above we have the first-order necessary optimality condition
for (qh,uh) S Qad,h X Vi

There exist z, € Vi, p;, € @ 1, ,u;; € Q+ p such that for xp = (qp, up, zh,u;,u;‘;)
€ Yaq the following conditions hold:

(3.15a) L (xn)(bu) =0 You € Vy,
(3.15b) Ly(xn)(6g) =0 Voq € Qn,
(3.15¢) L (xn)(62) =0 Y6z €V,
(3.15d) L, (xn)(6p™) =0 Véu~ € Q_,
(3.15¢) L (xn)(6p™) =0 Vo™ € Qyn,
(3.15f) W =y = bne () >0, () >0 Vi € B.

Here again (3.15d), (3.15e) are equivalent to the complementarity condition

(3.16) (1 a- —an) = (4 an — q4) = 0.

Finally we state the following assumption concerning our discretization which is
the analogue to Assumption 1.

Assumption 5. The optimization problem (3.2), (3.3) possesses a solution (g, up).
In addition there exists z, € Vj, such the first-order necessary conditions (3.6) are
fulfilled by the triple (qn,un, 21).
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4. A posteriori error estimation. The aim of this section is to derive a poste-
riori error estimates for the error with respect to the cost functional and to an arbitrary
quantity of interest. These error estimates extend the results from [4, 6, 7, 8] to the
case of optimization problems with control constraints. The provided estimators will
be used within the following adaptive algorithm for error control and mesh refinement:
We start on a coarse mesh, solve the discretized optimization problem, and evaluate
the error estimator. Thereafter we refine the current mesh using local information
obtained from the error estimator, allowing for efficient reduction of the discretiza-
tion error with respect to the quantity of interest. This procedure is iterated until
the value of the error estimator is below a given tolerance; see, e.g., [7] for a detailed
description of this algorithm.

The section is structured as follows: First we will derive two a posteriori error
estimators for the error with respect to the cost functional. The first one is based
on the first-order necessary condition (2.8), which involves a variational inequality,
and the second estimator uses the information obtained from the Lagrange multipliers
for the inequality constraints. Both estimators can be evaluated in terms of the solu-
tion to the discretized optimization problem (3.2), (3.3). Then we will proceed with
the error estimator with respect to an arbitrary quantity of interest, which requires
the solution to an auxiliary linear-quadratic optimization problem. Even though the
idea behind the estimators remains unchanged, the latter estimators require a more
technical discussion.

Throughout this section we shall denote a solution to the optimization prob-
lem (2.4) by (g,u) and the corresponding solution to the optimality system (2.7) by
& =(q,u, z) € Xaq and its discrete counterpart (3.6) by &, = (qn, un, 2n) € Xaa,n. The
corresponding solution to (2.18) and its discrete counterpart (3.15) will be abbreviated
as x = (q,u,z,u_,,u"’) € Vaq and Xh = (qh7uhazh7ul—:7/’('2—) € yad,h-

4.1. Error in the cost functional. For the derivation of the error estimator
with respect to the cost functional, we introduce the residual functionals p,(&x)(+),

p=(&n)(-) € V', and pq(€n)(-) € Q" by

(4.1) pu(&n)(-) = f(-) — algn, un) (),
(4.2) p=(&n) (1) = J1(un)(-) — ay(qn, un) (s 2n),
(4.3) Pq(En) () = alqn,-) — agy(un, qn) (- 2n)-

The following theorem is an extension of the result from [6].

THEOREM 4.1. Let & € Xyq be a solution to the first-order necessary system
(2.7) and &, € Xoqp, be its Galerkin approximation (3.6). Then the following estimate
holds:

1 _ 1 _ 1
(4.4) J(q,u)—J(qn,un) < §Pu(§h)(2*2h)+iﬂz(fh)(’u*uh)+§Pq(fh)(Q*Qh)+Rl,
where uy, Zn, € Vi, are arbitrarily chosen and Ry is a remainder term given by
1 /L
(@5)  Bi=g [ £ s(E ~ 6)(E ~ ns6 — €n€ sl — D).
0

Proof. From optimality system (2.7a)—(2.7c) we obtain that

J(q,u) = L(§).
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A similar equality holds on the discrete level. Therefore we have

J(q,u) = J(qn, un) = L(&) — L(&n) = /0 L'(&n + 5(§ — &) (€ — &) ds.

