®
OPEN a ACCESS Universitit Augsburg
OPUS AUGSBURG w h Universititsbibliothek

Adaptive finite element methods for mixed control-state
constrained optimal control problems for elliptic
boundary value problems

Ronald H. W. Hoppe, Michael Kieweg

Angaben zur Veroéffentlichung / Publication details:

Hoppe, Ronald H. W., and Michael Kieweg. 2007. “Adaptive finite element methods for
mixed control-state constrained optimal control problems for elliptic boundary value
problems.” Augsburg: Universitat Augsburg.

Nutzungsbedingungen / Terms of use: licgercopyright

T,
Dieses Dokument wird unter folgenden Bedingungen zur Verfiigung gestellt: / This document is made available under these conditions:

https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/

A }g
Deutsches Urheberrecht i a@%‘ 1=
Weitere Informationen finden Sie unter: / For more information see: ) &
5%
A B


https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/

SSUniversitat Augsburg

Institut fur
Mathematik

Ronald H.W. Hoppe, Michael Kieweg

Adaptive Finite Element Methods for Mixed Control-State Constrained
Optimal Control Problems for Elliptic Boundary Value Problems

Preprint Nr. 017/2007 — 26. Juni 2007
Institut fiir Mathematik, UniversitatsstraBe, D-86 135 Augsburg http://www.math.uni-augsburg.de/




Impressum:

Herausgeber:

Institut flir Mathematik

Universitat Augsburg

86135 Augsburg
http://www.math.uni-augsburg.de/forschung/preprint/

ViSdP:

Ronald H.W. Hoppe
Institut fiir Mathematik
Universitat Augsburg
86135 Augsburg

Preprint: Samtliche Rechte verbleiben den Autoren (©) 2007




ADAPTIVE FINITE ELEMENT METHODS FOR
MIXED CONTROL-STATE CONSTRAINED OPTIMAL
CONTROL PROBLEMS FOR ELLIPTIC BOUNDARY

VALUE PROBLEMS

R.H.W. HOPPE AND M. KIEWEG

ABSTRACT. Mixed control-state constraints are used as a relaxa-
tion of originally state constrained optimal control problems for
partial differential equations to avoid the intrinsic difficulties ari-
sing from measure-valued multipliers in the case of pure state con-
straints. In particular, numerical solution techniques known from
the pure control constrained case such as active set strategies and
interior-point methods can be used in an appropriately modified
way. However, the residual-type a posteriori error estimators de-
veloped for the pure control constrained case can not be applied
directly. It is the essence of this paper to show that instead one has
to resort to that type of estimators known from the pure state con-
strained case. Up to data oscillations and consistency error terms,
they provide efficient and reliable estimates for the discretization
errors in the state, a regularized adjoint state, and the control. A
documentation of numerical results is given to illustrate the per-
formance of the estimators.

Keywords: distributed optimal control problems, mixed control-state con-
straints, adaptive finite elements, a posteriori error analysis,

AMS/MOS Classification: 65N30, 65N50; 49K20, 65K10

1. INTRODUCTION

Adaptive finite element methods based on reliable a posteriori error
estimators are powerful algorithmic tools for the efficient numerical
solution of boundary and initial-boundary value problems for partial
differential equations (PDEs) (cf. [1, 3, 4, 14, 35, 41] and the references
therein). On the other hand, considerably less work has been done with
regard to optimal control problems for PDEs. The so-called goal ori-
ented dual weighted approach has been applied in the unconstrained
case in [4, 5] and to control constrained problems in [20, 42], whereas
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2 R.H.W. HOPPE AND M. KIEWEG

residual-type a posteriori error estimators for control constrained prob-
lems have been derived and analyzed in [16, 17, 21, 25, 28, 30, 31].
Unlike the control constrained case, pointwise state constrained opti-
mal control problems are much more difficult to handle due to the fact
that the Lagrange multiplier for the state constraints lives in a mea-
sure space (see, e.g., [8, 9, 23, 39]). Therefore, it is a natural idea to
regularize state constrained problems by means of mixed control-state
constrained ones, since with regard to numerical solution techniques
the regularized problems can be formally treated as in the case of pure
control constraints (cf. e.g., [2, 11, 33, 36, 37, 38, 39, 40]). However, so
far an a posteriori error analysis of adaptive finite element approxima-
tions has not been provided for mixed control-state constrained control
problems.

In this paper, we will be concerned with the development, analysis
and implementation of a residual type a posteriori error estimator for
mixed control-state constrained distributed optimal control problems
for linear second order elliptic boundary value problems. The paper is
organized as follows: In section 2, as a model problem we consider a dis-
tributed optimal control problem for a two-dimensional, second order
elliptic PDE with a quadratic objective functional and mixed unilateral
constraints on the state and on the control. The optimality conditions
are stated in terms of the state, the adjoint state, the control, and
a Lagrangian multiplier for the mixed constraints. It is, however, not
possible to use the residual-type a posteriori error analysis for pure con-
trol constrained problems, since the reliability and efficiency estimates
involve constants that blow up when the regularization parameter goes
to zero. Instead, one has to adopt the error analysis as developed for
the pure state constrained case [26]. In this spirit, we further consider a
regularized multiplier and a regularized adjoint state which will play an
essential role in the error analysis. In section 3, we describe the finite
element discretization of the control problem with respect to a family
of shape regular simplicial triangulations of the computational domain
using continuous, piecewise linear finite elements for the state, the con-
trol, and for the adjoint and the regularized adjoint state. In section 4,
we present the residual-type a posteriori error estimator for the global
discretization errors in the state, the regularized adjoint state, and the
control. Data oscillations and consistency errors are considered as well,
since they enter the subsequent error analysis. In section 5, we prove
reliability of the error estimator, i.e., we show that it gives rise to an
upper bound for the global discretization errors up to data oscillations
and consistency errors. Section 6 is devoted to the efficiency of the
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estimator by showing that, modulo data oscillations, the error estima-
tor also provides a lower bound for the discretization errors. Finally,
section 7 contains a documentation of numerical results for two rep-
resentative test examples in terms of the convergence history of the
adaptive finite element process.

