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SEMISMOOTH NEWTON METHODS FOR OPTIMAL CONTROL OF
THE WAVE EQUATION WITH CONTROL CONSTRAINTS

AXEL KRONER', KARL KUNISCH!, AND BORIS VEXLERS

Abstract. In this paper optimal control problems governed by the wave equation with control
constraints are analyzed. Three types of control action are considered: distributed control, Neumann
boundary control and Dirichlet control, and proper functional analytic settings for them are discussed.
For treating inequality constraints semismooth Newton methods are discussed and their convergence
properties are investigated. In case of distributed and Neumann control superlinear convergence is
shown. For Dirichlet boundary control superlinear convergence is proved for a strongly damped wave
equation. For numerical realization a space-time finite element discretization is discussed. Numerical
examples illustrate the results.
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1. Introduction. In this paper we consider optimal control problems governed
by the wave equation and subject to pointwise inequality control constraints. We
discuss three different control actions: distributed control, Neumann boundary control
and Dirichlet boundary control.

The optimal control problem under consideration is formulated as follows:

(1.1) Minimize J(y,u)=G(y)+ %HuHZU, subject to y = S(u), y €Y, u€ U,

for the control u and the state y from appropriate functional spaces U and Y to be
specified later. The set of admissible controls U,q is given by bilateral box constraints

(1.2) U ={ueU|u, <u<uy} with ug,u,€U.

The control-to-state operator S: U — Y is the solution operator of the wave equation
with control u entering either the right-hand side, or the Neumann-boundary condi-
tions, or the Dirichlet boundary conditions. The functional G: Y — R will be defined
in more detail in the next section.

Let 2 C R"?, n > 1, be a bounded domain which has either a C2-boundary or is
polygonal and convex. For T' > 0 we denote I = (0,7), @ =1 x Q and ¥ = I x 99.
In the case of distributed control the state equation defining the operator S is given
as

Y — Ay = u in Q,

1.3
3 y(0) = yo, ¥:(0) =91 In Q, y=0o0n X,
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in the case of the Neumann boundary control we have

Yt — Ay = f in Q,

14 )
4 y(0) = yo, y:(0) =y1 in Q, Oy =u on 3,

and in the case of the Dirichlet boundary control

Yt — Ay = f in Q,

1.5 '
(5) y(0) =yo, y:(0) =y1 In Q, y=w on X.

For this class of optimal control problems we will discuss a proper functional an-
alytic setting, which is suitable for application of the semismooth Newton methods.
These methods have proven their efficiency for a large class of optimization problems
with partial differential equations, see, e.g. [12, 14, 33, 34, 17|, where super-linear con-
vergence was shown in several situations. It is well-known, see [12], that semismooth
Newton methods are equivalent to primal dual active set strategies (PDAS), which ex-
ploit pointwise information from Lagrange multipliers for updating active sets. Here
it is essential, that the Lagrange multipliers are L?-functions rather than measures,
which can be achieved by setting U = L?(Q)) for distributed control and U = L*(%)
for both Neumann and Dirichlet boundary control problems, cf. the discussion in [17].

Our goal here is to analyze semismooth Newton methods for optimal control
problems governed by the wave equation with respect to super-linear convergence.
An important ingredient in proving super-linear convergence is a smoothing property
of the operator mapping the control variable u to the adjoint state p or to a trace of
p. For distributed and Neumann boundary control we will establish this smoothing
property and prove super-linear convergence. For the case of Dirichlet boundary
control problem we will provide an example illustrating the fact that such a property
can not hold in general. In addition we will consider a Dirichlet boundary control
problem governed by the strongly damped wave equation given as

Yt — Ay — pAyy = f in Q,

1.6 '
o y(0) =yo, 4:(0) =91 In Q, y=won X,

with a positive damping parameter p > 0. This equation appears often in models with
loss of energy. The corresponding optimal control problem (with small p) can also
be regarded as regularization of the Dirichlet boundary control problem for the wave
equation. For the resulting optimal control problem we will establish the required
smoothing property and prove super-linear convergence of the semismooth Newton
method.

For numerical realization the infinite dimensional problems have to be discretized.
Following [5, 27, 17] we use space-time finite element methods for discretization. This
approach guarantees that the algorithm is invariant with respect to the ordering of
discretization of the problem and derivative computations. This means, that the
approaches “optimize-then-discretize” and “discretize-then-optimize” coincide.

There is a rich literature on the controllability and the stabilization of the wave
equation. Optimal control problems governed by the wave equation are considered
in [22, 23, 28, 29, 18, 19, 10, 20]. Finite difference approximations in the context of
control of the wave equation are discussed in [36]. To our best knowledge this is the
first paper analyzing convergence of semismooth Newton methods in this context and
providing details on the corresponding numerical realization.
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The paper is organized as follows. In the next section we discuss the semismooth
Newton method for an abstract optimal control problem with control constraints and
formulate a set of assumptions for its super-linear convergence. Section 3 is devoted to
relevant existence, uniqueness and regularity results for the wave equation and for the
strongly damped wave equation. In Section 4 we discuss functional analytic settings
for distributed and boundary (Dirichlet and Neumann) control problems for the wave
equation and check the assumptions for super-linear convergence of the semismooth
Newton method. In Section 5 we describe the space-time finite element discretization
for optimal control problem under consideration and in Section 6 we present numerical
examples illustrating our results.

2. Semismooth Newton methods and the primal-dual active set strat-
egy. In this section we summerize known results for semismooth Newton methods,
which are relevant for the analysis in this paper. Moreover, we provide a set of as-
sumptions for super-linear convergence of an abstract optimal control problem with
control constraints. Later on, in section 4 we will check these assumptions for the
considered situation of distributed, Neumann boundary, and Dirichlet boundary con-
trol of the wave equation, as well as for Dirichlet boundary control of the strongly
damped wave equation.

Let X and Z be Banach spaces and let F': D C X — Z be a nonlinear mapping
with open domain D. Moreover, let £(X, Z) be the set of continuous, linear mappings
from X to Z.

