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Figure 4.3: Total error (4.2) for the discretization of (4.1) with P! (left) and P? (right) elements for
adaptive refinement based on the error estimator from Theorem 4.2 (red squares) and the
energy-based error estimator (4.12) (blue triangles), respectively. The error is plotted versus
the degrees of freedom N (per variable yj,, up, pp). Slopes NP are provided for comparison.

in the variational inequality and the error estimator becomes
1 * 2 2
> lon — 8" (za — 20)llG + 1S un — zallZ-

Here, uy, is the post-processed control in case of post-processing.

The extension to nonlinear optimal control problems may be the subject of further research.
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Figure 4.2: Meshes obtained by an adaptive refinement for the solution of (4.1) with P! (top row) and P?
elements (bottom row). For the left column, we used the error estimator from Theorem 4.2
and an energy-based error estimator (4.12) for the right column.
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We derive a-posteriori error estimates for control-constrained, linear-quadratic optimal
control problems. The error is measured in a norm which is motivated by the objective. The
error estimator is separated into three contributions: the error in the variational inequality
(i-e., in the optimality condition for the control) and the errors in the state and adjoint
equation. Hence, one can use well-established estimators for the differential equations.
We show that the error estimator is reliable and efficient. We apply the error estimator
to two distributed optimal control problems with distributed and boundary observation,
respectively. Numerical examples exhibit a good error reduction if we use the local error
contributions for an adaptive mesh refinement.

1 INTRODUCTION

We consider the a-posteriori error analysis of a control-constrained, linear-quadratic optimal control
problem. To present the ideas, we use the problem

. . 1 a
Minimize 3 ly = ydﬂizwsz) 35 H“HQLZ(SZ)

such that —Ay+y=u inQ
P (1.1)
%y =0 on 9N

and  u, <u < uy

as an example, where u and y denote the unknown control and state respectively, yq the given desired
state, 2 the given PDE domain and 0 its boundary. Note that the state y is only observed on the
boundary 9. This example and the assumptions on the data are discussed in more detail in Section 4.
We emphasize that our technique is applicable to a general class of optimal control problems, see
Section 2.

Our goal is as follows. Let (g, @, p) be the unique solution of the optimality system, see (2.3), where p is
the (optimal) adjoint state. Given an approximate solution (yp, un,pp), we are interested in estimating

*TU Chemnitz, Faculty of Mathematics, Research Group Numerical Mathematics (Numerical Analysis)
fTU Chemnitz, Faculty of Mathematics, Research Group Numerical Mathematics (Partial Differential Equations)
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the error in the control variable, that is, || —us||12(q). It is, however, not clear how to bound this error
by a reliable and efficient a-posteriori estimator. Instead, we estimate a combination of all quantities
involved in the optimality system, that is, a (weighted) sum of |7 — yn | z2(a0), 1T — unllL2(). I —
PrllL2(@). Note that the error in the state is measured in L?(9Q), whereas the error in the control
and in the adjoint state is measured in L?(Q2). The former norm is the norm of the observation in the
objective, whereas the latter one is the norm of the regularization term acting on the control.

The error estimator is separated into three contributions, which are related to the residuals in the three
equations of the optimality system (2.3). That is, one term measures the defect in the variational
inequality and two terms estimate the error in the state and adjoint equation. For the above example
(1.1), these latter terms are

lA™ un — ynll 200 and [IA™* (ya — yn) — prllL2(o), (1.2)

where A = (—A+1): HY(Q) — (H'(Q)) is the partial differential operator. Note that these two errors
are estimated in the same norms in which the errors in y and p are measured, respectively. Moreover,
these two error terms can now be replaced by standard error estimates. In our numerical examples, we
use residual-based error estimators.

A similar approach is used in Kohls et al. 2012, 2014]. In difference to our work, the error in the state
and adjoint state is measured and estimated in the energy space corresponding to the state equation.
That is, in the case of problem (1.1), the errors are measured as || — ynl|z1 (), |P — prllar (@), and the
error estimate involves the terms

A7 wp = yallngey  and  [|A7 (ya — ) — pallen o)
Other contributions concerning a-posteriori error analysis for control-constrained optimal control prob-
lems are, e.g., Liu and Yan [2001], Hintermiiller et al. [2008], Yan and Zhou [2008], see also the references
therein. In these papers, however, the error in the state and adjoint state is typically measured in the
energy space and only specific optimal control problems are studied. We also mention the contributions
Becker et al. [2007], Vexler and Wollner [2008], in which the authors estimate the error in the objective
or in a quantity of interest using the dual-weighted-residual method.
As we will demonstrate, we can get substantially better results for |4 — u|12(q) using the norms in
(1.2) instead of the energy norms.
The paper is organized as follows. In Section 2, we introduce an abstract control problem and derive the
a-posteriori error estimates, see in particular Theorem 2.4 and Theorem 2.6. In Section 3 and Section 4
this theory is applied to two example problems similar to (1.1). Finally, we conclude and give some
perspectives in Section 5.

2 ABSTRACT LINEAR-QUADRATIC CONTROL PROBLEM

In this section, we discuss an abstract linear-quadratic control problem with pointwise control con-
straints. First, we recall some preliminary, well-known results concerning existence and optimality
conditions. In Section 2.2, we construct the a-posteriori error estimator.

2.1 PRELIMINARIES: EXISTENCE AND OPTIMALITY CONDITIONS

The abstract optimal control problem which is discussed in this section is given by
Minimize 1 ICy — zdl% + g llullZ2 0.
2 2 “
with respect to  (y,u) € Y x L*(Q,), (2.1)
such that Ay —Bu=0

and u, <u<wu, a.e. in Q.
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Figure 4.1: Solution of (4.1) computed on a fine mesh

As in (4.11), (3.18b) depends on the adjoint Neumann data g = yq — y;, via the definition of the jump
term (3.11).

