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Finite element approximation of Dirichlet boundary control for
elliptic PDEs on two- and three-dimensional curved domains

Klaus Deckelnick® Andreas Giinther'& Michael Hinze!

Abstract: We consider the variational discretization of elliptic Dirichlet optimal control problems
with constraints on the control. The underlying state equation, which is considered on smooth two-
and three-dimensional domains, is discretized by linear finite elements taking into account domain
approximation. The control variable is not discretized. We obtain optimal error bounds for the optimal
control in two and three space dimensions and prove a superconvergence result in two dimensions
provided that the underlying mesh satisfies some additional condition. We confirm our analytical
findings by numerical experiments.
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1 Introduction

Dirichlet boundary control plays an important role in many practical applications such as
active boundary control of flows. If one is interested in control by blowing and suction on parts
of the boundary only, boundary controls with low regularity should be admissible which even
may develop jump discontinuities. In model based optimization with boundary controls the
flow often is modeled with the help of the Navier-Stokes equations whose classical variational
formulation does not allow for Dirichlet boundary data with jump discontinuities, see [6, 9],
so that the concept of very weak solutions [11] has to be applied instead, see [2] for a more
detailed discussion. Moreover, pointwise bounds on the control actions have to be considered
in practice.

In the present work we consider as model problem Dirichlet boundary control of an elliptic
equation with L?-boundary controls subject to pointwise bounds on the controls. The state
equation is posed on a bounded, smooth domain in R%, d = 2,3. Our aim is to develop and
analyze a finite element concept which is tailored to the numerical treatment of pointwise
bounds, and at the same time is able to cope with the low regularity of the control and the
state. To this purpose we propose an approximation of the state equation using piecewise
linear, continuous finite elements taking into account domain approximation. The controls
are not discretized explicitly, but implicitly (variationally) through the optimality conditions
associated with the discrete optimal control problem. Our main result, see Theorem 4.1, is an
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O(h+/|log h|) bound for the L%-error of optimal control and state. In two space dimensions
and under additional conditions on the underlying mesh we are able derive the improved
error bound O(h%), which reflects a superconvergence effect.

There are only few contributions to Dirichlet boundary control reported in the literature.
Casas and Raymond in [5] consider semilinear elliptic Dirichlet boundary control problems
with pointwise bounds on two-dimensional convex polygonal domains ). Denoting by u the
optimal control they are able to prove the optimal result

lu — upllo,00 < Chl=Vp,

Here, uj; denotes the optimal discrete boundary control which they find in the space of
piecewise linear, continuous finite elements on 0f2, and p > 2 depends on the smallest angle
of the boundary polygon. For control functions of the form

n
Bg:=> af;
=1

with given f; € H%/?(T') and box-constrained ¢ € R™, Vexler in [14] provides a finite element
analysis for two-dimensional bounded polygonal domains and proves

lg — qnll < Ch2.

In a recent paper [12] May, Rannacher and Vexler consider Dirichlet boundary control with-
out control constraints on two-dimensional convex polygonal domains, where they present
optimal error estimates for the state and the adjoint state. Important ingredients are duality
techniques and an optimal error estimate in H /2 for the control.

Our paper is organized as follows. In the next section we present the mathematical setting
and formulate the optimal control problem. In Section 3 we examine the finite element
discretization of the state equation taking into account the approximation of the domain. In
Section 4 we introduce the discrete control problem and prove an optimal error estimate for
the discrete controls. Section 5 deals with superconvergence properties of boundary controls
induced by finite element partitions with certain regularity properties. In Section 6 we finally
present numerical results which confirm our analytical findings.

For a domain or hypersurface @ and s > 0,1 < p < oo we denote by W*P(Q) the usual
Sobolev space and by | - [|sp.o its norm. If p = 2 we write W*2(Q) = H*(Q) with norm

- lls.@-

2 Mathematical setting

Let Q C RY (d = 2,3) be a bounded domain with a smooth boundary I' := 9 and consider

the differential operator
d

Ay = — Z Or; (aijy,) + aoy,

i,j=1
where for simplicity the coefficients a;; and ap are assumed to be smooth functions on Q. In

what follows we assume that a;; = aj;, ap > 0 in € and that there exists ¢y > 0 such that

d
D aij(@)€&; > colé]*  for all ¢ € RY and all z € Q.
ij=1



Given f € L?(Q),u € L*(T") we consider the boundary value problem
Ay=f inQ, y=wuonT. (2.1)

It is well-known that (2.1) has a unique solution y € H %(Q) which we denote by y = G(u).
Note that y solves the problem in the sense that

/yA¢:/fq§—/u6,,A¢ Vo € H*(Q) N HY(Q), (2.2)
Q Q r

d
where 0, ,¢ = Z aijgi)xj v; and v is the outer unit normal to I'.
ij=1
In order to define an approximation of (2.1) we also introduce the bilinear form a : H}(£2) x
HE(Q) — R associated with the differential operator A as

Z/ az]yarlzm]"i_aﬂyz)

1,j=1

Next, let o > 0 and yo € W17 (Q), ¥ > d be given. We then consider the Dirichlet boundary

control problem
min J(u / -+ [ luP
u€Vaq r (2.3)

subject to y =

where
U = {u e L*(I")|a <u<bae. onT}.