DEFINITION 2.1. The mapping F: D C X — Z 1is called Newton-differentiable
in the open subset U C D if there exists a family of generalized derivatives G: U —
L(X,Z) such that

(A) lim —— | F(z + h) — F(z) — Gz + h)h|lz =0,
h=0 ||hlx
for every x € U.
The following theorem provides a generic result on super-linear convergence for
semismooth Newton methods, see [12].
THEOREM 2.2. Suppose that * € D is a solution to F(x) = 0 and that F is

Newton—differentiable in an open neighborhood U containing x* and that
{IG@) x|z U}
is bounded. Then for xo € D the Newton—iteration
Tk+1 :xka(Ik)ilF(xk)v k:07172a"'7

converges superlinearly to x* provided that ||xo — x*||x is sufficiently small.

We shall require Newton-differentiability of the max-operator. For this purpose
let X denote a function space of real-valued functions on w C R™ and let max(0, v)
denote the pointwise max-operation. We introduce candidates for the generalized
derivative in the form

1 if v(z) >0,
(2.1) Gms)(x) =<0 if v(z) <O,
§ if v(z) =0,

where v € X, and d € R is arbitrary.



4 Axel Kroner, Karl Kunisch, and Boris Vexler

PROPOSITION 2.3. The mapping max(0,-): LY(w) — LP(w) with 1 <p < g < o0
is Newton differentiable on L(w) and G, s is a generalized derivative.

For the proof we refer to [12]. We also have the following chain rule [14].

LEMMA 2.4 (Chain rule). Let H: D C LP(w) — Li(w), 1 < p < ¢ < o0, be
continuously Fréchet differentiable at y* € D and let ¢: L9(w) — LP(w) be Newton-
differentiable at H(y*) with a generalized derivative G. Then F = ¢(H): D C
LP(w) — LP(w) is Newton—differentiable at y* with a generalized derivative given
by G(H)H' € L(LP(w), LP(w)).

We consider a general (linear-quadratic) optimal control problem (1.1), (1.2) with
a > 0, with the control space U = L?(w) and w being a subset of R", which will be
later on either w = @ or w = X. The solution operator S: U — Y is assumed to be
affine-linear with

S(u) =Tu+7,

where T € L(U,Y) and § € Y. For the state space we set Y = L?(Q) and the func-
tional G: L?(Q) — R is assumed to be quadratic with G’ being an affine operator from
L?(Q) to itself, and G” is assumed to be non-negative. From standard subsequential
limit arguments, see, e. g., [22], follows:

PROPOSITION 2.5. Under the above assumptions there exists a unique global
solution of the optimal control problem (1.1), (1.2).

We define the reduced cost functional

J1U =R, jiw) = G(S(u) + 5 ull}
and reformulate the optimal control problem under consideration as
Minimize j(u), u € Uyq.
The first (directional) derivative of j is given as
J'(w)(0u) = (o — q(u), 6u).,
where the operator q: U — U is given by
(2.2) q(u) = =T7G'(S(u))

and (-, -), denotes the inner product in U = L?(w).

PROPOSITION 2.6. Let the above assumptions be fulfilled. Then the necessary
and sufficient optimality conditions for (1.1), (1.2) can be expressed as the variational
inequality

(2.3) (au—q(u),0u—u)y, >0 for all du € Ugg.

This can alternatively be expressed as an optimality system for the control u € U and
the Lagrange multiplier A € U as

{au+)\—q(u)

24) A =max(0, A + c(u — up)) + min(0, A + c(u — ug,))

with an arbitrary ¢ > 0.
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To set up a semismooth Newton method for the optimal control problem under
consideration, we set ¢ = «, eliminate the Lagrange multiplier A from the optimality
system (2.4) and obtain the equivalent formulation

(2.5) F(u) =0,
with the operator F: L?(w) — L?(w) defined by
F(u) = a(u — up) + max(0, aup — q(u)) + min(0, g(u) — au,).

We will use the generalized derivatives of max- and min-operators, see (2.1),
chosen as

¢(z) if v(z)
0 if v(x)

o(z) if v(z) <0,

«%Mw@wz{ 0 if v(z)>0.

>0, _
~0 and (Gmin(v)9)(7) = {

The following assumption will insure the super-linear convergence of the semismooth
Newton method applied to (2.5).

ASSUMPTION 2.7. We assume, that the operator q defined in (2.2) is a continuous
affine-linear operator q: L*(w) — L"(w) for some r > 2.

In the following sections we will check this assumption for the optimal control
problems under consideration.

LEMMA 2.8. Let Assumption 2.7 be fulfilled and uq,up, € L"(w) for some r >
2. Then the operator F: L*(w) — L?*(w) is Newton-differentiable and a generalized
derivative Gz (u) € L(L?(w), L?(w)) is given as

Gr(u)h = ah+ Guax(auy — q(u)) T*G" (S(u))Th — Gumin(q(u) — aug) T*G" (S (u)) Th.

The statement of this lemma follows from the chain rule in Lemma 2.4, the Newton
differentiability of max- and min-operators and from Assumption 2.7.
For the operators G z(u) we have the following lemma.

LEMMA 2.9. There exists a constant Cg, such that
(2.6) |G ()™ () 120y < Co iz Jor allw € L2(w)

and for each u € L?*(w).
Proof. Let x; denote the characteristic function of the set

I={zcew:au.(zr) <qu)(z) <aup(z)},

and analogously x4 is the characteristic function of A = w — I. Let h € L?(w) and
set

(2.7) w=Gr(u)(h).
On A there holds

Gr(u)(h) = ah
and on [

Gr(u)(h) = ah +T*G"(S(u))Th.
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Hence, we deduce

(28) Ihxallzac < — lwxallzee)
and taking the inner product of (2.7) with hy; we find
allhxrl|iew) + (G"(S(w)Th, Thxr) = (w, hxr).
This implies that
allhxilZze + (6" (S(w))Thxs, Thxr) = (w, hxr) — (G"(S(u))Thxa, Thxi).
Thus, since G” is non-negative and G quadratic we deduce further
allbxilZz < lwxillpzw) 1hxillczw) + Kllhxallz2 @) 1xil 2 w),

for a constant K independent of A and u. Consequently,

K
(2.9) allhxrllzzw) < lwxrllczw) + Kllhxallz2w) < llwxrllozw) + "™ lwxallze(w)-

Combining (2.8) and (2.9) the desired result follows. O

After these considerations we can formulate the following theorem.