Some of the obtained meshes are shown in Figure 4.2. As in the case of distributed observation, all
four meshes result in approximately 10,000 degrees of freedom (per variable). Again, the tailored error
estimator from Theorem 4.2 is more focused on refining the interface, whereas using the energy-based
error estimator results in a fine mesh in the vertices of Q. The energy-based estimator does not result
in a refinement of the interface in the case of P! elements. A slight refinement of the interface in case
of P? elements is observed for higher numbers of degrees of freedom (starting at roughly 50,000 degrees
of freedom).

Finally, the total error (2.12) for both strategies is shown in Figure 4.3. The error is computed w.r.t. a
solution on a fine grid with approximately 1,600,000 degrees of freedom. Again, a better rate is obtained
by employing the error estimator from Theorem 4.2 and the same behaviour is observed if we only plot
the error [lu, — @ 2(q)- For our new estimator, the three errors

17— ynllz2(50) 1z = unllz2(0), 17 = prllz2(o)

converge with the same order, whereas for the energy estimator the state and adjoint converges faster
in these norms.

5 CONCLUSION AND OUTLOOK

In this paper, we have derived a new abstract error estimator for optimal control problems. This abstract
estimator was applied to formulate residual-based estimators for the finite element discretization of two
optimal control problems. The novelty of the approach is that we measure the error in spaces which are
motivated by the objective. Numerical examples confirm that our approach is superior to an energy-
norm based approach if we use the error estimators for an adaptive refinement of the mesh.

Due to the abstract theory of Section 2, it is straightforward to extend the idea of our error estimator to

other linear-quadratic problems, e.g., to Neumann boundary control problems, provided suitable error
estimators for the PDE discretization with respect to the considered norms/spaces are available.

We mention that it is also possible to apply our error-estimate for post-processed controls, see Meyer
and Résch [2004], or for the variational discretization, see Hinze [2005]. In these cases, no error occurs
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We note that this expression can be simplified, since the middle terms are a weighted geometric mean
of the first and last term:

1-2m 2 2m—2 5\ Bl 1-2k 3 2k+2\1 =
—em m—2 _ 1-—2m -2k 3
dic i = (hK) : (dK b )
Hence, we have
min{hd, d! i, did b, .. i 2F 282} = min{h%, dic 28 2k 2

4.2 ERROR ESTIMATOR FOR THE OPTIMAL CONTROL PROBLEM

In this section, we state the a-posteriori error estimator for the control problem (4.1).

Theorem 4.2. Let (y5,upn,pr) € (P*)? be given, such that the discretized state and adjoint equation
are satisfied. We define the local error contribution

2 . o L) 2
Nk = Nk state T o T adjoint + ankg v

where ng v1 is given in (3.16) and 7k state is defined in (4.10). The contribution from the adjoint
equation is

Lao+ 2 ik IVPRInl e e (4.11)
EEE(K)

2 . N
Nk adjoint *= N |Apr — pn

where the adjoint Neumann data g = yq — y;, enters in the definition of the jump term (3.11). Then,
we have the error estimate

_ i 1 ,
llyn — yHZm(aQ) +oflun — uH%ﬂ(Q) +3 [lpn — PH%2(Q) <c Z M-
KeT

Proof. The contribution for the adjoint state 7k adjoint follows from Theorem 3.2. The overall error
estimate follows from Theorem 2.4 and Theorem 4.1.

The efficiency of the error estimator is an open problem. It would follow from the efficiency of the
L?(09)-error estimator (4.10), which is, however, unknown. This should be addressed in future work.

4.3 NUMERICAL RESULTS

We report some numerical results on the solution of (4.1). The data of the problem is as in (3.17),
except for u, = 7.5. The discrete solution is obtained as in (3.6), but the mass matrix in (3.6b) has to
be replaced by a boundary mass matrix. The solution on a fine mesh is depicted in Figure 4.1.

In the following we will compare the results obtained by the error estimator from Theorem 4.2 with
the results obtained by applying an energy-based error estimator. The energy-based error estimator is
obtained as described in Section 3.5, i.e.,

. ; 2
Wi state.energy = Mic [un + Ayn =yl Zaey + Y P [[Vonlall o) (4.12a)
BeE(K)
2 2 2 1 2
Nic adjoint energy = 11 1P = Prll 72 sy + Z hg Hﬂvl’hﬂnHLz(E)v (4.12b)
EeE(K)
7’?{,energy = n?{,state.energy + o 7]?(.udjoint,energy +a ’]?{,VI' (4.12¢)
18
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Here, Y is a reflexive Banach space, Z is a Hilbert space, and €, is a finite measure space. In the sequel,
we abbreviate U = L2(Q,). The linear operator A : Y — Y’ is an isomorphism and B : L?(Q,) — Y,
C :Y — Z are bounded linear operators. The desired observation is z4 € Z. The control bounds u,, up
belong to L?(Q,) and satisfy u, < u;. We set

Una == {u € L*() : ug < u < wup}.

The regularization parameter « is assumed to be positive.

In the abstract problem (2.1), the operator A models the linear (partial) differential operator, B is the
control operator and C' the observation operator.

As examples for the measure space ,,, we mention (a subset of) € in case of distributed control or (a
subset of) the boundary 9Q in case of boundary control, where Q C R? is the domain of the partial
differential equation (PDE). Also the case of a finite-dimensional control space U = R" is possible if we
take a finite set Q, = {1,...,n} equipped with the counting measure.