Existence of a unique solution u € Uy,q of (2.3) follows by standard arguments. This solution
is characterized by the variational inequality

/(y—yo)(z—y)+a/u(v—u) >0 Vo € Unq (2.4)
Q r
where z = G(v). Let us introduce the adjoint state p € H?(2) N H}(£2) as the solution of the
following boundary value problem:

Ap=y—yinQ, p=0onT. (2.5)
It is not difficult to see that the optimal control u is given by

u= Py (é@,,Ap) a.e.on I’ (2.6)

where P,y denotes the pointwise projection onto the interval [a, b].

Lemma 2.1. Let u € Uyy be the solution of (2.3) with corresponding state y and adjoint
state p. Then

ue H'(T), ?JEH%(Q)7 p € W3(Q) for some d < r < T.

Proof. Elliptic regularity implies that p € H*(f2) and hence 8, ,p € H %(F) In view of (2.6)
we then have u € H%(F) (cf. [5], p. 1590) which in turn yields y € H'(Q2). Repeating the
above argument we obtain p € H3(Q) and then 9,,p € H%(F) Therefore u € HY(T) and
y € H %(Q) Using an embedding theorem, the above regularity of d,,p also implies that

we Wt "(T) for some 7 > d. Hence, y € W"(£2) and since yo € W17(Q) we finally obtain
p € W3T(Q) for some d < r < 7 again by elliptic regularity. 1



3 Finite element discretization

Let 73 be a triangulation of a polygonal domain €); approximating ). We assume that all
vertices on 082, =: I'}, also lie on I' and that at most one face of a simplex T € 7;, belongs to
I'y,. Furthermore, we suppose that the triangulation is quasi-uniform in the sense that there
exists a constant x > 0 (independent of h) such that each T' € 7}, is contained in a ball of
radius k~'h and contains a ball of radius kh, where h := maxrer, diam(7) is the maximum
mesh size. For every T € 7T}, there exists an invertible affine mapping

Fr:RY* =R Fr(i) = Ard + by,

which maps the standard d—simplex T onto T Besides the triangulation 7;, which will be used
to define the discrete problem and to carry out the practical calculations we also introduce
an exact triangulation 7;, of 2. The existence of such a triangulation for sufficiently small h
is shown in [3]. In essence, for every T' € 7}, there is a mapping ®r € C3(T R?) such that
FT = Fp + &7 maps T onto a curved d— simplex TcQ and 0= UTeT T. Furthermore, the

mapping G}, which is locally defined by Gy r := Fro F; " is a homeomorphism between 2,
and €. The construction in [3] also implies that &7 = 0 if T has at most one vertex on I'y, so
that Gj, = id on all simplices which are disjoint from I'j,. Furthermore, we have the estimates

SugH(DGmT — D@ <Ch, ||Ghllzeor <C, TeT,

sup | DEr(2)|| < Cl|Ar|, sup |DE; ()| < ClALY, TeT, (3.1)
z2eT zeT

A

c1|det Ap| < |det DEp(#)] < cg|det Ap|, & eT.
Let us next define the space of linear finite elements,
X = {¢n € C°(W) [ oz € PI(T), T € T}

as well as Xp9 := X N HE(Qy). Let vX), be the restriction to I', of functions in Xj and
denote by Py, : L?(T',) — X}, the L*projection, i.e. for v € L?(T'},) we have

/ VXp = / Pro xpn Vxn € v Xp. (3.2)
T Ts

Let us introduce an approximation to the solution operator G as follows. For a given function
up, € L2(T'},) we denote by y, = Gp,(up) € X}, the unique solution of

an(Yn, on) = Inon, Yon € Xno,  yn = Pn(up) on I'y, (3.3)
Qp

where

an(Yn, on) = Z/ (hijYn.e; Ohz; + anoYnon)

i,7=1

and ap;; = a;j o Gp,ap0 = ago Gy and f, = f o Gy,

In order to deal with the problem that the solutions of (2.1) and (3.3) are defined on different
domains we assign to each ¢, € Xj, a function ¢, : Q — R by ¢p, := ¢y, 0 Gh and let

Xy = {on|on € Xp} as well as vX), = {nr | dn € X}



It is not difficult to verify with the help of (3.1) that for yy, ¢ € Xp,

\a(Gh, &) — an(yn, o) < Chllinll,a, |onll,a, (3.4)

where A, = {z € Q|dist(z,I") < yh} and 7 is chosen so large that [z T C Ap.

Next, by adapting the methods developed in [13] it is possible to show that there exists an
interpolation operator II, : L'(Q) — X}, such that for ¢ € W'P(Q) (1 <1 < 2if p = 1,
% < 1 < 2 otherwise)

¢ — o) mpQ S Chl_mWHz,p,n’ 0 < m < min(1,1). (3.5)

In addition it is possible to construct IIj, in such way that ¢ = 0 on T provided that
¢ =0onT.If $ € C°(Q) then we can also define the usual Lagrange interpolation operator
Iy : c'(Q) — X, via I = In(poGp)o G;l where Iy, is the Lagrange interpolation operator
corresponding to Xp.

Abbreviating gj, := Gy, we define for v € L*(I") the projection P,v := [Py, (vogy)]o g}jl €

~X},. In view of Lemma 3.1 in [10] we have
/ v = / vog,'d, whered,=detDG;'|(DG})" o G}y (3.6)
Iy, r
Applying (3.6) to (3.2) we see that P}, is characterized by the relation

/F X dp, = /F Pov Xndn  YXn € 7 X (3.7)
Furthermore one can show that
v — Pyollor < Ch¥||Jv||sp, v € HT), 0<s<2. (3.8)
Next we prove an L? error estimate for g, compare also [2].

