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A POSTERIORI ERROR ANALYSIS FOR OPTIMIZATION
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FERNANDO GASPOZ, CHRISTIAN KREUZER, ANDREAS VEESER,
AND WINNIFRIED WOLLNER

ABsTrRACT. We consider finite element solutions to optimization problems,
where the state depends on the possibly constrained control through a linear
partial differential equation. Basing upon a reduced and rescaled optimal-
ity system, we derive a posteriori bounds capturing the approximation of the
state, the adjoint state, the control and the observation. The upper and lower
bounds show a gap, which grows with decreasing cost or Tikhonov regulariza-
tion parameter. This growth is mitigated compared to previous results and
can be countered by refinement if control and observation involve compact op-
erators. Numerical results illustrate these properties for model problems with
distributed and boundary control.

1. INTRODUCTION

A basic example for optimization problems constrained by partial differential
equations (PDEs) is

1 o
(1.1) (q)u)egixnﬁl(m 5 |lw — udHiz(Q)—l—§ ||q||i2(m subject to —Au= f+qinQ,
where Q C R? is a suitable domain, g is the desired state and we assume box
constraints, i.e. K = {g € L*(Q) | a < ¢ < b} with a < b. Such problems
are ubiquitous in the optimal control of PDEs. They appear also as Tikhonov
regularizations of inverse problems. In the former case the parameter a > 0 scales
the cost of the control, while in the latter case it is the regularization parameter,
which may be chosen quite small. Hence, in any result about such problems, the
dependencies on « are critical.

This article concerns the a posteriori error analysis for problems like . An
a posteriori error analysis aims at deriving computable quantities that, ideally,
bound a suitable error from above and below. These quantities can then be used
to assess the approximate solution, and as input for an adaptive strategy refining
the mesh. For both applications, close bounds will be advantageous and thus, in
the case of problems like , their dependencies on « are of particular interest.

To state our main results for the model problem , we consider the linear
finite element solution, with or without discretized control; cf. |[14]. We denote its
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error by err, which suitably combines the H'-errors of state and adjoint state and
the L?-errors of control and observation. Furthermore, let n* = 3 .|, nZ be an
estimator, whose local indicators 7, quantify the local residuals in Theorem [1]
below in the spirit of [6L|19]. Then Theorems and imply, as a — 0,

1
1) (Zzev hznz) 2

1
(1.2) can < err < Ca min 1+O(>,1+O<a ;

Va
Here h, denotes the local meshsize around a vertex z € V and the constants ca, Ca
are independent of . More precisely, they depend on the technique quantifying
the local residuals, the shape regularity of the mesh cells, and the Poisson problem,
which is associated with the state equation. Furthermore, the two constants ensure
the equivalence

(1.3) cana <[V =V)llp2q) < Cana,

where na is the counterpart of 7 for the H'-error between any solution v to the
Poisson problem and its linear finite element approximation V.

For equivalences like , the ratio Ca/ca > 1 of the involved constants pro-
vides information about the quality of the estimator na. The structure of
is slightly more involved because the min depends on the indicators 7., z € V,
and therefore is no part of the constant. Nevertheless, we can measure the quality
of the error quantification similarly by the ratio of upper to lower bound,
which we call gap. In this context, the error bounds lead to the two following
interrelated conclusions:

e Taking as a benchmark for the used estimation technique, the gap
in becomes the one associated with na for A := max,cy h, — 0 and
fixed o > 0.

e Ensuring >, .\, k212 < on?, the gap in the error bounds (L.2) remains
uniformly bounded for all o > 0.

Apart from these two features, the error quantification improves existing
results. To be more precise, we compare with |16}/18], which is the first abstract a
posteriori analysis and reviews previous a posteriori bounds. Therein, as o — 0, the
gap grows with O(1/«) if the control is not discretized, otherwise with O(1/a?);
see Remark for more details. In both cases, the error bounds mitigate
those growths to O(1//a).

The gap in is closely related to the a priori results in our previous article |10].
To see this, let us suppose a variational discretization [14] for simplicity and denote
by best-err the best approximation error in the underlying discrete spaces. Then |10,
Section 5.2] ensures the following variant of Céa’s lemma:

(1.4) err < A min {1 + 0 (\/la) ,14+0 (Z) } best-err as a,h — 0,

where pa is the near-best approximation constant associated with the discretization
of the state equation. Inspecting Céa’s lemma and the derivation of (1.3)), we see
that pua corresponds to the ratio Ca/ca. Furthermore, we observe that the min in
(1.4) is an upper bound for the one in (1.2))

The similarities between and result from a ‘duality’ in the respective
derivations. To illustrate this, we outline the key ingredients of both derivations.
In both cases, we first consider the possibly nonlinear optimality system

(1.5) —Au—Tlk (—3p) = f. —Ap —u = —ug,

where the control is implicitly given by ¢ = II K(—ép), and then divide the adjoint
equation by y/a and replace the adjoint state p by z = p/+/a. The latter has the
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effect that the perturbations of the Laplacian in both equations scale like 1/1/c.
Analyzing the properties of the possibly nonlinear operator 5, associated with the
resulting system prepares the ground for both and .

More precisely, the continuity and generalized coercivity properties of B, are,
respectively, crucial ingredients for the lower bound and for the first option in the
upper bound of . For the first option in , one combines the continuity
properties of B, with the coercivity properties of its discretization.

The second options instead hinge on the compactness of the perturbations of
the Laplacian in (L.5]), which arises from the embedding HY(€) C L3(Q). In both
cases, the error is decomposed into a main part and a ‘compact’ part. To this end,
we use an auxiliary function in the spirit of the elliptic reconstruction [22] for
and a generalized Ritz projection for ; see also Remark The actual benefit
from the available compactness is limited by regularity theorems for the Poisson
equation on polygonal domains and/or properties of the discretization.

To conclude this introduction, the following remarks are in order:

e To quantify the local residuals in Theorem one can use classical tech-
niques, see, e.g. |1428], instead of [6,19]. In this case, the error quantification
holds then only up to so-called oscillation terms.

e In the absence of control constraints, Theorem [3.10] provides a variant of
with an improved gap.

e Although our approach is based upon the reduced optimality system ,
it is not restricted to variational control discretizations as in [14] and covers
also discretized controls and bounds for their error; see Corollary [3.3]

This article is organized as follows. Section [2|recalls the continuity and coercivity
properties of B, from [10], along with their proofs due to their importance and for
the sake of a self-contained presentation. The principal part of our a posteriori
analysis is then developed in Section [3] Finally, Section [] illustrates the obtained
results by applying them to and a Neumann boundary control problem, as
well as by numerical tests in both cases.

2. OPTIMIZATION PROBLEM AND REDUCED OPTIMALITY SYSTEM

This section presents the abstract optimization problem to be considered and
recalls from [10] its reduced and rescaled optimality system, along with key ingre-
dients for its well-posedness. These ingredients are also crucial for the subsequent
a posteriori error analysis.

To introduce the abstract optimization problem, we take the viewpoint of an
optimal control problem and start with the state equation. We assume that the
control variable ¢ is taken from a real Hilbert space (@, (-, -)q) with induced norm
Il - llo- The relation between control ¢ € @ and state u € V; is given by a linear
boundary value problem of the form

(2.1) Au= f+ Cq,

with the following properties:

e The differential operator A : V; — V5 is defined between the state space
V1, which is a Hilbert space with scalar product (-,-); and the dual V5 of a
second Hilbert space (Va, (+,+)2). For ¢ = 1,2, the induced norms on V; and
V;* and the dual pairing are denoted by ||-||;, || ||+, and (-, -);, respectively.
We assume that the operator A is a linear isomorphism, i.e. the bilinear
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form a : V4 x V3 — R defined by (v, v2) — (Avy, va)o satisfies

(2.2a) M, := sup sup a(vy,vy) < 00,

loall; =1 flozll,=1
(22b) Yo € Vi (V”UQ cVia 1}1,1)2) = 0) = v1 =0,
(2.2¢) me = inf  sup a(vy,ve) > 0;

ozl =1 [lv1]l;=1

compare, e.g., with [23].
e The operator C : @ — V5 is linear and bounded with constant Mc¢.
e The load term satisfies f € V5.

