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Quasi-optimality of an Adaptive Finite
Element Method for an Optimal Control
Problem

Roland Becker : Shipeng Mao

Abstract — We prove quasi-optimality of an adaptive finite element algorithm for a
model problem of optimal control including control constraints. The quasi-optimility
expresses the fact that the decrease of error with respect to the number of mesh cells is
optimal up to a constant. The considered algorithm is based on an adaptive marking
strategy which compares a standard residual-type a posteriori error estimator with a
data approximation term in each step of the algorithm in order to adapt the marking
of cells.

2010 Mathematical subject classification: 49J20; 49M15; 49N10; 656K10; 656N12; 65N15;
65N30.
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Introduction

We consider a model problem of optimal control, the solution of which is approximated by
an adaptive finite element method. The analysis of adaptive finite element methods has
made important progress in recent years. Based on classical residual-based a posteriori error
estimators [2, 11, 21] it has been shown by Dorfler [10] and Morin, Nochetto, and Siebert [18]
that an adaptive mesh refinement algorithm converges towards the solution of the Poisson
equation. An important further result is the estimation of the dimension of the adaptively
constructed discrete spaces by Binev, Dahmen, and DeVore in [5], and Stevenson [20]. The
importance of these contributions lays in the fact that they prove quasi-optimality in the
following sense: if the solution of the problem can be approximated by the given discretization
method on a given family of meshes at a certain rate, the iteratively constructed sequence
of meshes will realize this rate up to a constant factor.

In this work, we present an adaptive finite element method for an optimal control prob-
lem. Our approach is based on continuous finite elements of fixed degree on locally refined
triangular meshes. Following the idea of [4], we use an adaptive marking strategy which
either performs the refinement according to a standard residual-type estimator or according
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to a data approximation term. From a computational point of view, the resulting algorithm
is simpler than the MNS algorithm [18], which is underlaying the work of [12], where conver-
gence for an optimal control problem similar to the one considered here is shown. Improving
upon the known results in the literature, we prove convergence and optimal complexity of
the adaptive algorithm without assuming the interior node property of the local refinement
algorithm, as is done in [12], for example. The optimality proof, which seems to be new for
optimal control problems, is our main contribution, since it gives a rigorous justification of
adaptive finite element algorithms in comparison with non-adaptive methods.

The paper is organized as follows: After introduction of the optimal control problem and
its discretization on a single mesh in Sections 1 and 2, in Section 3 we define the adaptive
algorithm. In Section 4 we establish some lemmata, which are used later on. Section 5 is
devoted to the proof of geometrical convergence of the error of the adaptive algorithm under
natural assumptions. In Section 6 we prove an asymptotic estimate for the complexity of
the sequence of meshes. Finally, we report on some numerical experiments in Section 7.

Throughout the paper we use the following notation. For the norm of the standard
Sobolev space Hg(Q2) we write |ul; := ([, |[Vu|* dz) Y2 The L?(A)-scalar product and norm
are denoted by (-,-)4 and || - ||, respectively, omitting the subscript in case A = Q, for
either a measurable subset A C € or for an edge of a finite element mesh (with obvious
modification of the measure).

We work with families of shape regular triangular meshes in the sense of [8]. We denote
by h a mesh in a family of admissible meshes H, and by wu; the corresponding finite element
solution. The set of cells of mesh h is denoted by ICj, the diameter of K € K}, is denoted by
pr, and in addition we define p(h) := maxgex, px. As compared to standard notation in

finite element literature, h denotes a mesh in a family of meshes H and not a global maximal
cell width.

1. The optimal control problem

Let Q C R?, be a bounded domain with polygonal boundary 9. Let Q5 C Q and Q¢ C Q
be polygonal subdomains. Further let f € L?*(Q) and a > 0 be given. We consider the
following optimization problem:

« 1
inf —agll2. + =||ul|? subject to:
o™ o Glall, + gl s

_Au:f+q in QB, _A'U/:f inQ\QB, u:o on aQ’ (11)
q 2 0 a.e. QB-

This is a linear-quadratic problem. Denoting by B : L*(Q5) — L*(Q) the trivial extension
operator, we may alternatively write the state equation as

—Au=f+Bg inQ, u=0 ond. (1.2)

The state equation can be used to eliminate the state variable, such that we end up with
the minimization of a quadratic functional in the control variable ¢ alone. Although con-
ceptionally important, such a formulation hides the main difficulty inherent to optimization
problems containing a partial differential equation as constraint: the discretization of the
state equation.
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We remark that a > 0 is necessary for well-posedness. However, in case of finite-
dimensional controls (where ¢ is sought in the linear space spanned by given functions
Y; € L?(Qp),i = 1,...m), a = 0 may lead to a well-posed minimization problem. This
case will be addressed elsewhere. Here we suppose o > 0.

More general linear-quadratic optimal control problems involving non-zero observations
ug € L*(Qc), a reference control value ¢; € L*(2p), and inhomogenous Dirichlet boundary
data can be directly reduced to (1.1). It is well-know that (1.1) admits a unique solution;
for this and further results concerning the solution of (1.1) we refer to [16].