2. THE MIXED CONTROL-STATE CONSTRAINED DISTRIBUTED
CONTROL PROBLEM

Let © be a bounded domain in R? with boundary I' := I'p Uy, I'p N
'y = 0. We use standard notation from Lebesgue and Sobolev space
theory. In particular, we refer to L?*(€2) as the Hilbert space of square
integrable functions with inner product (-,-)oq and associated norm
|- lloo. We denote by L2 () the non-negative cone of L*(Q), i.e.,
L2(Q) = {v € L*(Q)|v(z) > 0 f.a.a. x € Q}. Moreover, H*(Q), k €
N, stands for the Sobolev space of square integrable functions whose
weak derivatives up to order k are square integrable as well, equipped
with the norm || - |[x.o. HEF(Q) denotes its subspace HY(Q) := {v €
H*(Q)|D%v|r = 0,]al <k —1} and H*(Q) is the dual of H}(Q).

For given ¢ € IRy, we refer to A : V. — H1(Q),V := {v €
H'(Q) | v|r, = 0}, as the linear second order elliptic differential oper-
ator

Ay = -Ay + cy , yev
and to a(-,-) : V x V — R with a(y,v) := [,(Vy- Vv + cyv)dz as
the associated bilinear form. We assume ¢ > 0 or meas(I'p) # 0. In

particular, this assures that A is bounded and V-elliptic, i.e., there
exist constants C' > 0 and v > 0 such that

(2.1) la(y, v)| < Cllylialvlie  aly,y) > lylia-

Now, given a desired state y? € L*(Q), a shift control u? € L*(Q),
regularization parameters a > 0,e > 0, and a function ¢ € L>*(Q), we
consider the objective functional

1 a
22) I = -yl + 5 -l

and the mixed control-state constrained distributed optimal control
problem: Find (y,u) € V x L*() such that

(2.3a) inf J(y,u) ,

Yy,u
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subject to the constraints
(2.3b) Ay=u inQ,y =0 onlp, v-Vy=0 on [y,
(2.3c) cutye K :={veLl*Q) | v(r) <¢)faa xecQl

The usual way to look at (2.3a)-(2.3c) is as a regularized state con-
strained problem, since the multiplier associated with the inequality
constraint (2.3c), usually called the adjoint control for control con-
strained problems, lives in the non-negative cone of L?(£2) and not in a
measure space as in the case of pure state constraints. Obviously, the
latter case is much more difficult to handle.

We define G : L?*(Q) — V as the control-to-state map which assigns
to u € L?(Q) the unique solution y = y(u) of (2.3b). We note that the
control-to-state map G is a bounded linear operator. Substituting the
state y = y(u) by y(u) = Gu leads to the reduced objective functional
1
2
and the mixed control-state constrained problem (2.3a)-(2.3c) can be
restated as

(2.5) inf  Jeea(u).

eut+GueK

«
(2.4) Jrea(u) = 5 |Gu—y'l5q + 5 lu = 5.0,

Standard arguments from convex optimization reveal the existence and
uniqueness of a solution. The optimality conditions for the optimal
solution (y,u) € V x L*(Q) are as follows.

Theorem 2.1. The optimal solution (y,u) € V x L*(Q) of (2.3) is
characterized by the existence of an adjoint state p € V', and a multi-
plier o € L2 (Q) such that

(2.6a) (Vy,Vu)oa+ (cy,v)on = (u,v)o0, vEV,

(2.6b) (Vp, Vw)oga + (ep,w)on = (y — y*, w)oqa + (0, w)oq, w eV,
(2.6¢) p+alu—ut)+eo =0,
(2.6(31) (J, Eu—+vy —ZZJ)QQ =0.

The residual-type a posteriori error analysis known from the pure
control constrained case [21] is not applicable to (2.6a)-(2.6d) uniformly
in the regularization parameter ¢, since the constants in the reliability
and efficiency estimates for the associated error estimator depend on &
in the sense that they blow up as ¢ — 0. Instead, the a posteriori error
analysis has to be adopted to that what is known from the pure state
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constrained case. Following [26], we define a regularized multiplier
o € V as the solution of

(2.7) (Va,Vu)oa + (co,v)00 = (0,v)00 , veEV,

and further introduce a regularized adjoint state p € V' according to
(2.8) (VD, Vo + (P, v)oa0 = (v — vy, v)oq , veEV.
Obviously, p,p, and & are related by

(2.9) p =P + 0.

3. FINITE ELEMENT APPROXIMATION

We consider a family {7;(2)} of shape-regular simplicial triangula-
tions of © which align with I'p,I'y on I'. We denote by N,(D) and
E(D) , D C Q, the sets of vertices and edges of 7,(Q) in D C Q,
and we refer to hr and |T'| as the diameter and the area of an element
T € T,(f2), whereas hg stands for the length of an edge E' € &,(D). For
E € &(Q) such that E =T, NT_, Ty € T,(2), we define wg := T UT_.
For T' € 7,(2) and E € &(Q2) we further denote by \;(7),1 < i < 3,
and \;(E),1 < i < 2, the barycentric coordinates associated with the
vertices of T and F, respectively. We will also use the following nota-
tion: If A and B are two quantities, then A < B means that there exists
a positive constant C' such that A < C'B, where C' only depends on the
shape regularity of the triangulations, but not on their granularities.