Our goal is then to numerically solve the constrained optimization problem
(2.3) min 1 [|Tu — udH%V +2 lqll?, subject to Au= f+ Cq
(q,u)EK XV 2 @ ’
and we suppose in addition:

e The set K C @ of admissible controls is nonempty, closed and convex.

e The cost of the control is scaled with a parameter « > 0, which can also be
viewed as a Tikhonov regularization.

o The desired state ug lies in the target space W, which is a Hilbert space

with scalar product (-,-)w and induced norm || - ||y .
e The observation operator I : Vi — W is linear and bounded with constant
M.

Problem is a quadratic minimization problem with a possibly non-linear
constraint (in the case when K # Q). As the set of admissible controls is convex
and closed, standard arguments ensure the existence of a unique solution; see,
e.g., [21, Theorem 1.1] or [27, Chapter 2.5].

To formulate the optimality system for , we introduce the adjoint operators
A*, C*, I* of A, C, I by

Atvg = al(-,v2),  (q,C7v2)g = (Cqv2)y,  (Iw, 1)y = (Tv,w)y,

for all v; € Vi, vo € Vo, ¢ € Q, w € W. The unique solution (g, u) of ( . is
equivalently characterized by the existence of a p € V5, called adjomt state, such
that the following system of optimality conditions is satisfied:

(2.4) Au=f+Cq, A'p=T"(Iu— uy), q:HK(—éC*p);
compare with [27]. Here Il | @ — K C Q is the projection operator onto the

admissible set K, which is characterized by |l¢ — Hkql|lo = inf,ex ||lg — pllo or,
equivalently, by

(2.5) Vpe K (¢—Tkq,IIxqg—p)g > 0.

We notice that I is Lipschitz continuous with constant 1 and satisfies the inequal-
ity

(2.6) (Mg (q1) — Mk (g2), 1 — a2)q@ = Mk (q1) — x (q2)[|5-

IfK={qgeLl?Q)|a<q<b}, Vi =V, =H'Q), A= —A is the weak Laplacian,
Q = L*(Q) = W, C and I are the canonical compact immersions L?(Q2) — H~1(Q)
and H}(Q) — L%(Q), then simplifies to the optimization problem in the
introduction. Notice that, in this case, IIxq¢ = max{min{b, ¢}, a} and the operators
C and I are related by C* = I.

As in [10], we rescale the adjoint variable by
(2.7) z= %p € Va.



A POSTERIORI ERROR ANALYSIS FOR PDE CONSTRAINT OPTIMIZATION 5

This will turn out advantageous when considering the limit of vanishing Tikhonov
regularization; see in particular Remark [3.:4. We thus obtain the rescaled system

1
(2.8) Au = f+Cq, A*z:ﬁf*(lufud), q:HK(fﬁC’*z),
and inserting the last equation into the first one, we end up with the reduced
optimality system

(2.9) <_;j]*[ CHKfjaC*~)> (Z) = (wlafl*w) '

In the typical case, when the operators C' and I are compact (see (L.1))), we ob-
serve that the operator on the left-hand side of is a compact perturbation
of the control to state operator A and its adjoint A*. This was exploited in [10]
to show that the near-best approximation constant of Galerkin approximations for
the system asymptotically tends to the near-best approximation constant of
the Galerkin approximation of the state equation; cf. (1.4). In this work, we aim
to exploit this observation in the a posteriori analysis f.
The variational formulation of reads

(2.10a) V1 €Vi a(pr,2) = oz Tu, Ipr)y = == (ua, Ior)yy
2.

(2.10b) Vo2 € V2 alu,¢2) — (HK(*ﬁC*Z),C*m)Q = (f,¢2)
This suggests to introduce the Hilbert space

(211)  Vi=Vix Vs with ol = (Jloalf + Jeal}) ", 0= (or,0) €V

with dual space V* = Vi* x V5 and induced dual norm || - ||«, as well as the form
bo | V x V — R given by

(2.12a) bo(v,0) := a(v, p) + ca(v, p)

where

(2.12b) a(v,¢) = alvy, p2) + alp1, v2)

(2.12¢) ca(v,p) 1= — (HK (—ﬁC*Ug) ,C’*gog)Q - ﬁ (Tvi, Io1)y,

for v = (v1,v2), = (¢1,¢2) € V. Although a is bilinear, b, is in general only linear
in the second argument due to the presence of IIx in ¢,. In the introduction, we
have mentioned the operator B, : V' — V* given by B,v := bs(v,-). The bilinear
form a : V x V — R inherits its continuity and nondegeneracy properties from a.
More precisely, we have
(2.13) sup sup |a(v,p)| =M, and inf sup a(v,p)=m,

lvll=11lell=1 lloll=1ll¢ll=1
with M, and m, from (2.2)). While the first identity is straight-forward, the second
one hinges on the inf-sup-duality, cf. Babugka [2],

(2.14) inf sup a(vy,p2) = inf sup a(p1,v).
lorll,=1 [le2]l;=1 vzl =1 lleall, =1

In this notation, ([2.9) reads
(2.15) find € V such that Vo € V' bo(x,¢) = (f, p2)2 — ﬁ (ud, To1)y -

A pair z = (u, z) € V solves the variational formulation (2.15)) of the reduced and
rescaled optimality system if and only if the triple (u,z, Ik (—C*z/\/a)) €V x Q
satisfies the optimality system (12.8]). Consequently, thanks to the convexity of (2.3)),
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x = (u,z) € X is a solution of if and only if (Ilx (=C*z//a),u) € Q x V;
is a solution of the optimization problem (2.3)).

Although b, is not bilinear in general, we have derived in [10, Theorem 5.1]
properties that generalize the continuity and inf-sup stability of bilinear forms. As
this is fundamental for the following a posteriori analysis, we state them and repeat
their proofs. To this end, we introduce on V the seminorm

) L2\ 1/2
(2.16) ol = (Mvllyy + 10023
and its relative the pseudometric
2
(2.17) a(v,w)? = a HHK (—ﬁc*vz) I (—ﬁc*wg) HQ w1 — w3
For v,w € V choosing ¢ = (—(v1 — w1), v2 — wa), we have

(2.18a) Ca(v,0) — colw, p) > o (v, )2,

Bl

while, for any v, w,p € V, we have

(218b) e 0,) = calw,2)| € —b(v. )l

and, thanks to 7

(2.19) da(v,w) < v —w).

The continuity bound and a Cauchy-Schwarz inequality lead to
(2.20) [ba(0,) = ba(w, )| < My da(v,w) [lel|,

where the metric d,, is defined by

1 M
(221) da(v,0) 1= [0 =Wl + S=3rba(v,0), vweV,

f
with
M := max{My, M¢c},

and ||| is from (2.11). This brings us in the position to state and prove the
announced properties of the operator associated with the reduced and rescaled

optimality system (2.9).