Lemma 3.1. Suppose that f € L*>(Q),u € H*(T') (0 < s < 1) and that y € HS+%(Q), yn € X
are the solutions of (2.1) and (3.3) with up, = w o gy respectively. Then there exists hy > 0
such that for 0 < h < hg

- sl
ly = gnlloe < CR2 ([lulls,r + 1 fllo.0)- (3.9)

Proof. In view of the linearity of A it is sufficient to consider the problems where either
f=0oru=0. ,
Let us first assume that f = 0 and take s = 1. We denote by y" € H2(Q) the solution of

a(y",¢) =0 VYo e H}Q), y"=Pu onT. (3.10)

Clearly,
15" s+ 1.0 < ClPrulsr, 0<s<1. (3.11)

Let us choose ¢, = ﬁh[yh —up] = ,y" — §5. Note that ¢, € Xpo since y* = g, on I'. The
ellipticity of A and the fact that ag > 0 imply together with (3.10) and (3.3)

o /Q V(" — ) < aly” — Gy — )

a(y" = gn,y" — Wpy™) + a(y" — G, Wpy™ — Gn)
= a(y" — Gn.y" — Wpy™) + [an(yn, (py™) o Gr — yn) — a(fn, Tpy™ — )]
= I+11.



In view of (3.4), (3.5) and Poincaré’s inequality we have

|11 Chl|gnll1,0Tny" — Gnll1.0
Ch(lly" e+ 11¥" = Gnllne) (Iv" = Tyl + Iy" = gn

~ 3
(e +CRIIVE" = gn)li5q + Ceh? IthH%,n-

IA N

l1,0)

IN

Estimating I with the help of (3.5) and Young’s inequality we obtain for 0 < h < hg, ho
sufficiently small

ly" = Gnlle < CVAIY" |13 o- (3.12)

In order to estimate the L?norm of y — §;, we employ the usual duality argument, namely
denote by 1 € H?(Q) the solution of

Ap=y—g, inQ, =0 onl. (3.13)

Then, (2.2) and integration by parts imply that

T

/ ly — Gnl* = /(y — Jn)AY = —a(gp, ) — /(u — Pyu)d, 0 =T +1I1.
Q Q

Observing that 1, [y € HY(Q), I(¥ 0 Gp) € Xpg we infer from (3.3) and (3.10)

—_—

I = a(" —gn.b — ) + [—a(Gn, In(v 0 G1)) + an(yn, In(1 0 Gp))]
3 ~ .
< Ch?Hthg,QW 2,0 + Chl|gnll1,4, 1n¥ 1,4,

by (3.12), (3.4) and an interpolation estimate. Next, using the continuous embeddings
H2(Q) — L3(Q), HY(Q) — L5(Q) as well as (3.12) we obtain

Il an < 19" la, + 19" = Gl < ClAWSIIY 15,0, + CVRIY |3 o < CRE 4" .
Tntla, < 6l + 16— Blua, < ClAlS [Glle.a, + Chlldllza < ChE[|¢].0-
Thus,

1] < O [lg"l3 o llla.0 < CRE | Pyullr [¥l]2.0 (3.14)
in view of (3.11). For IT we obtain with the help of (3.7)
1= - [ B+ [ (- P, i - 1) (3.15)

= - /(U - Phu)(au,ﬂﬁ - Phaqu)dh + /(u - Phu)auA¢(dh - 1)
T T

and hence using (3.8) and (3.1)

lirllv

3 3
(11| < ChE ullypll0va el p + CR?[lullr [0, llor < ChZ|lu 2,0

Combining this bound with (3.14), the stability of P, in H'(I') and a standard elliptic regu-
larity result we deduce that
3
ly = y"llo.c < Ch2lullyr. (3.16)

Let us next look at the case s = 0 and define ¢» € H2(Q) N HZ (Q) again via (3.13). As above
we obtain

/|y—g]h|2:I—|—II.
Q

6



Using (3.14) together with an inverse inequality we have

3 1, ~
|| < Chz|[Ppull1rl[¢llze < Ch2 || Pyullor||v

2,0

Returning to (3.15) we infer for the second term

111 < C(Jlu

~ 1 1
or + [Prullor) (210,48l + BlIOvs ¥ llor) < ChE[Jullor[[]l2.0-
Combining the above two bounds we deduce that

_ i
ly — nllo.o < Chz|lulo,r (3.17)

The case 0 < s < 1 then follows from (3.16) and (3.17) by interpolation.
If u =0, f € L?(Q) we can proceed in a similar way as above, starting with a bound of the
1,0 < Chl fllo,q followed by a duality argument to give

form ||y — 7

~ 3
1y = rllo.o < Chz|[fllo.0-

Since our primary interest lies on the boundary values we leave the details to the reader. I

Our next aim is to bound the discrete solution corresponding to f = 0 in terms of ||u/|or. In
order to formulate the result we introduce the distance function dr(z) := dist(z,T"). It follows
from [7], 14.6 that there exists § > 0 such that dr € C3(£2;), where 2, := {x € Q|dr(x) < r}
for r > 0. Choose a function n € C3(Q) such that 0 < n < 1, n(x) = 1,z € Q% and

n(z) =0,z € Q\ Qz_;s Then, p(x) := n(x)dr(z) + (1 — n(:n))%, z € Q belongs to C3(Q) and
satisfies ‘ 5
p(x) = dr(x), a:ng, p(x) > 3 er\Q% (3.18)

Furthermore, let
w(z) = p(x)+h, ze€.