We approximate this integral by the trapezoidal rule and obtain

1 1
(4.6) J(q,u) = J(qn, un) = 551(5)(5 — &) + gﬁl(fh)(f —&n) + Ry,
with the reminder term R; as in (4.5). For the first term we have

L)€ = &n) = L1,()(u —un) + LLE) (2 — 2n) + L4(E)(q — an)-

Using optimality system (2.7a)—(2.7c) and the fact that ¢, € Qada,n C Qad, we deduce
that

L)€ —&n) = —Ly(§)(an —q) < 0.

Rewriting the second term in (4.6) we obtain

L' (En)(E = &n) = pulEn)(z = 2n) + p=(En) (u — un) + pq(En) (g — qn)-

Due to the Galerkin orthogonality for the state and adjoint equations, we have for
arbitrary up, zp € Vi

pu(€n)(z = zn) = pu(&n)(z — Zn) and  p.(&n)(u — un) = p=(§n)(u — Un).

This completes the proof. 0

Remark 4.1. We note that, in contrast to the terms involving the residuals of
state and the adjoint equations, the error g — g, in the term p,(€,)(q — qp,) in (4.4)
cannot be replaced by ¢ — ¢, with an arbitrary ¢, € Qaq,n. This fact is caused by the
control constraints. However, we may replace pq(&n)(¢—an) by pq(&n)(¢—an+Gn) with
arbitrary g fulfilling supp(gn) C w\ (w—,n Uwy ) due to the structure of pg(&n)(+).

In order to use the estimate from the theorem above for computable error estima-
tion we proceed as follows: First we choose u;, = ipu, Z, = iz, with an interpolation
operator i: V — V}; then we have to approximate the corresponding interpolation
errors u — ipu and z — ipz. There are several heuristic techniques to do this; see, for
instance, [6, 7]. Assume we have an operator 7: Vj, — Vj,, with Vj, # Vj, such that
u — mup, has a better local asymptotical behavior as u — ¢pu. Then we approximate

pu(€n)(z = inz) = pu(&p)(mzn — 2n) and  p.(&p)(u —ipu) = p2(§n)(Tun — up).

Such an operator can be constructed, for example, by the interpolation of the
computed bilinear finite element solution in the space of biquadratic finite elements
on patches of cells. For this operator the improved approximation property relies on
local smoothness of u and superconvergence properties of the approximation uy. The
use of such “local higher-order approximation” is observed to work very successfully
in the context of a posteriori error estimation; see, e.g., [6, 7].

The approximation of the term p,(£,)(q¢ — qr) requires more care. In contrast
to the state v and the adjoint state z, the control variable ¢ can generally not be
approximated by “local higher-order approximation” for the following reasons:

e In the case of finite dimensional control space @, there is no “patch-like”
structure allowing for “local higher-order approximation.”
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e If g is a distributed control, it typically does not possess sufficient smoothness

(due to the inequality constraints) for the improved approximation property.

We therefore suggest another approximation of p4(£x)(¢ —¢r) based on the projection
formula (2.9). To this end we introduce § € Qaq by

- 1
(47) q= PQad <aa;(Qh,ﬂ'Uh)(~’ﬂ'Zh)>.
In some cases one can show better approximation behavior of ¢ — ¢ in comparison
with ¢ — ¢n; see [31] and [22] for similar considerations in the context of a priori error
analysis.
This construction results in the following computable a posteriori error estimator:
1

m = §(Pu(§h)(7rzh — z1) + p2 (&) (mun — un) + pg(€n) (G — an))-

Remark 4.2. In order to use this error estimator as an indicator for mesh refine-
ment, we have to localize it to cellwise or nodewise contributions. A direct localization
of the terms like py, (&) (72, — 21) leads, in general, to the local contributions of wrong
order (overestimation) due to oscillatory behavior of the residual terms. To overcome
this, one may integrate the residual terms by part (see, e.g., [6]) or use a filtering
operator; see [36] for details.

We should note that (4.4) does not provide an estimate for the absolute value of
J(q,u) — J(qn, un), which is due to the inequality sign in (4.4). In the next section we
will overcome this difficulty utilizing the alternative optimality system (2.18a)—(2.18f).