Theorem 2.1 (Continuity and inf-sup stability of form b,). For any v,w,p € V,
we have

(2.22a) [ba (v, ¢) = ba(w, )| < Mo do(v, w) |||l
and there exists 0 # 1 € V' such that
Mg

(2.22b) b (v, 1) = ba (w, ) > — do (v, w) |9,
where Kk is defined by

142L M . M
2.2 = 1+ — (1+2L L=—.
(2.23) K 1+L<+ma(+ )) with NG

Proof. The first inequality is (2.20). In order to prove the second one, we choose,
for fixed v,w € V,

b =ma(A™ (v — w2), A" Ty (1 — wi)) +y(—=(v1 — w1), (v2 — ws)),
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for some v > 0 to be determined later. Here the evaluation maps J; : V; = V;* are
defined by (J;¥i,); := (¢;,-); for i = 1,2. With this choice, we obtain

ba(va ¢) - ba(wa ¢)
= Mgy (a(v1 — wq, A_*Jl(’l)l - wl)) + G(A_lJQ(’UQ - ’lUQ),’UQ - U}g))

. (HK (—ﬁ(}*vz) g (—ﬁc*wg) O AT T 0y — wl))Q
= ma = (o1 —wi), IAT o (v — w2))

s (55 e () ()
+7s (I(vr —wi), I(vr — w1))y

el 2
7 da (v, w)
2M

> (1o = 0l + 3~z da(e,0)) o= wl = 22 a0 - w)

> mg o — w2 = = do(v,w)[l0 - w]] +

where we used m, < M, as well as the continuity of C' and I. Using Young’s
inequality 2st < es? + t2/e with € = Lma > (0, we may bound the critical term

142
by
2M L 1+2L M?
ool = wl € pigpma -l + i (0
Consequently, choosing
=— (1+2L
1= (1+2L),
we arrive at
1+ L
ba (v, ¥) = ba(w,v) = mma da (v, w)|lv —w]|
1
> o da(o,w)|0].
Here the last inequality follows from
M
ot < (14 200 +20)) o - wll 0

3. RELATING ERROR AND RESIDUAL

This section constitutes the principal part of our a posteriori analysis for the
abstract optimal control problem . A typical approach to such an analysis can
be subdivided into the following three steps; cf., e.g., |6, §4] or [28, §1.4]: given an
approximate solution,

e relate the error (norm) to a suitable norm of the so-called residual, a quan-
tity that depends only on data and the approximate solution,
e split the residual norm, which is typically of dual character, into local con-
tributions,
e further split the local contributions into a computable part involving the
approximate solution and an oscillatory part depending only on data.
This section addresses the first step. It then turns out that the following two steps
hinge only on the particular structure of the state and adjoint equations. Therefore,
they are not addressed in general and postponed to the applications in Section [4]
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We shall base our a posteriori analysis of the optimization problem on the
variational formulation of the reduced and rescaled optimality system .
Let & = (@, 2) € V be some approximation of x = (u, z), where v is the exact state
and z the (rescaled) exact adjoint state. We define the residual in & by

N LY A* -
Rest?) = (5 ") ( Vi —cnK(—}c*») (5.

or, equivalently in variational form, by
N~ _ _ ~ _ 1 rxz 1 g ~ _ *
(Res(Z), @) = <f Au+ Clli ( \/EC z) ,<p2>2 + <\/aI (Ia —uqg)— A z,<p1>1.

In what follows, we shall offer three approaches to relate the error to the residual
Res(Z), strengthening the relationship under increasingly stronger assumptions. For
comparison, it is useful to recall that the assumptions on the state equation imply
the following error-residual relationship: if v € V; verifies Av = g and v € Vj is
some approximation of v, then error and residual norm ||g — A?||2 . are equivalent:

1 1
(3.1) EHQ—A@HZ* <v—=791 < E“Q_A@||2’*'

(The proof of this follows the lines of the proof of Theorem below, replacing
the form b, by the bilinear form a.) Notice that there is a gap between the upper
and lower bound for M, > m,, which can be measured by the ratio M,/m, > 1
of upper to lower bound.

3.1. Using continuity of control and observation. In contrast to the subse-
quent subsections, here we shall not assume compactness of the control operator C
and the observation operator I in addition to the conditions in Section [2] i.e. they
are just linear and bounded operators.

The residual and error are related through a possibly nonlinear operator. In fact,
since = (u, z) is the exact solution of (2.9), we have the identity

Res 1f = ve 1 v "
zZ A —C’HK(—WC’ ) z
1 * *
3 _ﬁl I A
A ~Clg (- C")
which in variational form reads

(3'2) <Res(‘i‘)a 90> = ba(xv 90) - ba(i‘v @)a peV.

Following standard arguments, this identity can be combined with the properties of
the form b, in Theorem[2.1] This direct approach leads to the following relationship
between the residual in the dual norm |-||,, see , and the d,-error, i.e. the
distance of the states and their approximations in the metric .

IS I~

).

Theorem 3.1 (Bounding the d,-error — general case). Let x = (u,2) € V be the
solution to and i € Vo some approrimate state and zZ € V; some approximate
rescaled adjoint state. Writing & = (u, ), their dy-error is equivalent to the dual
norm of the residual:

1
ar IRes@l, < da(e ) < = [Res(@)l,

with k from (2.23)).
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Proof. The identity (3.2) and the Lipschitz continuity (2.22a)) imply that, for any
peV,

[(Res(Z), )| = [ba (2, ¢) = ba(T, )| < Ma da(z, ) [l -

Dividing by ||| and taking the supremum over all 0 # ¢ € V proves the lower
bound.

For the upper bound, it follows from (2.22b)) and (3.2)) that there exists 0 £ ¥ € V
such that

Mg ~ - - ~
——da(@, DY < ba(2,9) = ba(,9) = (Res(2), ¥) < [|Res(@) [ [¥]]
Thus dividing by ||%|| > O finishes the proof. O

Remark 3.2 (Gap in bounding d,-error — general case). The upper and lower
bound in Theorem|3.1| present the gap (MyrK)/mq. With respect to concerning
the state equation, this gap is amplified by the factor k from Theorem 2]

For the limit « — 0 of the Tikhonov regularization parameter, with I and C
fixed, we have L = % — 00 and, therefore, the amplification factor k verifies

(3.3) - (4%2 +0(1)> % as =0,

Theorem 3.1|considers only approximations of the state and the (rescaled) adjoint
state. As outlined above, this arises from the direct application of Theorem [2.1]
which analyses features of the rescaled and reduced optimality system . The
absence of an explicit control in a discretization of (2.9) then corresponds to as-
suming that the approximate control is given by Il ( — ﬁc*z). Therefore, we can

combine Theorem [3.1] with suitable triangle inequalities to consider the complete
optimality system ([2.8)) with the augmented d-error

o Mo
do(z, %) + M, g — qHQa

where ¢ is some approximation of the exact control
1
Va

Of course, the bounds then involve an additional residual of the approximate con-
trol.

(3.4) q:=g( C*z).

Corollary 3.3 (Bounding the augmented d,-error — general case). In addition to
the assumptions of Them’em and (3.4), let § € K be some approzimate control.
Then the augmented d.-error of (@, Z,q) is bounded from above and below by

1
2 2
1,*)
M
+

-~ _ _ L * ~
=1 (<=2,
where the constants hidden in < present the same asymptotics for a« — 0 as those
in Theorem [31l

~ M ~ ~ ~ * * (T~
(o) + -l =l = (1 = A+ CalE, + 4% = (1 - )|

Proof. We verify only the lower bound; the upper one follows from similar argu-
ments upon noting (kM,)/m, > 1. First notice that the triangle inequality ensures

If = Adi+ Cily, < ||f - Aa+ Ol (- 072) |+ Mg - (—dz072)

2 HQ

)
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and, combined with the definition (3.4)) of ¢,
~ _ _ L * ~
M- (-ze2)

< Mg dllg + M |k (~J50°2) —1x (~50"2) |

- M - - -
<MIGg—qllg+ 7a da(2, %) < MG — qllg + Mada(, T).
Hence, the lower bound follows from the one in Theorem [3.I] without additional
appearance of the parameter a. O

It is instructive to compare our approach based upon the reduced and rescaled
optimality system with the previous a posteriori analysis in [17,(18].

Remark 3.4 (Comparison with [17,|18]). We refer in particular to [18, Theo-
rem 2.2], the proof of which presents the explicit dependencies between error terms
and residual. Compared to our approach, there are two main differences regarding
the error notion: First, in contrast to , the adjoint state in [18] is not rescaled
and the same holds true for the residual of the adjoint equation. Second, the error
notion in (18] does not explicitly involve the observation error.

For a — 0, the gap between upper and lower bound in [18, Theorem 2.2] grows
like O(1/a?) in general and reduces to O(1/a) if the residual of the approzimate
control vanishes as in the reduced optimality system. In contrast, the respective gaps
in Corollary and Theorem are only O(1/+y/a). This slower growth arises
from the properties of the form b, in Theorem about the reduced and rescaled
optimality system. The amplified growth in [18, Theorem 2.2] in the general case
results from the fact that the absence of the observation error in the error notion has
to be compensated by bounding in terms of the stability of the observation operator
and the error of the adjoint state.