Writing u(q) for the unique solution of the state equation for given control, the reduced

functional is defined as .
) «
i(a) = Sllalla, + (@l

We denote by L% (Q2) the cone of positive square-integrable functions. Let @ = L% (Qp) be
the set of admissible controls.
In terms of the reduced functional, the optimization problem (1.1) simply reads

inf j(q)- (1.3)

We note that j is quadratic since ¢ — wu(q) is affine-linear. Its first- and second-order
derivatives are given by

7'(@)(p) = alg, p)ay + (u(@), W' (p)ag, 7" (P1,p2) = a(p1, p2)a, + (W' (p1), v (P2))ae, (1.4)

where u/(p) is the solution of (1.2) with control p and f = 0.
We observe that j”(p,p) > a|[p||g, such that j is strictly convex and the minimization
problem (1.3) admits a unique solution which is characterized by the variational inequality

J(@)p) ={Vi(a).p)e, 20  VpeQ. (1.5)
Next we define the Lagrange functional by
Q2 Lo
£(g.w,2) = Sl + Gl + (f2) + (0, 2oy — (Vu, V2).

The first-order necessary conditions, which we also call optimality system, is the variational
system

(Vu, Vo) — (g, v)q, = (f,v) Y& Hy(), (1.6)
(Vu,Vz) — (u,v)q. = 0 Yove Hi(Q), 7)
alg,p) +(z,p)oy 20 VpeQ. (1.8)

Let (¢, u, z) be the solution of (1.6-1.8). In addition it holds that «lq||3, + (z,9)a, = 0.
Note that equation (1.8) simply translates the inequality j'(q)(p) = L4(q,u, 2)(p) = 0. We
have that ¢ > 0 and ag + z > 0 almost everywhere. The variational inequality also implies
that

ag+z- =0, (1.9)

with 27 := max(0,z) and 2~ := z — 2. We can use (1.9) in order to eliminate the control
variable from the system, leading to the nonlinear system of partial differential equations

—Au=f—axa,27, —Az=xo.u, (1.10)
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which can be written after the rescaling o'z — z as the notationally more convenient
system
—Au=f—xa,z, —Az=a 'yg.u. (1.11)

In order to simplify the notation, we consider in the following the reduced system (1.11).
See also [15], where the reduced system is used to derive a discrete control space adapted to
the adjoint variable via (1.9). Our results carry immediately over to this approach, but the
generalization to discretiztaion of (1.6-1.8) is also possible.

In order to simplify the exposition, we introduce some notation. Let V = Hg(2) and
define ag: V xV —-Randa:V xV — R by

ao((u, 2), (v, w)) == (Vu, Vo) + (Vw, Vz) + (z,v)q, — a H{u, WY0es

a((u, 2), (v, w)) := ao((u, 2), (v,w)) = (27, V)a-

Then the variational problem read corresponding to (1.11) reads: Find (u,z) € V' x V such
that for all (v,w) € V xV

(1.12)

a((u, 2), (v,w)) == (f,v). (1.13)

1w, 2 =/ ulf + |23 (1.14)

The bilinear form a( has the following stability property.

Let us set for abbreviation

Lemma 1.1. There is a constant s > 0 such that

CLO((u? Z), (U7 w))
sup > sl (u, 2)|]]- (1.15)
wwev\iopxnfoy [, w)l]

Proof. Testing with (v, w) = (u, z) gives

ao((u, 2), (v,w)) = |uli + |2[f + (2, u)a, — @ {u, 2)ac
> I, )1 = (I2llos lullos + a7 2lloc lullac)
1 € € 1
> I(w, 2)I* = Q—EIIZII%B = llull® = S l=1” - @IIUII%C-
With the Poincaré inequality
21* + [lull* < Ca (luls + |2]1)
it follows with € = 1/Cq, that
1 1 1
S - 2 Loz 2
ao(w,2), (0,0) > 3w, 2P = -l — 5l

On the other hand, testing with (v, w) = (z, —u) leads to
ao((u, 2), (v,w)) = |[ll3, + o ullf,.
Therefore, choosing (v, w) = (u, z) + 5 (2, —u), we have |||(v,w)||]| < C||(u, 2)]| and

1 2
ao((u, 2), (v,0)) = |, 2)[]*

The result follows with ;s = 1/(2C). O
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2. Discretization of the optimal control problem

In this Section, we consider the discretization of the optimal control problem on a fixed
triangular mesh h € H. Let h be a shape-regular partition of ) into triangles satisfying the
standard assumptions [8]. We suppose for simplicity that |J K covers Q accurately, and

KeKy
that there exist subsets K2 C Kj, and K C K, such that |J K =Qpand |J K =Qg,
KekB KeK§

respectively. Finally, we denote by N, the number of cells of mesh h € H.
The finite-element spaces of V;, C Hg(€2) with k& > 1 is defined in standard way

Vi = {ve HyQ): v|g € PFforall K € K}

We denote by ), the L2-projection on the discrete space of discontinuous piecewise poly-
nomials of order k. For K € Kj let mgu := (mpu)|k such that (u — mru, w)x = 0 for all
polynomials w of maximal order k.

Next we introduce the discrete system to be solved : Find (uy, z) € Vi, x V}, such that

a((uh,zh), (vh,wh)) = <f, Uh> V(vh,wh) € Vh X Vh. (21)

The corresponding discrete control g is obtained by g, := —%;, , which is not a member of
Vi,. This approach of indirectly discretizing the control variable has been used in [15] in
order to derive a priori error estimates. If we use instead a discretization of the control space
by piecewise constants, we would end up with the relation q;, = —(7pz,)~, where 7 denotes
the projection on the piecewise constants, instead.

We solve the coupled system of equations (2.1) by a semi-smooth Newton method [13],
based on the propertied of the negative-part-function, combined with a multigrid algorithm
for the linear problems arising in each iteration.