The mixed control-state constrained optimal control problem (2.3a)-
(2.3c) is discretized by continuous piecewise linear finite elements with
respect to the triangulation 7,(€2). In particular, we refer to S, :=
{ve € Co(Q) | velr € PI(T) , T € T;(2)} as the finite element space
spanned by the canonical nodal basis functions ¢} , p € Ny(Q), associ-
ated with the nodal points in  and to V; as its subspace V; := {v €
Sg | Ug|pD = 0}

Given some approximation u¢ € Sy of u? and 1, € Sy of 1, we refer
to Jp: V; x S, — IR as the discrete objective functional

1 o
BY D) = 5 -y + 5 e -l

The finite element approximation of the mixed control-state constrained
optimal control problem (2.3a)-(2.3c) reads as follows:

Find (ye, ue) € Vi x Sy such that

(3.2a) inf Jo(ye, ur)

Yo, Ue
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subject to the constraints

(3.2b) (Vye, VW)O,Q + (Cye,ve)o,g = (Uz,ve)o,n , v €V,
(3.2¢) eug + Yo € Ko :={ve € Se | vy <y}

As in the continuous setting, the discrete state constrained optimal
control problem (3.2a)-(3.2¢) admits a unique solution (y,, us) € VyXx.Sp.
We obtain the discrete optimality conditions:

Theorem 3.1. Let (ys, ue) € Vi x Sy be the unique solution of (3.2a)-
(3.2c). Then, there ezist a discrete adjoint state p, € V; as well as a
discrete multiplier o, € V, N L3 (Q) such that

(3.3a) (Vye, Vog)oa + (cye, vi)oa = (ue, ve)oqa , ve € Vi,
(3.3b) (Vpe, Vueoa + (cpe, ve)oo = (Y — y*, ve)oa +

+ (o0, v)o0 , ve €V,
(3.3¢) pe+ a(u —ul) +eop =0,
(3.3d) (00, €U + Yo — Yr)oo = 0.

As in section 2 before, we introduce a regularized discrete multiplier
or € V, as the solution of

(3.4) (Vay, Vug)oa + (cGo,v0)oa = (00, v0)00 5 ve € Vi,

and define p, € V; as the solution of the discrete analogue of (2.8), i.e.,

(3.5) (VPs, Vue)oa + (Pe, vedoa = (e — ¥, ve)oq 5 ve € Vi
As in the continuous setting, we obtain the fundamental relationship
(3:6) pe = P + Te

We further define A(y,) and Z(y,) as the discrete active and inactive
sets according to

Aly) = JL{T €T | uelp) = tulp) , p € N((T)}
L(ye) = T(Q) \ Alye) -

4. THE RESIDUAL TYPE ERROR ESTIMATOR

The residual-type a posteriori error estimator involves estimators of
the state y and of the regularized adjoint state p according to

(4.1) ne = ne(y) + ne(p)-
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where 7,(y) and 7,(p) consist of element and edge residuals

(4.2a) ne(y) :=< PR AOEES 77%(10)1/2,

TeT (D) Ee&(Q)

1/2

(am) )= (Y B+ Y nEm)
TeT, () Ec& (D)

The element residuals nr(y) and nr(p), T € T4(Q2), are weighted element-
wise L2-residuals with respect to the strong form of the state equation
(2.3b) and the modified adjoint state equation (2.8), respectively:

(4.3a) nr(y) == hr||cye — W||0,T . T e Ty(Q),
(4.3b) nr(D) = hrl by — (Yo — y)og . T € To(V).

The edge residuals nz(y) and ng(p), E € (), are weighted L*-norms
of the jumps vg - [Vy,| and vg - [Vp,] of the normal derivatives across
the interior edges

(4.4a) ne(y) == hil’lve - [Vydlos , E € (),
(4.4b) ne(D) = hil*llve - [VBllos , E € E(9Q).

Denoting by y¢ € Sy some approximation of the desired state y¢, we
further have to take into account data oscillations with respect to the
data u?, y? 1 of the problem

1/2
(4.5) 0sc; = (oscﬁ(ud) + osci (y*) + oscﬁ(w)) :

where oscy(u?), 0sco(y?), and oscy(¢)) are given by

(4.6a) osco(u?) == < Z OSCQT(ud)>1/2 ,

TeT(Q)
oscr(u?) == |[u? — ulllor , T € To(Q),

(4.6b) osco(y?) == ( Z osc?p(yd)) :
OSCT<yd> = hTHyd - ngO,T , T'e %<Q)7

(4.6¢) oscu(w) = (Y osciw))

TeT(Q)
oscr(¥) = || — Yellor , T € Te(Q).

We will show that, up to data oscillations and consistency errors, the
residual-type a posteriori error estimator (4.1) provides an upper and
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a lower bound for the discretization errors in the state, the regularized
adjoint state, and the control which are given by

(47) €y =Y —Y¢ , €p:= D— ]_92 y Gy = U Uy

In much the same way as in case of adaptive finite element discretiza-
tions of pure state constrained elliptic boundary value problems (cf.
[26]), the a posteriori error analysis requires an auxiliary state y(uy) €
V' and an auxiliary adjoint state p(y,) € V. These are defined as the
solutions of the following variational equations

(4.8a) (Vy(ue), Vv)oa + (cy(ue),v)oa = (ue,v)oq , v €V,
(4.8b)  (VB(ye), Vv)o + (cB(ye), v)oe = (e —y* v)og , vEV.