3.2. Using compactness of control and observation. In this subsection, we as-
sume that both the control operator C' and the observation operator I are bounded
and compact. This situation is often encountered in applications; see Section [] for
two examples.

Let us first outline the idea how to take advantage of the compactness assump-
tions. To this end, we may split the operator of the reduced optimality system
as follows:

1 * *
_ﬁf 1 A
A —Cllg(——2=C*)

NG

1 *
0 A* ——=I*I 0
- <A 0>+ N —Ck(—tcny )
K\ Va
where the first term on the right-hand side is a-independent, while the second
can be viewed as an a-dependent, compact perturbation. Since the first term is
invertible, we can apply this operator splitting to the residual Res(Z) and translate
it into a splitting of the error x — . More precisely, applying the inverse of the
first operator on the right-hand side to the residual, we define an auxiliary function
Rz €V by

(3.5) Ri— 7= (AO* A01> Res(#)

and write
x— %= (x— RZ)+ (Rt — &),
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where Theorem and (3.1) together with its ‘adjoint’ variant, respectively, imply

1
(3.6) Az IRes(RD)|, < da(e, RE) < = [Res(RD)|.
1 1
(3.7) A IRes(@, < 13— Bl < —— [Res()],.

Observe that relies only on properties of the state equation and involves
the known residual ResZ. In contrast, involves x and so the regularization
parameter « as well as the unknown residual Res(RZ). However, applying the
operator of the optimality system to the decomposition of the error reveals

L 0
(3.8) Res(Ri) = (\/50 CHK(—ng’“)) (RZ — ).

Therefore, we can bound the critical error z — RZ in terms of the error £ — Rz,
which is accessible through the known residual Res(Z). More importantly, in view
of the compactness properties of the operator matrix in 7 we may take a norm
of RZ — & that is weaker than ||-|| and, thus, allows for faster convergence.

Let us put this approach based on compactness into the context of previous and
related techniques.

Remark 3.5 (Connection with [18], elliptic reconstruction, Wheeler’s trick, and
Schatz’s argument). The above construction of the auziliary function RT is also
implicitly used in [18], but as simple perturbation argument without exploiting the
compactness assumptions through . The use with 18 quite similar to the
so-called elliptic reconstruction of [20,[29] in the context of parabolic equations. The
error decomposition with the elliptic reconstruction can be viewed as the a posteriori
counterpart of the error decomposition in Wheeler’s trick [29] by means of the Ritz
projection. Similarly, but incorporating the role of compactness, the above approach
with RZ is the a posteriori counterpart of the a priori analysis in [10] based upon
Schatz’s argument [24)].

We proceed in variational terms and, in line with (3.5), define the auxiliary
operator R = (Ry, Ry) : V — V for & = (4, 2) by

(3.9a) Vo € Vo a(R1%,p2) = (f, p2)2 + (HK (*ﬁC*f) ,C*QOQ)Q,
(39b) V(pl eV a(npl, Rg.f?) = ﬁ (Iﬂ — ud,ﬂpl)w .
The crucial relationship (3.8) then amounts to

(3'10) <ReS(R‘i)a 90> = ba (.’L‘, 90) - ba(Rja 90) = Ca(Riv 90) - Ca(xv 90)7

whence the critical error part is bounded with the additional help of (3.6 by

m2

— do(z, R7)? < || Res(R%)||?
C* Roi 2\ P 1 P
) =|Clk ( - —Cllg (- —=I"I(i - R
(3:11) H K( Va ) K( \/&> 27*+”\/& (@ 133)1*

M? _o.
=: Téz(Rx,x)Q.
The approach based on compactness then leads to the following alternative to The-

orem [3.1] of the direct approach.

Theorem 3.6 (Bounding the d,-error — compact case). Let © = (u,z) € V be
the solution to (2.15) and @ € V5 be some approrimate state and Z € Vi some
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approzimate rescaled adjoint state. Writing & = (4, Z), their error is bounded from
above and below as follows:
1 me\ M 6%(R%, %) N
do(z, ) < — (14 (/ﬁ+)°‘~> Res(Z)|]«
i o ( M.) Va TRes]. ) | @)
and

2 I Res(@) . < da(a,).

Proof. The lower bound is a repetition from Theorem and it remains to show
the upper bound. The triangle inequality and the definition (2.21)) of d, yield
do(z,%) < do(x, RZ) + do(RZ, Z)
M 1
=d(z, RT Rz — % — —06(RZ, 7).
(z, RT) + || RT N+A%¢aa(w@
Consequently, (3.11)) and (3.7)) ensure the upper bound and the proof is finished. [

The following three remarks elucidate why Theorem [3.6]is a valid alternative to
Theorem [3.1] of the direct approach.

Remark 3.7 (Using compactness). The definition of 05(RZ,T) offers all
available compactness, given by the operators C, I and their adjoints. Recall that
this compactness will allow to choose a norm for R — I that is weaker than ||-|| and
enjoys faster convergence. Such a faster convergence is usually ensured with the help
of a duality argument depending on regularity properties of the state and adjoint
equation as well as on approximation properties of the discretization providing the
discrete solution. In particular, it may happen that if we insert the bound

55 (R, &) < 6a(RE, )

in the upper bound of Theorem and exploit only the compactness in the lat-
ter term, the faster convergence of 6% (RZ,Z) is already fully captured. See also
Remark [].3] below.

Remark 3.8 (Gap in bounding d,-error — compact case). If we do not exploit the
compactness assumptions by inserting the bound
0r(RZ,%) < 0o (RZ,Z) < M||Z — RZ||

in the upper bound of Theorem the gap between its upper and lower bound is
O(k/ya) = O(1/a) as a — 0; compare with Remark[3.3 This illustrates that the
upper bound of Theorem improves on the one in Theorem only if 6% (RZ, Z)
is relatively small with respect to |Res(Z)||. The significance of Theorem thus
hinges on the aforementioned effect of the compactness assumptions. Indeed, if

65, (R, &)

|2 — Rl
the gap converges to M,/mg, viz. the gap in the error-residual relation (3.1) for the
state equation. Finally, let us consider the situation when the Tikhonov requlariza-
tion o varies and suppose that we can construct T such that
5;(R50~, z) <a.
[ Res(z)]l

Then the gap is O(1), uniformly in .

-0 for & — x and fized o > 0,

(3.12)

Remark 3.9 (Compactness and lower bound for d-error). The lower bound in
Theorem [3.6] does not exploit the compactness assumptions on control and obser-
vation. Note that it does not dependent on « and its form already coincides with
the lower bound in for the state equation. These two properties suggest that
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it cannot be improved by involving terms like 6%. Numerical results corroborate this
suspicion; see Figure[d (A).

3.3. Using compactness of unconstrained control and observation. In this
subsection, we assume, in addition to the compactness of the control operator C
and the observation operator I, that there are no constraints for the control, i.e.
we have K = (@) and therefore Il = idg.

In view of these assumptions, the abstract optimal control problem is qua-
dratic and the reduced and rescaled optimality system is linear. Correspond-
ingly, the form

ba(va QO) = Q(Ul, 902) + a(@lan) + % (C*an C*QOQ)Q - ﬁ (Ivl’jgol)W

is bilinear and symmetric and

(3.13) lv — wlla :i=dao(v,w) = [Jv —w| + —= | — w|

f M,
is a norm, where || is given in (2.16]). Hence, combing Theorem [2.1] and the inf-sup
duality (2.14) for b, instead of a, we obtain

1 K
. - 7 <l|lz — R7|| < — 7
(3.14) i IRes(RD,. < llo = B2 < 7 |[Res(RE)|,

with
Res(Rz
|Res(R%)||,, , == sup (Res(RZ), )
T eenvior  llella
Notice that, in contrast to (3.6]), this equivalence involves like (3.7) the norm || - ||,
which does not depend on «. This fact leads to the following alternative with |||
as error norm of Theorem

