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

R.H.W. Hoppe - M. Kieweg

Abstract Mixed control-state constraints are used as a relaxation of originally state
constrained optimal control problems for partial differential equations to avoid the
intrinsic difficulties arising from measure-valued multipliers in the case of pure state
constraints. 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 esti-
mators developed 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 estima-
tors known from the pure state constrained case. Up to data oscillations and consis-
tency 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 performance of the estimators.

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,
4,10, 25, 31] and the references therein). On the other hand, considerably less work
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has been done with regard to optimal control problems for PDEs. The so-called goal
oriented dual weighted approach has been applied in the unconstrained case in [4, 5],
to control constrained problems in [14, 32] and to state constrained problems in [13],
whereas residual-type a posteriori error estimators for control constrained problems
have been derived and analyzed in [11, 12, 15, 17, 19-21]. Unlike the control con-
strained case, pointwise state constrained optimal control problems are much more
difficult to handle due to the fact that the Lagrange multiplier for the state constraints
lives in a measure space (see, e.g., [0, 7, 16, 29]). Therefore, it is a natural idea to reg-
ularize 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, 8, 23, 26-30]).
This method is called Lavrentiev regularization. However, so far an a posteriori error
analysis of adaptive finite element approximations has not been provided for mixed
control-state constrained control problems.

In this paper, we will be concerned with the development, analysis and imple-
mentation of a residual-type a posteriori error estimator for mixed control-state con-
strained distributed optimal control problems for linear second order elliptic bound-
ary value problems. The paper is organized as follows: In Sect. 2, as a model problem
we consider a distributed optimal control problem for a two-dimensional, second or-
der 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 con-
straints. However, the a posteriori error analysis known from pure control constraints
can not be applied in a meaningful way to the mixed control-state constrained case,
since the constants involved in the reliability estimates blow up as the regularization
parameter tends to zero. Instead, one has to adopt the error analysis as developed
for the pure state constrained case [18]. In this spirit, we further consider a regu-
larized multiplier and a regularized adjoint state which will play an essential role
in the error analysis. In Sect. 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 control, and for the adjoint and the regularized adjoint state. In Sect. 4, we
present the residual-type a posteriori error estimator for the global discretization er-
rors in the state, the regularized adjoint state, and the control. Data oscillations and a
consistency error are considered as well, since they enter the subsequent error analy-
sis. In Sect. 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
a consistency error. A computable upper bound for the consistency error is derived
based on suitable approximations of the continuous coincidence and non-coincidence
sets. Section 6 is devoted to the efficiency of the estimator by showing that, modulo
data oscillations, the error estimator also provides a lower bound for the discretiza-
tion errors. Finally, Sect. 7 contains a documentation of numerical results for two
representative 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 ' :=Tp Uy, I'p NIy =4.
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
(-, -)o.q and associated norm || - [lo,. We denote by Li(Q) the non-negative cone of
L%(Q),ie., L2(Q) = {v e L}(Q)|v(x) > 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,q. Hé‘ (2)
denotes its subspace Hé‘(Q) ={ve Hk(Q)|D“v|r =0, || <k—1}and H*(Q) is
the dual of H ().

For givenc e Ry, wereferto A: V — HY(Q),V:= {ve HY(Q) | vlr, =0}, as
the linear second order elliptic differential operator

Ay :=—Ay+cy, yeV

andtoa(-,-):V xV — Rwitha(y,v) := fQ(Vy - Vv 4 cyv)dx 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 y > 0 such that

la(y,v)| < Clylhellvlie.  a(.y) = vIyiig. @2.1)

Now, given a desired state yd € L*(), a shift control ul e L*(), regulariza-
tion parameters & > 0, ¢ > 0, and a function ¥ € L>(£2), we consider the objective
functional

1 o
J(y, u) :=5||y—yd||%,9+5||u —u!l§.q (2.2)

and the mixed control-state constrained distributed optimal control problem: Find
(y,u)eV x LZ(Q) such that

inf J (y, u), (2.3a)
you
subject to the constraints
Ay=u inQ, y=0 onTlp, v-Vy=0 onTly, (2.3b)
eut+yekK:={ve LZ(Q) |v(x) <y¥(x)faa x e Q}. (2.3¢)

The usual way to look at (2.3a)—(2.3c) is as a regularized state constrained problem,
since the multiplier associated with the inequality constraint (2.3c), usually called
the adjoint control for control constrained 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 : L2(2) — V as the control-to-state map which assigns to u € L3(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 o 2
Jrea(ut) := 5 H Gu—y? Ho,sz + 2 ”” —ul “0,9’ 24
and the mixed control-state constrained problem (2.3a)—(2.3c) can be restated as

inf  Jrea(u). 2.5)
eu+Guek
Standard arguments from convex optimization reveal the existence and uniqueness of
a solution. The optimality conditions for the optimal solution (y, u) € V x L2() are
as follows.