Let us define the control-to-observation operator § = C A~! B € L(U, Z), which is well defined since A
is an isomorphism. We obtain the reduced problem

1

Minimize 3 ISu— zall% + % (|lull?,

with respect to u e U (22)
such that wu, <u <wup a.e. in Q,

which is equivalent to (2.1). Indeed, @ is a solution of (2.2) if and only if (A~! B, ) is a solution of
(2.1).
Let us give some well-known results concerning the problems (2.1) and (2.2). The proofs are standard
and, hence, omitted. We refer to Tréltzsch [2009] for an introduction.

‘ Lemma 2.1. There exists a unique solution (y,u) € Y x U of (2.1).

In what follows, we will identify the Hilbert spaces U and Z with their duals. Using the adjoint operators
B*:Y = U, A Y =Y, C*:Z =Y,

we can write down the optimality conditions of first order of (2.1).

Lemma 2.2. Let (7,a) € Y x U be the unique solution of (2.1). Then, there exists a unique adjoint
state p € Y, such that the system

j=A"'Bu (2.3a)
p=A""C*"(za— CYy) (2.3b)
(o —B*p, u—1u)y >0 for all u € Upq (2.3¢)

is satisfied.

Due to the convexity of problem (2.1) these conditions are also sufficient for optimality. It is well-known,
that the variational inequality (2.3c) is equivalent to the pointwise projection formula

B* p(z)

() = Projp,, (2),uy («)] for almost all z € €, (2.4)
see, e.g., [Troltzsch, 2009, Lemma 2.26]. Here, Proj [a,b) € 18 the projection of ¢ € R onto the interval
[a,b] C R.

By using the adjoint S* : Z — U of the control-to-observation operator, we can write down the
optimality conditions of first order of (2.2) in a slightly different form, which will be more convenient
for the error analysis later in Section 2.2.
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Lemma 2.3. Let @ € U be the unique solution of (2.2). Then, there exist unique z € Z and p € U,
such that the system

z=8u (2.5a)
p=8"(z—z) (2.5b)
(et —p,u—u)y >0 foralu€ Uy (2.5¢)

is satisfied.

The quantity z € Z is the optimal observation and p € U is the required information on the optimal
adjoint state for the variational inequality (2.3c), p = B*p. In the literature on optimal control of
ordinary differential equations, this p is usually called switching function.

2.2 ERROR ESTIMATOR
In this section, we want to give a (computable) error estimate which measures the distance of any triple

(zn,un,pn) € Z x U x U to the unique solution (Z, @, p) of the optimality system given in (2.5). Later
in Section 3 and Section 4, this triple (2, up, pp) will result from a finite element discretization.

To this end, we fix an arbitrary tuple (up, pn) € Uaq x U, such that the variational inequality
(@p, — pp, uw— )y >0 for all u € Uyq (2.6)
is satisfied. By using u = @y, in (2.3¢) and u = @ in (2.6), we obtain
alli, —alf < (p, @ — @)v + (=pn, @ — @n)u-. (27)

On the other hand, using the cosine theorem in the Hilbert space Z, we get

|2Z+(Zh—275ah—5)z

1 1 1
§|\Sﬁh—5|zz+§\|zh—5”22 5”5%—%

1 N _ _
5 IS @p — zn||% + (8* (20 — 24) + P, Un — u,)U.

Together with (2.7), this leads to

1 _ e 1 _ N e N N _ 1 . .
5 |Say — 2z 24+ 5 llzn — 2% + a llan — u||i, < (Ph — 8" (za — 21), Up — u)U + 5 |S ap — %,
An application of Young’s inequality implies

1 - _ 1 e o _ 1. 1 _

5 IS @ — z)|% + 5 llan = z)% + g llan = alf < 5o 10 =87 (za — )|l + 5 IS — znll-

Together with the estimate

%/ <2 Hﬂ'h - U}LHQU + 2|y, — mle

lun — @
we arrive at
1 . 1 1 1
5 \|5ﬂ}ﬁ5||zz+§ Hl)ﬁszz+% llun —7 < By lpn —S* (Zd*2h>|\%1+§ HSﬂh*Zh”%Jf% (|2, *u(hH?J)-
2.8

In this estimate, only the known quantities zy, un, pr and the (still) arbitrary @, appear on the right-
hand side. Now, we introduce the abbreviation

_ 1517 ,2) _ 1S*11Z 2.0y
a a ’

L:

(2.9)
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For simplicity of the demonstration, we now consider the case k = 2, i.e. the case of piecewise quadratic
finite elements. Let K € T be a triangle and define the distance to the boundary

dg = dist(K,0Q) := miE dist(z, 09).
ze

In case dx = 0, the triangle lies at the boundary and we cannot make use of the additional regularity
from (4.8). From Lemma 3.1, we obtain the estimates

3/2
o =Tl < ehy lolls2xy and Nl —=Zollizm < chi lollase k),

where F is an edge of K.
If, however, dg > 0, we can use r > dx on K to obtain

V20 V2 |2 v 120 < A 1P 20| e,

LZ(K)SF];( L2(K) and vaip

This yields ¢ € H?(K) and we can apply Lemma 3.1 with m = 3/2, m = 2 and m = 3. Hence,
2
llp =ZollLzx) + h% lle = Zollizm

< . h3/2 ) d—1/2 B2 1/2 g2 d’3/2 B3 |1r3/2 v

< cmin{hy HWHHW(Kp K el WHL?(K)a K |l SDHU(K)}

<c min{h?(/z, d}l/z h%, d;(3/2 h3}

-max{|[ll a2y, 172 V20l L2 (i), 172 V20l L2y }-

Using that estimate in (4.6) and utilizing (4.7), (4.8), we finally obtain the following theorem.