We further introduce an auxiliary discrete state y,(u) € V; as the solu-
tion of the finite dimensional variational problem

(4.9) (Vye(u), Vue)oa + (cye(u), ve)oo = (u,ve)0.0 , ve € V.

The auxiliary states y(uy) € V and ye(u) € V, do not necessarily satisfy
the state constraints, i.e., it may happen that eu + y(uy) ¢ K or euy +
ye(u) ¢ K,. Therefore, we introduce the consistency errors

(4.10a) el (1, 4br) := max((o — 04,9 — Pr)o g, 0)
(4.10Db) el (u, up) = max((oy, eug + ye(u) — e)oa+
+ (0, eu+ y(u) —¥)oq,0).
Obviously, egl)(q/J, 1) = 0 for ¢ = 1. Moreover, we note that for u =

ug we have e (u,up) = 0, since in this case y(us) = y and y,(u) = yy,

and hence, e£2)(u, ug) = 0 due to (2.6d) and (3.3d). We thus define

(1)
~(1) L €c (¢,¢)/||¢—¢| ) ’w%w
(4.11a) e’ (W, ) = { ‘ ‘ 0((2) LY = wj ’
(4.11b) D (u, up) == { e§2)(u,uz)/||u - UZHO% : ZiZj

The refinement of a triangulation 7;(2) is based on bulk criteria that
have been previously used in the convergence analysis of adaptive fi-
nite element for nodal finite element methods [13, 34]. For the mixed
control-state constrained optimal control problem under consideration,
the bulk criteria are as follows: Given universal constants ©; € (0,1),1 <
i < 5, we create a set of edges Mg C &,(Q2) and sets of elements
My, Myagp, Myap, My C Ty(£2) such that

o > (iw+n®) < Y (Bw+nm).

Ec& (D) EeMEg
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0 > (Bw+n®) < Y (B +nBm).

TeTy () TeMy,r
O3 Z osch(u?) < Z osca(u?),
TG%(Q) TeMudyT
01 Y osa(y) < ) oscr(y?),
TETy(Q) TEM 4

0n Y oschi) < Y osch(v)

TeT () TeMy T

The bulk criteria are realized by a greedy algorithm (cf., e.g., [21]). We
set

My = Mn,T U Mud,T U Mydﬂ" U Md,,T
and refine an element T € 7,(2) by bisection (i.e., by joining the
midpoint of the longest edge with the opposite vertex), if T € M* and
an edge E € &(T) by bisection (joining its midpoint with the opposite
vertices of the adjacent elements), if £ € MPF.
Denoting by Ny := {T" € T,(Q)|T" NT # 0} the set of all neighboring
triangles of 7' € 7,(2), we define the set

Folye) = 0A(ye) UOZ(ye) ,

where

0A(ye) = |JAT C Alye) | Ne N Z(ye) # 0},

0Z(ye) = (JAT CZ(y) | No 0 Alye) # 0}

The set Fy(y¢) represents a neighborhood of the discrete free boundary
between the discrete active and inactive sets A(y,) and Z(y,). In order
to guarantee a sufficient resolution of the continuous free boundary
between A(y) and Z(y), at each refinement step, the elements T €
Fi(ug) are refined by bisection.

5. RELIABILITY OF THE ERROR ESTIMATOR

We prove reliability of the residual-type error estimator (4.1) in the
sense that it provides an upper bound for the discretization errors ey, e,
and ep up to the data oscillations osc,(u?) and o0sc,(1)) and the consis-

tency errors é- (u, ug) and é5 (¥, 1y).

Theorem 5.1. Let (y,u,p,0) and (ye,ue, pe,00) be the solutions of

(2.6a)-(2.6d) and (3.3a)-(3.3d) and let n, , osc,(u?) and ég)(u,ug) as

well as égl)(w, Yy) be the error estimator, the data oscillation in the shift
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control, and the consistency errors according to (4.1),(4.6) and (4.11),
respectively. Further, let p and P, be the regularized adjoint states as
given by (2.8),(3.5). Then, there holds

(5.1) leylle + lleullon + llepllie S
<+ osco(u?) + osce(¥) + €N (1, ) + €2 (u, uy).

The proof of Theorem 5.1 will be given by the following three Lemmas
5.2, 5.3 and 5.4.

Lemma 5.2. In addition to the assumptions of Theorem 5.1 let y(uy)
and P(y,) be the auxiliary state and auxiliary adjoint state according
to (4.8a),(4.8b). Then, there holds

(5:2) lleyllie + llepllie S ly(ue) — yellia + [1P(ye) = Pellra + lleullog-
Proof. Obviously, e, and e can be estimated from above by
(5.3a) leyllre < lly —y(ue)llie + lly(ue) = yello,
(5.3b) leslle < [P —D(ye)llne + [1P(ye) — Pellrg-
Setting v = y —y(uy) in (2.6a),(4.8a), and M := 1/~ with v from (2.1),
for the first term on the right-hand side in (5.3a) we readily get

ly = y(u)llia < Mlleulloolly — y(ullog < Mlleuloolly — y(uo)lle,
and hence,
(5.4) ly —y(u)lle < Mllewllog.
Likewise, choosing v = p — p(ye) in (2.8) and (4.8b), for the first term
on the right-hand side in (5.3b) it follows that

17— Do)l o < Mlleylloollp — B(ye) log < Mlleyll1ollp — Bye) 1.0
Consequently, in view of (5.3a) and (5.4) we obtain

(55) [IP—Bye)llhie < Mleylia < M?[leullog + Mlly(ue) — yellvo-
Using (5.4),(5.5) in (5.3a),(5.3b) gives (5.2). O