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

(Vy, Vu)o.o + (cy,v)o,o = (u,v)o,@, VvEV, (2.62)
(Vp, Vwloo+ (cp,woo= -y  woa+ @, woa, weV, (26b)
p+oa(u —ud)—i—ga =0, (2.6¢)
(o,eu+y—1Y¥)oq=0. (2.6d)
The residual-type a posteriori error analysis known from the pure control con-
strained case [15] 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. In-
deed, denoting by (y¢, u¢, pe, o¢) P1 conforming finite element approximations of
(y,u, p,o), by ng, osce(u?), oscy(Y¥) the residual-type a posteriori error estimator
and the data oscillations from [15] and mimicking the proof of Theorem 5.1 in [15],

we get the reliability estimate

ly = yeli,e +1p = peli,o + llu —uello,e + llo —o¢llo,e
< C(e)(ne + osce(u?) + osco (V)

with a positive constant C(e) = O(1 + ) (using the complementarity condi-
tions in the mixed control-state constrained case we have to estimate u — u,; via
u—ug=¢e(eu+y— (sug+ ye)) —e~'(y — y)). Therefore, the a posteriori error

analysis has to be adopted to that what is known from the pure state constrained case.
Following [18], we define a regularized multiplier o € V as the solution of

(Vo,Vv)o,q + (co,v)o,o = (0,v)0,e, VEV, 2.7)
and further introduce a regularized adjoint state p € V according to

(VP, Vu)o.a + (P, v)oa = -y, v)oa, veV. (2.8)



Obviously, p, p, and o are related by

pi=p+o. 2.9)

3 Finite element approximation

We consider a family {7;(€2)} of shape-regular simplicial triangulations of €2 which
align with I'p, I'y on I". We denote by Ny (D) and £,(D), D C Q, the sets of vertices
and edges of 7;(2) in D C Q, and we refer to 47 and |T | as the diameter and the area
of an element 7' € 7;(2), whereas h g stands for the length of an edge E € £;(D). For
Ee€&(Q)suchthat E=T, NT_, Ty € T¢(RQ), we define wg :=T UT_.For T €
T¢(2) and E € & (2) we further denote by A;(T),1 <i <3,and A;(E),1 <i <2,
the barycentric coordinates associated with the vertices of 7 and E, respectively. We
will also use the following notation: If A and B are two quantities, then A < B means
that there exists a positive constant C such that A < CB, where C only depends on
the shape regularity of the triangulations, but not on their granularities.

In order to get a useful discrete optimality system, we use an approach which first
optimizes and then discretizes, i.e., we discretize the continuous optimality condi-
tions (2.6). We first equivalently reformulate these conditions by means of the active
set A C Q and the inactive set Z. We define the active set .4 as the maximal open
set A C Q such that eu(x) + y(x) + o (x) > ¥ (x) f.a.a. x € A and the inactive set 7
according to Z :=J p>0 Bp, where B, is the maximal open set B C 2 such that
eu(x) + y(x) < ¢¥(x) — p for almost all x € B. One can easily verify (cf. [22]) that
the optimality system (2.6) is then equivalent to

(Vy,Vv)o.a +c(y,v)o.o=u,v)oe YveV, (3.1a)
(Vp. Vg +c(p.voa=G+o -y voe YweV, (3.1b)
praw—u?)+e0=0 ae.in®, (3.1¢)

oc=0 ae. inZ, eu+y=1v ae.inA (3.1d)

Now, we discretize (3.1) by conforming P1 finite elements. In particular, we refer to
Se:={vg € Co(RQ) | velr € P1(T), T € Ty(2)} as the finite element space spanned
by the canonical nodal basis functions (pf , P € N¢(R), associated with the nodal
points in Q and to V; as its subspace Vi := {vg € S¢ | velrp, = 0}. Assume that
{n1,...,ny} = N(Q) are the numbered nodes of the triangulation. Similar to [22],
the discrete solution consists of (yg, u¢, pe, o¢) € Vo X Sp x Vy x S¢ and two subsets
of indexes Ay and Zy such that there holds

(Vye, Vupo, o + c(ye, ve)o,e = (e, ve)o.@, Ve € Vi, (3.2a)
(Vpe, Vooo.a + c(pe, v)o.e = e — ¥ + 00, v)o.2. ve € Ve, (3.2b)
pe+a(ug —uld) +eoy =0, (3.2¢)
oe(n;))=0 ifiel,, (3.2d)

sug(ny) +ye(ny) =ve(n;) ifi € Ay,



where A, and Z; are given by

Ag:={i e{l,.... N} eue(ni) + ye(ni) + o0 (ni) > Ye(ny)}, (3.32)
To={1,....N}\ A. (3.3b)

Such a discrete solution can, for example, be achieved by a primal-dual active set
strategy (cf. [22]).

As in Sect. 2 before, we introduce a regularized discrete multiplier o, € V; as the
solution of

(Vay, Vug)o,e + (coe, ve)o,o = (00, ve)o,e,  ve € Ve, (3.4)
and define p, € V; as the solution of the discrete analogue of (2.8), i.e.,
(VPe Voro.a + (¢Pe, vodo.a = e — ¥, vedo.a,  ve € Ve (3.5)
As in the continuous setting, we obtain the fundamental relationship
Pe=Dpg+0¢. (3.6)
We further define AET and 7, Z as the discrete active and inactive sets according to
AL =T € Te@) | eue(p) + ye(p) = Ye(p), p € Ne(T)},
7} = {T € T(Q) | eue(p) + ye(p) < ¥e(p), p € Ne(T)}.
The discrete free boundary is given by
F{=Tu@\(A] UT]).