Lemma 3.2. Let u € L*(T') and suppose that z, € X}, is the solution of
ah(zh, (Z)h) =0 Vo¢n € Xpo, 2n= Ph(u o gh) on I'y,. (319)
Then
/Q(\zh\? +w|VZ[*) < Cllullf - (3.20)

Proof. Let y" be again the solution of (3.10). Since (Pyu) o g, = Py(uo g) and P? = Py,
Lemma 3.1 for s = 0 implies that

0.0 < CVh||Pyullor < CVh||ullor (3.21)

ly" = Zn
Combining this estimate with (3.11) we deduce

IZallog < lly"llo.0 + CVAl[ullor < Cllulor (3.22)
On the other hand, an inverse estimate, (3.5), (3.11) and (3.21) yield

192000 < 19— TMlloe + 19 e < ChY 12 — Ty log + Clly e (3.23)
~ _1 ~ _1
< WYz~ yPloa + Clly"llua < Ch 3 |lullor + ClBaully p < Ch™3[lufor




It remains to bound / p|VZ, |2 The ellipticity of A and the fact that ag > 0 imply
Q

d d
- . I 1 -
co/Qp|Vzh|2 < E /Qpaijzh,xizh,xj < a(zZp, pzp) — 3 E /Qal-jpxi(z,%)xj =I1+411.

4,j=1 1,7=1

Since p(z) = dr(z) = 0,z € I', we have that ¢, := Ih((p ) Gh)zh) € Xpo. Hence, (3.19) and
(3.4) yield

I = a(,%h,péh - jh(pgh)) + [a(%h,fh(péh)) — ah(zh,Ih((p ] Gh)zh))] (3.24)
< Clzlhallozn = In(pzn)llhe + Chlznll,a, [Ha(pZ0) 11,4, -

For fixed T' € T}, we have observing (3.1) together with the fact that z;, € P (T)

lpzn — fh(Pgh)HLT .
< Clitpo Gn)an — In((p © Gr)zn)llar < CHIID*[(p © Gzl flor
< Ch(lznD?(po Gallor + 11V (p o Ga) ® Vanllor + V2 © V(oo Gi)lor)
< Chllznllir < Chllzally 5

where ® denotes the dyadic product of two vectors. In particular
Vo2l 2 < 1o%n — T3y 7+ 193l 7 < Cllanlly 2 (3.26)
Inserting (3.25) and (3.26) into (3.24) we deduce with the help of (3.22) and (3.23)
I < Chznlli o < Cllullfr- (3.27)
Finally, integration by parts and (3.22) imply
1 1
IT = ) Z /(aijvm]'pwi +aijprﬂj)5f2z_ ) Z /ayApiQL
i,j=17% ij=171
< C(I1ZnlI3.0 + IZl8.r) < C(lullfr + 1 Prullr) < Cllullg -

Combining this estimate with (3.27) completes the proof. 1

4 Error analysis for the control problem

We approximate (2.3) using the variational discretization from [8]. This leads to the following
control problem depending on h:

. 1 2 0‘/ 2
min Jy(up) = = — + —= u
S w(up) 2/Qh [Yh — Ynol 5 Fh| bl

(4.1)
subject to yn, = Gn(up),

where Up aa = {un, € L*(T') |a < up < b ace. on Iy} and yp o = yo 0 Gy It is not difficult to

see that (4.1) has a unique solution uj € Uj aq and that this solution is characterized by the
variational inequality

/Q (Yn — Yn,0)(zn — yn) + a/ up(vp —up) >0 Yoy € Upaq. (4.2)
h T'n



Here zj, = Gp(vy) € Xp,. It is easy to show that (compare (2.6))
1

up = P[a,b](aagAph)v (4.3)

where py, € X3 and 8,]} Ph € 7 X, are defined by

an(dn,pn) = / (Yn — Yn,0)0n Von € Xno

Qp

and
/ (O .pn)wn = ap(wn, pp) — / (Yn —yno)wn  Ywy € Xp.

INN Qp

Theorem 4.1. Let u and uy, be the solutions of (2.3) and (4.1) with corresponding states y
and yp, respectively. Then

lu =@ llo,r + [y = Gnllo < Chy/|loghl
for all 0 < h < hg. Here, 4, = uy, oglzl.

Proof. Using v = 1y, € Upq in (2.4) and vy, = uo gy € Up aq in (4.2) we obtain

Jw=me" = +a [u@m-u = o (4.4)

Q r

/ (yn — yn,0)(zn — yn) + Oé/ up(uogp —up) > 0 (4.5)
Qn I

where y" = G(uj, 0 g; ') and 2z, = G (u o g;,). Transforming (4.5) to 2 and T respectively we
obtain

/Q(ﬂh — yo)(,%h — gh)‘detDG;” + a/ ﬂh(u — ﬂ,h)dh >0
I

or equivalently

[ =) =)+ o [ anu=n) 6 0 (16)
where, using (3.1),
16, < Ch(|Zn — Gnlloe + lu — @nllor) < Ch(lly — Gulloe + ly — Zulloe + lu — @nllor)
< e(ly =l o+ lu — @nllg r) + Ceh® + Clly — 2[5 o- (4.7)

Combining (4.4), (4.6) and (4.7) we deduce
aflu — ap|§p < /Q(y —yo)(y" —y) + /Q(?Jh —40)(Zn — Un) + On
— [+ [ - [ -9 - G- ) + 6
Q Q Q