4.2. Error in the cost functional reviewed. In order to derive an error
estimator for the absolute value of J(g,u) — J(gn,un) we introduce the additional

residual functionals pq(xn)(-), Pu- (xn) (), pu+ (xn)(:) € Q" by

(4.8) Pa(xn)(-) = lan, ) — af(qn,un) (- 2n) + (1 — 11z, 5 ),
(49) ﬁu* (Xh)() = ('7q— - Qh)7
(4.10) Pu+(Xn)() =(yan — q4)-

In what follows, the last two residual functional will also be evaluated in the point x
where they read as follows:
Pu-(0C) = (ha-—a), pu+(X)() = (g —a4)
Analogous to Theorem 4.1 we obtain the following theorem.
THEOREM 4.2. Let x € Vaq be a solution to the first-order necessary condi-

tion (2.18a)—(2.18f) and x1, € Vaan be its Galerkin approzimation (3.15a)—(3.16).
Then the following estimate holds:

Ta,u) = Tlans ) =50 (x)(= = 31) + 3p=00n) ) + 5hg000)(a — @)

(111) 5B )™ = i)+ e o) (e = )

1. 1L .
+ 5= 0O = ) + 5P OO = ) + Ro,

where Up, 2 € Vi, Gn € Qn, i, € Q—n, fif € Q. i” € Q—, it € Q4 are
arbitrarily chosen and Ro is a remainder term given by

1 [t
(4.12) Ry = 5/ L" (xn + s(x = xn)) (X = Xhs X — Xn> X — Xn)$(s — 1) ds.
0
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Proof. From (2.17) and optimality system (2.8a)—(2.8c) we obtain

J(g,u) = L(€) = L(x).
The analog result holds on the discrete level. We therefore have

1
J(g0) — T(anrun) = £0) — £xn) = / ' (xn + 50¢ = x0)) (x = Xn) ds.

As in the proof of Theorem 4.1 we approximate this integral by the trapezoidal rule
and obtain

(13) I = ) = 32000~ )+ 32000 - i) + R,

with the remainder term Ry as in (4.12). For the first term we have

L'00(x = xn) =L, 00w —un) + L) (2 = z) + Li,(x)(q — qn)
+ L, 00 = )+ L 00wt — ).

Using optimality system (2.18a)—(2.18f) we deduce that

L) = xn) =L, 00~ —py) + L 00" = pyp)-

From (2.18d) and (2.18e) together with linearity of /jif (x)(-) and ‘éiﬁ (x)(-) we obtain
that for arbitrary i~ € Q_ and g+ € Q.

L0 —py) =L, 00 =) L)t —wh) =L 00" - ph)
holds, and thus we obtain
LX) (X = Xn) = - Q)@ = ) + per OO (BT = ih).

Rewriting the second term in (4.13) we obtain

L' (xn) (X = xn) = pulxn)(w —un) 4+ p(xn)(z = 21n) + pg(xn) (¢ — qn)
+ P Oan) (™ = ) + D Oen) (0" = i),

where we can use linearity of the residual functionals in the second argument and
(3.15a)—(3.15¢) to obtain the following equalities:

(4.14) pu(Xn) (w0 — un) =pu(xn) (v — Gn),
(4.15) p=(xn)(z = zn) =p=(xn)(z — Zn),
(4.16) Pa(Xn)(q — an) =pq(xn)(q — n)

for arbitrary ap,Zn, € Vi, Gn € Qpn. Additionally we gain from (3.15d) and (3.15e)
that for arbitrary fi, € Q_p, and i € Q4

(4.17) P (Oxn) (™ =y, ) =pu- Oxn) (™ — f1,),
(4.18) P+ () (™ = 1) =g Ocn) (0 = i)

holds. This completes the proof. |
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To gain a computable error estimator we proceed as in the previous section. In
order to deal with the new residual functionals we utilize (2.12) and construct an
approximation for u by

(4.19) fi = —aq + ag(q, Tup) (-, mzn),

where ¢ is given by (4.7). This leads to a computable a posteriori error estimator:

n2 = = (pu(xn)(T2n — 21) + p=(Xn) (TunR — un) + Pg(Xn) (7 — qn),

DN =

B OXn) (B = g, )+ P Ocn) (A5 — ),
P O™ = ) + P (VAT = ).
Remark 4.3. We note that the a posteriori error estimates derived in Theorems 4.1
and 4.2 coincide if the control constraints are inactive, e.g., if Q.q = Q). Moreover, if

the active sets are approximated from outside, i.e., w_ C w_; and w C w4 p, these
error estimators coincide as well.