With these definitions at hand and taking (3.2d) into account, it is easy to see that
there holds

(v, eug+ye — Yoo = Y (00, eug +ye — Yo7 (3.7
TeF!

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

ne = ne(y) +ne(p). 4.1

where 1¢(y) and ny(p) consist of element and edge residuals

1/2
ne(y) :=< Do+ Y, n%(y)) : (4.22)

TeTe(2) Ee& ()



1/2
ne(p) :=< Yoo+ Y n%;(ﬁ)) : (4.2b)

TeTi(2) Ee&(2)

The element residuals nr(y) and nr(p), T € 7¢(R2), are weighted elementwise
L?-residuals with respect to the strong form of the state equation (2.3b) and the mod-
ified adjoint state equation (2.8), respectively:

nr(y) :=hrlleye —uellor, T €Te(R), (4.3a)
nr(P) == hrlcp, — e —yDllor, T € To(Q). (4.3b)

The edge residuals ng(y) and ng(p), E € £(R2), are weighted L?-norms of the
jumps vg - [Vy,] and vg - [Vp,] of the normal derivatives across the interior edges

ne() =hy e - [Vydlos, E €&, (4.42)
ne(@) i=h v - [VB o, E €E(Q). (4.4b)

Denoting by yg € S¢ some approximation of the desired state y?, we further have to
take into account data oscillations with respect to the data ud, yd, Y of the problem

oscy = (osci®) + osci (y?) + osc%(lﬂ))l/z, 4.5)

where oscy (ud), oscy (yd), and oscy () are given by

osc/g(ud) = ( Z
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osczT (ud)) , (4.6a)
Te7y(Q)

oscr ) :=u? —ulllor, T eTe(R),

1/2
osce(y?) :=< > osczT(yd)> , (4.6b)

TeTi(2)

oscr () :=hrlly?! — yllor, T e€To(Q),

1/2
osce(Y) :=< Z osczT(lﬁ)) , (4.6¢)

TeT(Q)
osct (W) =1 — Yellor, T €Te(R).

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

ey =y —ye, e5 =D — Py, ey =u—uUy. “4.7)

In much the same way as in case of adaptive finite element discretizations of pure state
constrained elliptic boundary value problems (cf. [18]), the a posteriori error analysis



requires an auxiliary state y(u¢) € V and an auxiliary adjoint state p(y¢) € V. These
are defined as the solutions of the following variational equations

(Vy(ue), Vu)o,o + (cy(ue), v)o,o = (ue, v)o,@, vEV, (4.8a)
(VPe), Vo)o.o + (€p(e), vo.a = (ve — ¥, v)o.0, veV. (4.8b)

We further introduce an auxiliary discrete state y, (1) € V; as the solution of the finite
dimensional variational problem

(Vyeu), Vug)o,q + (cye(u), ve)o,o = (U, ve)o,e, ve € Ve. 4.9

The auxiliary states y(u¢) € V and y,(u) € V; do not necessarily satisfy the
mixed control-state constraints, i.e., it may happen that suy + y(uy) ¢ K and
eu + ye(u) ¢ Ky. This gives rise to the consistency error (cf. Lemma 5.3)

ec,e :=max((o¢, e(u — ug) + ye(u) — yo)o.@

+ (0, e(ug — u) + y(ue) — ¥)0,2,0). (4.10)

The consistency error is not an a posteriori term, since neither u, y,(u) nor y(ug) are
available. However, at the end of Sect. 5 we will derive a computable upper bound
which shows that it can be controlled by the residual estimator n,(y) and the data
oscillation osc¢ (). Therefore, it will not be included in the refinement strategy ex-
cept that we refine all triangles within the discrete free boundary F, ET to reduce the
mismatch between the continuous and discrete coincidence and non-coincidence sets.

The refinement of a triangulation 7;(£2) is based on bulk criteria that have been
previously used in the convergence analysis of adaptive finite element for nodal fi-
nite element methods [9, 24]. For the mixed control-state constrained optimal con-
trol 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 &,(2) and sets of
elements M, 7, M, 7, Mya 7, My, 1 C 7¢(£2) such that

O Y (EM+uE@) = Y (nEO) +nk(p).

Ec&i () EeMg
@ > (mm+m@®) < > 70+ i),
TeT(Q) TeM,r
O3 Z osczT(ud)f Z osczT(ud),
TeT(Q) TeMa r
1 Y oscr(yh < D oscr (v,
TeTy(Q) TeMya

OF Z osczT(lﬁ)S Z osc%(w).

TeT () TeMyr



The bulk criteria are realized by a greedy algorithm (cf., e.g., [15]). We set
Mr =M, U Mud’T U Myd,T UMy 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 bi-
section (joining its midpoint with the opposite vertices of the adjacent elements), if
E € M¥ . We further extend the refinement strategy in so far as we refine all triangles
within the discrete free boundary F, ET .

5 Reliability of the error estimator

We prove reliability of the residual-type error estimator (4.1) in the sense that it pro-
vides an upper bound for the discretization errors ey, e,, and e up to the data oscil-
lations oscy (ud ) and osce () and the consistency error e, .