THEOREM 2.10. Let Assumption 2.7 be fulfilled and suppose that u* € L*(w) is
a solution to the optimal control problem under consideration. Then for ug € L?(w)
with ||ug — u*||12(w) sufficiently small the semismooth Newton method

(2.10) Gr(ug) (g1 —ug) + F(ug) =0, k=0,1,2,...,

converges superlinearly.

Proof. This follows from Theorem 2.2, and the Lemmas 2.8 and 2.9. O

This semismooth Newton method is known to be equivalent [12, 14] to a primal-
dual active set method (PDAS), which is defined as follows:

ALGORITHM 2.11 (Primal-dual active set method).

1: Choose ug and set A\g = q(ug) — aug.
2: Given (ug, \) determine

AiH:{xew|)\k(x)+a(uk—ub)(x) >0},
A ={zcw]| A(x) + alur —u.)(x) <0},
Tt = w\(Afy UARL).

3: Determine ui+1 as the solution to
Minimize  j(ugy1), ugy1 €U,
{ subject to  upy1 = up on AZ_H, U1 = U O AJ .
4: Update A\g41 according to
Mer1 = q(Uk41) — QUg11-

5: Update k =k + 1.
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The equivalence of the two methods follows immediately, see, e.g., [14], since the
Newton iteration (2.10) and the PDAS method can equivalently be expressed as

a(upyr — up) — Grax(ouy — q(ur))(q(ur41) — q(ur))
+ Gumin(q(u) — aug)(q(ur+1) — qlur))
+ max(0, aup — q(ug)) + min(0, g(ur) — au,) = 0.

REMARK 2.12. If the algorithm finds two successive active sets, for which A, =
Ap+1, then uy is the solution of the problem. We apply this condition as a stopping
criteria.

3. On the state equation. In this section we formulate existence and regular-
ity results for the wave equation in the case of distributed control, Neumann boundary
and Dirichlet boundary control. We denote V to be either H'(Q2) or Hg () depending
on the prescribed type of boundary conditions (homogeneous Neumann or homoge-
neous Dirichlet). Together with H = L?(Q2), the Hilbert spaces V and its dual V* build
a Gelfand triple V. — H — V*. Here and in what follows, we employ the usual notion
of Lebesgue and Sobolev spaces. For any Banach space Y, we use the abbreviations
IA(Y) = I3(0,T;Y), H(Y) = H*(0,T;Y), s € [0,00), and C(Y) = C([0,T};Y),
CHY) = C([0,T);Y). Moreover we use (-, -) for the L?(Q)-inner product, ||-|| for the
corresponding norm, (,-) for the L?(99Q)-inner product, (-,-); for the inner product
in L?(L*(Q)) and (-, -); for the inner product in L?(L*(%)).

THEOREM 3.1. Suppose that f € L*(H), yo € V, y1 € H. Then

{%—szm@

(3.1)
y(0)=yo, w(0)=y1 onQ

with either homogeneous Neumann or homogeneous Dirichlet boundary conditions ad-
mits a unique solution y € C(V) with y, € C(H) such that (f,yo,y1) — (y,yt) is
continuous from L*(H) x V x H to C(V) x C(H).
For the proof we refer to [24, pp. 275].

It is well-known that equation (3.1) can be equivalently formulated as a first-order
system as follows:

yi—Ay'=f inQ,

yi =y° inQ,
(3.2) y'(0) =yo in €,
y*(0) =y inQ,
ylls =0 onX.

This formulation is a basis for our discretizations of the control problems under con-
sideration, see Section 5.
For the inhomogeneous Neumann problem

ye — Ay =f inQ,
(3.3) y(0) =yo, u:(0)=y1 in Q,
Opy =u on

we have the following result with V = H(Q) and H = L?().
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THEOREM 3.2. For every (f, vo, y1, u) € L'((H*(2))*) x L*(Q) x (H'(Q))* x
L3(X) there exists a unique very weak solution y € L?(Q) to (3.3) depending contin-
uously on the data. It satisfies

(34) (¥ G — AQr = (f, )1 — (Y0, € (0)) + (y1, C(0)) (mr1 (), 11 (2) + (ws Q) 1,

where ( is the solution to

Gt —AC=g 1inQ,
(3.5) (T)= G(T)=0 in Q,
0n(=0 onX

for any g € L*(L*(Q)).
If we assume that (f, yo, y1, u) € LY(L*()) x HY(Q) x L*(Q) x L3(X), then
(y,31) € C(H2(Q)) x C((H=(9))") holds.
Proof. From Theorem 3.1 we deduce that ((,(;) € C(H'(2)) x C(L?(£2)) and
hence, the mapping
g—F = (f,0)r— (y0,6:(0)) + (y1,C(0)) (a1 ()=, 11 (22) + {u, O)r

defines a continuous linear form on L%(L%(Q)), i.e. there exists y € L%(L?*(Q)) such
that

(v, 9)1 = F(g).
This implies (3.4). From (3.4)-(3.5) we deduce further, that there exists a constant
C independent of (f, yo, y1, u) € L*((H'(Q))*) x L?(Q) x (H}(Q))* x L3(X) such that
[yllz2 L2y < CIf, Yo, y1s WllLr(mr(@)))xL2()x (H1 (9)* x L2(S)-

Uniqueness of the weak solution and continuous dependence on the data follows from
this estimate.
The additional regularity has been proved in [29]. O

For the inhomogeneous Dirichlet problem we consider

yie — Ay =f in Q,
(3.6) y(0) =yo, u:(0) =91 inQ,
y=u on.