4.3. Error in the quantity of interest. The aim of this section is the deriva-
tion of an error estimator for the error

(4.20) I(q,u) — I(qn,un)

with a given functional I : @ x V — R describing the quantity of interest which
we require to be three times directional differentiable. To this end we consider an
additional Lagrangian M : Y x Y — R defined by

(4.21) M) (W) = 1(g,u) + L' (x)(¥),

where we abbreviate x = (¢, u, z, u =, u+) and ¢ = (p,v,y,v~,v"). Here (p,v,y, v, vT)
will be variables dual to (g, u, z, u~, u+). Note that for the solution y to the optimality
system (2.18a)—(2.18f) of the optimization problem (2.4) the identity

(4.22) M) () = I(g,u)

holds for all ¢ € Vad. To proceed as in the proof of Theorem 4.2 it remains to find
1 € YVaa such that (x, ) is a stationary point of M on Vag X Vad.
Therefore we consider the auxiliary (linear-quadratic) optimization problem

(4.23) Minimize K (x,p,v), P € Pag, vEV,
(4.24) subject to L1 (x)(v,¢) + LL.(xX)(p,¢) =0 Vo eV

for given x € ). The admissible set P,q is given as

(4.25) Pa={peQ|p-(z) <p(z) <pi(z) ae. onw},

with the bounds

p_(o) = {o, plx) # 0 or q(x) = q-(2),

—oo else,

po(z) = {0, p(x) # 0 or ¢(x) = q1(z),

400 else,
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and the cost functional K : ) x Q x V — R is defined via

(4.26)
K(x,p:v) = I,(q,u)(v) + I} (g, u) (p) + L1}, (x) (v, p) + %EZU(X)(U,U) + %5;’q(x)(p,p)-

We introduce the following abbreviation for later use:
(4.27) Vad = PuuxVxVxQ_xQ,.

Remark 4.4. Consideration of the auxiliary optimization problem (4.23), (4.24)
is motivated by the unconstrained case QQ,q = @. There the stationary point of M
is given as the solution to (4.23), (4.24) with P,qg = @. A similar linear-quadratic
optimization problem is considered in [19] in the context of sensitivity analysis.

Remark 4.5. If we assume that the second-order sufficient condition from Lemma
2.1 holds, the linear-quadratic optimization problem (4.23) possesses a solution. This
is the case, as the quadratic part [',Zq(x)(mp) + 127 () (v,0) + %[',gq(x)(p,p) of
K(p,v) is positive definite (see (2.20)) for all solutions to the linear equation (2.21),

which is exactly the same as (4.24).
We introduce an auxiliary Lagrangian N : J x X — R for (4.23), (4.24) by

(4.28) NOGpv,y) = K(x,p,v) + L1, 000, 9) + L. (x) (P, )-

For a solution (p,v) to (4.23), (4.24) the following first-order necessary condition
holds:

There exists y € V such that

(4.29a) N, (6P, 0,y)(0y) = 0 Yoy €V,
(4.29b) N (x,p,v,y)(6v) = 0 Vv €V,
(4290) N;{)(X,pavay)(ép - p) Z 0 V(SP € Pad

or, if written more explicitly,

(4.30a) L. () (v,6y) + L.(x)(p,dy) = 0 Yoy €V,
(4.30b)

I}, (q,w) (8v) + L, (x)(6v,p) + Ly, (x) (8v,v) + L (x)(6v,y) = 0 Vév €V,
(4.30¢)

I (g, u) (6p) + L, (x) (v, 6p) + L, (x)(6p.p) + L1y, (x)(6p,y) > 0 Vép € Paa — p.