Theorem 5.1 Let (y,u, p,o) and (y¢, ug, pe, o¢) be the solutions of (2.6a)—(2.6d)
and (3.2a)—(3.2d) and let ny, OSCg(ud) and ey be the error estimator, the data
oscillation in the shift control, and the consistency error according to (4.1), (4.6)
and (4.10), respectively. Further, let p and p, be the regularized adjoint states as
given by (2.8), (3.5). Then, there holds

2 2 2 2 2..d
leyllT,q + lleully,o + lleplt.o < ny +oscy®) +ec.e. (.1

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(ye) be
the auxiliary state and auxiliary adjoint state according to (4.8a), (4.8b). Then, there
holds

leyli o + lleplt.o S Iy@e) = yelf o + 1500 = Peli g+ ledllfg- (5:2)
Proof Obviously, ey, and e can be estimated from above by

leylf.q <20y — y@ollf o + 2lyue) — yeli g (5.32)

lepll] o <217 = POOIT g+ 21200 — Pellf g (5.3b)

Setting v =y — y(uy) in (2.6a), (4.8a), and M := 1/y with y from (2.1), for the first
term on the right-hand side in (5.3a) we readily get

ly = y@oli g < Mledllo.ally = yuolo.e < Mledlogaly — ywola.

and hence,

ly = y@o)lf g < MPlleul§ o (5.4)



Likewise, choosing v =p — p(y¢) in (2.8) and (4.8b), for the first term on the right-
hand side in (5.3b) it follows that

17— POolT.q < Mleyloallp — PO lo.e < Mleyliallp — 2o .o
Consequently, in view of (5.3a) and (5.4) we obtain
I =P0OIT e = MPlleyl g < 2Mleullg g +2M> [y @) = yellf g (5.5)
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

2 4 ( M? 2 1 — 2 2, d
||€u||o,9_& 7||y(ue)—y£||1,gz+Ellp(ye)—PzHl,Q-i- eco | +osci(u®). (5.6)

Proof Using (2.6¢), (2.9) and (3.2¢), (3.6), we find
allewllf o = (eu- Pe — Plo.a + &ew. 0 — 0)o.0
+ (eus T — )o.o + ey, u! —ud)o.q. (5.7
The first term on the right-hand side in (5.7) can be split according to
(ew, Pe — P)o,2 = (eu, Py — P(ye))o, + (ew, P(ye) — Plo,a- (5.8)

An application of Young’s inequality yields

_ o . _
(ew Pe = POON0.2 = Jlleullf o+ 7 - POD G 0- (5.9)

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

(eu, Pe) = Dlooa=—Q —ye,y —yWue)og
=—lly = yuoll§ o+ e — ye), y — ye)oe

<y —ywolielly@e — yeli,e
o 5 M2 2
< Z”eu”QQ‘f‘7”)’(”[)_)16”1’9’ (5.10)

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

_ o r, . _
(ew Pe = Plo.a = S lleullg o + —(Ipe — PODIT o+ M Ny — yeli g)- (5.11)

As far as the third term on the right-hand side in (5.7) is concerned, in view of (2.6a),
(2.7), (3.2a), (3.4), (4.8a) and (4.9) we obtain

(e, 0¢ —0)o,0 = (V(ye(u) — ye), Vop)o,o + (c(yem) — ye), T ¢)o,Q



— (V(y = y(up), Vo)o,o — (c(y — y(ue)), 0)o,0
= (o¢, ye(u) — ye)o,@ + (0, y(ue) — y)o,o- (5.12)

Combining (5.12) with the second term on the right-hand side in (5.7) and using the
complementarity conditions (2.6d), (3.2d) and (3.7) as well as the definition (4.10) of
the consistency error, we find

eley, 00 —0)o,@+ (e, 0¢ —0)o,Q
= (o0, eu+ ye(u) — (eug + ye))o,o — (0, eu +y — (ug + y(ul)))o’g
= (o¢, eu + ye(u) — Ye)o,o + (0, eug + y(ue) — Yo,
+ (o, Yo — (eug + ye))oo — (0, 6u+y — ¥)oq < e, (5.13)

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)
o
a(ey, u? — uf)oyg < leeu II%’Q +o osc%(ud). (5.14)

Taking advantage of the estimates (5.11), (5.13), (5.14) in (5.7) allows to conclude. [

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

lyGuee) = vell§ @ S e, (5.15)

15(ve) = Pellt o S e(P)). (5.15b)

Proof Due to Galerkin orthogonality, the assertion follows by standard argu-
ments from the a posteriori error analysis of adaptive finite element methods (see,
e.g., [31)). O

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

Remark 5.5 1t follows from the proofs of the previous results that the constants in-
volved in the reliability estimates do not depend on the regularization parameter ¢.

We conclude this section by deriving a computable upper bound for the con-
sistency error e. ¢. Taking into account that 0|7 =0, 0¢|7, =0 and (eu + y)|4 =

Yla, (ue +yeo)la, = Vel 4,, we find

ectlznz, =0, (5.16a)

ec ol ana, < (o, y(We) — yodo, AnA, + (00, ye) — ¥)o, AnA, (5.16b)
+ (0 =00, Yo — Vo, AnA,»

ecolznA, < (00, ye(w) — ¥)o,znA, + (0¢, ¥ — Voo, 1n A, » (5.16¢)

ecolanz, < (0, y(We) — yo)o, Anz, + (0, ¥¢ — ¥)o, AN, - (5.16d)