*

THEOREM 3.3. For every (f, yo, y1, u) € LY(H(Q)") x L?(Q) x H}(Q)" x L2(X)
there exists a unique very weak solution (y,y;) € C(L*(Q)) x C(H~1(Q)) depending
continuously on the data. It satisfies

(Y, Gt — AQ) 1 = (f, )1 — (Y0, €e(0)) + (Y1, C(0)) (1 (), 1. (22) — (W OnC)1
where ¢ is the solution to
Gt —AC=g inQ,

(T) = G(T)=0in Q,
(=0 onX
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for any g € L*(L?(%)).

For the proof we refer to [23, pp. 240] and [28]. It depends on the hidden regularity
result which states that if (f,yo,y1) € L*(L*(Q)) x H}(Q) x L?(2) and u = 0, then
the solution to (3.6) satisfies 9,y € L?(X), e.g. [23, pp. 233].

As announced in the introduction we also consider the strongly damped wave
equation with a damping parameter p, 0 < p < po, po € R, i.e.

Y — Ay — pAy, = f in Q,
y(0) =y inQ,

y:(0) =y in €,

y=u on %

(3.7)

for u € L3(X).
To prove a regularity result we consider the damped wave equation with homo-
geneous Dirichlet data first:

Yt — Ay — pAy, = f in Q,
y(0)=y inQ,

ye(0)=y1  inQ,

y=20 on .

(3.8)

The following theorem can be obtained.
THEOREM 3.4. For f € L?(L?3(2)), yo € H}(Q) N H?(Q), and y1 € H(Q), there
exists a unique weak solution of (3.8)

(3.9) y € H?(L*(Q)) N CH(Ho () N H' (H*(2))

defined by the conditions: y(0) = yo, y:(0) = y1 and
(3.10)

(yee(5), 0) + (Vy(s), Vo) + p(Vye(s), Vo) = (f(5),¢) Vo € Hy(Q) a.e. in (0,T).

Moreover, the a priori estimate
(3.11)

191l 122 (22 )ner g )nm 2y < C (1 llzzzz@) + Vyoll + 1Ayl + [V ll)

holds, where the constant C = C(p) tends to infinity as p tends to zero.

To prove this theorem we proceed as follows: We assume the existence of a solution
with the desired regularity and prove the above estimate. Then the existence of a
solution in H?(L2(Q)) NnW1L>°(HL(Q)) N H'(H?*(Q)) can be ensured using a Galerkin
procedure. From standard arguments we derive that if v € H?(L%(Q)) — C*(L?(2))
and v € W1 (H(Q)) then there holds v € C1(H}(Q)). Thus we obtain the asserted
regularity in (3.9).

The estimate (3.11) is shown in four steps in the following four lemmas.

LEMMA 3.5. Let the conditions of Theorem 8.4 be fulfilled. Then the following
estimate holds for almost every t € (0,T):

t
IO + 19501 + o [ 190)1ds < € (190l + o+ 1)
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Proof. We set ¢ =y, in (3.10) and obtain:

(ee(5), ye () + (Vy(s), Vye(s)) + ol Vye(s)1* = (f(5), ye(5))-
Hence,

1d
2 dt

Ld

5 IV + I () = (), ()

lyell® +

Integrating in time from 0 to ¢ we find:

t
lye I + V@) + 2/)/0 IVye(s)]1* ds
t
<A 2y + 9l + V50l +/0 lye(s)]1* ds.

Using Gronwall’s lemma we obtain:

(@12 < € (1950l + gl + 17132 22ca) -

This gives the desired result. O
LEMMA 3.6. Let the conditions of Theorem 8.4 be fulfilled. Then the following
estimate holds for almost every t € (0,T):

t
C
18w s+ 1y < S (195007 + 18000 + 02 + 17 r)-

Proof. We use ¢ = —Ay as a test function in (3.10) and obtain:

—(yee(5), Ay(s)) + [1Ay()1* + p(Aye(s), Ay(s)) = = (f(s), Ay(s))
or equivalently

pd

S = ~(/(s). Ay(s)).

—(yue(s), Ay(s)) + | Ay(s)|* +
Integrating in time from 0 to ¢t implies that:
t t P
~ [ o) ats ds+ [ 18yl ds + Slayo)?
0 0
< MU + 5 [ 18w ds + 2l gl
= 9lIJIL2(L2(2)) T 9 0 92
For the first term on the left-hand side we get for almost every ¢ € (0,7T)
¢ ¢
- / (Wee(s), Ay(s)) ds = / (We(s), Ayi(s)) ds — (y:(t), Ay(t)) + (4:(0), Ay(0))
0 0
t
== [ IV () ds + (0. ¥y(6)) = (Vu(0). ¥y(0))
0

. / IV9()[12 ds — (et), Ay(®)) + (w1, Ago).
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Here, we have used the fact that y; =y, = 0 on ¥ and y; = 0 on 9. This yields

t
p
[ 1aus)zas+ Slayiol?
1 2 I 2 P 2
< Sy + 5 | 1Au()IP ds+ Sl au

t 1 p 1 1
+ / 195" ds + (I + ZIAYOI + 5l + 31250

Absorbing terms we obtain:

1 2 P 2
5 | 189 ds+1||Ay<t>u

1
§||f||L2(L2(Q))+ L agol? + /Ilvyt s)I* dSJr*IIyt()II2 *||y1|\2

Using the result from the previous lemma we obtain the desired estimate. O
LEMMA 3.7. Let the conditions of Theorem 3.4 be fulfilled. Then the following
estimate holds for almost every t € (0,T):

t
1
IVye (@11 + 1 Ay(@)]1* + P/O 1A ()] ds < ;Hflliz(m(m) + [ Vyl® + | Agol*.

Proof. We proceed as in the proofs of the previous lemmas and choose ¢ = —Ay;.
This yields:

—(yee(s), Aye(5)) + (Ay(s), Aye(s)) + pll Aye(s)II* = —(£(5), Aye(s))

We integrate by parts in the first term and obtain for almost every s:

LIV p(s) 12+ 2 Ay($)]2 + Pl Aye() |2 = —(£(s), Ay(s)).