Throughout the rest of this paper, we assume that for the solution to the Poisson equation
in Q, the regularity shift L?(Q) — H'7(Q) holds for some 7 with 0 < 7 < 1. Tt is well-
known that 7 = 1/2 for all Lipschitz domains, see for example [19]. This implies that there
exists a constant C' > 0, depending only on the shape regularity of the triangulations and
f, such that for p(h) denoting the maximal diameter of the elements in mesh h, we have the
following relation between the L?-norm and H'-norm,

lu = unl® + [z = 2zl < Cp () (Ju — unli + [z = 2nl). (2.2)

We will give a detailed proof of this result in the appendix.

3. Definition of the adaptive algorithm

We define the family of admissible meshes H in the following recursive way. Starting from
an initial mesh hg, we denote by Rjoc(h, M) with M C K}, the mesh resulting from a local
mesh refinement algorithm which subdivides triangles in such a way that at least any edge
belonging to a cell of M is bisected. We make the following assumption concerning the
refinement algorithm.

Assumption 3.1. Let hy, k = 0,...n be a sequence of locally refined triangulations cre-
ated by the local refinement algorithm, starting from the initial mesh hy. Let My, C Ky, , k =
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0,...n—1 be the set of marked cells in step k and set Ny = #ICp,. Then {hy} is uniformly

shape reqular and we have
n—1

No < No+C Y #M,. (3.1)
k=0
Assumption 3.1 and especially the complexity estimate (3.1) are known to be true for the
newest vertex bisection algorithm [17], see Theorem 2.4 of [5]. It is likely to hold for other
local mesh refinement algorithms.
We now define for given h € H, M C K}, and K € K}, the data approximation term

1/2
i = K12 f = mcfllie, (M) = (Z uﬁ) (32)

KeM

and the estimator

o= 3 1B NG+ NG

mn
ECOK\oN
+ |K]| (HWKf + Aup, — xpzy ||% 4+ a7t Azy, + QIXCuhH%() : (3.3)
M) = > .
KeM

We set for brevity py, := up(KCr) and ny, := n,(KCr).

Remark 3.1. For linear finite elements, k& = 1, the volume term in (3.3) can be removed,
see [7]. The quasi-optimality of the resulting AFEM for the Poisson equation has been shown
in [3].

The purpose of this article is to analyze the following adaptive finite element algorithm.

It generates sequences of meshes {hi}r C H, discrete solutions {(ug, zx)}x, errors {e}r,
estimators {n }, data approximation errors {p }x, and sets of marked cells { My }y.

Remark 3.2. The refinement is only determined by the data approximation term if it is
large compared to the estimator, following the idea of [4].

Remark 3.3. The choice of parameters can be guided by our theoretical results. For our
convergence result presented below, the parameters 0, o, and v are arbitrary. For our proof
of quasi-optimality, we will suppose that the marking parameter 6 is small enough. Such an
assumption is known from other complexity estimates [5, 20].

4. Estimates for the error, estimator, and data approximation term

For the purpose of the later convergence and complexity proofs, we collect in this section
some lemmata, which form the basis of our convergence and complexity analysis.

We first note that the error ep, := (u — up, 2 — z) satisfies for all (vy, wy) € Vi, x Vj, the
Galerkin relation

_l’_

ao((w —up, 2z — z1), (vp,wp)) = (27 = 25 on)a, =: S(z, 2n, vn) (4.1)

A similar relation holds for the difference between two successive meshes h and ', ey, s =

(Uh/ — Up, B — Zh).
The right-hand-side of (4.1) is estimated in the first lemma of this section.
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Algorithm 1 AFEM
(0) Choose parameters 0 < 6,0 < 1, v > 0, and an initial mesh hg, and set k& = 0.

(1) Solve the discrete optimization problem (2.1) with & replaced by hy in order to obtain the
finite element solutions (uy, ).

(2) Compute the estimator 7, and data approximation term .

(3) = If ui <y then find a set M C K, with minimal cardinality such that
(M) = 0. (3.4)
— else find a set M C K, with minimal cardinality such that
(M) = o ;. (3.5)

(4) Adapt the mesh : hyyq := Ripe(hi, M).
(5) Set k:=k + 1 and go to step (1).

Lemma 4.1. Let S be the term on the right of (4.1). Then we have for allv € V
15(2, 2, 0)| < ||z = Znllasllvllas- (4.2)

Proof. We first use the Cauchy-Schwarz inequality to bound |S(z, 21, v)| < |27 =2/ [|ag [Vl
It then remains to show that

12" = 2 llos < Iz = 2nllos- (4.3)

Define Q4 :={z € Qp : z(x)zx(z) > 0}. Then

foer—ar = [er—apse [ er-ap
QB QA QB\QA

< [ lemals [ rog
Qa Qp\Qa

Now, for z € Qp \ Qu, one of the terms z"(z) and z; (z) vanishes. This implies in the

case 2t (x) = 0, that 2% (x) — 27 (2)] = |2n(x)| < |zn(z) — 2(z)]. Similarly, in the case
2 (z) = 0, we have by the same argument that |2 (z) — 2 (z)| < |2n(2) — 2(2)|. Tt follows
that ||z" — 2 las\oa < |12 — 2nllosa,. finishing the proof. O

The upper bounds used in the analysis of the adaptive algorithms are given next.