~5lo=dnle — [ - w)(w-") - G- )

6.0+ llu—anllgr) + Ceh® + Celly = Zll§ o

IN

+e(lly — 9

and hence after choosing € > 0 small enough and recalling Lemma 3.1
o - 1 - ~ -
Sl + o =il < 0 = [ w=m)(w=9") = G-i). @8

9



Using (2.5), (2.2), integration by parts, the definition of P, and the fact that ay, (zh—Yn, &) =
0 for ¢, € Xpo we obtain

/Q (0 —0) (0 — ") — i — ) = /Q (v — ") Ap — /Q Gh — i) Ap

= - /(U — )0y 4p — alp, Zn — Gn) + / D (u — y) 0y ,p
T I

= —alp—Iyp, Zn — Gn) — /F((U — @p) — Py(u—0p))0,,p

+Han(In(p o Gr), 2 — yn) — a(lnp, 2, — Tn)]
= [+ II+III (4.9)

The first integral is estimated with the help of an interpolation inequality and Lemma 3.2:
-1 DI s A2
1< ([0 - D) ([ w96 - )

1 5 1\ & -
< ChHPHZOO,Q(/ w2 [lu— gl < CthHs,r,Q(/w N2 [lu — i o,
Q Q

=

In view of (3.18) and the coarea formula we have

. 1 2 5 1
w < + -<C dAdt + C < Cllogh|
Q 2 dr +h 2\0, 0 0 J{dp=r} T+h

so that
1] < ellu — @l - + Ceh?|log bl (4.10)

Next, Il = 117 + 115 where
I, = — /F((u —ap) — Ph(u — ﬂh))a,,Apdh
I, = /F((u —dip) — Py(u — @) 9y, p(dp, — 1).
We infer from (3.7) and (3.8) that

I o= |- /F (u — 1) (Byup — Brdyp)d |

3 _ .
Ch2 [ Oyplls pllu — nllor < ellu— g p + Ceh®.

IN

On the other hand, (3.1) implies
|[I15| < Chllu—apllo,rl|8y4pllor < €llu —ap|[§r + Ceh®

so that in conclusion
11| < el|u— apf5 p + Ceh®. (4.11)

Finally, recalling (3.4) we have

11|

= - - 1 ~ ~
Chl[Tnpll1,a, 120 — Jnllie < ChIAR2 (Pll1,00,4, |20 — Fnll1.0
Chllp||1,00,0llu — T llo,r < €llu — |3 + Cch® (4.12)

in view of Lemma 3.2. Inserting (4.10), (4.11) and (4.12) into (4.8) and choosing e small
enough yields the result. |

<
<

10



5 Superconvergence

In the following section we demonstrate that it is possible to improve the order of convergence
under additional conditions on the underlying mesh. We assume from now on that d = 2
making use of the theory developed in [1], where the following definition can be found:

Definition 5.1. The triangulation 7}, is called O(h??) irregular if the following holds:
a) The set of interior edges of 75, can be decomposed into two disjoint sets & and & with
the following properties:

e For each e € & let T,T' € T, with TNT’ = e. Then in the parallelogram formed by
T UT' the lengths of any two opposite edges only differ by O(h?).

o Yeee,(ITI+T]) = O(h*7).

b) The set of boundary vertices P can be decomposed into two disjoint sets P; and Py with
the following properties:

e For each vertex z € P; denote by e C T, ¢’ C T” the two boundary edges sharing x and
let ¢, ¢’ be the unit tangents. Also denote by e, f,g and €', f’, ¢’ the edges obtained by
making a clockwise traversal of T, 0T" respectively. Then

|t —t'| = O(h).|e| = [e'| = O(h?), | f| = |f'| = O(h?), |g| — |¢'| = O(h?).
e |P3] < C where C is independent of h.

The following result is essentially proved in [1], Lemma 2.5 for functions f belonging to
W3°°(0Q). Since we would like to use a corresponding estimate for the solution of the adjoint
problem which only belongs to W37 (Q) for some 7 > 2 we require a suitable modification
allowing a boundary term of the discrete test function ¢y,.

Lemma 5.2. Suppose that the triangulation Ty, is O(h%?) irreqular and let f € W37 (Qy,) for
some r > 2. Then

|| V(= Inf) - Vonl < Cllfllsme, (R0 16410, + h2

) Von € Xy,
Qp

Proof. Lemma 2.3 in [1] gives

V(f Inf)-Von = Z/Vf Inf) - Vén

TeTy

S funldoaZh S [ S i

TGTh eCoT TeT), IA|=3,|p|=1

Here, ¢. is the quadratic function vanishing at the endpoints of e and being equal to i at the
midpoint. Furthermore, n is the unit normal to e pointing away from 7T while ¢ denotes the
unit tangent with the tangents on 9T being oriented counterclockwise. The numbers ., G,
and 77,5, depend on the geometry of 7" and their precise form can be found in [1]. For our
purposes it is sufficient to note that the conditions in Definition 5.1 imply

lael, 1Bels hmaul S CR?, e € & UE, (5.2)
loe —al|, |Be — BL| < Ch3, TNT =ecé&, (5.3)
Qe — o, |Be — Ber| < CR3, e, CTh,ene ={z},z € Py.
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In view of (5.2) we have
12| < CR?| flls. 0, 9nll10,- (5.5)