This leads to the estimates

ecolana, < llollo,ana 1y @e) — yello,ana, + lloello, ana, lye@) — yllo, AnA,
+ (lollo,.ana, + loello, ana) 1Y — Yello, AnA, » (5.17a)

ecelzna, = llocllo,zna,llye@) = yllo,zna, + lloellozna, ¥ — Vello,zna, -
(5.17b)

ec.elanz, < lollo,anz, 1y @e) = yello,.anz, + o llo.anz, 1Y = Yello, Az, (5.17¢)

In view of (5.15a) in Lemma 5.4 we have ||y (u¢) — yello.o S ¢ (y). By the same argu-
ments || ye(u) = yllo,o < 7e(y), where e (v) = (e 0 17 ) + X pegy TEW)
with 7 (y) and ng(y) given as in (4.3a) and (4.4a) with y, replaced by ye(u). Of
course, y¢(u) is not available, but we may expect n7(y) ~ nr(y), ng(y) ~ ng(y) and
hence, replace 7¢(y) by n¢(y). Moreover, due to the results in [15] for control con-
strained elliptic optimal control problems the sequence (||o¢||o,@)e¢eN can be expected
to be uniformly bounded. Then, (5.17a)—(5.17¢) already show that the consistency er-
ror e, ¢ can be controlled by the residual error estimator n,(y) and the data oscillation
oscy(¥). The upper bounds become computable as soon as we construct suitable ap-
proximations of || ||g.s, S € {ANA¢, ANZ,}, in (5.17a), (5.17¢) as well as estimates
for the sets AN Ay, ZN Ay and AN Zy,. To this end, we provide a modification of
the approximation of the continuous coincidence set A from [19] (cf. also [14]) by
using locally quadratic interpolations of the computed state, adjoint state and control
in the spirit of the goal-oriented dual weighted approach (cf., e.g., [4]). In particular,
referring to P>(T), T € 7,—1(S2), as the set of quadratic polynomials on 7', we define

iy Yesig_\Pesif_jue € l_[ Py(T)
TeT,-1(Q)

such that l.;_ly[h", if_lpg I7,iy_quelr, T € Tg—1(82), are the quadratic interpolations
of y¢, p¢ and uy on T with respect to the values in the vertices and the midpoints of
the edges of T. We approximate the characteristic function x (A) of the continuous
coincidence set A by

v — (eif_jue+i)_;ye)
x=1-— e el (5.18)
yhy +v — (eiy_jue +1;_,ve)

where 0 <y <1 and r > 0 are fixed. Indeed, for T C A we find

y T (eu+y — (eil_jue +i) ye)
L4y Thy " (eu+y — (eit_jue +i)_,ye))

Ix(A) — xPllor = H

0,7

which converges to zero whenever |leu+y — (ei;_ u; —i—izy_lyg) llo.r = O(hZ), q>r.
By the same arguments, for 7 C Z one can show as well that || x (4) — XL74||0,T -0

as hy — 0. Now, for fixed 0 <« < 1 and 0 <s <r we provide approximations Az of
A and Z; of T according to

Ap={T e Tu@) | x/'x) = 1 — b} forall x € T}, (5.192)



Ip = J{T € L) | x*(x) < 1 — &l for some x € T}. (5.19b)

We define approximations 74n 4,, 7zn.4, and Tgn7, of AN A, TN Ag and ANT,
by means of

Tana =A0 A, Troa, =Len A, Tang, =ANT.

For the approximation of o on .AN.4, we may assume ||o o, 4nA4, = llo¢llo, 4nA4,- On
ANZ, we take advantage of (2.6¢), i.e., o0 = e " a? — u) — p), and approximate
p and u by if_lpg and iy ,uy, respectively. This leads to ||o [lo, 4nz, ~ llz¢llo, ANz, »
where z; := ¢ (@ — iy qug)— if_lp@). Altogether, we thus arrive at the estimates

ec.eland, S 2l0ello Tana, (ne(y) + 1Y — Yello, TAM[) (5.20a)
ec.elzna, S 10ello, Tz 4, (e + Iy — WIIO,TIMZ), (5.20b)
ec.elanz, S llzello, Tz, (e + Iy — IWHO,TAHZL,)- (5.200)

The upper bounds in (5.20a)—(5.20c) are computable, but appear too pessimistic. Ac-
tually, in (4.10) we may expect (eu + y¢(u))| 4 ~ ¥ and (eug + y(u¢)| 4, = ¢ such
that the consistency error will be essentially controlled by the data oscillations in .
This is confirmed by the numerical examples in Sect. 7.

Remark 5.6 The definition of XZ4 as in [19], where in (5.18) i;_,y¢ and i¥_,u, are
replaced by y¢ and uy, is not sufficient. For instance, in case ¥¢ = ¥ we would have

(x) =1,x € Ay, and hence Zy N Ay = @ due to A, C Ay, i.e., we would not geta
reasonable approximation of Z N A,.

Remark 5.7 The limiting case ¢ — 0 corresponds to the case of pure state constraints
where the multipliers o and oy are Radon measures. Denoting for clarity of notation
the states, the controls, and the multipliers in the mixed control-state constrained
case by y®, y; etc. and by (-, -) the dual pairing between the measure space M (L)
and C (L), we can only expect (0¢,z) — (o,z) and (07.2) = (00, 2),z € c(Q),
as ¢ — 0. Consequently, for the consistency error e’ o.¢ it follows that e, > eco=
max((o¢, ye(u) — ¥e) + (o, y(ue) — ¥), 0), if y; (Mg) — ye(u) and y (ug) — y(ue)
in C(Q) as ¢ — 0. Indeed, in this case the limit e. ¢ corresponds to the consistency
error in the purely state constrained case (cf. [18]).