Lemma 4.2. (Upper bounds) Under the assumption that p(hg) is sufficiently small,
there exists a constant Cy > 0 depending only on the minimum angle of hy such that

leal I < Cv (i + k7 - (4.4)
In addition, if M C Kp, and ' = Ripc(h, M), there exists a subset R C K), with

Hlenw I < C1 (m5(R) + n(R) + o (h) ] enl |I) (4.5)
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and

LR < Oy #M. (4.6)

Proof. We first prove (4.4).
First, from the stability estimate (1.15), there exists (v,w) € V' x V with |||(v,w)||| < 1
and

Y (w = un, 2 = z)[|| < ao((w —up, 2 = 21), (v, w)).
With the help of (4.1) and Lemma 4.1, we get with arbitrary (v, wy) € Vi, x V,,
Y (w = un, 2 = z2)[|| < ao((w —un, 2 = 21), (v — vp, w — wa)) + |2 = 2nll0pllvallop-

Since

+

ao((u, 2), (v —vp,w —wy)) = a((u, 2), (v —vp,w —wy)) + (27,0 — Vp)ag

and similarly for ag((up, z), (v — vp, w — wy)), we have
ao((u—up, z2—2zp), (V—op, w—wy)) = (f,v—op) —a((un, 21), (V=—rvp, w—wp))+S(z, 2n, v—2p).
Therefore, we have from (4.7) and Lemma 4.1

Yisll[(w — un, 2 — z)|[| <(f, 0 —vn) — al(un, 21), (v — v, w — wp))

(@7)
+ 11z = znllas (lvrllos + llv —vnllag) -

We now chose v, = Cv and w;, = Cjpw with the Clément interpolation operator C;, =V —
Vi It verifies the interpolation estimate

(K72 o = Chollie + BT o = Cpolle < O folias

with wg denoting the set of neighboring elements of K € K, and £ C 0K. For the last
term in (4.7), we have with (2.2)

1z = znllas (lonlles + llv = vallas) < Cp(h)[2 = 2nls < Cp(ho)" [llenl|l- (4.8)

For the other terms on the right-hand side of (4.7) we have

(fyv—wp) —al(up, zn), (Vv —vp,w —wy)) = (f,v — Crv) — (Vuy, V(v — Cpv))
+(V(w — Chw), Vz) + (2, (v — Cpv))a, — (@ g, (w — Chw)) o,

ou
<O X D0 1B lemenlvl

KeK), ECOK\0Q

+ > K (I = 7 fllic ol + 7k f + Aun — xB2; |k 0] )
KeKky

0
+ 3 Y 1B exonllwh e + 1Az + 0™ xounl il
KeKyn ECOK\OQ

<C (2 +m)" (0 + )P <o (2 +n2)",
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where we have used the shape-regularity of the mesh. This leads with, together with (4.8), to

HenlII* < C (i + # + £(R)* [llenl II7) - (4.9)

By the smallness assumption on hg we obtain (4.4).

Now we consider (4.5). The arguments which lead to (2.2) are valid, if we replace u, z, v,
and w by uy, zp, vp, and wy, respectively. Noting that Cyvp — vy and Chwy — wyy vanish
on all cells, which are not neighbors of refined cells, we can take R as the set M augmented
by all its neighbors. We then obtain

lenw I < C (ni(R) + 14 (R) + llzw — zull?) - (4.10)

By the triangle inequality, we have ||z — 21| < ||z — 2|l + |12 — 20| < 2p(h)7|||en]||. This
yields (4.5). O

The next lemma concerns a lower bound of the error for the optimal control system. The
proof is based on standard techniques for lower bounds of elliptic equations, see [21], and is
omitted here.

Lemma 4.3. (Lower bound) There exists a constant Cy > 0 depending only on the
minimum angle of hg such that

M < Co (lllenlI* + 1) - (4.11)

The local variant of Lemma 4.3 replacing e, by e on the right-hand side of (4.11)
only holds for certain type of mesh refinement algorithms. Therefore, we will use instead an
estimate for the decrease of the estimator under refinement, which is given next.

Lemma 4.4. (Decrease of estimator and data approximation) Let h' = R,.(h, M).
There exist constants Cy > 0 and & with 0 < £ < 1 depending only on the minimum angle of
ho such that for any 6 > 0

Ny < (14 0)np — E(1 4 8)np(M) + Ca(1 +1/6) [llen || (4.12)

and
py < iy — & pi(M). (4.13)

Proof. The estimate (4.13) follows from our assumptions on the mesh refinement algorithm
and the properties of the local L2-projection.
The technique developed in [3] leads to

8 0
S BN <+) Y > BN

K€K,y ECOK\09) KKy, ECOK\0Q

1—1—(5 (9u
> > IE h]HE+C4(1+1/5)!uh'—uhh

KeM ECOK\o2

(4.14)

Indeed, for a new edge produced by the last mesh refinement we have

e, | 2 )

8uh

BN, - Iz < C IV (un —un)|l?

wg?
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where wg is the patch of cells containing F. Next, for an edge which has not been refined,
since for all real numbers z,y and § > 0 it holds (z +y)* < (1 +6)z? + (14 1/6)y?, we have

213, < (14 BN+ (1 + 1/ 22 0y

B -

and the last term can be estimates as before. It remains to consider the case that an edge
E is bisected into F;, i = 1,2. A similar argument ad before combined with the reduction
of |E| under bisection leads to

2

S IBICE I, < (148~ LB + OO+ 1/6) ]9 e — )

HUJE'
=1

Putting together these estimates gives (4.14). The estimates are identical for the terms
corresponding to the jumps of the normal derivatives of zj,.