2dt 2 dt

Integrating in time from 0 to ¢t we obtain:

1 1 ¢
SIVa @I + 1Ay + / |Agi(s)] ds

1 2 p [ 2 1 2, 1 2
< %HfHLZ(m(Q)) + 5/0 [Aye(s)||° ds + §||Vy1|| + §||Ayo|\ .
This implies the desired estimate. O

LEMMA 3.8. Let the conditions of Theorem 3.4 be fulfilled. Then the following
estimate holds:

t
C
[ o) s < S (118 am o + V0l + Nl + [V 7).

Proof. We proceed as in the proof of Lemma 3.6 and choose ¢ = y;;. This yields:
[yee ()11 = (Ay(s), yee(5)) = p(Ayss yoe) = (f(5), yeu (s))-
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Hence,

A lyee(s) 2 ds + / (Aye(5). u1()) ds — (Dy(t), (1)) + (Ay(0), 3(0))
- / (f.yee)ds + p / (Ayi(s), yue(s))
0 0

and thus, we obtain

t 1 t p2 t
[P s < 11 euacan + 5 [ TeolPas+ 5 [ 1auco)Pas

I ¢ 1
w3 [ ImPas+ [ 1Vt Pas+ 51902
1 2 1 2 1 2
- Z|A =l |2
+ 31Vl + 518001 + s

Absorbing terms and using Lemma 3.5 and Lemma 3.7 we obtain the desired estimate.
O

Now, we consider the strongly damped wave equation with inhomogeneous Dirich-
let boundary conditions (3.7). In order to define a suitable weak formulation we pro-
ceed as follows: For given v € L?(L?(€)) let ¢ be the solution of the adjoint equation:

Gt —AC+pAG=v  inQ,
(T)=0 inQ,

G(T)=0 in €2,

(=0 on X.

(3.12)

Using the transformation ¢t — T — ¢ this equation can be written in the form as (3.8).
Therefore, Theorem 3.4 can be applied leading to ¢ € H?(L?*(Q)) N WL (HL(Q)) N
H(H?(2)). If a solution of (3.7) exists, then there holds (by testing with ¢ and
integrating in time):

(Gt — A+ pACe, y) 1 + (10, 6:(0)) — (y1,¢(0)) + (¥, 0nC) 1
— (Y, OnCe)1 + p(Y0, AC(0)) — p(Y0, 9,C(0)) = (f, )1

This suggests the following definition: A function y € L2(L?(2)) is called a very weak
solution of (3.7) if the following variational equation holds for all v € L2(L?(Q)):

(3.13)  (v,9)1 = =0, 6(0)) + (y1,¢(0)) = (u, ()1
+ p<u7 8nct>1 - P(yo, AC(O)) + p<y0a anC(O» + (fv <)Iv

where ( is the solution to (3.12). This leads to the following theorem:

THEOREM 3.9. For u € L?(X), f € L*(L*(Q)), yo € HY(Q), and y; € L*(Q),
equation (3.7) possess a unique very weak solution defined by (3.13) and there the
following estimate

lyll2z2) < C (lullL2esy + 122 p2c)) + vl @) + lvall)

holds.
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Proof. The right hand side of (3.13) defines a linear functional G(v) on L?(L?(2)).
This functional is bounded. In fact as a consequence of Theorem 3.4 we have

1€ O) I+ ICCO) T+ TAC(0)[] + [[0nC(0) ]| L2 (a62)
+10nCllL2 () + 100Gl 2(s) + €I 222 (0)) < CllvllLz(z2()-

The representative of this functional in L2(L?(f)) is y. This implies the desired result.
O

4. Optimal control problems. In this section we discuss the functional an-
alytic settings for distributed, Neumann boundary and Dirichlet boundary control
of the wave equation. We provide the corresponding optimality systems and verify
the assumptions for superlinear convergence of the semismooth Newton method for-
mulated in Section 2. Especially we will check Assumption 2.7. Furthermore, we
formulate some regularity results for the optimal control and the optimal state.

4.1. Distributed control. In this section we analyze the optimal control prob-
lem with distributed control, i.e.

min J(y7 ’LL) = g(y) + % ||u||%2(Q)7 y S LQ(Q)a u € LQ(Q)
subject to yy —Ay=wu in Q,
(4.1) y(0) =vo. 9:(0) =y inf,
y=0 onZ,

Ug <u<u, a.e. in @,

where yo € HE(Q), y1 € L*(Q) and the state equation is understood in the sense
of Theorem 3.1. Further we assume that wu,,u, are in L"(Q) for some r > 2. The
optimality system can be derived by standard techniques [22, pp. 296] and [12] and
is found to be

Z/tt—AyZ%
y(0) =vo, ¥:(0) =91, ylg=0,

P — Ap = =G'(y),
p(T) = 0’ pt(T) = Oa p|E = 07

au+ A =p,
A =max(0, A + c(u — up)) + min(0, A + c(u — ug))

for any ¢ > 0, A € L*(Q) and p € C(H'(Q)) N CY(L*(Q)).

We verify Assumption 2.7 in the next theorem.

THEOREM 4.1. In the case of distributed control there holds for the operator q
defined in (2.2)

¢: L*(Q) — L"(Q)

with some r > 2.

Proof. A direct comparison between the general optimality system (2.4) and (4.2)
shows, that in this case for a given control u € L?(Q) we have q(u) = p, where p is
the solution of the corresponding dual equation. From Theorem 3.1 we deduce that
p € C(H'(Q)) and hence, for n = 2 we have p € L"(Q) for all 1 < r < oo and for

n >3 we havepeL%(Q). O
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From this result superlinear convergence of the semismooth Newton method fol-
lows by Theorem 2.10 for the distributed control case.

As a further consequence of Theorem 4.1 we obtain the following regularity results
for the optimal control and the optimal state.

COROLLARY 4.2. Let ug,up € HY(L*(Q))NL2(HY(Q)). Then, there holds for the
optimal control w:

u€ HY(L?(Q)) N LA(H'()).