Next, we write as in [1]
I = Ity + Lz + ©s,

where
92
o f 3% .
Ilj = Z/Qe Qe — & 8t2 +( 875871} J = 1727
e€é;
52f Obn
hs = ;/qe{o‘eaﬂ “oton’ ot
eClp

Arguing as in [1] we have
111l + [ T12| < C(R* + W) fllz00.0, [ 0n 110, (5.6)

In order to treat I13 we proceed in a slightly different manner compared to [1]. Let us set

0% f 0% f
Be(f).—ozeatz—|—ﬂeata ,eCTy, aswell as Be( ‘/
Then we can write
(9 8 (9
Z/Qee (bh Z/Qe e - ¢h+2/ d)h
eCl'y, eCI'y, eCl'y,

A Poincaré type inequality along with a scaling argument yields for g € HY4(T)
1 1_2 1 2
lo =7 [ oloae < ORI Vallogr, ecomi+Z—=>0 (57)
e

Applying this estimate with ¢ = ¢ = 2 and using (5.2) as well as an inverse inequality we
deduce

| Z /Qe(Be(f) _Be(f))%

eCl'y, €

< C Y Be(f (NloclVenrlloe < CR?| fllz0l

eCl'y,

For the second term we write as in [1]

8¢ 8<b 8¢> le|
> /‘Je .= h/ =2 B ath 6

BCF CFh

— EZ(Be(f) <f>>¢h<> 6Z(Be<f> e (1)) bn(@),

z€P x€EP2

where e and ¢’ are the edges sharing z. Using (5.4) as well as |t —t'| = O(h) for ene’ = {z}
we have for x € Py

[Be(f) = Ber () < [Be(f) = Be(f)(@)] + [Ber(f) = Ber (£)(@)] + | Be(f) () = Ber () (@)
< C(HBe(f) - Be(f)HO,oo,e + ”Be’(f) - Be’(f)HO,oo,e’) + Ch3|D2f(£L‘)‘

2
< CP* | fllspror
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by (5.7) with ¢ = 00, § = r. On the other hand we have for x € e C T
1 _2
|6n(@)] < [|nlloc,e < Ch™2|@nllo.c + Ch' ™ [V nllom 1
Thus,

| D (Belf) = Bar(f))dnl2)|

zeP
2 -3 —
< WS (fllmaor (W Idnlloe + B [Venllor)
z€P1
5_2 g : =
5 2 = 2 2 T
< O (S er) (X lenl)* (30)
TeT eCFh reP
1 1
4-2-2 B / i
e E (S 1) (X 190l r)
TGTh TETh
_1
< CRH fllsranliénlor, + Ch2 flsra, [V énlogn.

since > .p1 < Ch™! and 7’ < 2. Furthermore, recalling that [P < C,

| > (Be(f) = B () én(@)] < CBD?fllooor 16nllo.0or, < Ch2lf

r€P2

I3, |nllo,r,, -

In conclusion,

3
|Lia| < CRE | flla 0 6nllors + CR2 fllsr.0u [V énllo,gy- (5.8)

Combining (5.8) with (5.6) and (5.5) we finish the proof of the lemma. 1

Remark 5.3. Lemma 5.2 continues to hold if the triangulation 7}, is piecewise O(h??) irreg-
ular, that is, if Q, can be written as the union of a bounded number of polygonal subdomains
each of which is O(h??) irregular (cf. Theorem 4.4 in [1]).

In order to simplify the subsequent analysis we assume from now on that € C R? is convex
and that A = —A. As a consequence, ), C Q and yp, = Gx(uyp) is defined by

) Vyn - Vo, = ) fon, Voén € Xno, yn = Ppl(up) on I'y, (5.9)
h h

where P, is again given by (3.2). We extend a function ¢, € X}, to Q as follows: if Q. is the
subset of '\ Q5 bounded by the boundary edge e C T'N T, and the curved segment é C T,
then ¢~>h|ge is given by the linear extension of ¢, from 7. Furthermore, let g5 : I', — I be
defined by

gn(x) =z + 0(x)vp(x), x€eC Ty,

where v}, is the constant normal to I'j, on e and 0(z) is chosen in such a way that g, (z) € T.
Note that gy, is bijective for small h. Given u € H*(I'),0 < s < 1, it follows from Theorem 1
in [4] that

00+ 02 |ullsr), v =G(w),yn = Gu(uogn). (5.10)

0.0 < C(R?|f

ly — on

We are now in position to prove the main result of this section.
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Theorem 5.4. Suppose that the triangulation Ty, is piecewise O(h?) irregular. Let u and uy,
be the solutions of (2.3) and (4.1) with corresponding states y and yy, respectively. Then

. - 3
lw = @nllo,r + [y — Fnlloo < Ch2
for all 0 < h < hg. Here, up, = up, oggl.

Proof. As in the proof of Theorem 4.1 let y" = G(uy, o g}:l), zn = Gp(u o gp). We again have

/(ﬂh—yo)(éh—,@h)+a/ah(u—ah)+6h >0 (5.11)
Q r

where now

5y = — /Q o B +a /F i — i) (dp — 1).