It remains to bound the volume terms in similar way. We consider the term concerning
the residual of the state equation. If K ¢ M we have

(K7 f + Auw = xpzygllie < 1+ 0K ||mx f + Aun — x5, Ik
+ (14 1O KA (uw — un) i + (1 +1/0)| K] llzw — 20k

The first term in the last line is bounded by an inverse estimate.
On the other hand, if K € M, we have

D K e f A+ Dupe = xpz e < (1+6)(1 = K |lmw f + Aun — xpz, Ik

K'CK
+ (1 4+ 1/O) KA (uw — un) i + (1 +1/0)| K] llzw — 20k

Putting these estimates together, we obtain

Y K lmwe f + Auw = xpzpllie < (1+0) Y |KlImwf + Aun — x5z, Ik

K’EKh/ Keky

—(1=8(1+49) Z \K|||7mx f + Aup, — x25 15 + (1+1/8)Clup — uplf + (1 + 1/8)]| 20 — 2>

Keky,

Bounding the last term by Poincaré’s inequality yields the result for the volume residuals
of the state equation. Finally, we consider the volume terms of the estimator of the adjoint
equation. If K ¢ M we have

K[| Azw + o™ xeuwlli < (1+0)|K[[[ Az + o™ xounlli
+ (L4 /0K A (2w — 2n)llic + (1 + 1/0)a ™ [K [ uw — unllk

and we use again an inverse estimate for the first term on the last line. If K € M we have

3 KAz + o xeun| i < (1+8)(1— K| Az, + a” xounllk

K'CK

+ (L4 1/0) KAz — zn) I + (1 + 1/0)a | K |[Juw — unl[%-
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Putting these estimates together, we obtain

KAz + o xoun |G < (146) Y K|[[Az + o xeunlk
K'eky, KeKy,

— (1= +8) > K[z +a xeunllk

KeKy
+ (1 + 1/5)C|Zh/ — Zhﬁ + (1 + 1/5)a_1||uh/ — uh||2.

With an application of the Poincaré inequality, we obtain the result for the volume terms of
the estimator of the adjoint equation. This concludes the proof. O

The last Lemma deals with the coupling due to control.

Lemma 4.5. (coupling) Let k and ¢ with 0 < k <1 and 0 < e < 1 be given. If p(ho)
is sufficiently small, there holds

2
K
(L =e)lllew!I” < MealI* = (L= —)lllenn I (4.15)

In addition, we have
lealll* < (1 4+ &%) (lew!II* + lllenn?) - (4.16)

Proof. We first note that
lu—up |t = fu—upff = |un —upff +2(V (= up), V(up —un)).
and similarly
2 —zwli = |z —2li = law — 2l + 2(V (2 = 2w), V(2w — 21)).
By the Galerkin relation (4.1), (4.2), (2.2), and Young’s inequality it follows:
(V(u—up), V(upy —up)) +(V(z = 2z1), V(2 — 21))
= / (27 — zp) (upy — up) + Ozl/ (u—up) (2 — 21)
Qp Qc

<z = zwllag lluw — unllos + o Ml — un|loc |2 — 2ull0o

O h 2T
g 9 (’Z — Zh/ﬁ + ‘U — uh/ﬁ) + %&‘) (]uh/ — Uhﬁ -+ ’Zh/ — Zh’%) y
with € > 0. Therefore we have
C p(h)*
MewllI> < Meall* = Menn | I* + lllenI* + —=="—llennll,

which gives (4.15) with k = %0)%. Finally, (4.16) follows from

leall® < Mlew!I” + llennl®
+C p(h)*" (Ju — uplf + 12 = zwli) (lun — unli + 2w — 2a[3)
< e I1P + Menn I+ w2l en [* + &2l enn ][I
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5. Convergence proof

We prove convergence of the adaptive algorithm with respect to the following error measure:

Eie =\ llexl 2+ But, + o 123 (5.1)

depending on two constants 5; > 0 and s > 0.

Theorem 5.1. Let {hy}i>o be a sequence of meshes generated by algorithm AFE Mand
let {uk, 2k tr=0 be the corresponding sequence of finite element solutions. There exist constants
b1 >0, o >0, and p < 1 such that for all k =1,2,...

Ek+1 g pEk (52)

provided that p(hg) is sufficiently small.

Proof. Let egi1x = (Ukt1 — Uk, 2k41 — 2). We use (4.15) of Lemma 4.5 and (4.12) of
Lemma 4.4 in order to obtain

2 2 2 K’ 2

(1= Dllexall? + Bur < Hlell? = (1= 5 = BClL+1/0)) Newsl

B1(149)
2

(5.3)

+ B (1 +8)n; — M (M)

We take € = 3x2 and f3; such that

This choice of §; implies that 51Cy(2—&0) < £€0(2/3 — 51Cy) such that 5,Cy/(2/3 — 51Cy) <
€0/(2 — £0). This allows us to choose ¢ such that

Pl s &

S YE S No) 2—¢b

<1, (5.5)

since £6 < 1. The left part of (5.5) implies that 1 +1/0 < 2/(35,Cy). We therefore have

/{2

1— - B1Cy(1+1/6) >2/3-2/3=0.
Reporting this inequality into (5.3) gives

(L= o)lllexrlll® + Bimiayy + B piy < lllelll? + Sl 4 6)n;
— &6 (1 + 5)771%<Mk) + ﬂQlﬁiH-

We now split the proof into two parts depending on the two cases of the algorithm.
In the first case of the algorithm, we have n? (M) > 67 such that (5.6) becomes (and

using pr+1 < fix)

(5.6)

(1 =) llewealll® + Bimiia + B2 wir < lllewl|]? + Bi(1 + 8) (1 — £0)n;t + Bopy,
< (1= po)lllexlII” + (1 = p2)Bimi + (1 — p3)Bopsi
+oulllex|I? + (p2 + 6 — €0(1 + 8)) Bing + paBaii,
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with 0 < p; < 1. This yields convergence, if we can show p; > ¢ and

A= pilllexll|® + (p2 + 0 — £0(1 + 6)) Buni + psfapiz < 0. (5.7)

We set po = (14 6)&0/4. The second inequality of (5.5) implies that §/(1 + §) < £0/2 and
therefore

pr+06—E0(1+6) =0 — zgeu +6) < —259(1 +6).