Theorem 4.1. We assume k = 2. Let §;, € H'(Q2) and y;, € P? satisfy (4.3) and (4.4), respectively.
Then,

9 = 9nll3200) <€ D N stater (4.9)
KeT

where the local error contribution 7 state is given by

2 _ 13 =114 1-3:6
MK state — min{hi, dp I, di” D}

Allun + Ao = w2 ) + 30 kR (1900032 }- (4.10)
EeE(K)

Here, we used the convention that
min{h, dt hi, d B} = b

in case dg = 0.

As in Theorem 3.2, the constant ¢ in (4.9) does not depend on the triangulation 7, but only on its
chunkiness y7, compare Lemma 3.1.

We briefly mention, how this a-posteriori estimate can be generalized to other values of the polynomial
degree k. In case k = 1, we cannot use m = 3 in Lemma 3.1. Hence, the expression involving min in
the local error contribution (4.10) has to be replaced by

min{h%, dg" hi}.
If we use a higher value of k, one has, similar to (4.8), also estimates for higher derivatives of ¢.

Thus, one can apply Lemma 3.1 with m = 3/2 and m = 2,...,k + 1. Finally, one can replace the
min-expression in (4.10) by

min{h, dgt hie, d h, ..., di7 2% h3k+2).

17
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The main difference to Section 3 is, that the error in the state is measured in the L?-norm on the
boundary 92 and not in the L2-norm in the domain Q. Thus, we have to construct an a-posteriori error
estimator for estimating the difference between y; and the (continuous) solution of the state equation
with right-hand side uy, in the L?(9Q)-norm. To our knowledge, such an estimator is not available in
the literature. This will be addressed in the next section. The error estimator for the control problem
(4.1) is described in Section 4.2 and numerical results are presented in Section 4.3.

4.1 A-POSTERIORI ERROR ESTIMATOR ON THE BOUNDARY
As already mentioned, we have to construct an a-posteriori error estimator for the error
A~ un = ynll L2 00)-

This is due to the fact that the observation operator C' : H(Q) — L?*(9Q) is the trace operator and,
hence, the error estimate (2.11) contains

IS un = 2zl 2200y = 147" un = yallL2(00)-
The function A~!wy, is the solution g, € H'() of the PDE

(Agp, v) = / upvdz  for all v € H'(Q). (4.3)
JQ

Moreover, we require that y;, € P satisfies the discretized state equation, that is

(Ayn, vp) = /Quh vpdz for all vy, € P*. (4.4)

Similar as in Section 3.2, we introduce the dual solution ¢ € H'(£2) solving

(A, v) = /an(gh —yp)vde for all v € H'(Q). (4.5)

and obtain
I9n = ynllZ2(o0) < Z llun + Ayn — ynll2 (k) lle — enllL2 ()
KeT

+ Z H[[vyh]]nHLZ(E) o = enllL2m)
EEE(T)

46)

for arbitrary ¢, € Pk.

In difference to the situation of Section 3.2, we cannot bound the H?(©2)-norm of the dual solution ¢
by the error ||§n — yn|l£2(o0), since this error is the Neumann datum of ¢, see (4.5).

However, from Jerison and Kenig [1981] we now that

el sz ) < cllin — ynllz2(a0)- (4.7)

The same result can be obtained by using an interpolation between s > 1/2 and s < 1/2 in [Dauge,
1988, Corollary 23.5]. Moreover, using [Khoromskij and Melenk, 2003, Theorem A.1], we find

I/ 9%

2@ < cllin —unllreoey and (132 V3¢l 120) < clldn — ynllre(on) (4.8)

where r(z) = dist(z,09) is the distance to the boundary. Estimate (4.8) enables us to control higher
derivatives of ¢ in the interior of our domain. Similar estimates are available for arbitrary high deriva-
tives.
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The estimates

2
U

T 1, 1
%0 6n — S* (24 — z0)lI7 < > 6 = pullr + > lpn — S* (2a — zn)
1 _ . .
5 IS @ — 2% < IS an — Sunlly + Sun — 2% < a Lllan —up|lf + S un — zal%,
together with (2.8) imply
1 _ « _
3 llen = 2|3 + 7 = a7
1, . 1 _ .
< 5 lon = pullty + S llon =8 (za = 2)f + @7+ L) an — unllf + 1S un — zall%
Using additionally

1 e 1 1 _
7 llen = it < 5 llon =87 (zn = za) It + 5 I5™ (o = B

A

1 La .
<35 llon = 8* (2n — za) 7 + - llzn — 2117,
we arrive at 1 1

_ @ _ _
5w = 2+ 5l — al, + o — Al

1140
2 llon — 8* (24 — z0)|1 (2.10)

1+L
< ——lpn —pulliy +
@
1 ~ 2 2
+a (5 + L) (T4 L) [Jap, — upllg + (1 + L) |Sup — 217
This motivates the definition of our error estimator
PO I T | L S* (2 — 2 i — w2 IS w, — 2 12 (2
ost(zn, ny Py s Pr)” = — on—pull + 7 llon (za—20)llp +allan —unlly + 1S un — 2nllz (2.11)

for the error !
err(zn, un, pu)? = |lzn — 2% + o llun — @llf; + e = pliz- (212)

In the computations leading to (2.10), we have proven the following theorem.

Theorem 2.4. Let (zp,un,pn) € Z x U x U be arbitrary and let (i, pn) € Uaa x U satisfy the
variational inequality (2.6). Then, the error estimate

err(zn, un, pn)? < (6 + 6 L + 4 L?) est(zn, wn, ph, @n, pn)*

holds. The constant L was defined in (2.9).

This shows the reliability of our error estimator.