Lemma 5.3. Under the same assumptions as in Lemma 5.2 there holds

3 _ _
(5:6)  lleulle < — (M2|!y(W) —yelio + IB(ye) — Belli o +

HED () + (60 w,w0))? + o5 () + 5056 ().
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Proof. Using (2.6¢),(2.9) and (3.3¢),(3.6), we find

(5.7 alledlse = (ewBr—DPog +elew, 00— 0)og +

+(ew, T — 0o + ey, u’ — uf)oq -
The first term on the right-hand side in (5.7) can be split according to

(5.8) (ew; Dy — D)oo = (ew, Dy — D(Ye) )00 + (€us P(ye) — Ploa -

An application of Young’s inequality yields

L o 3. _
(59)  (ewBe—Bu)oa < slleullia + 1B — B Ba

On the other hand, choosing v = p — p(y,) in (2.6a),(4.8a) and v =
y —y(uy) in (2.8),(4.8b), for the second term on the right-hand side in
(5.8) we get

(5.10) (ew,P(ye) = Poe = —(W — vy —y(ue))oo =
—lly = y(we)Za + (e — y(ue),y — y(ue))oo <

< ly = y(ue)||l1.0lly(ue) — yell1,0 <
2

Q 3M
< Elleuﬂﬁ,g + ly(ue) — el q

(%

where we have further made use of (5.4) and of Young’s inequality in
the last estimate. Using (5.9) and (5.10) in (5.8) results in

(5.11)  (ew D~ Blur)on <
« 3/, _
< Zlleulli o+ = (15 = Pl 0 + M2lly(ue) — welli o) -

As far as the third term on the right-hand side in (5.7) is concerned,
in view of (2.6a), (3.3a), (4.8a), (4.9), (2.7) and (3.4) we obtain

(5.12) (€, 00 —T)on =
= (V(ye(u) = ye), Var)oa + (c(ye(u) — ye),Te)oo —
—(V(y —y(u)), Va)oa — (cly — y(w)), 7)o =
= (00, ye(u) — ye)oo + (0, y(ue) — y)oa-

Combining (5.12) with the second term on the right-hand side in (5.7)
and using the complementarity conditions (2.6d) and (3.3d) as well as
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(4.11a) and (4.11b), we find
e(ey, 00— 0)oa+ (ew, 00 — 7)o0 = (00, eu + ye(u) — (cue + o) )o o
—(o,eu+y — (eug + y(ur)))oga = (00, eu+ ye(u) — ¥)oq
+(0, eup + y(ug) — Yo)oa + (00 — 0,9 — Ye)oa
+ (00,100 — (eug + ye) oo — (0, €U+ y — oo
=0 =0
< lu — ullog €7 (u, ug) + [0 — villog € (¥, o),

whence by Young’s inequality

(5.13) e(ey,00 — )+ (6w, 00 —T)oa <
3

< %(H@Hg,ﬂ + oscg(@b)) + 5 <(é£1)(@/1, V)2 + (69 (u, ue))2>.

Finally, another application of Young’s inequality gives us the following
upper bound for the fourth term on the right-hand side in (5.7)

3
(5.14) aley, ut —uf)oa < g||eu||(2) q+ ~—osci(u?) .
6 ’ 200
Taking advantage of the estimates (5.11),(5.13),(5.14) in (5.7) allows
to conclude. 0

Lemma 5.4. Under the same assumptions as in Lemma 5.2 there holds

(5.15a) ly(ue) = yellLo S ny,
(5.15b) 1P(ye) = Pellie < -
Proof. Due to Galerkin orthogonality, the assertion follows by standard

arguments from the a posteriori error analysis of adaptive finite element
methods (see, e.g., [41]). O

Proof of Theorem 5.1. Combining the estimates from Lemma 5.2,
Lemma 5.3, and Lemma 5.4 results in (5.1).

6. LOCAL EFFICIENCY OF THE ERROR ESTIMATOR

Efficiency of the estimator means that up to data oscillations it also
provides a lower bound for the discretization errors in the state, the
regularized adjoint state, and the control.

Theorem 6.1. Let (y,u,p,0) and (ye, ue, pe,00) be the solutions of
(2.6a)-(2.6d) and (3.3a)-(3.3d) and let n; and osc,(y?) be the error
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estimator and the data oscillation as given by (4.1) and (4.6b), respec-
twely. Further, let p and p, be the modified adjoint states as given by
(2.8),(3.5). Then, there holds

(6.1) ne—osce(y’) < eyl + lleallog + legllio-

The proof of the efficiency of the estimator is usually done by estab-
lishing local efficiency in the sense that the element and edge residuals
can be bounded from above by norms of the discretization errors on
the elements and associated patches, respectively. Local efficiency will
be provided by the subsequent two lemmas.

Lemma 6.2. Let nr(y) and n7(p), T € 74(£2), be the element residuals
as given by (4.3). Then, there holds

(6.2) mr@) < leyllis +hzlleasr,

(6.3) @) < lesllis +hlleyllir +oscr(y).