Again we can introduce the full Lagrangian N : Y x Y — R by

(4.31) N, v) =N, pv,y)+ @, p- —p)+ ", p—py).
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As in (2.18a)—(2.18f) we can rewrite the necessary optimality condition for ¢ € Vaq as

(4.32a) T(x, ) (6v) =0 Vév eV,
(4.32b) Ny(x:w)(8p) =0 ¥p € Q,
(4.32¢) Ny (x,9)(8y) =0 Véy eV,
(4.32d) V! _(x,¥)(6v™) =0 Vo~ €Q_,
(4.32¢) N (6 9)(6v) =0 Vert € @y,
(4.32f) vt—v =v, v (p-—p) =v(p—py) =0 ae onw,
(4.32g) supprT Cw\{r€w|qg=q_and p#0}, vt >0, ae. wherep=0,
(4.32h)  suppr” Cw\{r €w|qg=gqs and p #0}, v~ >0, a.e. whereu =0,
where v~ and v are given by the following relations depending on v = —J\f;(x,;m v,y)(+):
v, q(z) = q4 and p(x) # 0,
vh(z) =10, q(z) = q— and p(z) # 0,
max(0,v) else,
v, q(z) = q— and p(x) # 0,
v (@) =40, 4(2) = g5 and u(z) £0,

max(0, —v) else.

Note that due to the choice of p_ and p, the Lagrange multipliers are contained in
the desired spaces, e.g., v~ € Q_ and v € Q.

Remark 4.6. It should be noted that we use the convention +oo-0 = 0 in (4.31),
(4.32f) to ease notation. The same convention will be used throughout this section.

Remark 4.7. The condition (4.32g) arises naturally, as v1 is the Lagrange mul-
tiplier which corresponds to the equality and inequality constraints for p that are
induced by the active upper control bound ¢;. Similarly (4.32h) arises from the
active lower control bound ¢_.

We introduce

(4.33) Vadh = Paan X Vi X Vi X Q_ 1 X Q4 1
to shorten notation. This is discretized using the discretized admissible set
(4.34) Poan =1{p € Qn|pn—(z) <p(z) < ph,—(x) a.e. on w},

with the bounds

ph(z) = {0, pn(x) # 0 or gu(z) = q— (),

—oo  else,

Ph+(2) = {j:oo leg) # 0 or q(z) = qo (),

Then the following first-order condition holds with the discretized full Lagrangian:

Nulx,¥) = N(x,p,v,9) + (v~ ph— — ) + (V"0 — Prg),
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where N, : Y x Y — R. There exist yp, € Vj, 1/:,1/; € @y such that for ¢, =
(PR, VR Yny vy, 1/;[) € Yaa,n the following hold:

(4.35a) N (X 1) (60) =0 Vév € V,

(4.35b) N (s 0)(6p) =0 Yop € Qu,

(4.35¢) Niy (Xns ¥0)(8y) =0 Véy € Vi,

(4.35d) Vi - (X ) (0v7) =0 Vév~ € Q_p,

(4.35¢) Ni e (X, ¥n)(6vT) =0 Yéut € Qi p,

(4.35f) v —v =un (V. ph— —pr) = (o —pry) = 0,
(4.35g) (v i) =0 Vi (un, ;) #0and ¢; = q—,

(4.35h) (Vi i) 20 Yi: (un, i) =0,

(4.351) (V> 0i) =0 Vi (un, i) #0and ¢; = g4,

(4.35)) (v, i) >0 Vi (up,pi) =0

For the error estimator with respect to the quantity of interest we introduce the

residual functionals gy, (xn, ¥n)(+), py(Xn, ¥n)(-) € V' and pp(Xn, ¥r)(*)s Pu- (Xhs ¥n)(+),
P+ (Xn, ¥n)(-) € Q" by

(4.36) o (X ¥n) (4) = L2, (xn) (5 vn) + L2, (xn) (- pn),

(4.37) By (X n) () =T (qn, un) () + Lo, (xn) (vn) + Lo, (xn) (- yn)
+ L0, (o p )

(4.38) Ao (s ) () = I (qn, un) () + Lify, Ocn) (5 vn) + L3, (xn) (-5 yn)
+ Ly (xn) (> P ) (s ¥n),

(4.39) Po—(Xn, ¥n)(:) = — (-, pn),

(4.40) Pt (X, ¥r)(-) = (s pn),

in addition to the already defined residual functionals (4.1)-(4.10). Again the last
two residual functionals also have to be evaluated in the point (x, ) where they read
as follows:

THEOREM 4.3. Let x € Vaq be a solution to the necessary optimality condition
(2.18) and xn € Vaan be its Galerkin approzimation (3.15). In addition let 1 € Vaq
be a solution to the necessary optimality condition (4.32) of the auziliary optimization
problem (4.23), (4.24) and 1y, € Vaan be its discrete approzimation (4.35). Then the
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following estimate holds:

(4.41)
(a,) = Tanun) =5 pu00n)(y = 1) + 5020000 = 00) + 5 ()b~ 1)
F 5 O = 50) + 5 () = 7)
5000 )z = ) 37, 00n ¥) = ) + s )0 — )
+ %ﬁu—(x;z, Un) (™ — fiy) + %ﬁw O on) (05 = )
¥ e 00 =)+ 52 (O — )
5 )™ = ) + s (60T = i) + R,

where @n, On, Zn, Gn € Vi, Gn, P € Qns iy, Uy € Q—n, iy, U € Q1n as well as
i, 0" eQ_, pt, vt € Qy are arbitrarily chosen and R3 is a remainder term given
by

(4.42) R3 = %/0 M ((xn,¥n) + se)(e,e,e)s(s — 1) ds,

with € = (X = Xn, ¥ — ¥n).
Proof. From (4.22) and the analog discrete result we obtain

I(g,u) = Ign, un) = M(x, %) — M(xn, ) = / M (. 0n) + se)(e) ds.

Approximation by the trapezoidal rule gives

(L43)  Taw) — Ianun) = 5M (6 0)(e) + 5 M (a in)(e) + R,

2

with the remainder term R3 as in (4.42). For the first term we have

M (x, ¥)(e) =M, (xs ¥) (u — up) + M, (x, ¥) (v — vp)
+ ML(x, ) (2 = 21) + My (x, ¥) (Y — yn)
+ M 06 Y) (g — an) + M0 0) (p — pr)
+M’ () (p _—uh)+M’ )™ —v,)
L OGO (T = ) + M 06 ) (v =)

Using the identities

M 0G0) () =N 06,0, 9)(), M 0G¥)() = L4000,
ML 0)() = NyOapo.9)(), M0 9)() = LLO (),
M 069 C) = Nyoep,v,9) (), M06w) () = L)),

we see that the first six terms on the right-hand side vanish due to (2.18a)-(2.18c)
and (4.32a)—(4.32c). Furthermore we see from (2.18d), (2.18e) and (4.32d), (4.32e)
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Thus we obtain

M ¥)(e) =pu- ()™ =) + o QO = vy))

+ P0G = ) + P+ OG0 (AT = pay).
For the second term we obtain from (3.15a)—(3.15¢) and (4.32a)—(4.32¢) that

M (xn, ) (€) = M (xn, ¥n) (X — Xn, ¥ — Un)
for each x, z/;h IS jadﬁ, which completes the proof. 0

(444) M0G0 (T =) =M, (60 (™ — ) = pu- 06T — 1y,
(445) MO0 =) =M —vy) = p- 00F™ —vy),
(4.46) M 060 (" = ) =M O ) (BY — ) = pur 06 9) (BT

(4.47) OGO =) =M (6 (0t — ) = pu 0 (0

527

Remark 4.8. Note that in the case I = .J the solution (p,v,y) to (4.29) is given
by (0,0, z), which can be seen after some calculations. Using this, one obtains that

for I = J the estimates in Theorems 4.2 and 4.3 coincide.
We define the projection onto the admissible set by

PPad,h (p) = max(ph,—a min(p7 ph,-‘r)) .

To obtain a computable error estimator we introduce p € P,q as an approximation to

p by
(4.48)
1

P = PPaan (a(a;()(w Tyn) + ag, () 70n, T2n) + agq O pay w2n) = 1g(q, 7un)(-))

)

where () is an abbreviation for (¢, muy), and 7 is introduced as an approximation to

v by

(4.49) 7= —ap+ag()(, 7yn) + ag, O, 7on, w2n) + agy (), oy m20) — 15(q; mun) (),

which is an analogue to the construction of the approximations ¢ and i in (4.7) and

(4.19).