Theorem 3.10 (Bounding the ||-||-error — compact and unconstrained case). Let
x = (u,z) €V be the solution to (2.15)) and @ € Va be some approzimate state and
zZ € V1 some approzimate rescaled adjoint state. Writing & = (4, Z), their error in

the a-independent norm ||| is bounded from above and below as follows:
N 1 M, |z — Rz N
o=l < o (140 37 Tt ) IRes(@l.
u M || Res(Z)]«
and
1 Mav/«a M, M, |Z— RZ| . -
— —, 1 - R « <z —2Z|.
o { g e e BB es(o)]. < o ai

Proof. To verify the upper bound, we start by applying the triangle inequality

|z — || < [z — RZ| + ||RT — Z|.
For the second term on the right-hand side, we use (3.7) as in the proof of Theo-
rem For the first term, we employ (3.14) and (3.10) to obtain

a ~ ~ aR~_~a Ma~ ~
(315) " e - B#| < |Res(RD)],,, = sup 2 L8] May gy

peV ||§0||a
This alternative to (3.11)) concludes the proof of the upper bound.
We turn to the lower bound. On the one hand, Theorem [3.1] from the direct

approach and the definition (3.13)) of ||-||, imply

1 M
— By < llz = Z|la < — — .
s IRes@l < llo =2l < (14 372 ) o=l
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This establishes the first option of the max. On the other hand, starting with (3.7)),
applying a triangle inequality and then (3.15), we can deduce

1 N o N .
2z 1 Res(@)ll < |RZ — &l < |l — 2| + |l — Rz

k M,
<|lz — z|| + ——12 — RZ|.
< llo =& + ol = B3
This shows the second option of the max and the proof is finished. O
Remark 3.11 (Gap in bounding the ||-||-error — compact and unconstrained case).

If we do not exploit the compactness by inserting the bound |& — R¥| < M ||Z — RZ||
in the bounds of Theorem[3.10, only the first option in the max of the lower bound
applies and the gap is O(k/v/a) = O(1/a) as a — 0, the same order as in the
corresponding case of Remark[3.8 Recall however that Theorem [3.10 considers an
error notion that is independent of «.
Similarly to Remark[3.8, if the compactness assumptions lead to

|z — RZ|

|2 — Rl
the gap between upper and lower bound converges to M,/m,, viz. the gap in the
error-residual relation (3.1) for the state equation. Finally, if the Tikhonov regu-
larization o varies and suppose that we can construct & such that

|Z — RZ|

(3.16) TRes(@)]l. S Va,

then the gap is O(1), uniformly in o. This uses the second option in the max of
the lower bound in Theorem [3.10] and condition (3.16)) can be less restrictive than

its counterpart (3.12)) in Remark|3.8

4. APPLICATIONS TO OPTIMAL CONTROL PROBLEMS

=0 for & — x and fized o > 0,

This section proceeds with the a posteriori analysis for the abstract optimization
problem . Recall that the remaining tasks are to split the error bounds of
Section [3]into local contributions and, then, to split the latter into computable and
oscillatory parts. To this end, one can apply

e classical techniques, see, e.g., [1,/28], leading to an equivalence of error and
estimator up to so-called oscillation, or

e more recent techniques, see [19, Sections 3 and 4], |6, Section 4], leading to
a strict equivalence.

In both cases, various estimator types can be chosen for the computable parts. In
any case, these tasks are specific to the functional setting of the state equation, the
control and observation operators and the discretization. We therefore exemplify
these tasks by considering finite element discretizations of optimal control problems
with distributed and boundary control. Doing so, we focus on the possible interplay
between || Res(Z)||« and 6% (RZ, T), do(RZ, Z) or |RE— Z|. Moreover, we numerically
study the behavior of the derived a posteriori bounds. The adaptive simulations
where carried out in the DUNE framework |[3].

In what follows, we shall use the following notation. For a Lebesgue measurable
set w C RY, we denote by L?(w) the space of square integrable functions on w and
define its norm by || - ”%2@;) := [ | -|*. The space of functions having also weak
first derivatives in L?(w) is denoted by H'(w) with norm defined by | - |31, =
IV 1122 + 1172, and H'(w) is its closed subspace of functions with zero trace.
Recalling Poincaré’s inequality [|v||z2 () < Cp||VV||12(0), v € H'(w), an alternative
norm on H'(w) is given by ||V - ll2(w)- The dual space of H'(w) is denoted by
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H~'(w) and equipped with the operator norm || - -1 By virtue of the Riesz
map, L?(w) is identified with its dual space.

4.1. Distributed control. In this section, we show how the a posteriori bounds
from Section [3] are applied to optimal control problems with possibly constrained
distributed control.

Let Q C R?, d > 1, be a domain with polyhedral boundary I'. For a subdomain
Qq C Q and some bounds a € RU {—oc0} and b € RU {oo} with a < b, let

(4.1) K={qeL?*q)]|a<q<bae. in Qq}
be the set of admissible controls. For a target function ug € L?(Qw) supported in

the subdomain Qw C Q and cost parameter o > 0, we consider

min =l + ol
mn —|lu — uq —|lg
(4.2) (qu) €K x H(Q) 2 L2(Qw) T 9 IM1IL2(0)

subject to — Au=f+qxq, in ! and w=0onT.

Here, xq, denotes the indicator function on Qq and gxg, is considered the zero
extension of ¢ € L?(2q) to 2. This problem fits into the framework of Section
with the Hilbert spaces

Vi=Va=H'(Q), (v1,02)y, = (Vor, Vo) r2(q), @=1,2,
Q= L2(QQ)a (91 92)q@ = (@1, Q2)L2(QQ)»
W = L*(Qw), (w1, w2)w = (W1, W2)12(Qy)-

The remaining ingredients are given by ,

a:(U,gO) = / Vv - V(P = (VU,VQD)LQ(Q), me=1= Ma’
Q
(Cq, ) =/Q ap = (¢, 9109)12(00) = (¢, C"P)12(0q), M =Chp,
Q

Iv =vq,, (Fw,v) = / VW = (V)ay: W) L2 ()
Qw
IIxg = min {max{q, a}, b} a.e. in Qg,

where (-,-) denotes the duality pairing in H~1(€) x H(€).
The variational formulation of the reduced and rescaled optimality system (2.10))
reads: find (u,2) € HY(Q) x H'(2) such that

(4.3a) Vo, € HY(Q) /stﬁl -Vz— % A ()

1
~a UaP1,
Qw

(4.3b) Vo € HY(Q) /QVU -V —/Q HK(—ﬁz)% = (f,p2) -

For its discretization, we use Lagrange finite elements. To this end, let M be
a simplicial face-to-face (conforming) mesh of the domain €. Denoting by V the
vertices of M, we define the star around a vertex z € V by

w, = U{K €EM|ze K} with diameter h, = diam(w,).

The discrete spaces associated with Lagrange finite elements of degree ¢ > 0 are
then given by

Si(M) :={ve H Q) | vyyx € P(K),VK € M}
and

SHM) = SHM) N HY(Q),
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where Py(K) denotes the set of polynomials up to degree £ on K. The variational
discretization of (4.3)) then reads as follows: find (U,Z) € S} (M) x S}(M) such
that

44a) VP, € S}(M /v<b~v2—i Ud :fi/ ug®1,
(4.4a) V1 € S;(M) Vo v o U =775 [,

(4.4b) V&, € S}(M) /QVU-V%—/Q (=25 2)®5 = (f, @)

Q

Consequently, in the solution X = (U, Z) of (4.4), the residual

<ReS(X)7 (%017902» = <fa§02>1-°11(9) —/QVU'VQOZ—F/Q HK(—%Z%@

Q

1 1
% [ we - [ Ve vz g [ v
Ve /QW Q Ve Qw

(4.5)

for (p1,¢2) € HY(Q) x H(R), satisfies the orthogonality condition
(4.6) (Res(X), ®) =0  for all ® € S} (M) x S}(M).

Using standard arguments, see, e.g., [19, Lemma 4], we can split the residual
norm into local contributions such that

e S IRy < I Res(X) 1
(47) zeV
< Con S I Res(X) 31
zeV

where the constant C'yq only depends on the shape regularity of the mesh M.
Notice that each contribution || Res(X)||%,_. w.)r 2 €V, is a local quantity once
the finite element solution X = (U, Z) from is available by means of a global
solve. Combining this ‘localization’ with Theorem [3.1]of the direct approach readily
provides the following a posteriori bounds.