Proof. We denote by ¢r = H?:1 Ai(T) the element bubble function
associated with T" € 7,(Q) (cf., e.g., [41]). Then, & = (u¢ — cye)pr is
an admissible test function in (2.6a). Observing Ay|r = 0, we obtain

n(y) < ha(ue — cye, &)or =
T( w, &)or + (Aye — cye, §e)or + (we — u, fz)o,:r) =

= hi((
= hi <(V(y — ), VE&or + (c(y — o), Ee)or + (ue — u, ff@)o,T)-

Using standard estimates for || V&||o 7 and ||&e]|or (cf., e.g., [41]) readily
gives (6.2). The estimate (6.3) can be verified in the same way. O

Lemma 6.3. Let nr(y),nr(p), T € T,(2), and ne(y), ne(p), E € £(Q),
be the element and edge residuals as given by (4.3),(4.4). Further, let
oscr(y?), T € T,(Q2), be the element contribution to the data oscillation
in y? according to (4.6b). Then, there holds

6.4)  mp(y) < lleylliu, + hElleallsw, +n5, (),
65) np(®) < lepllie, +hElleylw, +n5,P) +o0scl, (v7),

where 1, (y) == (n, (y) + 12 ()% and n,, (5)., 05c., (y) are defined

analogously.

Proof. We denote by g = H?Zl Ai(E), the edge bubble function asso-
ciated with ' € £(Q) (cf., e.g., [41]). We set (g := (v - [Vyi])|p and
& = (pyp, where (g is the extension of (g to wg as in [41]. Taking
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advantage of the fact that & is an admissible test function in (2.6a)
and Ay|r = 0, it follows that

np(y) < hee- [V, Ceer)or =
= hg Z ((l/aT Ve, &)oor — (Ayz,&)o,T> =

TCwg

= hE<(V(yé - y)7 VSZ)O,wE + (C(yf - y)> gf)o,wE +
(u — Uy, &)QME + (UE — CYu, £Z)O,WE>-

Standard estimates for & (cf., e.g., [41]) readily give (6.4). The estimate
(6.5) can be proved along the same lines. U

Proof of Theorem 6.1. The efficiency estimate (6.1) follows by summing
up the estimates (6.3)-(6.5) over all T' € 7,(2) and E € &(€2). Using
the fact that the union of the patches wg has a finite overlap allows to
conclude.

7. NUMERICAL RESULTS

In this section, we illustrate the approximation of state constrained op-
timal control problems by its Lavrentiev type regularizations using two
numerical examples representing two different instances of the possible
structure of the Lagrange multiplier according to the classification by
Bergounioux and Kunisch [8]. The first example features a solution y
that strongly oscillates around the origin where the coincidence set is
a connected subdomain with smooth boundary. In contrast to that,
the second example, which is taken from [32], features a multiplier in
M, (Q) where the coincidence set degenerates to a single point. In
both cases the adaptive process generates finite element meshes that
are close to those created when one uses the adaptive strategy for state
constrained problems as suggested in [26].

Example 1 (Simply connected coincidence set with smooth
boundary): The data of the problem are as follows

Q= (-2,2* , v:=0 , a:=01 , c¢=0 , I'p:=0Q,
Yl = y(r) + Ap(r) + o(r) ud u(r) +a =t p(r) .

Here, y = y(r) , u=u(r) , p=p(r) and o = o(r) , r:= (22 + 22)/?,

(71, 22)T € Q, represent the exact optimal solution of the pure state
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constrained problem (¢ = 0) according to

4
y(r) s=—=rs m(r)  ur) = =Ay(r),
3 9 0,r<0.75
o 4 23, 7 2 . ;
P =) (=2 a0
where
1, r<0.25
) —192(r — 0.25)% 4 240(r — 0.25)%—

T —80(r — 0.25)3 + 1, 025 <r<0.75
0, otherwise
1,r<0.75

12 0 , otherwise -

Figure 1 shows the computed optimal state y, and optimal control
uy in case of an adaptively generated simplicial triangulation with 9194
degrees of freedom and € = 1079, whereas Figure 2 displays the adap-
tively generated meshes after 12 (left) and 14 (right) refinement steps
for e = 1076,

Cells Cells.
Z-Coord: ECogrds

s
25309
I:—n.uzm
—-0082
—-00723
—-00%4

I»—n.\z

0145

—-0.169

| [

-0217

-0241

FiGure 1. Example 1: Visualization of the discrete op-
timal state y; (left) and the discrete optimal control w;
(right) on a triangulation with 9194 nodes and with re-
gularization parameter e = 1076

Table 1 documents the convergence history of the adaptive refine-
ment process with respect to the convergence of the solutions of the
discrete mixed control-state problems (¢ = 107%) to the exact solution
of the pure state constrained problem. We remark that the impact
of the regularization parameter € has to be observed in the error esti-
mates. In particular, Table 1 contains the H'-error in the state, the
L?-errors in the control and in the adjoint state as well as the H!-error



16 R.H.W. HOPPE AND M. KIEWEG

FiGURE 2. Example 1: Adaptively generated grid after
12 (left) and 14 (right) refinement steps, ©; = 0.7 , € =
1076

TABLE 1. Example 1: Convergence history of the adap-
tive FEM. Errors in the state, the control, the adjoint
state, and the regularized adjoint state (¢ = 107)

Naot || |u—wello | |y —wells | |p—Dell1 | || p— pello
13 || 1.37e+01 | 1.03e+00 | 1.91e-01 9.67e-01
41 || 1.01e+01 | 1.58e+00 | 1.51e-01 8.61e-01
74 1| 9.53e+00 | 1.31e+00 | 1.01le-01 9.48e-02

142 || 6.01e+00 | 6.56e-01 1.12e-01 3.06e-02
8 290 || 3.36e+00 | 3.72e-01 1.27e-01 1.94e-02
10| 623 || 2.19e+00 | 2.34e-01 1.29e-01 8.47e-03

12 | 1412 || 1.47e+00 | 1.32e-01 1.31e-01 1.08e-02

14 | 3498 || 1.01e4+00 | 7.92e-02 1.30e-01 1.29e-02

DN s

TABLE 2. Example 1: Convergence history of the adap-
tive FEM. Discretization errors in the pure state con-
strained case (¢ = 0); from [26]