This, together with the upper bound (4.4) of Lemma 4.2 and the condition p3 < yn?, we get

pillleal = $60+ D)8} + psfos

O(1+ 5)) 2

A

N

< <P101 B + (p1Ch + p3Bo) iz

< <(,0101 615 ( —HS)) +’7(,0101+P352)> Tk

Then in order to obtain (5.2), it remains to fulfill the following inequalities:

O(1+6
(10~ ALCED g <0 (5.8)
and
O<e<p <l (5.9)
By our assumption on p(hyg), let k? be small enough such that
B10(1+6)
0< K < . 5.10
TS 12001+ ) (5.10)
This implies that we can choose appropriate p; such that
Bi0(1+0)
0<3k’=e<p < F— = 5.11
K P1 40 (1 + ) ( )
which yields the iequality (5.9). Furthermore, the right hand side of (5.11) implies
1496
Ci(1+7)p < frf (4 ), (5.12)

and we can therefore choose ps3 sufficiently small such that the inequality (5.8) is fulfilled.
The fact that s is arbitrary up to now will be used in the second part of the proof. This
concludes the convergence proof in the first case.
Now we consider the second case. The decrease of the data approximation term (4.13)
yields
Wy < (1= €0l (5.13)

We therefore obtain from (5.6)

(1= e)lllexallI* + Burrisr + B2 prir < IMerlll + Bu(1 + O)ng + Ba(1 — po)pii

1
< (L= p)lllexlII* + Bu( = pa)ini + Po(1 = Spo)u

+ pilllesll)* + Br(0 + p2)mi — —ﬁg,ua,uk
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We thus have convergence if p; > ¢ and

= pillexl|]* + B1(6 + p2)mi — —BQ,ua,uk 0.

Using the global upper bound and 7} < y~'u2, it turns out that

A = pilllel|]? + B1(6 + p2)mi ——52/10,%

< (G + B8 + p2)) mi + <p101 - 552%”) Ik
1
< (7_1 (p1C1+ B1(d + p2)) + p1Cy — §Bg,ua> W

We choose p; > € and take (35 large enough such that the following inequality is satisfied:

1
552,“0' > 1+ )pCr+77" B8 + p2), (5.14)

which is possible since 8, was arbitrary in the first part of the proof. n

6. Quasi-optimality

In order to express the quasi-optimality, we introduce some notation from nonlinear approx-
imation theory, see [5, 9]. Let Hx be the set of all meshes h which satisfy N, < N.
Next we define the approximation class

W i= {(u,7 f) € (HY(Q), HY(Q), LA9) : (w7 bwe < +00}. (61)

with 12
I,z )l i= sup N* inf (lleall + 123
N>N heHn

We say that an adaptive finite element method realizes optimal convergence rates if, whenever
(u, z, f) € W?, it produces a sequence of meshes {h;} and corresponding approximations
{ug, 2z} such that the error {e;} and data approximation {yuy} satisfy

lexlll” + ph < C N™. (6.2)

Theorem 6.1. Suppose (f,u,z) € W?*. Let {hx}r=0 be a sequence of meshes generated
by algorithm AFEMand let {Vi} k=0 and {ug, zi }r=0 be the corresponding sequences of finite
element spaces and solutions. Let gy, := +/|||ex|||> + . Assuming the parameters v and 0
to satisfy

1 7 0<7<1—C102(1+/€2)(97
C1C5(1 + K2) Co(1 4 (1 + r2)CY)

we have the following estimate on the complexity of the algorithm: there exists a constant C
such that

0<l<

(6.3)

Ny — Ny < Ce.'*, (6.4)
provided that p(hg) is sufficiently small.
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Proof. From the regularity assumption we have existence of a mesh h, € H with error
e. = (u— up,, 2z — zp,) and number of cells N, such that for A > 0 to be chosen below

en. = M2+ 12, < New = /el 12 + 122, (6.5)

N, < Ce; /", (6.6)

and

Following the proof of Stevenson [20] (proof of Lemma 5.2), we can suppose that h, is a
refinement of hy, if we replace (6.6) by:

N, - N, <Ce. ', (6.7)

Let M, C K, be the set of edges which have at least to be refined in order to produce h,.
We remember that M, denotes the set of marked cells in iteration k.
We will prove below the estimate

HM;, < Cel”. (6.8)

This implies the complexity estimate (6.4) as follows. Let as before E; = |||e| ||+ B1n? + B2 3.
From Theorem 6.1 we know that for some constant p < 1

Ey<p"'E, 0<I<k.