Since |dj, — 1| < Ch? in our situation we obtain

160 < (lyollo.vay, + N1Fnlloorg, ) 128 — Frlloona, + Ch*lu — o (5.12)

Using Lemma 2 in [4] we infer that
lyollo.va, < C(Rllyollo,r + B [lyoll1,e) < Ch.
On the other hand it follows from (2.10) in [4] that for ¢;, € X},
1nllo.ove, < C(Rllénllor, +P2lénlie) < C(hliénlor, +h*|dn

Combining the bounds

\Lgh). (5.13)

_1 _1 _1
lynllie, < C(h™2lunllor, + Iflloe,) <Ch2,  lzn —ynllie, < Ch™2[luo gp — unllor,
with (5.13) we deduce from (5.12)
168 < Ch*(luo gr — unllor, + llu—@nllor) < CR?|lu— dplo,r. (5.14)

Thus, we deduce from (4.4), (5.11) and (5.14) similarly as in the proof of Theorem 4.1
. 1 _ -
ol =l < =5 lly = 3l — [ (0= 90) (0 =5") = (= )
+e(lly = a6, + llu = anllgr) + Ceh® + Clly — Zlli 0

and hence after choosing e sufficiently small and applying (5.10)

« - 1 - ~ -
S =l + gl =il < 0 = [ =) (w=s") = Ga=). (13
Using (2.5) for our case A = —A as well as integration by parts we have
| =)= = =) (5.16)

= - / (y—y")Ap+ / (zn — yn)Ap +/ (Zn — Jn)Ap
Q Qp Q\Qp,

= - /(U —Up)oyp— | V(zn—yn) - Vp+ / Py ((uo gn) — up)0y,p
T Qp Ty

+/ (Zh—gh)Ap551+SQ+Sg+S4.
O\,
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Taking into account (5.9) we infer with the help of Lemma 5.2

1S2] = | o V(zn —yn) - V(e — Inp)| < Clpllsran (B2lzn — yrll10, + h? I2n = ynllor,)
< Ch2|uo gy —unllor, < Ch2llu—inlor.
Since p € H3(2) we deduce similarly as above that
|S4] < Ch?||u — @ l|o,r-

Next, recalling the relation [P,v] o g, = Py (v o g) as well as (3.6) we have
% = / Py(u—an)[Vp-vi]o g, dy
r
= / Py (u—uy)0ypdy + / Py(u—1)([Vp-va] o gyt — Vp - v)dp.
r r

In order to deal with the second term we let y = gp(z) € I'. Since p = 0 on I" we have that
Vp =09,pv on I'. Hence

(Vo val(g, ' (1) — (Vo v)(y) = Vp(z) - vi(x) — Vp(gn(x)) - v(gn(x))
= (Vp(z) — Vplgn(x))) - vi(z )+<9up( n(2)) v(gn(x)) - (va(z) — v(gn(x))

= (Vp(z) — Vp(gn(2))) - vn(z) — up(gh( NI (gn(x)) — va(a)]?,

so that
Vp-vp)ogyt — Vp-v| < Ch? onT

since |gn(z) — x| < Ch?, [v(gn(x)) — vp(z)] < Ch. As a result we may write
S1+ 53 =— /F((u — i) — Py(u — ﬂh))&,pdh +rp=— /F(u — fch)((?,,p — Ph&,p) dp +
where |ry| < Ch?||u — @plor. Now, (3.8) implies
[S1 4 851 < Ch2[19,plls pllu = anllor + Iral < Ch2||lu—anflor.

Returning to (5.16) we finally obtain

|/<y—yo>(<y—yh>—<zh—yh>)| < Chd|
Q

and the result follows after inserting this estimate into (5.15). 1

6 Numerical examples

For our numerical experiments we consider the variational discretization (4.1) of problem
(2.3) with the unit circle = B;1(0) as domain and A = —A as differential operator. We set
a=1,a =0 and b= 1. For the numerical solution of the optimal control problem (4.1) we
apply the fixpoint iteration

® v € Up aq given

o v = Puy(500,pn(v))
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® V= 1}+.

Here, for given v € Ujaq the function 8[}Aph(v) is defined by (4.3) with y;, = Gp(v). We
note that the variational discrete solution u;, may admit active sets whose boundaries do not
coincide with finite element nodes, compare Fig. 1(a), where the boundary control u, (bold)
is depicted on a coarse mesh together with function 102, py(us) (dotted).

We consider two examples and investigate the error functionals

Eg(h) = u—anlor,  Eg(h) = lly —wallog,,  Eyh) = lly — ynllian,
Eg(h) - Hp _thO,Qhu E]%(h) = Hp _thI,Qhu

both on a sequence of arbitrary meshes and on a sequence of congruently refined, piecewise
O(h?) irregular meshes. Fig. 1(b) shows an arbitrary mesh while Fig. 1(c) depicts a grid of
the type which we use to numerically confirm our superconvergence result of Theorem 5.4.

Remark 6.1. The triangulation in Fig. 1(c) is piecewise O(h?) irregular, but only O(h)
irregular. It is automatically constructed by congruent refinement from the initial grid formed
by the 8 bold sector boarders together with the corresponding sector secants. Here we note
that new boundary nodes are projected onto the unit circle. The resulting triangulation in
each of the 8 sectors then is O(h?) irregular.

Piecewise O(h?) irregular meshes are often generated automatically by congruent refinement,
say from an initial grid 7y containing finitely many triangles T' combined with projecting
boundary nodes onto smooth domain boundaries. Every sub-triangulation obtained in this
way from some T € 7y then is O(h?) irregular. This in view of Theorem 5.4 explains why
in practice one often observes better rates of convergence than expected from the general
theory, compare the discussion in [1].