Proof. In Section 2 the optimality condition is equivalent to
a(u — up) + max(0, aup — q(u)) + min(0, g(u) — au,) =0

with g(u) = p. From [17, Lemma 3.3] we deduce that the regularity of ¢(u) is trans-
ferred to max(0, cup — ¢(u)) and min(0, g(u) — au,) and therefore also to w. O

As a consequence, we can formulate some improved regularity result for the op-
timal state.

COROLLARY 4.3. Assume that yo € H?(2) N H (), y1 € HE(Q) and ug,up €
HY(L*(Q)). Then, for the optimal state there holds

y € L®(H?*(Q)), y € L™(H)(Q)),
Y € L=(L*(Q)), yue € L*(H1(Q)).

Proof. With a similar argumentation as in Corollary 4.2 we obtain u € H*(L*(Q))
and thus, the assertion follows with [7, pp. 389]. O

Thus, under the assumptions of Corollary 4.3 the optimal state y satisfies the
state equation in the following weak sense:

(4.3) Wee, 1 + (Vy, VO 1 — ((0) — 90, ¢ (0)) + (:(0) — y1,¢(0)) = (u, ()1
for all ¢ € H2(L2(Q)) N L2(HL(Q)).

This variational formulation—rewritten as a first-order system—is a basis of our
numerical realizations, see Section 5.

4.2. Neumann boundary control. We consider the optimal control problem
with Neumann boundary control, i.e.

min J(yau) = g(y) + % ||u||%2(2)’ Yy € L2(Q)7 u € LQ(Z)v
subject to yu —Ay=f inQ,
(4.4) y(0) =yo, w:(0) =91 inQ,
Opy =u onx,

Uy <u<up a.e. in X,

where yo € L2(Q), y1 € (HY(Q))*, f € LY ((HY(Q))*), ua,up € L™(X) with some r > 2
and the state equation is understood in the sense of Theorem 3.2. The optimality
system can be derived by standard techniques, see, e.g., [25] and is found to be

Y — Ay = f,

y(0) =vo, %:(0) =w1, Onyls =u,
Pt — Ap = —Q’(y),

p(T) = Oa Pt(T) = 07 8np|§] = Oa

ou+ A =pls,
A =max(0, A+ c(u — up)) + min(0, A + c(u — ug))
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for any ¢ > 0, A € L*(X) and p € C(H'(Q)) N C*(L3()).

In the next theorem we verify Assumption 2.7 for the Neumann boundary control
problem.

THEOREM 4.4. In the case of Neumann boundary control there holds for the
operator q defined in (2.2)

¢: L(S) — L' (%)

with some r > 2.

Proof. A direct comparison between the general optimality system (2.4) and (4.5)
shows, that in this case for a given control u € L?(X) we have ¢(u) = p|s, where p is
the solution of the corresponding dual equation. From Theorem 3.1 we deduce that
p € L*(HY(Q)) N H'(L?*(Q)) and hence by [25, pp. 9],

p € L2(H?(0Q) N H? (L*(09)).

By [1, pp. 218] we have Hz(L2(9)) — W= (L3(9Q)) — L"(L*(9Q)) for all 2 <
r < oo. Consequently, we deduce

p e L2(H?(0Q) N L"(L*(99)) forall2<r < oo

and hence interpolation, see, e.g., [32, Chapter 1] implies that

D E L”S([H%(QQ),Lz(aQ)]s)7 where Tl = (158) + ;, s €[0,1].

For n > 3 we use Hz (9) — L%((’?Q) and get

[H?(99), L2(09)], — L% (9), where qi = % + % s €[0,1].

We choose s in such a way, that rs = gs. This implies

r

= > 2
s 2+nr—2n’ "

and hence

_ 8n—dn? — 44 2n%r — 2nr
C6n—4—2n2+n2r—2nr+r’

ds

¢s is monotonic increasing in r and hence we deduce p € L%fs(ﬁ) for all € > 0.

For n = 2 we have Hz (99Q) — L2(dQ) for all ¢ < co. Using similar arguments as
before we obtain p € L*=¢(X) for all € > 0. O

As for the distributed case we obtain additional regularity results for the optimal
control and the optimal state.

COROLLARY 4.5. Let uq,upy € L2(H=(9Q)) N H2(L2(8R)). Then, the optimal
control satisfies u € L2(Hz (0Q)) N Hz (L2(0%)).

COROLLARY 4.6. For f € L*(L*(Q)), yo € HY(Q), y1 € L*(Q) and under the
assumptions of Corollary 4.5 the optimal state satisfies y € C(H'(Q)) N CY(L?(Q)).

Proof. We consider the equation

Yy — Ay =0, y(0)=0, 5(0)=0 0Ouwylz=yg
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with g € L2(H2(89)). This equation admits a solution y € C(H(Q)) N C*(L2(R)),
see [21]. From Corollary 4.5 with g = u € L2(H2 (9€2)) and by Theorem 3.1 we obtain
for the optimal state y of (4.4)

y € C(HY(Q)NCHL*(Q)).

]

As a direct consequence we deduce that under the assumptions of Corollary 4.6
the very weak solution y of the state equation which corresponds to the optimal
control u is in fact a variational solution in the sense that y € C(H'(Q))NC*(L?(2))
and

—(e, G )1 + (Vy, VO 1 — (u, ()1 — (¥(0) — yo0,¢:(0)) — (y1,¢(0)) = (f, Or

for all ¢ € C(HY(Q)) N CY(L3(£2)). This is important for numerical realizations, see
the corresponding discussion in [17].