Using these approximations we obtain the following computable error estimator:

nqr = %pu(xh)(wy —yn) + %pz(Xh)(W —Un) + %ﬁq(Xh)@ — Ph)
+ 3 ()0 = 1) + 5 () (0 — )

2 Ao ) (52 — 20) 5y O ) (1t — ) 5y, 00— an)

2 2
1 1
+ 500 O Un) (™ = 1) + 50+ (s ¥n) (BT = 11y)
1 1
+ iﬁu‘ (S()(ﬂ_ - V};) + §ﬁu+(>2)(17+ - V}JLF)
+ %p () (™ = ) + %p () (* = i),

where X = (¢, 7u, 7z, i~ i) and ¢ = (p, wv, 7y, 77, 0F).
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Remark 4.9. We would like to point out that in case of strict complementarity,
e.g., if the set

{rewlq(r) =g (z)org(z) =gy (x)} \ {z € w | p(z) # 0}

has zero measure, the auxiliary problem (4.23), (4.24) does not involve inequality
constraints for the controls. In that case the set P,q is not only convex but in fact a
real subspace of Q.

Remark 4.10. The constrained linear-quadratic optimization problem (4.23),
(4.24) can be solved using primal-dual active set strategy. In the case of strict com-
plementarity the algorithm will converge in one step due to the fact that P,q is a
linear subspace of @) is this case.

Remark 4.11. Due to the definition of P,q (4.25), the solution p € @ of auxiliary
optimization problem (4.23)—(4.24) is usually discontinuous. Therefore, a cellwise
constant discretization of the control space ) seems to be more suitable than a dis-
cretization with continuous trial functions if the error with respect to a quantity of
interested is estimated.

5. Numerical examples. In this section we discuss two numerical examples
illustrating the behavior of our method. For both examples we use bilinear (H!-
conforming) finite elements for the discretization of the state variable and cellwise
constant discretization of the control space. The optimization problems are solved by
primal-dual active set strategy as sketched in section 2, where the equality-constrained
problems in the inner loop are solved using Newton’s method for the reduced cost
functional.

All examples have been computed using the optimization library RoDoBo [5] and
the finite element toolkit Gascoigne [3].

5.1. Example 1. We consider the following nonlinear optimization problem:
N 1 d2 a2
(5.1) Minimize 5”“ —u ||L2(Q) + §||q||L2(Q)a uw €V, q € Qad,

subject to

—Au+30u +u=f+q in Q,

5.2
(52) u=20 on 02,

where Q = w = (0,1)?\ [0.4,0.6]%, V = H}(Q), Q@ = L*(£2), and the admissible set
Q.q 1s given by

Qaa={q€ Q] —7<¢q(x) <20 ae. on Q}.

The desired state u® and the right-hand side f are defined as

ul(z) =1 - 20, f(z)= ((:171 —0.5)% 4 (29 — 0.5)2)_1 ,

and the regularization parameter is chosen as a = 10~%. We note that the state
equation (5.2) is a monotone semilinear equation, which possesses a unique solution
u € V for each ¢ € Q. The proof of the existence of a global solution as well
as derivation of necessary and sufficient optimality conditions for the corresponding
optimization problem (5.1)—(5.2) can be found, e.g., in [34].
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In section 4 we derived two different error estimators for the error with respect
to the cost functional and one error estimator with respect to a quantity of interest.
In this example, we choose the quantity of interest as

(5.3) Igw) = /(0708)2 V()2 de + / o(x) da.

(0.2,0.3)2

In order to check the quality of the error estimators, we define the following effectivity
indices:
(5.4)

Leg(m) = J(u);;](uh), Lg(n) = J(“);Q‘](uh)? Ta(nar) = I(q, u) ;QII(Qh,Uh) .

In Table 5.1 these effectivity indices are listed for different types of mesh refine-
ment: random refinement and refinement based on the error estimator nqr for the
quantity of interest.

TABLE 5.1
Effectivity indices.

N Teg (1) | Ter(n2) | Tesr(nqr) N Teg (1) | Te(n2) | Tesr(nqr)
432 1.1 1.1 1.2 432 1.1 1.1 1.1
906 1.1 1.1 1.1 824 1.1 1.1 1.4
2328 1.3 1.2 2.3 1692 1.0 1.0 0.3
5752 1.2 1.2 1.4 3992 1.0 1.0 0.2
13872 1.3 1.3 1.5 11396 1.0 1.0 0.5

33964 1.3 1.3 1.4 30604 1.0 1.0 1.0
83832 1.2 1.2 1.5 80354 1.0 1.0 1.3
(a) Random refinement (b) Refinement according to nqr

We observe that the error estimators provide quantitative information about the
discretization error. We note that the results for 77 and 7, are very close to each
other in this example; cf. Remark 4.3.