Theorem 4.1 (Bounding d,-error for distributed control — general case). Let © =
(u,z) be the exact states of the optimal control problem , where the adjoint
state is rescaled, cf. (4.3)). Furthermore, let X = (U, Z) be their finite element
approximations from Then, we have for the residual defined in the
equivalence

1 -
AT o RS20y <l X)? < Ot 3 I Res(X) 100,
zeV z€V

where the constant Cyq depends on the shape regularity of the mesh and k is defined
in (223).

Thanks to the compact embedding H'(Q) C L2(€2), the operators C* and I are
compact. This allows applying the results of the compact approach in Section [3.2]
To this end, we use the Lipschitz continuity of IIx with Lipschitz constant 1 to
deduce that

(48)  G3(RX,X)* < 6a(RX, X)* < |ReX — Z| 720 + [RaX = Ul j2(q

where R = (Ry, Ry) : S}H(M) x SHM) — H'(Q) x H(Q) is the auxiliary operator
defined in (3.9). Combining the definitions of the auxiliary operator R and the
finite element solution X, we find the orthogonality relationships

(4.9) /V(R1X—U)-vq>2 :0:/V(R2X—U)-V<I>1 Y®1, @y € Sp (M)
Q Q
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In other words, U and Z are, respectively, the Ritz projections in S’g (M) of R1 X
and Ry X with respect to the bilinear form (V-, V-)12(q). Taking into account also
the orthogonality of Res(X), we can thus use a well-known argument, see,
e.g., |1, Section 2.4], based upon duality and regularity, to bound the L2-errors
in in terms of the residual Res(X). For simplicity, we shall assume that the
domain € is convex and resort to the following well-known H 2-regularity result for
the Poisson problem; compare with [13, (3,1,2,2) and Lemma 3.2.1.2].

Proposition 4.2 (Extra regularity for distributed control). Let Q C R? be a conver
domain. For any source g € L*(Q), the unique solution v, € H'(Y) of the Poisson
problem

Vo e HY(Q) /va-Vv:/gv
Q Q
satisfies
vg € H*(Q)  and  Jugl(e) < llgllrz ),
where | - |pr2(q) denotes the H?(S2)-seminorm.

Using Proposition in the cited duality argument then leads to the following
a posteriori upper bound.

Lemma 4.3 (Upper bound for compact error — distributed control). Let Q C R?
be a convex polyhedral domain. The L?-errors in [4.8)) are bounded in terms of the
residual of X = (U, Z):
[R2 X — Z||2LZ(Q) + [ X — UH%Z(Q) < 0/2\/1 Z hi” Res(X)||§{_1(wz)7
z€V
where Caq 1s the constant from (4.7)).

Proof. We sketch the proof only for the second term ||R3X — U||%2(f2 ; the same
argument applies also to the first term. According to Proposition @ there is
Y € H2(Q) N HY(Q) with

(410) —Ai/) == RlX —U inQ and |¢|H2(Q) S HRlX - U”LZ(Q).
We denote by Zs, : H HQ) — SL}(M) the Scott-Zhang quasi-interpolation opera-

tor [25]. Thanks to the definition of R and the orthogonality (4.6)) of the residual,
we deduce

[R1X = U720 = / V(R X —U) -Vt = (Resa(X), )
Q

= <Res2(X)7 b — Isz¢> = Z<ReSQ(X)’ ( - Isz¢)¢z>

z€VY
< I Reso(X) || -1 () IV (% = Zeath)62) | 2w
z€V

where we have used for the last equality that the Lagrange basis functions ¢,
z €V, of S}(M) form a partition of unity and that supp ¢, = w,, z € V. In view of
621l Lo (w.) = 1 and ||| oo () < Cph; 1, standard interpolation estimates imply

V(¥ = Zs:90) ) | 22w,
(411) < HV(’(/) - ISZ’L/))”LQ(WZ) + Hv¢z||L°°(wz)||w - IsszL"’(wz)
< Cmhe Y| 2o,

Note that the constant Cnq may vary from occurence to occurence but each time
only depends on the shape regularity of M. Here the domains @, = | yeVw, Wy are
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neighbourhoods of w, that only overlap finitely often depending on the regularity
of M. This together with (4.10) implies

2
|RiX = U220 < Ot <Zh§IIR682(X)I§{1(wZ)> IR X = Ullpagy. O
z€V

Inserting Lemma as well as the localization (4.7)) into Theorem we obtain
the following alternative to Theorem

Theorem 4.4 (Distributed control — compact case). Suppose in addition to the
setting of Theorem[{.1] that Q C RY is convex. Then we have

2

(ZHRGS M- )) < da (2, X)

h2|| Res(X)||?,_. 3 1
colre s (e ) ) (iRl )
va 2evl ReS(X)”?{q (w=)

(wz) zeV

The constant C depends on the Poincaré constant Cp and the shape regularity of

the mesh M; k is defined in (2.23).

Remark 4.5 (Limitations in exploiting compactness). In Theorem we have ez-
ploited the compactness of C* and I to obtain the accelerating factors h, in front of
the local contributions || Res(X)||g-1(w.), 2 € V. Notice that the use of entails
that Theorem [].4) does not exploit the compactness of C and I* associated with the
embedding L?(Q) C H=*(Q)). Thus, the question arises whether the upper bound in
Theorem [{.]] can be improved by directly bounding the potentially smaller quantity
05 (RX,X). The line of argument allows for such an improvement in principle,
but hinges on the combination of reqularity properties for the state equation and
its adjoint as well as on the order £ of their finite element solutions. The former
obstructs an improvement of Theorem[{.4) in the case at hand.

To illustrate this, let us consider the case with Q = Qq = Qw and a = —oc0 and
b= o0, i.e, lIg =id, leading to

M?53(RX, R)* = | RaX = Z| 31y + 1BaX = Ul (e -

As in the proof of Lemma[[.3, let us focus on the second term on the right-hand
side. In view of

X -

IR\X — Ul yyorion =  sup (BaX — U, )
H=1(Q) . Vo

PEH(Q) Ve L2(Q)

)

we consider
—AYp=pec HY(Q)inQ, =0 on Q.

If we had ¢ € H*(Q) with |y ) < ClIVellr2e) and £ > 1, then minor modifi-
cations in the proof of Lemma would mply

HRlX — U”?{—l(Q) < C/2\/[ Z hi” ReS(X)”%I—l(wz)'
z€V

However, the supposed reqularity theorem is not true for polyhedral domains or
would not be useful in the case £ = 1 of linear finite elements. As an alternative,
one could invoke also more sophisticated reqularity theorems with weights. We do
not consider this option here for simplicity.
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For the numerical comparison of bounds as in Theorem [£.1] and Theorem [£.4]
we consider

2
(4.12) (g ERXH () 2 3 ~ tallzz ) +/ gty ||q”L2(9Q)
subject to —Au=f+¢inQ and wu = gs on 09,
where the domains Q, Qw, Qq as in Figure [I, K = {¢ € L*(Q) | -1 < ¢ < 1},
4 . —
u = 3risin(30), 2 = 4(y — ¥ )1 - 2)(z +y), ¢ = xall1y(7E2). f = —q
ug =u+ Az, go = u, and g1 = xoqv 0z

FIGURE 1. Domain  and subdomains Qw, Q2q for Example (4.12)).

The numerical simulations are carried out with linear elements. Adaptive mesh
refinement is driven by a standard residual error estimator, see, e.g., [28], that
quantifies the local residual norms in Theorem The estimator is scaled such
that it coincides with the error for large o = 10® and a fine, adaptive grid, providing
a benchmark close to the situation of a pure Poisson problem. To mark elements
for refinement, Dorfler’s strategy [9)] is used with parameter 0.6.