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,o) and (y¢, ug, pe, o¢) be the solutions of (2.6a)—(2.6d)
and (3.2a)—(3.2d) and let ny and oscy (yd) be the error estimator and the data oscil-
lation as given by (4.1) and (4.6b), respectively. Further, let p and p, be the modified
adjoint states as given by (2.8), (3.5). Then, there holds

2 2 2 2 2
Ne — osce(yd) S ||ey||1,Q + ||eu||o,gz + ||6’F||1,Q- (6.1

The proof of the efficiency of the estimator is usually done by establishing lo-
cal 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 ny(p), T € T¢(RQ), be the element residuals as given
by (4.3). Then, there holds

n7 ) S lleyllf 7 + 7 llealld 7 (6.2)

17 (D) < lleplli.r + h7lleyl§ - + osct (0. (6.3)

Proof We denote by o1 = ]_[?=1 Ai (T) the element bubble function associated with
T € Ty(2) (cf., e.g., [31]). Then, & := (ugy — cy¢)er is an admissible test function
in (2.6a). Observing Ayy|7 = 0, we obtain

13 (y) S ho-(ug — cye, Eo.r
h7 (. &0 + (Aye — cye. E0)o.r + (ue — u, E)o.7)
h7 ((V(y = y0). VEDO,T + (c(y — ye). E)o.7 + (e — u, E0)o,7).-

Using standard estimates for ||V&.|lo,7 and ||&;]lo, 7 (cf., e.g., [31]) readily gives (6.2).
The estimate (6.3) can be verified in the same way. O

Lemma 6.3 Let n7(y), n7(p), T € T¢(RQ), and ng(y), ng(p), E € E¢(RQ), be the el-
ement and edge residuals as given by (4.3), (4.4). Further, let osct (yd), T € T;(Q),
be the element contribution to the data oscillation in y* according to (4.6b). Then,
there holds

g S lleyllt o, +hEllewld o, + 05, 0, (6.4)
Nz (D) S llepllt o,y +hEleyl§ o, + o, (P) + 05, (¥, (6.5)

where g, (y) = (n%+ y) + 77%7 N'? and Nog (D), 0SCup (y?) are defined analo-
gously.

Proof We denote by ¢ = ]_[12: 1 Ai(E), the edge bubble function associated with
E € £(2) (cf, e.g., [31]). We set ¢g := (vg - [Vy¢D|E and & := {poE, where ¢g
is the extension of ¢ to wg as in [31]. Taking advantage of the fact that &, is an
admissible test function in (2.6a) and Ay,|7 = 0, it follows that

e SheEWE - [Vyel, CEQE)0.E



=hg Z (ar - Vye, &)o,a7 — (Aye. E)o,1)

TCwE

=he((Ve— ). VED0.wg + (c(e — ¥). E0)0.0x

+ (= ug, £0)0.0p + (e — Yo, §0)0,05)-

Standard estimates for &, (cf., e.g., [31]) readily give (6.4). The estimate (6.5) can be
proved along the same lines. d

Proof of Theorem 6.1 The efficiency estimate (6.1) follows by summing up the esti-
mates (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. O

7 Numerical results

In this section, we illustrate the approximation of state constrained optimal control
problems by its Lavrentiev type regularizations using two numerical examples. 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 [22], features a multiplier in M (R2)
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 [18].

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

Q= (—2,2)% V=0, a:=0.1, c=0, I'p =039,
Y=y +ap) +o (), ui=u@) +a p(),
Here, y=y(r),u=u(r),p=p@r)ando =o (), r := (xl2 +x§)1/2, (x1,x)T € Q,

represent the exact optimal solution of the pure state constrained problem (& = 0)
according to

YO = —rinG),  ulr)=—Ay(r),

p(r) = )/z(r)(r4 35y 2,2>, o) e {0, r<0.75,

2 16 0.1, otherwise,
where
1, r <0.25,
y1 =1 —192(r — 0.25)° +240(r — 0.25)* — 80(r —0.25)3 +1, 0.25 <r <0.75,

0, otherwise,



1, r<0.75,

V2= 0, otherwise.

Figure 1 shows the computed optimal state y, and optimal control u, in case of
an adaptively generated simplicial triangulation with 9194 degrees of freedom and
€ = 1079, whereas Fig. 2 displays the adaptively generated meshes after 12 (left)
and 14 (right) refinement steps for € = 107°.