In what follows, we will also show that the error estimator given in (2.11) is efficient. It is evident, that
the efficiency of the error estimator heavily relies on the choice of (4, pn). Up to now, this choice was
arbitrary up to (2.6). We will now fix (@, p) in the following assumption.

Assumption 2.5. Let ¢ > 0 be given. The pair (i, pr) € Uaa X U satisfies the variational inequality
(2.6) and

. _ 14+¢,. N
lon — oullt + allin — unllyr < o on — pullt +a(l+e) llan — unlly
for all solutions (i, pp) € Uaa x U of the variational inequality

(atip, — pp, u—1p) >0 for all u € Uyq. (2.13)

ot
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The existence and computability of a pair (i, pp) which satisfies this assumption will be shown later,
see Lemma 2.7.

By using Assumption 2.5 we infer
1 . 1+e _ _
~llon = pnllfy + ellin = unllyy < — =7 = pallfr + a (1 4+ 2) |7 = wnllz,
since (1, p) solves the variational inequality. Moreover, we find
IS un = 2nl% < 2/1Swn — Sallf + 2112 — 2l < 2Laflun —alf + 2112 — zllZ,
llon = S8* (za — 20l < 2llon = AlIE +2018* (2 — 2015 < 2llpn — Al +2L |1z - zllZ,
see (2.9). Together with the previous estimate, this leads to
L _ 1+e _
est(zn, uns Py W o) < @ (14 €) [lun = allg + —— llon = 7l
+2lzn — 2l + 2Ll —allf
+2L|l2n — 2% + 2llon — Al (2.14)

_ _ 3+¢ _
= @+2L) llan = 2% + (1 + e +2L) affun — alf + = llon = pll}

< (34+¢e+2L)err(zp, up, ph)2.

Hence, we have shown the efficiency of our error estimate.

Theorem 2.6. Let (zj,,up, pp) € Z x U x U be arbitrary and let (@, pn) € Uaa x U satisfy Assump-
tion 2.5 for some € > 0. Then, the efficiency estimate

est(zn, Un, ph, n, pr)? < (3 + &+ 2 L) err(zp, un, pn)?

holds.

Let us comment on the ingredients of our error estimator. First of all, one needs to compute

[Sun—2nllz and o —S* (za — 21)llv-

This is, of course, highly dependent on the underlying control-to-observation map. If (2, up, pp) arise
from a discretization of (2.2), one may utilize reliable and efficient error estimators for the corresponding
discretization, see Section 3. Hence, our error estimator can build upon existing results.

The other ingredient of our error estimator is the pair (@, p5) satisfying Assumption 2.5. First, we
remark that it is always possible to satisfy Assumption 2.5 with any ¢ > 0.

Lemma 2.7. Let ¢ > 0 and (up,pn) € U x U be arbitrary. Then, there exist (i, pp) satisfying
Assumption 2.5.

Proof. We define
. 1. R . .
j = inf {Euph —pullE + e llan — upllf : (@, pn) satisty (2.13)}.

Note that this is just the distance of (up, pp) to the set of all (4, py,) satisfying the variational inequality
(2.13). In case j = 0, the pair (up,pp) already satisfies the variational inequality (since the set of its
solutions is closed) and we can choose (@, pn) = (un, pr). Otherwise, we have j < j (1 +¢) and, hence,
the existence of (@, pp) is clear.

Further, note that the choice &€ = 0 may not be possible, since the sequence of (i, p5,) defining j might
not converge in U x U.
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Figure 3.3: Total error (3.2) for the discretization of (3.1) with P! (left) and P? (right) elements for
adaptive refinement based on the error estimator from Theorem 3.3 (red squares) and the
energy-based error estimator (3.18) (blue triangles), respectively. The error is plotted versus
the degrees of freedom N (per variable yj,, up, pp). Slopes NP are provided for comparison.

Let © C R? be a convex polygon. We consider the problem

S 1 el
Minimize 2 ly = yall72(a0) + 3 l[ulZ2q)
such that —Ay+y=u inQ

17
%y—o on 9N

(@)

and  u, < u < up.

Again, this problem is a special case of (2.1). The difference to (3.1) is that
e the observation space is Z = L?(9Q) and
o the observation operator C : H'(Q) — L?(99) is the trace operator, i.e.

(Cy, v)r2000) = (C™, Yy (), v (Q) = /yv dz Yy € HY(Q),v € L*(9Q).
Jr

It is clear that all the assumptions of Section 2 are satisfied.
The (strong formulation of the) adjoint equation (2.3b) for (4.1) reads
7]
—Ap+p=0 inQ, and a—p =yqa—y on Q.
n
Note that, in difference to Section 3, the difference y4 — y now appears as boundary data in the adjoint
equation.
Similar to Section 3, we apply the results of Section 2 in order to obtain a-posteriori estimates for a
finite element discretization of (4.1). That is, we want to estimate the distance between the solution

(y,a, p) of (4.1) to a triple (yp,un, pr) of finite element functions. By the theory of Section 2, we obtain
an estimate for error

_ _ 1,
17 = ynllz2o0) + @ ll@ —unllL2@) + P 17 = prllz2()- (4.2)
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P!, new estimator

P, energy estimator
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P2, new estimator P2, energy estimator

Figure 3.2: Meshes obtained by an adaptive refinement for the solution of (3.1) with P! (top row) and P?
elements (bottom row). For the left column, we used the error estimator from Theorem 3.3
and an energy-based error estimator (3.18) for the right column.

14

A-posteriori error estimation for optimal control problems R. Schneider, G. Wachsmuth

We emphasize that this proof does not rely on the special structure of the control space U and on our
admissible set Upq. In fact, Lemma 2.7 remains valid for any Hilbert space U and any convex, closed
Uaa CU.