Naot [ Tu—uello [ Iy —yells | 15 —bells |1 — pello
13 || 2.37e+01 | 1.51e+00 | 6.74e-01 | 2.06e+00
41 || 1.35e+01 | 1.02e+00 | 1.06e-01 1.28e-01
105 || 9.41e+00 | 7.34e-01 7.88e-02 9.54e-02
244 || 6.01e+00 | 5.41e-01 6.02e-02 4.78e-02
81 532 || 3.18e+00 | 2.80e-01 | 4.53e-02 3.92e-02
10 | 1147 || 1.91e4+00 | 1.74e-01 3.44e-02 2.36e-02
12 | 2651 || 1.29e+00 | 1.03e-01 2.02e-02 1.81e-02
14 | 6340 9.74e-01 6.32e-02 1.17e-02 1.22e-02

DN s

in the regularized adjoint state. The adaptive refinement process has
been terminated when the size of the regularization parameter ¢ = 10°
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started to blur the results. The same effect could be observed for larger
values of € (see also Figure 3 (right)). For a comparison, Table 2 shows
the decrease of the discretization errors in the limiting case ¢ = 0 (pure
state constraints). We observe that in this example the most significant
impact of the regularization parameter is on the errors in the adjoint
state and the regularized adjoint state.

Figure 3 (left) illustrates the benefit of adaptive versus uniform re-
finement by showing on a logarithmic scale the error in the control
as a function of the degrees of freedom (e = 107°%). Figure 3 (right)
contains a comparison of the error in the control for the pure state
constrained problem (¢ = 0) and its Lavrentiev regularizations (¢ =
1072,1074,10°°).

log(\ju-u_h[)
T T

FIGURE 3. Example 1: Adaptive refinement [straight
line] versus uniform refinement [dotted line] (left) and
discretization error in the control for different regular-
ization parameters (right)

The residual-type estimators 7,(y) in the state and 7,(p) in the regu-
larized adjoint state as well as the data oscillations oscy(u?) in the shift
control and osc,(y?) in the desired state are given in Table 3. Again,
for a comparison with the pure state constrained case, Table 4 contains
the corresponding values in case € = 0.
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TABLE 3. Example 1: Convergence history of the adap-
tive FEM. Estimator in the state and regularized adjoint
state, data oscillations (¢ = 1079)

O] Naot || me(y) ne(p) | osce(u?) | oscoy?)
1 13 || 4.20e+00 | 1.04e+00 | 1.37e+01 | 5.42e-01
2 41 || 4.25e+00 | 1.04e+00 | 1.36e+01 | 6.22e-01
4 74 || 4.01e+00 | 4.71e-01 | 9.67e+00 | 3.32e-01
6| 142 || 1.77e+00 | 3.14e-01 | 6.03e+00 | 1.11e-01
8| 290 || 1.27e400 | 2.49e-01 | 3.38e+00 | 5.36e-02
10 | 623 || 8.70e-01 | 1.80e-01 | 2.19e4-00 | 2.78e-02
12| 1412 || 5.50e-01 | 1.12e-01 | 1.47e4-00 | 1.50e-02
14 | 3498 || 3.42e-01 | 6.90e-02 | 1.01e4-00 | 7.08e-03

TABLE 4. Example 1: Convergence history of the adap-
tive FEM. Estimators and data oscillations in the pure

state constrained case (¢ = 0); from [26]
U] Naot || me(y) ne(p) | osce(u?) | osce(y?)
1 13 || 2.19e+01 | 2.04e+00 | 1.37e4-01 | 5.42e-01
2 41 ]| 9.83e+00 | 8.10e-01 | 1.36e+4-01 | 6.22e-01
41 105 || 3.67e+00 | 4.35e-01 | 9.42e+00 | 3.32e-01
6| 244 || 1.63e+00 | 2.60e-01 | 5.99e+00 | 1.11e-01
8| 532 || 1.17e+00 | 1.69e-01 | 3.17e+00 | 4.47e-02
10 | 1147 || 7.72e-01 | 1.22e-01 | 1.90e+4-00 | 2.17e-02
12] 2651 || 4.71e-01 | 7.37e-02 | 1.29e4-00 | 9.27e-03
14 |1 6340 || 2.93e-01 | 4.55e-02 | 9.74e-01 | 4.62e-03

Example 2 (Degenerated coincidence set [32]): The data of

the problem are as follows

Q = B0,1) , Tp=0 , a:=10 , c 1.0,
1 1 1
d . L N
JU() = A= ),
1 1
d 2
= 44+ —r°——1 = 4 .
u®(r) + 47T7" o n(r) , (r) r+
The optimal solution in the pure state constrained case is given by:
1 1
=4 = —r2 - ]
y(r) o) = =5 In(n)
u(r) = 4 , o = 0.