Figure [2] displays the dn-error and the bounds in Theorem [.1] and Theorem
using compactness, while Figure [3| gives an idea of the underlying adaptive mesh
refinement. First, let us observe that the error may or may not be close to the
a-independent lower bound on coarse meshes. Next, in line with the Remarks [3:2]
and [3.8] we see that the upper bound using compactness is worse than the general
one from Theorem [I.1] on coarse meshes, but can provide a much smaller gap on
fine meshes; see part (A) with a = 10~%. However, this improvement hinges on
the relationship of « and the available computational resources; see part (B) with
a=1078.

We turn to applying the results of Section [3.3]and suppose that there are no con-
trol constraints, i.e. a = —oo and b = co. Theorem [3.10], combined with Lemma
and the localization , immediately yields the following a posteriori bounds for

the combined I L(Q)-error of the states.

Theorem 4.6 (Bounding the ||-||-error for distributed control). Suppose in addition
to the setting in Theorem[{.]] that no control constraints apply. Then we have

Ve '
max{\/a+cp,1 Ck F(Res(X)) d+1Z||Res W12

z€V

Nl

< |V(z = X)|lr2) < C (14 F(Res(X (Z | Res(X)||%- 1(%))

z€V
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FIGURE 2. d,-error (+) and associated general upper (o) and
lower (o) bound, as well as upper bound with compactness (m)
versus DOFs for Example (4.12)).
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FIGURE 3. Adaptive mesh refinement history for Example (4.12)
with o = 1074,
with )
> .ey b2l Res(X)| :
zeV 'z H1(w
F(Res(X)) = @)

> r 1RO
The constant C depends on the Poincaré constant Cp and the shape regularity of

the mesh M; k is defined in (2.23).

4.2. Boundary control. This section illustrates how to apply the a posteriori
bounds from Section to optimal control problems with constrained Neumann
boundary control.
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Let © C R? be a domain with polyhedral boundary I' and outward-pointing
normal n. Given some lower bound a € RU {—o0}, let

(4.13) K:{qeLQ(FH/Fan},

denote the set of admissible controls. For targets u$ € L2(Q), u} € L*(I") and cost
parameter o > 0, we consider

1 «
Q)2 T2 2
(4.14) (q}u)erHl(Q *H —ug | 7200) + 5”“ — g7y + 5HqHL2(F)

subject to —Au+u=0inQ and Jyu=qonT,

where 0, denotes the normal derivative. This problem fits into the framework of
Section [2] with the Hilbert spaces

%:%:Hl(g)a (U17U2)V¢:(’U17’02)H1(Q)7 i:1527
Q= L*(I), (q1,92)q = (q1,92) L2(1),
W =L*(Q) x L*(I'), (w1, w2)w = (Wi, w§)r2(0) + (Wi, wh) 2,

writing w; = (w wy) € W, i =1,2. The other ingredients are given by -7
a(v,s&)=/QW-V90+W=(U,</))H1(Q>, me = 1= M,
(Cq,p) = /FQSO = (¢, o0) 2y = (6, CT9) 12(1)s M¢ = Cr,
Iv=(vop), (W wh),v) :/Quwﬂ+/Fv|FwF, M; = (1+Cr),

1
HKv:v+max{O,a—/v},
T r

where Cr is the embedding constant H(Q2) C L?(T") and we write (-,-) for the
duality pairing in H*(2)* x H(Q).

The variational formulation of the reduced and rescaled optimality system
reads: find (u, z) € H*(Q2) x H'(Q) such that, for all pq, 02 € H(Q),

V¢1~Vz+cpz—1</u<p1+/u<p1>
/, o (e [
([ ).

(4.15b) /VU'V<P2+U<P2—/HK(_T )2 = 0.
Q

(4.15a)

Using the finite element framework of Section [£.] its discretisation reads as
follows: find (U, Z) € S}(M) x S}(M) such that, for all @1, P5 € S} (M),

/V@l-VZ+<I>1Z\}E</U<I>1+/U<D1)
Q Q T
=L u +/uF<I>),
e ([ o [

(4.16b) /QVU Vo +Ups — / HK(—ﬁZ)Soz =0.
r

(4.16a)
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Consequently, in the solution X = (U, Z) of (4.16)), the residual

<Res(X)7 (<p1,<p2)> = —/ VU - Vs — Ups +/HK(—%Z)¢2
Q r ¢
(4.17) - ﬁ/ﬂug% - ﬁ/rugw

- wl-VZ—goZJrL/U@ +L/U%
/ 24 Vet g )

(p1,902) € HY(Q) x H (), satisfies the orthogonality condition
(4.18) (Res(X), ®) =0  for all ® € S} (M) x S}(M).

Similarly as in (4.7), we can localize the norm of the residual by

1
(119) o S I Res(X)l: < | Res(X)l s < Cot [ Res(X)l
z€V zeV
with H, := H !(w,) for interior vertices 2 € VN Q and {v € HY(w,) | v =
0 on dw; \ 0N} for z € VNT. For the proof, we refer to Lemma [£.9] where similar
arguments are used. Inserting the localization into Theorem yields the
following result.

Theorem 4.7 (Bounding d,-error for boundary control — general case). Let x =
(u, z) be the exact states of the optimal control problem , where the adjoint
state is rescaled; cf. (4.15)). Furthermore, let X = (U, Z) be their finite element
approrimations fmm and define its residual by . Then we have the
equivalence

1

ir1 D IIRes(X)IfFr: < dale, X)? < £ Cun Y || Res(X)| 3

z€V z€V
where the constant Caq depends on the shape reqularity of the mesh and k is defined

Next, we shall use the fact, that the operators C* and I involved in the definition
of the reconstruction are compact. Indeed, the compactness of C* originates
in the trace evaluation H'(Q) > ¢ + ¢r € L?(T'), while the one of the observation
operator I arises also with the help of the embedding H!(Q) C L?*(€2). We therefore
can apply the results of Section [3:2] and need to quantify the compactness. To
prepare this, we use the Lipschitz continuity of IIx with Lipschitz constant 1 to
obtain

55 (RX,X)? < 64(RX, X)?

< [ReX = Z| 3oy + IRaX = Ul oy + I1R1X = Ul 72y »
where R = (Ry, Ra) : Sp(M) x S}(M) — HY(Q) x H'(Q2) is the auxiliary oper-
ator defined in (3.9) and, as before, X = (U, Z) is the discrete solution of (4.16).

Combining their definitions reveals the following orthogonality relationships: for all
P41, Py € S} (M), we have

(4.20)

V(RlX — U) Vo, + (R1X — U)(I)g

(4.21) &

=0= / V(R X —U) V& + (R X —U)®,.
Q

In other words, U and Z are, respectively the Ritz projections in S} (M) of B3 X
and Ry X with respect to the bilinear form (-,-)g1(q). Consequently, similarly to
the preceding section, we can quantify the available compactness by means of a
duality argument thanks to the orthogonality of Res(X).
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To this end, we restrict ourselves to polyhedral convex domains  C R and
analyze the regularity of the solution of the following Neumann problem: given
g=(g"%g") € L*(Q) x L*(I), find v, € H'(Q) such that

—Avg + vy = ¢ inQ and Ohvg = g,

which weakly reads as
(4.22) Vo € HY(Q) / Vug - Vo +vgp = / o+ / g .
Q Q r

Notice that the critical term on the right-hand side involves an L?(I')-trace of the
test function . Hence, in order to precisely measure its regularity, we shall need a
sharp trace theorem for L?(T"). Using fractional Sobolev spaces, the trace operator
is bounded as a map from Hz1¢(Q) to H*(') only for ¢ > 0, and therefore is not
sharp for L?(T'). For a sharp trace theorem and thus avoiding €, we invoke Besov
spaces. Given s > 0, p,q € [1,00], we define the Besov space Bj(LP(£2)) and its
norm | - [[ps(zr(n)) as in [8, Section 2| through intrinsic moduli of smoothness.
Furthermore, we need the real interpolation method of Peetre based upon the so-
called K-functional; see, e.g., [7]. Given two Banach spaces X7, Xo with X; C X5
and parameters 6 € (0,1), ¢ € [1,00], we denote its interpolation by (X1, X2)g 4
and its norm by || - |l(x,,x.),., -

Proposition 4.8 (Extra regularity for boundary control). There is a constant Cq
depending only on the convexr domain  C Rd such that, for any g = (¢, ¢") €
L?(Q) x L*(T), the unique solution vy € H* () of [@E.22)) satisfies

lvgll 3 < Ca (9% z2) + 19" I 2(ry) -

B (L2()

Proof. We start by measuring the regularity of the right-hand side

) :/gﬂ<p+/g%, € H' (Q),
Q T

in (4.22). In view of |8, Section 4] and |26 Sections 1.2.5 and 1.3.4], the above
definition of B} (LP(£2)) coincides with |4, Definition (2.52)] in the sense of equivalent
norms. Hence, we can use the sharp trace theorem [4, Proposition 3.5] to derive

Q r
[(Fg o)l < N9 2@ llell2(0) + Cllg 2 IISDIIBz .