In what follows, we briefly briefly outline that for the admissible set U,q under consideration one can
even choose ¢ = 0. Indeed, we can utilize that solutions of the variational inequality (2.13) can be
characterized by a pointwise projection similar to (2.4). The desired pair (@, pj,) has to minimize the
functional

- “h”%}

(@, p) = — ”/’h
among all (i, pr) € Uaa x U satisfying

p(2) = Projjy, (o),u ()] %T) for almost all z € Q.

This is an infinite-dimensional, non-convex optimization problem. However, we can argue point-wise
in order to show the existence of a global minimizer. For convenience, we rescale the pj-component by
a~! and obtain the following problem.

Minimize |ap(x) — uh,(z)|2 + o pu(z) — a7 pu(x)?
™ () (2.15)
Projiy, (2)uy ()] @ Pr(2)-

with respect to s (x)
such that 4, (z) =

That is, we have to project the point (uy(z),a! py(x)) onto the set
{(an(z), @~ pu(2)) € B? £ 2(2) = Projju, sy ey @ Pr(0)}-

It consists of two rays and a line segment, as depicted in Figure 2.1.

up(z) —— 1 (z) = Proj [tta (2) s (2)] pn(z)/a
pn(@)/a

g ()

Figure 2.1: The feasible set of the problem (2.15).

Note that the problem (2.15) may have multiple global solutions. If we always select the solution
@p,(x), pr(x)) with the smallest value of o' jj(z), the functions i, and pj, are measurable. Since
(Pr0j{u, (2),us ()] (0), 0) is feasible for (2.15), we obtain the estimate

)

lan(x) = un (@) + ot n(@) — o™ pu(@)]? < [PrOjp, (29, (1) (0) — un(@)* + [0 — o™ i ()

which ensures (i, prn) € L*(Q)? = U2. By construction, this pair (i, o) satisfies Assumption 2.5
with e = 0.

The numerical evaluation of

~ 1 - 1. _
Uh*“h\liE(m)*7”%*%”%2(0“):/Q [an(z) = un(@)? + la™" pn(x) — ™" pr(2)[? da
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is briefly discussed in Section 3.3.

Remark 2.8. If one is interested in a better stability of the error estimator w.r.t. a N\, 0, one should
use a slightly different error estimator. Indeed, Theorem 2.4 and Theorem 2.6 yield

err(zn, un, pn)? < C1 (1+ L?) est(zn, wn, pn, @n, pn)* < Co (1+ L*) exr(zn, un, pn)*.
Here, C; and C» are constants, independent of all the data of our problem. Since L = ||S||?/a, one

obtains the order a~3/2 as bound for the quotient between reliability and efficiency of our estimate.

By using the estimator

—~ . 1 . 1 _
est(2n, wn, phs Tn, fn)° = o — onll + o llon = 8" (za— 2l + (@ + 1) [|an — unllf + 1S un — 213
one can achieve

err(zn, un, pn)? < C1 (1+ &) est(zn, un, phy iin, p)? < Co (14 a2) err(zn, un, pn)*.

Here, the constants Cy, C> depend only on [|S||. Hence, the ratio of reliability and efficiency has
improved to a~ .

3 DISTRIBUTED CONTROL OF AN ELLIPTIC EQUATION

In this section, we apply the theory from Section 2 to a specific optimal control problem.

Let Q C R? be a convex polygon. We consider the problem

NV 1 el
Minimize ly = vall72(0) + 3 720

such that —Ay+y=u inQ
vy (3.1)

%y:O on 0N}

and  u, < u < wuy.

This problem is a special case of (2.1). In fact, we have
o the state space Y = H'(2), and the observation space Z = L?(Q)

e the observation operator C : H(2) — L?(Q) is the canonical embedding, i.e.
(Cy, )20 = (C™0, Yy (y,H Q) = / yvdz Yy € HY(),v € L*(Q)
Q

o A:H'(Q) — H'(Q) is given by (Ay, z) = [ Vy-Vz+yzds
e the control operator B = C* is the canonical embedding L?(Q) < H'(Q)’, see above.

It is clear that all the assumptions of Section 2 are satisfied. Since the operators B and C' are just the
canonical embeddings, we will not distinguish between z = C'y and y and between p = B*p and p,
respectively.

The (strong formulation of the) adjoint equation (2.3b) for (3.1) reads

0
—Ap+p=ys—y inQ, and B—p:O on 0.
n
In what follows, we apply the results of Section 2 in order to obtain a-posteriori estimates for a finite
element discretization of (3.1). That is, we want to estimate the distance between the solution (¥, @, p)
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control
1.000e+00

=075
- 05

025

I 0
-1.896e-01

Figure 3.1: Solution of (3.1) with setting (3.17) computed on a fine mesh

for z € Qin (3.16).

For the marking of the cells, we use the maximum strategy, i.e., we mark all cells K satisfying
2 2
N = K Max Ny
Ik =K 1 ax 1K

for some x € [0,1]. In the numerical experiments, we used x = 1/2.

Some of the obtained meshes are shown in Figure 3.2. All four meshes result in approximately 10,000
degrees of freedom (per variable y, u and p). It can be seen that the error estimator from Theorem 3.3
is more focused on refining the interface, i.e., the boundary of the active set, whereas using the energy-
based error estimator results in a finer mesh in the whole domain. By using the energy-based estimator
with P! elements, one does not observe a refinement at the interface. In the case of P? elements, the
interface is slightly refined for higher numbers of degrees of freedom (starting at roughly 50,000 degrees
of freedom).