Figure 4 displays the computed optimal state y, and optimal control
uy for a simplicial triangulation with 964 degrees of freedom. For the
regularization parameter € = 1079, the adaptively generated grids after
12 and 14 refinement steps are shown in Figure 5.
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Cells Cells
Z-Coonds Z-Coords
4 a0

-1
-3
-

P RE]

4 1

FiGUuRE 4. Example 2: Visualization of the discrete
state y; (left) and the discrete control u; (right) on an
adaptive generated mesh with 964 nodes and with regu-
larization parameter e = 1076

F1cURE 5. Example 2: Adaptively generated grid after
12 (left) and 14 (right) refinement steps, ©; = 0.7, € =
10°¢

In case ¢ = 107%, Table 5 and Table 7 reflect the convergence history of
the adaptive refinement process with data analogous to those in Exam-
ple 1. As before, in order to compare with the pure state constrained
case (¢ = 0), the associated data are given in Table 6 and Table 8.
We remark that there are no data oscillations in 1 in the pure state
constrained case € = 0, since (o — 0y, —1)y) = 0 where (-, -) stands for
the dual pairing between the space of Radon measures and the space
of continuous functions (cf. [26]). We see that here the impact of the
regularization parameter is less pronounced than in the first example
(provided ¢ is chosen sufficiently small; see also Figure 6 (right)). The
benefit of adaptive versus uniform refinement is addressed in Figure 6
(left) which displays on a logarithmic scale the discretization error in
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TABLE 5. Example 2: Convergence history of the adap-
tive FEM. Errors in the state, the control, the adjoint
state, and the regularized adjoint state (¢ = 1079)

Naot || lu —uello | ly —yells | [Ip —pell | | »—pello
13 || 8.62e-02 | 1.75e-02 | 2.24e-02 6.73e-02
41 || 6.50e-02 | 1.01e-02 | 1.21e-02 2.93e-02
73 || 5.56e-02 | 6.89e-03 | 9.36e-03 1.54e-02

121 || 3.39e-02 | 2.34e-03 | 6.02e-03 | 8.30e-03
8 243 || 1.98e-02 | 6.96e-04 | 3.91e-03 4.35e-03

10 603 || 1.14e-02 | 2.25e-04 | 2.32e-03 2.00e-03

12 | 1618 || 6.39e-03 | 6.98e-05 | 1.46e-03 | 9.37e-04

14 | 3989 || 3.55e-03 | 2.58e-05 | 8.54e-04 | 4.57e-04

16 | 10656 || 1.95e-03 | 1.10e-05 | 4.76e-04 2.21e-04

DN s

TABLE 6. Example 2: Convergence history of the adap-
tive FEM. Discretization errors in the pure state con-
strained case (¢ = 0); from [26]

Naot || |u—wello | |y —wells | |p—Dell1 | || p— pello
13 1.04e-01 8.51e-03 1.74e-02 3.73e-02
41 6.95e-02 4.43e-03 9.01e-03 1.86e-02
73 5.73e-02 2.30e-03 7.36e-03 1.00e-02

121 3.42e-02 1.79e-03 6.11e-03 7.41e-03
81 243 1.99e-02 1.07e-03 | 4.02e-03 4.13e-03

10 604 1.14e-02 4.02e-04 2.43e-03 1.95e-03

12 | 1621 6.39¢-03 1.60e-04 1.52e-03 9.26e-04

14 | 3991 3.55e-03 6.81e-05 8.79¢-04 4.55e-04

DN s

TABLE 7. Example 2: Convergence history of the adap-
tive FEM. Estimators and data oscillations (¢ = 1079)

Naot || me(y) | me(d) [ osco(u?) | osce(y) | osci(y?)
13 || 6.15e-02 | 7.38e-02 | 1.29¢-01 | 1.11e-01 | 4.36e-02
41 || 2.29e-02 | 3.76e-02 | 8.14e-02 | 3.25e-02 | 1.26e-02
73 || 1.00e-02 | 2.52e-02 | 5.95e-02 | 2.13e-02 | 7.78e-03

121 || 3.11e-03 | 2.01e-02 | 3.56e-02 | 1.23e-02 | 4.96e-03
8 243 || 9.15e-04 | 1.32e-02 | 2.06e-02 | 5.27e-03 | 1.87e-03

10 603 || 2.59e-04 | 8.12e-03 | 1.17e-02 | 2.25e-03 | 8.28e-04

12| 1618 || 7.23e-05 | 4.76e-03 | 6.54e-03 | 9.86e-04 | 3.17e-04

14| 3989 || 2.01e-05 | 2.89e-03 | 3.62e-03 | 3.95e-04 | 1.42e-04

16 | 10656 || 5.53e-06 | 1.78e-03 | 1.98e-03 | 1.86e-04 | 5.89e-05

DD NS

the control as a function of the degrees of freedom (dotted line: adap-
tive refinement, straight line: uniform refinement, e = 107%). Finally,
Figure 6 (right) contains a comparison of the error in the control for
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TABLE 8. Example 2: Convergence history of the adap-
tive FEM. Estimators and data oscillations in the pure
state constrained case (¢ = 0); from [26]

O Naot | me(y) | me(p) [ osce(u?) | osce(y?)
1| 13 7.32e-02 | 7.62e-02 | 1.29e-01 | 4.36e-02
2| 41 2.45e-02 | 3.83e-02 | 8.14e-02 | 1.26¢-02
4
6

73 || 1.02e-02 | 2.54e-02 | 5.95e-02 | 7.78e-03
121 || 3.11e-03 | 1.97e-02 | 3.56e-02 | 4.96e-03
8| 243 || 9.10e-04 | 1.32e-02 | 2.06e-02 | 1.87e-03
10| 604 || 2.59¢-04 | 8.07e-03 | 1.17e-02 | 8.27e-04
12| 1621 || 7.22e-05 | 4.75e-03 | 6.54e-03 | 3.16e-04
14 | 3991 || 2.01e-05 | 2.89e-03 | 3.62e-03 | 1.41e-04

log(ju-u_h) logQu-u_ht)
T T T T

:

0-0
=107

2 s - £=107

T
=+= uniform
-0~ adaptive

FIGURE 6. Example 2: Adaptive versus uniform refine-
ment (left) and discretization error in the control for dif-
ferent regularization parameters (right)

the pure state constrained problem (e = 0) and its Lavrentiev regular-
izations (¢ = 1072,107*,1079).
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