We obviously have ¢, < max(1,f2)E;. By the global lower bound (4.11) we also have
E; < Cg; with an absolute constant C'. This implies

e <Cple, 0<I<k. (6.9)

The bound (6.9) and Lemma 3.1 imply

k

k
Npy1— Ny < C Z#Mk <C Zé?l_l/s
=0

=0
i C
(k=0)/s \ _—1/s _1/s
< C (lgzopl >5k g—l_pl/sek :

yielding (6.4).
We now turn the proof of (6.8). As before, we consider the two cases of the algorithm
separately. In the first case we have

1 < . (6.10)

We will prove below that
M (M) = 0. (6.11)

This implies the estimate (6.8): Since F is chosen to be the set with minimal cardinality
satisfying the bound (6.11), we find that

# My < H#M, <C(N, — N,) < Ce, ', (6.12)
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The proof of (6.11) is obtained as follows. Let ey, := ((u« — ug), (2« — 2x)). We successively
use(4.16), (4.5), (6.5) and (4.4) in order to obtain

llex/1I*

—

L+ &) [ea] 2 4+ (14 w2 lllen. ||

L 2) + Caplho) ) eI + (1 + K2 Cant(M,)
(1+5 )Clﬂk( o) + Cip(ho)* ™,

(14 12) + Ciplho)* ) A+ Caplho)*™) (i + ) + (1 + K2)CimE (M)
(145 )Omk< )

((1+ 8+ Cupho)*" ) A+ Cup(ho)*") Cun?

((((1 +1%) + Clp(ho)%)A + Clp(ho)%) Cr+1+(1+ @q) 12
+(1 4 &%) Crng(M.).

NN

—~

N

N
LG e e

Let A := (((1 4 K2) + clp(ho)%)A + Clp(h0)27> Oy and B := (AC, +1+ (1 +#2)C1). B
the upper bond (4.11) and (6.10), in follows that

Cy'me < el +
< Anp+ Buj + (L4 £2)Cimg(M.) + 12
< (AQ+7)+ 10+ 1 +£)C)Y) ni+ (1 + &) Cimp(M.),

from which it follows that
1
(52 (A Ot fe?)clw)) 7 < (14 &)CuRM.).

By the assumption on v and 6 in (6.3), we can choose

1—C1 Co (14£2)0— (1+4(14K2)
\ = — C1Ca(147) — Cip(ho)”

(14 &%) + Cip(ho)?

> 0, (6.13)

provided p(hg) is small enough. We therefore obtain (6.11), completing the proof in the first
case.
Now we consider the second case. We thus have

M <7 ' (6.14)

We will prove that
UML) = op. (6.15)

This implies (6.8) as before by the optimality of the choice of P. First we note that by (4.11)
and (6.15) we have

lexllI* < Cy(ni +pi) < Cr(l+47Mpi.
This implies together with (6.5) that

= pr (ML) < g <A (np A+ i)
< A1+CA+97Y) i,
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and therefore with A small enough, we get
o < (T=A1+C(1+797)) gi < pi(M.),
This concludes the proof. O

Corollary 6.1. An argument similar to the one used to prove (4.3) shows that |q —
Wllos =127 — 2, lap < |2 — 2nllay < C'lz — 2|1 Therefore Theorem 5.1 also implies con-
vergence of the control variable and the control could be included in the complexity analysis.

Let s > 0 and (u, z, f) € W*. The mesh-independence of the semi-smooth Newton method
[14] combined with with multigrid iteration [6, 22], suggests that the algorithm AFEM has
optimal work count in the sense that for a given accuracy € > 0, the algorithm provides a
discrete solutions uy, and zy, satisfying |||en||| < & with a number of operations proportional
to e=Y* . The combination of the adaptive algorithm with multigrid requires the introduction
of a stopping criterion leading to an additional iteration error. Such an algorithm has been
proposed and analyzed for the Poisson problem in [3].

We finally remark that the regularity assumption (f,u,z) € W?* is difficult to verify
in practice. However, the a priori error analysis on meshes adapted to corner singularities
suggests that s = 1/2 if f € L*(Q2) under mild restrictions on the domain, in the considered
two-dimensional case, see[l1].

7. Numerical experiments

In this Section, we report on two numerical experiments. For the first one the exact solution
of the problem is known. We use this example in order to investigate the complexity of
the sequence of meshes generated by the adaptive algorithm. The computational domain is
Q = (0,1)% and the right-hand side is constructed in such a way that u(x,y) = z(z,y) =
sin(m(z + 2y)). The parameter is a and Q = {q € L*(Q) : ¢min < ¢ < Gmaz} With @i =
—50 = —@mae such that the control has the appearance shown in Figure 7.1.

Figure 7.1. Control — min(50, max(—50, —z3))/a and locally refined mesh.
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In Table 7.1 the value of the errors and estimators are given on a typical adaptive iter-
ation. The data approximation term has the expected second-order behavior. The error is
over-estimated by a factor of 3.5. This is due to the fact that we have for simplicity estimated
the constant of the interpolation error by 1.

The computational domain for the second example is the L-shaped domain 2 = (—1,1) x
(0,1) U (=1,0) x (—1,0]. The parameters are « = 107* and ¢uin = —10 (Gmar = 0),
f=0u =1, Q5 =Qn{y > 0}, and Q¢ := QN {x < 0}. The discrete solutons uy,
zp, corresponding control, and a typical mesh are shown in Figure 7.2. There is a strong
refinement at the re-entrant corner and a long the boundary of Q5 \ 092. The first one is
however significantly stronger, which is due to the fact that it generates a stronger singularity.

Finally, we make a comparison of the asymptotic behavior of n? for different refinement
parameters 6. Note that # = 1 leads to uniform refinement, which is known to lead to a loss
of convergence rate due to the corner singularity. It can be seen from Figure 7.3 that the
adaptive algorithm is able to regain the convergence rate —1. This follows from Theorem 6.1,
since the construction of meshes recovering the optimal rate is well known, implying u € A*
with s = 1/2.