4.3. Dirichlet control. Here we consider the optimal control problem with
Dirichlet boundary control:

min J(y7u) = g(y) + % ||U’H%2(E)7 y € L2(Q)v u € L2(E)
subject to yu —Ay=f inQ,
(46) y(O) = Yo, yt(o) =l in Qa
y=u on,

Ug <u<u, a.e onx,

where yo € L3(Q), y1 € (HJ(Q)*, f € L' ((H3(Q))*) and the state equation is
understood in the sense of Theorem 3.3. We have the following optimality system

yu — Ay = f,
y(0) =v0, %:(0)=w1, ylz=mu,

i — Ap = —=G'(y),
p(T) = Oa pt(T) = 07 p|E = Oa

au+ A= —0npls,
A =max(0, A + ¢(u — up)) + min(0, A + c(u — ug))

for ¢ >0, A € L*(X) and p € C(HY(Q)) N CYH(L*(Q)).

In the case of Dirichlet boundary control the operator ¢ defined in (2.2) turns
out to be given by q(u) = —0,p, where p is the solution of the corresponding adjoint
equation in (4.7). From the hidden regularity result, see, e.g., [23, pp. 233], we
obtain that 9,p € L?(X) and the operator ¢ is a continuous affine-linear operator
q: L*(Z) — L3(X). In the following we provide a one-dimensional example showing
that in general the operator ¢ does not map any control u € L?(X) to L"(X) with
r > 2. Therefore, Assumption 2.7 is not fulfilled in the case of Dirichlet boundary
control.

We consider the one dimensional wave equation with Dirichlet boundary control:

Ytt — Yoz — 0 in (0, 1) X (0, 1),

y(t,0) = u(t),  y(t,1)=0,
y(0,7) =0, y:(0,2) =0
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with u € L?(0,1). We denote

and obtain

€:t+xa£€[0,2]a 77:75*%776[*171}

_J0, n <0,
y(&n) = {U(n), 0> 0.

Considering the adjoint equation

DPtt — Pxx = Y in (07 1) X (07 1)7
p(t,0)=0,  p(t,1)=0,
p(LiE):O, pt(]-?x)zo

we obtain for the solution

1
p(fﬂl) - Z
where

It follows that

(4.8)

)= @=mUm) ~Um) +2-2)UE) +UE), n=0¢E<1,
)&= @2 =n)Un) =Um) +U2 =), n=>0,¢>1,
K-Umn+2) -U(n)+0@-8.  9<0,£21,
)= Um0 +2) =U(=n) + 22U +U(©), n<0,¢<1,

Pz (t,0) = 16u(t)(1 — t),

and thus for a general control u € L?(0,1) the image

q(u)(t) = =Onp(t) = —pa(t,0) = —16u(t)(1 —t)

does not have an improved regularity ¢(u) € L™(0,1) with some r > 2.

REMARK 4.7. This lack of additional regularity is due to the nature of the wave
equation. In the elliptic as well as in the parabolic cases, the corresponding operator
q possess the required regularity for Dirichlet boundary control, see [17].

4.4. Dirichlet control for the strongly damped wave equation. In this
section we consider Dirichlet boundary control for the strongly damped wave equation
and we will show that in this case the assumptions from Section 2 for superlinear
convergence of the semismooth Newton method are satisfied.

The problem under consideration is given as follows:

min

Jyou) = G) + § ey, veLXQ), ue LX),

subject to  yu — Ay — pAy, = f in Q,

(4.9)

y(0) = yo, ¥(0) =y1 inQ,
y=u on,
ug <u<wup ae on,
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where p > 0, f € L2(L*(Q)), vo,y1 € L*(Q), uq,up € L" () with some r > 2 and the
state equation is understood in the sense of Theorem 3.9.
The optimality system derived with standard arguments is given by:

Y — Ay — pAy, = f,

y(0) =yo, :(0)=wy1, ylz=u,
pie — Ap + pAp; = —G'(y),

p(T) = Oa pt(T) = Oa p|2 - 07

au+ A= —0npls,
A =max(0, A+ c(u — up)) + min(0, A + c(u — ugy))

(4.10)

for ¢ >0, A € L*(X) and p € H3(L*(Q)) N Whe(H(Q)) N HY(H?(Q)).

In the next theorem we verify Assumption 2.7 in this case.

THEOREM 4.8. In the case of Dirichlet boundary control problem (4.9) with p > 0,
the operator q defined in (2.2) satisfies

q: L*(2) — L"(%)

with some r > 2.
Proof. By a direct comparison of the optimality systems (2.4) and (4.10) we
obtain ¢(u) = —0,p. From Theorem 3.4 we obtain that p in particular fulfills

p e L(I3(Q) N HY(LA(©).
By a trace theorem, see, e.g., [11], we get
Onp € L2(H?(09)) N H3 (L2(09)).

By interpolation estimates we obtain as in [17, Theorem 3.2]

2(n+1)

Oppe L™ (¥) for n>3
and
Onp € L37(X) with e >0 for n=2.

This completes the proof. O

5. Discretization. In this section we discuss discretization of the optimal con-
trol problems under consideration. To this end we employ appropriate finite element
schemes for both the temporal and the spatial discretizations. Applying this concept
the approaches, optimize-then-discretize and discretize-then-optimize, which are dif-
ferent, in general, coincide, see, e.g., [26, 5]. Finite element discretizations of the wave
equations are analyzed, e.g., in [2, 3, 4, 8, 13, 15, 16].

For the temporal discretization of the state equation we use a Petrov-Galerkin
scheme with continuous piecewise linear ansatz functions and discontinuous (in time)
piecewise constant test functions. For the spatial discretization we use usual con-
forming (bi)linear finite elements. This type of discretization is often referred as a
c¢G(1)cG(1) discretization. For a precise definition of our discretization we consider a
partition of the time interval I = [0,7] as

I={0}ULU---Uly
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with subintervals I, = (t;,—1, tm] of size k,,, and time points
O=to<ti < - <ty_1 <ty =T.

We define the time discretization parameter k£ as a piecewise constant function by
setting k|7, = km form=1,..., M.

For spatial discretization we will consider two- or three-dimensional shape regular
meshes, see, e.g., [6]. A mesh consists of quadrilateral or hexahedral cells K, which
constitute a nonoverlapping cover of the computational domain €2. The corresponding
mesh is denoted by 7;, = {K}, where we define the discretization parameter h as a
cellwise function by setting h|x = hx with the diameter hg of the cell K.