Table 1 documents the convergence history of the adaptive refinement 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 estimates. In particular, Table 1 contains the H L_error in the state, the L2-errors
in the control and in the adjoint state as well as the H'!-error in the regularized ad-
joint state. The adaptive refinement process has been terminated when the size of the
regularization parameter ¢ = 1079 started to blur the results. The same effect could
be observed for larger values of ¢ (see also Fig. 3 (right)). For a comparison, Table 2
shows the decrease of the discretization errors in the limiting case ¢ = 0 (pure state

Fig. 1 Example 1. Visualization of the discrete optimal state y; (left) and the discrete optimal con-
trol u; (right) on a triangulation with 9194 nodes and with regularization parameter € = 107

Fig. 2 Example 1. Adaptively generated grid after 12 (left) and 14 (right) refinement steps,
©; =07, =107



Table 1 Example 1. Convergence history of the adaptive FEM. Errors in the state, the control, the adjoint
state, and the regularized adjoint state (¢ = 107%)

¢ Nof llu —uelio Iy —yel lp— pellt I »—pello
1 13 1.37e+01 1.03e+00 1.91e-01 9.67e-01
2 41 1.01e+01 1.58e+00 1.51e-01 8.61e-01
4 74 9.53e+00 1.31e+00 1.01e-01 9.48e-02
6 142 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 1.29¢-01 8.47e-03
12 1412 1.47e+00 1.32e-01 1.31e-01 1.08e-02
14 3498 1.01e+00 7.92e-02 1.30e-01 1.29e-02
3 log(llu—u_hll) 35 log(llu-u_hll)
2.5 3
2 25
2
1.5
1.5
1
1
0.5 .
05 —€=00 o
0 — - €=1.0e-04
0 . £=1.0e-02
-0.5 -0.5
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
log(#nodes) log(#nodes)

Fig. 3 Example 1. Adaptive refinement [straight line] versus uniform refinement [dotted line] (left) and
discretization error in the control for different regularization parameters (right)

Table 2 Example 1. Convergence history of the adaptive FEM. Discretization errors in the pure state
constrained case (¢ = 0); from [18]

¢ Ndof llu —uello Iy = yells 17— pell P — pello
1 13 2.37e+01 1.51e+00 6.74e-01 2.06e+00
2 41 1.35e+01 1.02e+00 1.06e-01 1.28e-01
4 105 9.41e+00 7.34e-01 7.88¢-02 9.54e-02
6 244 6.01e+00 5.41e-01 6.02e-02 4.78e-02
8 532 3.18¢+00 2.80e-01 4.53¢-02 3.92¢-02
10 1147 1.91e+00 1.74e-01 3.44e-02 2.36e-02
12 2651 1.29¢+00 1.03e-01 2.02e-02 1.81e-02
14 6340 9.74e-01 6.32¢-02 1.17¢-02 1.22e-02

constraints). We observe that in this example the most significant impact of the reg-
ularization parameter is on the errors in the adjoint state and the regularized adjoint
state.



Table 3 Example 1. Convergence history of the adaptive FEM. Estimator in the state and regularized
adjoint state, data oscillations, and consistency error (¢ = 10_6)

¢ Naot ne(y) ne(p) osce(u) osce (y4) et
1 13 4.20e+00 1.04e+00 1.37e+01 5.42e-01 1.10e+00
2 41 4.25e+00 1.04e+00 1.36e+01 6.22e-01 0.87e+00
4 74 4.01e+00 4.71e-01 9.67e+00 3.32e-01 0.00e+00
6 142 1.77e+00 3.14e-01 6.03e+00 1.11e-01 0.00e+00
8 290 1.27e+00 2.49e-01 3.38e+00 5.36e-02 0.00e+00
10 623 8.70e-01 1.80e-01 2.19e+00 2.78e-02 0.00e+00
12 1412 5.50e-01 1.12e-01 1.47e+00 1.50e-02 0.00e+00
14 3498 3.42e-01 6.90e-02 1.01e+00 7.08e-03 0.00e+00

Table 4 Example 1. Convergence history of the adaptive FEM. Estimators and data oscillations in the
pure state constrained case (¢ = 0); from [18]

¢ Naot ne(y) ne(p) osce(u) osce (y4)
1 13 2.19e+01 2.04e+00 1.37e+01 5.42e-01
2 41 9.83e+00 8.10e-01 1.36e+01 6.22e-01
4 105 3.67e+00 4.35e-01 9.42e+00 3.32e-01
6 244 1.63e+00 2.60e-01 5.99¢e+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+00 2.17e-02
12 2651 4.71e-01 7.37e-02 1.29e+00 9.27e-03
14 6340 2.93e-01 4.55e-02 9.74e-01 4.62e-03

Figure 3 (left) illustrates the benefit of adaptive versus uniform refinement 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 con-
trol for the pure state constrained problem (e = 0) and its Lavrentiev regularizations
(e =1072,107%,1079).

The residual-type estimators 1¢(y) in the state and 7, (p) in the regularized adjoint
state, the data oscillations oscy (ud) in the shift control and oscy (yd) in the desired
state as well as the consistency error are given in Table 3. As expected, the consistency
error vanishes, once the continuous free boundary has been properly resolved by its
discrete counterpart. For a comparison with the pure state constrained case, Table 4
contains corresponding values in case ¢ = 0.

Example 2 (Degenerated coincidence set [22]) The data of the problem are as fol-
lows:

Q:=B(0,1), I'p =40, a:=1.0, c=1.0,

d 1 1, 1
yi(r) =44 — — —r "+ —In(r),
T 4w 21



d 1 2 1
u“(r):=4+—r°"— —In(), Y(r):=r+4.
4 2

The optimal solution in the pure state constrained case is given by

yry=4,  pr)= Lo Lo, w=4  o=s
4 2

Figure 4 displays the computed optimal state y, and optimal control u, for a sim-
plicial triangulation with 964 degrees of freedom. For the regularization parameter
€ = 1079, the adaptively generated grids after 12 and 14 refinement steps are shown
in Fig. 5.