Figure 7.2. Second example: uy, 25, (scaled by a factor of 10), contol (scaled by a factor 0.01) and locally

refined mesh.
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theta=0.8 ——

theta=1.0 —#—
5=1/2
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18 188 1688 16008 100800 1e+06

Figure 7.3. Behavior of 7, vs. N, for 8 = 0.5,0.8,1.0 compared to first-order decrease s = 1/2 (dotted

line), log-log-scale.

Ny, €n " Lho | en/mn
100 1.3686 | 0.9340 | 4.6864 | 0.292
364 0.7168 | 0.2609 | 2.5108 | 0.285
1244 | 0.4042 | 0.0844 | 1.4371 | 0.281
4091 0.2275 | 0.0453 | 0.8019 | 0.283
10752 | 0.1382 | 0.0215 | 0.4846 | 0.285
24280 | 0.0871 | 0.0069 | 0.3094 | 0.281
70468 | 0.0534 | 0.0026 | 0.1886 | 0.283
201632 | 0.0321 | 0.0010 | 0.1132 | 0.284
457800 | 0.0204 | 0.0005 | 0.0723 | 0.282

Table 7.1. Adaptive iteration with = 0.75.

8. Conclusion

We have proposed a new adaptive algorithm for optimal control based on standard conform-
ing finite elements, using an adaptive marking strategy. For simplicity, we have considered
triangular meshes, but the generalization to quadrilaterals and three dimensions seems pos-
sible.

We have carried out the proofs of geometric convergence of the error and quasi-optimality
in the case that the control variable is eliminated from the system. The generalization to
the more commonly studied case of Galerkin discretization of all variables including control
(see, for example, [13]).
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Appendix

In this appendix we give a proof of the L?()-error estimate announced in (2.2).

Lemma 8.1. Assume that the domain is such that the inverse Laplace-operator allows
for the regularity shift L*(Q) — H(Q) for 0 < 7 < 1. Then we have for hy sufficiently
small

lu = un || + [z = zal* < Cp* () (Ju — unl{ + |2 — z[7). (8.1)
Proof. Let 11,1 € L*(Q) and ¢ € V and ¢, € Vj, the solutions to the equations
(Vo,Vv) = (¢1,0) Yo €V, (Vy, Vor) = (o, vn) Yuj, € Vi (8:2)

Then it follows from the Aubin-Nitsche duality argument and our assumption that

¢ — onll < C(p7(h)|@ — nlr + b1 — ©al]) - (8.3)
Therefore we immediately get (with ag = —2~ and ag, = —z;,
o= wll < (7 (e = ol -+ o = o)

and
lr—al < C(ﬁUMz—%h+Hu—wm)

< c(fuw(v—zur+w—uu0++m—qw).
It therefore remains to show that
Hq—%H<CﬁM)Oz—%h+w—um>- (8.4)

We denote by uy(q) and z,(g) the state and adjoint solutions corresponding to the control
q, i.e., the solutions to

<VUh(Q), vvh> = <f7 Uh> + <Q7vh>QB v,Uh € Vha

(Vor, Vzr(q)) = (un(q), vn)a. Yun € V. (85)
It follows from (8.5) that
(@ = an, 2n(q0) — 2n)ap = (V(un(q) —un), V(2u(q) — 21)) (8.6)

= (un(q) — un,un(q) — un)a. = 0.
Since for any real numbers a, b it holds (a= — b7 )(a™ — b") > 0, we have

allg —anla, B A

a
= a Nz, — 27, —2)a, — Nz — 27,20 — 2 )q,
< a Nz =27 = 2)ag = (40— dn 20— 2)a,

= (= a2z — 2(@))op + (@ — @n 20(0) — 2)ap

< (g = an2a(q) — 2)asp,
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such that
allg = anllas < ll2n(q) — 2llas- (8.7)

We next consider the auxiliary problems w,p € V' such that
(Vw,Vv) = (z2,(q) — z,v)q, Yv €V, (Vv,Vp) = (w,v)q, Yv e V. (8.8)
Then it follows with an interpolant w;, of w that

Izn(q) — 25, = (Vw,V(z(q) — 2))
= (V(w —wp),V(2n(q) — 2)) + (unl(q) — u, wn)ac
= (V(w—wp),V(2u(q) — 2)) + (un(q) — u,wn — w)a. + (un(q) — u, w)a,.

By our assumption we have
(V(w —wn), V(zn(q) = 2)) < Cp"(h)l[zn(q) — 2llag |2n(0) — z]1.

Interpolation and the Poincaré inequality yield

(un(q) = u,w —wp)ae < Cp"(W)llun(q) = ullllza(a) = zllas-

In addition we have with an interpolant p;, of p, the regularity shift and the Poincaré in-
equality

(un(q) —uw,w)a. = (V(un(q) —u), Vp) = (V(un(q) —u), V(p — pxn))
< Cp'(h)|un(q) — uh|lwlla, < Cp"(B)|un(q) — ulillzr(q) — 2[las-

Putting these estimates together, we obtain
Jo0(0) = llay <Co (1) (120(6) = s + ) ~ ul )
<Cor () (|an = =l + 1o =l + a(a) = s+ lonl) =l ) (89)
<CpT(h) (Izh — 2|1+ |up —uli + [lq - Qh||QB)
If now hg is sufficiently small, we conclude that
alla = il < 1n(@) = 2l < C0) (1o = 2+ o =l ).

as required. This ends up the proof. O
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