In addition, our results show that the local mesh refinement based on error esti-
mators derived above leads to substantial saving in degrees of freedom for achieving a
given level of the discretization error. In Figure 5.1 the dependence of discretization
error on the number of degrees of freedom is shown for different refinement criteria:
global (uniform) refinement, refinement based on the error estimator 7); for the cost
functional, and refinement based on the error estimator nqr for the quantity of in-
terest. In Figure 5.1(a) the error with respect to the cost functional (5.1) and in
Figure 5.1(b) the error with respect to the quantity of interest (5.3) are considered,
respectively.

We observe the best behavior of error with respect to the cost functional if the
mesh is refined based on n; and the best behavior of error with respect to the quantity
of interest for the refinement based on 7q;.

A series of meshes generated according to the information obtained from the
error estimators are shown in Figure 5.2 together with the optimal control ¢ and the
corresponding state wu.
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(a) Error in J (b) Error in T

Fi1c. 5.1. Discretization error for different refinement criteria.

5.2. Example 2. Our second example is motivated by a parameter identification
problem. The minimization problem is given by

o 1 a
(5.5) Minimize 5”“ —u|[72q) + §||‘J||2L2(Q)7 uw €V, q € Qad,
subject to
(5.6) —Au+qu=f in Q,
' u=0 on 09,

where Q = w = (0,0.5) x (0,1) U (0,1) x (0.5,1), V = H(Q), Q@ = L*(Q), and the
admissible set Q.4 is given by

Qaa = {(] €Q] q,(w) < Q(x) < CI+($) a.e. on Q}7 with ¢_(z) =0,

The desired state u® and the right-hand side f are defined as

q+(x) =0.3.

flz) =1,

1
d . .
u(x) = —= sin(27x1 ) sin(27x2),
(¢) = g sin(2mz1) sin(27z2)
and the regularization parameter is chosen o = 10~%. Note that for any given ¢ € Qaq
the state equation (5.6) possesses a unique solution v € V' due to ¢ > 0.
We are interested in the error in the unknown parameter, and thus we choose

I(qu) = / o(z) d,

where Qo = (0,0.25) x (0.75,1).

In Table 5.2 the effectivity indices, defined as in (5.4), are listed for different types
of mesh refinement: global (uniform) refinement, random refinement, refinement based
on the error estimator n; for the cost functional, and refinement based on the error
estimator nqr for the quantity of interest. As in the first example we observe that the
error estimators provide quantitative information on the discretization errors.
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(a) Mesh 3 from n; (b) Mesh 4 from 1

(c) Mesh 4 from nqr (d) Mesh 5 from nqr

(e) Optimal control (f) State

F1G. 5.2. Locally refined meshes and solution.
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TABLE 5.2
Effectivity indices.

N | Leg(m) | Leg(n2) | leg(nqr) N | Leg(m) | Lea(n2) | Lea(nqr)
65 1.2 1.2 2.0 65 1.2 1.2 2.0
225 1.3 1.2 1.9 225 1.3 1.3 1.9
833 1.4 1.4 1.5 785 1.4 1.4 1.6
3201 1.5 1.5 1.7 2705 1.5 1.5 1.7
(a) Global refinement (b) Refinement according to 71

N | Le(m) | Tes(n2) | Ler(nqr) N | Leg(m) | Ten(r2) | Ter(nqr)
65 1.2 1.2 2.0 65 1.2 1.2 2.0
141 1.2 1.2 2.0 173 1.2 1.2 1.8
307 1.2 1.2 0.5 509 1.2 1.2 1.3
763 1.4 1.4 2.0 1317 1.2 1.2 1.3
(c) Random refinement (d) Refinement according to nqr

From Figure 5.3(a), where the discretization error with respect to the quantity
of interest is plotted for different refinement criteria, we again observe that the local
mesh refinement based on the appropriate error estimator leads to a certain saving in
degrees of freedom for achieving a given tolerance for the discretization error. A typical
mesh generated using the information obtained from ngp is shown in Figure 5.3(b).

o e e I
global —&—

01 local 1, —©—

S local nor —+— "

0.01

0.001

le-04

(a) Error in I (b) Mesh 5 from nqr

FiG. 5.3. Discretization error and mesh.
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