In case ¢ = 1079, Tables 5 and 7 reflect the convergence history of the adaptive
refinement process with data analogous to those in Example 1. As before, in order to
compare with the pure state constrained case (¢ = 0), the associated data are given in
Tables 6 and 8. We remark that there are no data oscillations in ¥ in the pure state
constrained case ¢ = 0, since (o — op, ¥ — Y¢) = 0 where (-, -) stands for the dual
pairing between the space of Radon measures and the space of continuous functions
(cf. [18]). There is no consistency error, since coincidence with the obstacle only

Fig. 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 regularization parameter € = 1076
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Fig. 5 Example 2. Adaptively generated grid after 12 (left) and 14 (right) refinement steps, ©; = 0.7,
€=10"°



Table 5 Example 2. Convergence history of the adaptive FEM. Errors in the state, the control, the adjoint

state, and the regularized adjoint state (¢ = 1079)

¢ Nof lu—ugllo ly = yelly 7 — peliy lp — pello
1 13 8.62¢-02 1.75e-02 2.24e-02 6.73¢-02
2 41 6.50e-02 1.01e-02 1.21e-02 2.93e-02
4 73 5.56e-02 6.89¢-03 9.36e-03 1.54e-02
6 121 3.39-02 2.34e-03 6.02e-03 8.30e-03
8 243 1.98e-02 6.96e-04 3.91e-03 4.35¢-03
10 603 1.14e-02 2.25e-04 2.32¢-03 2.00e-03
12 1618 6.39¢-03 6.98¢-05 1.46e-03 9.37¢-04
14 3989 3.55¢-03 2.58e-05 8.54e-04 4.57¢-04
16 10656 1.95¢-03 1.10e-05 4.76e-04 2.21e-04

Table 6 Example 2. Convergence history of the adaptive FEM. Discretization errors in the pure state
constrained case (¢ = 0); from [18]

¢ Naot e = uellg Iy = el 15 = Pell I p= pello
1 13 1.04e-01 8.51e-03 1.74e-02 3.73e-02
2 41 6.95e-02 4.43e-03 9.01e-03 1.86e-02
4 73 5.73e-02 2.30e-03 7.36e-03 1.00e-02
6 121 3.42e-02 1.79e-03 6.11e-03 7.41e-03
8 243 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 8.79e-04 4.55e-04

Table 7 Example 2. Convergence history of the adaptive FEM. Estimators, data oscillations and consis-
tency error (& = 10_6)

¢ Neof ne(y) ne(p) osced)  osc(¥) osceh) ey
1 13 6.15e-02 7.38e-02 1.29e-01 1.11e-01 4.36e-02 0.00e+00
2 41 2.29e-02 3.76e-02 8.14e-02 3.25e-02 1.26e-02 0.00e+00
4 73 1.00e-02 2.52e-02 5.95e-02 2.13e-02 7.78e-03 0.00e+00
6 121 3.11e-03 2.01e-02 3.56e-02 1.23e-02 4.96e-03 0.00e+00
8 243 9.15e-04 1.32e-02 2.06e-02 5.27e-03 1.87e-03 0.00e+00
10 603 2.59e-04 8.12e-03 1.17e-02 2.25e-03 8.28e-04 0.00e+00
12 1618 7.23e-05 4.76e-03 6.54e-03 9.86¢e-04 3.17e-04 0.00e+00
14 3989 2.01e-05 2.89e-03 3.62e-03 3.95e-04 1.42e-04 0.00e+00
16 10656 5.53e-06 1.78e-03 1.98e-03 1.86e-04 5.89e-05 0.00e+00




Table 8 Example 2. Convergence history of the adaptive FEM. Estimators and data oscillations in the
pure state constrained case (¢ = 0); from [18]

¢ Naof ne(y) n¢(P) oscy(u?) osce(y?)
1 13 7.32e-02 7.62e-02 1.29¢-01 4.36e-02
2 41 2.45e-02 3.83e-02 8.14e-02 1.26e-02
4 73 1.02e-02 2.54¢-02 5.95e-02 7.78e-03
6 121 3.11e-03 1.97¢-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 7.22¢-05 4.75¢-03 6.54¢-03 3.16e-04
14 3991 2.01e-05 2.89¢-03 3.62e-03 1.41e-04
- log(Ilu—u_hll) 15 log(Ilu-u_hll)
25 -2
-3 -2.5
35 -3
-35
-4
. -4
-45 .
™ -45
_5 adaptive 5
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i 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
log(#nodes) log(#nodes)

Fig. 6 Example 2. Adaptive versus uniform refinement (leff) and discretization error in the control for
different regularization parameters (right)

occurs at the origin. 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 Fig. 6 (right)). The benefit of adaptive versus uniform refinement is addressed
in Fig. 6 (left) which displays on a logarithmic scale the discretization error in the
control as a function of the degrees of freedom (dotted line: adaptive refinement,
straight line: uniform refinement, ¢ = 10°). Finally, Fig. 6 (right) contains a com-
parison of the error in the control for the pure state constrained problem (¢ = 0) and
its Lavrentiev regularizations (¢ = 1072, 1074, 1079).
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