< (la e + ") Wl g

Thanks to |15], we have 32 (L*(Q)) = (H (Q) LQ(Q)) 1 1 and, in view of the duality
theorem |7, (14.1.8)], (H'(2), L*(2))1 | = (L*(), Hl(Q) )1,0- Consequently,

2
(4.23) 1yl 220, 11 )y

We next specify the corresponding regularity gain in the solution v4. Replac-
ing the right-hand side of (4.22) by a generic functional G € H'(Q)*, we readily
observe

<C (||9 Ir2) + 19" [l r2r)) -

5o

lvallar @) < 1Gla 0)-
for the corresponding solution vg. Next, let us consider G € L?(€) and notice that

this corresponds to a homogeneous Neumann problem with source term in L?(),
i.e. (4.22) with ¢ = G and g* = 0. Since (2 is convex, we then have

lvellm2@) < ClIG| L2 @)
cf. [12, Theorem 3.2.1.3]. Interpolating these two inequalities with |7, (14.1.5)] gives

el CHUGH(H2 (Q), Hl(Q))l

,00

53 (12 < ClGl e @.m @, .
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3
where the first inequality follows from (HQ(Q),Hl(Q))%,oo = B&(L?()), see |5,
6.2.4], again taking into account [8, Section 4| and [26, Sections 1.2.5 and 1.3.4].
Hence, inserting (4.23)) in the last inequality with G = F}; finishes the proof. O

Proposition puts us in the position to prove the following bound, which,
thanks to the inequality (4.20]), yields a bound for the compact part of the error.

Lemma 4.9 (Upper bound for compact error — boundary control). Let Q C R?
be a convex domain with polyhedral boundary. Then the L2-errors in (4.20) are
bounded in terms of the residual of X :

[ReX = Z|[72(ry + [R1X = Ul 72y + [R1 X = Ul 20

< CHCR( D hel| Res(X)|1 %
z€V

Here Cp, Cq are essentially the constants from (4.19)) and Pmposition respec-
tively.

Proof. We provide only a sketch of the proof, which is very similar to the one of
Lemma [£:3] but involves some additional technicality due to the Besov regularity
in Proposition E We start with the term ||[R; X — UH%Z(F) + ||R1 X — U||%2(Q).
3
According to Proposition there exists 1) € B2, (L?(Q2)) weakly solving
A+ =R X—-U, inQ and oY =R X-U, onl
and

191l 53 (12 < CallBrX = Unllrz(e) + [B1X = Unllzar))-

Again, T, : H'(2) — S} (M) denots the Scott-Zhang quasi-interpolation opera-
tor |25]. Recalling (4.22)) and the definition of R, we have thanks to the orthogo-
nality (4.18) of Res(X) that

Q

= (Resy(X),9) = Y (Resa(X), (¢ — Tat)) )

%

<D I Resi(X)|a: IV (% = Zot) ) 12w )

z€V

where we have used that the Lagrange basis functions {¢, : z € V} of S} (M) form

a partition of unity and that supp ¢, = w,, z € V. Similarly to (4.11)), we derive
V(% = Zo¥) )| L2 (w.) < CMmllYll B (2.

Interpolating with |7, (14.1.5)] both inequalities yield

1906 = Zeat)62)ll 2wy < Canh 6] g

2(L2(@.))
Employing averaged moduli, cf. [11, Lemma 4.10] and using that the overlapping
of the domains w, = UyGVﬂwz wy is controlled by the shape regularity of M, we

conclude with (4.10) that
[RiX = Ull72(0) + I1B1X = Ul 72

1

2
< CmCa <Z h|l Resi(X)H?{;) (||R1X — U720y + 1R1 X — U\\%z(r))
zeV

=

Applying similar arguments to ||ReX — Z ||2L2(F)7 the assertion follows. O
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In combination with Theorem we thus get the following a posteriori bounds.

Theorem 4.10 (Bounding the d,-error for boundary control — compact case).
Suppose in addition to the setting in Theorem [{.7 that Q@ C R? is convex with a
polyhedral boundary. Then, we have

%
(dHZnRes ||H*> < du(w, X)

b (S bl Res(X) 3. \ )

z€V

The constant C depends on the Poincaré constant Cp, the constant Cq from Propo-
sition and the shape reqularity of the mesh M ; the constant k is defined in (2.23]).

In the absence of control constraints, we have from Theorem [3.10] the following
a posteriori bounds for the combined H!(Q)-errors of the states.

Theorem 4.11 (Bounding the ||-||-error for boundary control). Suppose in addition
to the setting in Theorem[].10 that a = —o0, i.e. no control constraints apply. Then
we have

Va
max{\/w, 1 — Ok G(Res(X) }<d+12||ReS ||H*>

< lz = Xl < C (1+ £ G(Res(X (ZHRGS HH*) ;

z€eV

2

(NI

with

EzethHRes(X)H%I; :
G (Res(X)) =< 2w [ Res(X)|[7. ) |

The constant C depends on the Poincaré constant Cp, the constant Cq from Propo-
sition and the shape reqularity of the mesh M ; the constant k is defined in (2.23]).

In view of ||z — X|| < duo(z, X), the upper bound in Theorem can be used

also for the ||-||-error. Note that the first option in the max in the lower bound
of Theorem does not involve compactness. We thus have upper and lower
bounds for [|-||-error which hold in general, i.e. do not need compactness. This

pair of general bounds can be compared with the bounds in Theorem using
compactness. For the numerical comparison of such pairs, we consider

3 1 2 « 2
(4.24) (q’u)eLgr(l%‘I)lel(Q) 5 ||U - ud||L2(Q) + . giu + 5 ||q||L2(F)

subject to —Au4+u=finQ and Jdwu=go+qonl,
where ) is the convex domain that is meshed in Figure 5| and has an internal
maximum angle 227 at the origin, u = 0, z = r38 cos(280), ug = —/az, g1 = an,
and go = 1az.

As in Section the numerical simulations are carried out with linear finite
elements, a standard residual estimator scaled by the same procedure, and the
adaptive mesh refinement is based on Dérfler’s marking strategy [9] with parame-
ter 0.6.

Figure [4| depicts the ||-||-error and the aforementioned associated bounds, while
Figure [5] gives an idea for the underlying adaptive mesh refinement. The following
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differences to the discussion of the bounds for the d,-error in Section are note-
worthy. Compactness is useful in both upper and lower bound. The upper bound
with compactness is advantageous from the start. This is related with the fact that
both upper bounds depend on « only through the factor x from . For the
lower bounds of the ||-||-error, we have a similar situation as for the upper bounds
of the d,-error. Indeed, the lower bounds with compactness improves the general
one only for fine meshes and the necessary fineness increases with decreasing a.

T T — T —T T T T — T —T T

1 107t 7

-2l l r 1

0 % % 10—2 ; E

S 103 L E S 1073 ; ;
@ g 1 « F 1
1074 E E 1074? é
:\\HHM Lol Ll \\\H: 1075?\\\\\\\\ Lol Ll \\\\E

102 10° 10* 102 10° 10*
Dofs Dofs
(A) a=10"" (B) a=5-10"2
FIGURE 4. ||||-error (+), general upper (o) and lower (o) bound, as

well as upper (m) and lower bound with compactness versus DOFs

for Example (4.24).
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FIGURE 5. Adaptive mesh refinement history for Example (4.24)
with o = 1071
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