Finally, we show the total error as defined in (2.12) for both strategies in Figure 3.3. Since the exact
solution is not known, the error is computed w.r.t. a solution on a fine grid with approximately 1,600,000
degrees of freedom (per variable y, u, p). From that plot it is clear that a better rate is obtained by
employing the error estimator from Theorem 3.3. We emphasize that the same behaviour is observed
if we only plot the error |lu, — 1||L2(q). Moreover, in case of our new estimator, the errors in all three
components
17— ynllL2c), 1@ — unllz2(), 15— prllzz

converge with the same order. In case of the energy estimator (3.18), the L?(Q)-error in the state and
adjoint converges faster.

4 DISTRIBUTED CONTROL OF AN ELLIPTIC EQUATION WITH
BOUNDARY OBSERVATION

In order to demonstrate the flexibility of our error estimator, we consider a variant of (3.1), in which
we replace the distributed observation by an observation on the boundary.

13
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for each cell K € T. Note that Assumption 2.5 is satisfied by this construction.

Note that in general, the functions @, and pj, are not piecewise polynomials due to the projection.
Thus, the evaluation of the above integral requires special attention, Since the integrand may not have
a high regularity, we use a quadrature rule of moderate degree and apply it on (red) subdivisions of K.
Thus, (2.15) has to be solved only in the quadrature points. For the numerical experiments presented
in Section 3.5 and Section 4.3, we used 2 subdivisions and a quadrature rule of degree 6.

3.4 ERROR ESTIMATOR FOR THE OPTIMAL CONTROL PROBLEM

Using the results from Section 3.2 and Section 3.3, we obtain an error estimator for the discretization
(3.5) of problem (3.1).

Theorem 3.3. Let (y5,upn, pr) € (P*)? be given, such that the discretized state and adjoint equation
(3.5a), (3.5b) are satisfied. We define the local error contribution

2 .2 +l 2 +an?
Nk = MK state anK,adjoint QNK VI

where 7. are defined in (3.14) and (3.16). Then, we have the error estimate

_ i 1,
17— ynlZag) +alla— “hr”iZ(Q) T3 llp— Ph”zm(n) <c Z -
KeT

The proof follows from Theorem 2.4 and (3.15).

Again, the constant ¢ does not depend directly on the triangulation 77, but only on its chunkiness 7.
Up to higher order terms, this error estimate is also efficient, see Theorem 2.6 and [Verfiirth, 1996,
Proposition 3.8|, [Verfiirth, 1998, Proposition 4.1].

3.5 NUMERICAL RESULTS

We report some numerical results on the solution of (3.1). The data of the problem is given by

Q=(0,1)% yal,y) = exp(x) sin(y),

(3.17)
a = 0.05, ug, = —3, up=1.

On each mesh, we use P* elements with k € {1,2} and solve (3.6). The solution on a fine mesh is
depicted in Figure 3.1.

In the following, we will compare the results obtained by the error estimator from Theorem 3.3 with
the results obtained by applying an energy-based error estimator given by

. 2
n?{,state.euergy = hf{ llun + Ayn —yn 2},2(1() + Z h’i{ H[[vyh]]"HL‘Z(E)7 (3.18a)
EBe&(K)
2 2 2 1 2
Nk adjoint,energy = Nic 1Yd = Yo + Apn — PrllT2 k) + Z hic H[[Vph]]nHy(Ey (3.18b)
Ec&(K)
1
N energy = M state.energy + o Nk adjoint,encrgy T Qi VI (3.18¢)

This is the error estimator suggested in Kohls et al. [2014] with a slight modification in the term g vi.
The precise estimator of Kohls et al. [2014] would be obtained by setting
pn(x)

Pn(x) = pu(z), Un (%) = Projju, (a),us (2)] 0

12
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of (3.1) to a triple (yn,un,pp) of finite element functions. By the theory of Section 2, we obtain an
estimate for the error
_ _ 1,
17— ynllz2() + alla —unlz2@) + S 17 = prllz2c), (3.2)
see (2.12), and we have to provide a-posteriori estimates for the error contributions in the PDEs

lon — A (ya — yn)llzzey, Ny — A unllz2(), (3.3)

and in the variational inequality

l5n — pallee),  Nan — unll2(o) (3.4)
see (2.11).

The finite element discretization is briefly introduced in Section 3.1. In Section 3.2 we recall some
standard arguments leading to an L?(Q)-error estimator for the error in the state and adjoint equation.
The numerical evaluation of the error in the variational inequality is discussed in Section 3.3. Finally,
we present some numerical results in Section 3.5.

3.1 FINITE ELEMENT DISCRETIZATION

We briefly introduce the required assumptions on the finite element discretization. We consider a
triangulation 7 of €2, see [Brenner and Scott, 2002, Definition 3.3.11]. In particular, we have Q =
Uker K and the triangulation has no hanging nodes. We define the cell size

hg = diam(K) for all K € T
and the radius of the largest circle contained in K
pk :=sup{r > 0: B,(z) C K for some z € K}.
Using the triangulation 7, we define the Lagrange finite elements of order k, k > 1,
P i={v:C(Q) 1 v € PH(K) for all K € T},

see [Brenner and Scott, 2002, Section 3.2]. Here, P*(K) is the space of polynomials of degree at most
k on the triangle K € 7. This space P* is be used to compute approximations (y,up, pr) C (P*)? of
(y,u,p), i.e. we solve the discretized optimality system

(Ayn, vn) = (Bup, vp) Yoy, € P* (3.5a)
(A" pr, vn) = (C*(Ya — Yn), vn) Yoy, € P* (3.5b)

ph(zﬂ

up (i) = Projjy, u,) for all Lagrange nodes x; of T, (3.5¢)

compare (2.3) and (2.4).
Note that the variational inequality (2.3c) is discretized by applying the projection (2.4) at each La-
grange point only.