Tables 1 and 2 summarize the mesh-properties in terms of the number of triangles nt, the
number of nodes np and the mesh parameter h.
For an error functional we define the experimental order of convergence by

log E(hy) — log E(h2)

E =
0c log hl — log hg

Finally for an arbitrary function g : B1(0) — R we abbreviate g(r, @) := g(r cos ¢, 7 sin ¢),
where (r,¢) € (0,1] x [0, 27).

o
o
VAVAVAVAVAVA

|
o
)
>
INNANAVAVAVAN
\VANNNNL

- 05 0 05 1 - -0.5 0 0.5 1

(a) Variational discretization. (b) Arbitrary mesh (i = 2). (c) Superconvergence mesh (j = 4).

Figure 1: Variational discretization and considered triangulations.
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nt np h nt np h
8 9 1.000000 8 9 1.000000
40 29  0.596568 32 25 0.571070
170 102 0.298819 128 81 0.302195

684 371 0.149721

l

1

2

3

4 512 289  0.155086
) 2680 1393 0.074921

6

7

8

9

2048 1089 0.078516
8192 4225 0.039498
32768 16641 0.019809
131072 66049 0.009919
524288 263169 0.004963

10812 5511  0.037497
44568 22489 0.018749
179292 90051 0.009375
701964 351791 0.004687

© 00 J O Ui W N S

Table 1: Mesh parameters for the sequence Table 2: Mesh parameters for the sequence
of arbitrary meshes. of piecewise O(h?) irregular meshes.

In our first example we consider problem (2.3) with contiuous data f and smooth data y.
For this purpose we set

y(r, ) rs max (0, cos® ?)
go(r,p) = (77’2 cos® ¢ + 612 — 67) cos ¢ + §(r,¢) and
f'(r, ¢) = —6rmax(0,cos ).

Then it is easy to check that (1, ¢) = i(¢) = max(0, cos® ¢) solves (2.3) and the associated
adjoint variable is given by p(r,¢) = r3(r — 1) cos® ¢. In the present example we deal with
classical solutions in the sense that y,p € C%(Q) and u € C*(T'), see Figs. 2(a) and 2(b).

Table 3 summarizes the numerical results for the sequence of arbitrary meshes from Table 1.
In addition to the EOCs for two consecutive meshes also the average and the EOC between
coarsest and finest grid is computed in the rows @ and é. The EOC for E? behaves as
predicted by Theorem 4.1, whereas the L?-error of the state Eg converges with a rate of
1.5 faster than predicted. In Table 4 we present the numerical results for our sequence of
O(h?) irregular meshes. One clearly observes the superconvergence effect for piecewise O(h?)
irregular grids predicted by Theorem 5.4. Again the rate of convergence for EY behaves as
expected whereas the EOC for ES is nearly quadratic.

Next, let us construct an analytical solution to problem (2.3) in the same way as in the
previous example but with less regular data and hence less regular optimal control. We
choose

g(r,¢) = rPmax(0,cos 9),
do(r,¢) = (157" = 8r)cos ¢+ §(r, )
and set f := —Ay. Then u(1,¢) = u(¢) = max(0,cos ¢) solves (2.3) and the associated

adjoint variable is given by p(r,¢) = r3(r — 1) cos ¢. Let us note that f = —Ay has to be
understood in the distributional sense, i.e.

1

(f,¢)=-— /)) 87 (w1, 2) cos(B(w1, ¥2))( (21, 72) dz das —/1$3C(0,1‘2)d$2 V(e 5o (),
where D = {(z1,22) € Q|21 > 0}.

Fig. 3(a) shows the optimal state y with the optimal boundary control u and Fig. 3(b)
presents the associated adjoint state p. The convergence behaviour of our error functionals is
similar to that observed in the previous example. For arbitrary meshes EY converges linearly
as is shown in Table 5. On our sequence of piecewise O(h?) irregular meshes the convergence
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rate of this error functional improves to 1.5 as displayed in Table 6. Again in both cases
the behaviour of EY is better than predicted and the convergence rate on our sequence of
piecewise O(h?) irregular meshes is higher than on the sequence of arbitrary meshes.

(a) Optimal state y with boundary control w. (b) Adjoint state p.

Figure 2: Analytical solution of Example 1.

E, EOC E) EOC E, EOC E; EOC E, EOC

0.277414 -1 0.149239 - 1 0.983167 - 1 0.073546 - | 0.313464 -
0.071514 2.624 | 0.040577 2.521 | 0.441360 1.550 | 0.039436 1.207 | 0.287896 0.165
0.070380 0.023 | 0.023135 0.813 | 0.407958 0.114 | 0.012772 1.631 | 0.175988 0.712
0.018892 1.903 | 0.005006 2.215 | 0.158316 1.370 | 0.003133 2.034 | 0.085166 1.050
0.011166 0.760 | 0.001868 1.424 | 0.104513 0.600 | 0.000771 2.024 | 0.041827 1.027
0.006742 0.729 | 0.000762 1.295 | 0.081769 0.355 | 0.000197 1.970 | 0.021083 0.990
0.004180 0.690 | 0.000341 1.159 | 0.078123 0.066 | 0.000050 1.978 | 0.010630 0.988
0.002040 1.035 | 0.000124 1.456 | 0.050939 0.617 | 0.000012 2.013 | 0.005287 1.008
0.000994 1.037 | 0.000044 1.513 | 0.033625 0.599 | 0.000003 2.004 | 0.002635 1.005

1.050 1.518 0.629 1.879 0.891
1.100 1.550 0.659 1.858 0.868

NoHw©w 0 -1 O Tk WK | .

Table 3: Errors and EOCs for arbitrary meshes of Example 1.
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