We denote by K and M the stiffness and mass matrix associated with (3.5). That is, (Kvs, ws) =
(A, wp) and (Muwp, wi) = (vh, wh)L2(q) for all vy, wy, € Pk. The discrete solutions (yp,un,ps) are
obtained by solving the system
Kyn = Mup, (363')
Kpn =M (ya = yn), (3.6b)

un(7;) = Projpy, u,] palzi) for all Lagrange nodes x; of T. (3.6¢)

Here, the desired state yq is replaced by an interpolation.
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3.2 ERROR OF THE FE DISCRETIZATION

As an ingredient for our error estimate (2.11), we need an a-posteriori error estimate for the discretized
solution of a PDE in the L?(f2) norm, see (3.3). Such an estimate is well known and can be found
in, e.g., [Verfiirth, 1996, Proposition 3.8]. We will recall some standard arguments leading to such an
a-posteriori estimate since we have to use similar arguments to derive an error estimate in L2(9<2) in
Section 4.1.

We consider the solution w € H!() of the PDE
Aw=F (3.7)
and its discrete solution wy, € P¥ with

(Awp, vp) = (F, vp) for all vy, € P*. (3.8)

Here, F € H'(Q)' is given by
F(v) = / fvder/ gvds,
Q 0

with f € L?(Q), g € L?(99). When applying the results to the state y;,, we will set f = uy, and, similar,
f = ya — yn, for the adjoint state pj. In both cases, we set g = 0.
Following [Brenner and Scott, 2002, Section 9.2, we introduce ¢ € H'(Q) solving the dual equation

(Ap, v) = /(w —wp)vda for all v € H'(Q). (3.9)
Q
Using standard arguments (integration by parts on all cells K € T), we arrive at

lw —wall3zq) < D IF + Awn —whllr2(x) e — @nllzacr
KeT

+ ) IVenlall e lle = o
Eec&(T)

(3.10)

L2(E)

for arbitrary ¢, € P¥, see [Brenner and Scott, 2002, Section 9.2| for similar arguments in the case of
homogeneous Dirichlet boundary conditions. Here, £(7) are the edges of the triangulation 7. The
expression [Vwy], on an edge E denotes the jump of the normal derivative in normal direction and is
defined as follows

[Veonla(z) = {

lim o nT{th(w +en) — Vuw(z — en)} in case E ¢ 09,
iwh(z) —g(z) =n" Vuy(z) — g() in case E C 09,

an

(3.11)

where the vector n is the (outer) unit normal vector of E at point 2 € E. Note that for edges E on the
boundary, the jump term [Vwy], is the residuum for the Neumann data.

Since the solution ¢ of the dual problem (3.9) satisfies
llellz2) < ellw —whllL2@)s

see [Grisvard, 1985, Theorem 3.2.1.2], we can set ¢, = Z¢p, where Z : C(Q) — P* is the nodal
interpolation. For the nodal interpolation, we have the following error estimates.
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Proof. The estimate on the cell is standard in case of integer m. The case of non-integer m can be found
in [Feistauer, 1989, Theorem 2.19]. The proof for the estimate on the edge is similar and straightforward.

We emphasize that the constant cg m,, does not depend directly on the triangulation 7, but only on
its chunkiness
v7 :=max{hi/px : K € T}.

Using these error estimates for the interpolation with m = 2 in (3.10), we obtain the following theorem
by standard arguments.

Theorem 3.2. Let us denote by w € H'(Q2) and wy, € P* the solutions of (3.7) and (3.8), respectively.
Then,

lw = wall3z0) < e > ks (3.12)
KeT

where the local error indicator ny is defined by

2
0% = hi || f + Awy, — whHZLg(K) + Z B Hﬂth]]nHLQ(E). (3.13)
Ec&(K)

Here, £(K') denotes the set of all edges of the triangle K.

Lemma 3.1. Let m € (1,k + 1] be given. Assume that hx /px < v holds for all K € T. Then, there
is a constant cj -, such that

lv=Zvllrex) < cromy B 0l (50),

lv = Zvll2p) < Chomyy h$71/2 [v] zrm (1)

for all triangles K € T, all edges E of K and all v € H™(K).
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We emphasize that the constant ¢ in (3.12) does not depend on the triangulation 7, but only on its
chunkiness y7, compare Lemma 3.1.

For problem (3.1) this error estimate is used for the state and the adjoint equation. To this end, let
(yn, un,pn) € (P*)® be given. In order to apply the error estimate (3.12), we assume that y, solves the
discretized state equation (3.5a) and py, the discretized adjoint equation (3.5b). For each cell, we define
according to Theorem 3.2 the local contributions

2
"?{,statc = }L}l( ler, + Ayn — yh”%ﬂ(}() + Z h?{ H[[Vyh]]nHLZ(Ey (3.14a)
Ec&(K)
2
Wit adjoint = Pic [Ya = yn + 8pn = pallTaey + D b [1IVPADn o) (3.14b)
Ec&(K)

Now, Theorem 3.2 implies that

lyn = A unlFe) <€ D Mksae  and (3.15a)
KeT

llpn = A (ya = ) 120y S € D Madjoint (3.15b)
KeT

hold for some constant ¢ > 0.

We remark that [Verfiirth, 1998, Proposition 4.1] shows the (local) efficiency (up to higher order terms)
of the error estimator for a similar problem.

3.3 ERROR IN THE VARIATIONAL INEQUALITY

It remains to construct (iy,, pp) satisfying Assumption 2.5. As discussed in Section 2.2, this can be done
by solving (2.15) for each point z € . Finally, we have to integrate

- ~ i
N1 = /K = Ipr — Bnl? + un — tn|? da (3.16)
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