Let V = H'(Q) and V? = H}(Q2). On the mesh 7}, we construct conforming finite
element spaces V;, C V' and V}? C V% in a standard way:

Vi={veV|vgeQ(K)for KET, },
VP ={veV®|vlg € QYK) for K€ T, }.

Here, Q'(K) consists of shape functions obtained by bi- or trilinear transformations
of polynomials in Q'(K) defined on the reference cell K = (0,1)", where

QI(K) = span Hmf’ tkj € No, k; <1
=1

REMARK 5.1. The definition of V}, and V,? can be extended to the case of trian-
gular meshes and/or to spaces of higher order in the obvious way.
We define the following space-time finite element spaces:

Xin = { ven € C(I,V3) ’ vknlz, € P (In, Vi) I
Xen = { ven € CWLVY) | venlr,, € PH Iy Vi) } s
Xin = { vgn € LI, V) | venlr, € PY(Ln, Vi) and v (0) € Vi, },
X0 = {ven € L2LVO) | vgnlr,, € PO(In, V) and vy, (0) € Vi, },

where P"(I,,, V},) denotes the space of polynomials up to degree r on I,,, with values
in Vi,. Thus, the spaces X, and X,gh consist of piecewise linear and continuous
functions in time with values in the usual spatial finite element space, whereas the
functions in Xy, and X}, are piecewise constant in time and therefore discontinuous.

REMARK 5.2. In the above definitions we used the same spatial mesh and the
same finite element space for all time intervals. However, in many situations the
use of different meshes 7,*, m = 1,..., M, is desirable. The consideration of such
dynamically changing meshes can be included in the definition of the discontinuous
spaces Xy, and XP, in a natural way. The corresponding definitions of the spaces
Xyn and X}, are more involved due to the continuity requirement. For details on
such dynamic meshes we refer to [31].

For the definition of the discrete control space in the case of boundary control,
we introduce the space of traces of function in Vj,:

Wy, = { wy, € H2(09) | wy, = y(vn), v € Vh}v

where y: HY(Q) — Hz(99) denotes the trace operator.
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Based on the equivalent formulation of the state equations as first-order systems
(cf. (3.2)) we introduce the Galerkin finite element formulation of the state equations.

We introduce a bilinear form a,: Xp, x Xpp X )Z'kh X )Z'kh — R by
ap(y,&) = a,(y", v%, €, 6%) = (0w €)1 + (Vy', VE )1 + p(Vy?, VEY),
+ (0", €)1 — (1%, €)1 + (¥7(0),£1(0) — (4 (0),£(0))
with y = (y',9?) and & = (¢1,£2) and with a real parameter p > 0.

5.1. Distributed Control. For the distributed control problem we choose the
discrete control space U,? = Xgp. The discretized optimization problem is then
formulated as follows:

Minimize J(yg,, ukn)
for ugy, € U,? NU.q and yxp € X,Sh X Xpp subject to

(5.1)
ao(Yrn, ) = (rn, Ebn)1 + (Y1, €01 (0)) — (40, E24(0))  for all &y, € Xp), X Xin.

5.2. Neumann Control. For the Neumann boundary control problem we
choose the discrete control space as

UP = { ven € CI,W3) | vknlr,, € P (I, Wa) }
The corresponding discrete optimization problem is formulated as follows:
Minimize J(yj,, ukn)
for ugy, € U,’? NU.q and ygp € Xikn X Xgp subject to
(5:2)  ao(Yrns Exn) = (urns Egnd 1 + (> &)1 + (y1, €1 (0)) = (90,74, (0))
for all &, € Xin % Xin.

5.3. Dirichlet Control. For the Dirichlet boundary control problem we choose
the discrete control space as in the Neumann case. For a function ugy, € U, ,fh we define
an extension Uy, € Xpp such that

(53) ’y(ﬂkh(t, )) = ’U,kh(t, ) and ﬁkh(t, xl) = 0

on all interior nodes x; of 75, and for all ¢t € I.
The discrete optimization problem is formulated as follows:

Minimize J(yi,, urn)
for ugy, € U,?h N Uaa and ygp, € (g + X,gh) x Xpn subject to

(5.4)  ap(yans &xn) = (F+E0n)1 + (W1, E01(0)) — (Yo, £21,(0)) for all &, € Xpy, X Xy

REMARK 5.3. The employed ¢G(1)cG(1) discretization scheme is known to be
energy conserving. For p =0, f =0 and u = 0 one can directly show, that

1 1 1 1
EHyIth(tm)HZL?(Q) + §||vylih(tmw%2(9) = §||y1%h(tm—1)||2L2(Q) + §||V?/11h(tm—1)||2m(ﬂ)

holds for all m = 1,2..., M. This reflects the corresponding property of the wave
equation on the continuous level.
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5.4. Optimization algorithm on the discrete level. As on the continuous
level each of the discrete state equations (5.1), (5.2) and (5.4) defines the correspond-
ing discrete solution operator Sk, mapping a given control ugy, to the first component
of the state y,ﬁh . We introduce the discrete reduced cost functional

(5.5) Jkn(urn) = J(Skn(urn), urn)
and reformulate the discrete optimization problem as
(56) Minimize jkh(ukh) for wugp € Ugp N Uad,

where the discrete control space is U, = U,gl for distributed control and U, =
U,gL for boundary control. This optimization problem is solved using the PDAS-
algorithm (semismooth Newton method) as described in Section 2 for the continuous
problem. For the realization of this method on the discrete level we should discuss
the structure of the operator g corresponding to the operator ¢ in (2.2) on the
continuous level and the solution of the equality constrained optimization problem in
step (iii) of the PDAS-algorithm, see Section 2. The later problem is solved using
Newton-method utilizing the derivatives j;;, (ugn)(0urn) and ji, (ukn)(0ukh, TUg) in
directions dugp, Tugn € Ugp.

REMARK 5.4. For quadratic functional G(y) the Newton method for the equality
constrained optimization problem in step (iii) of the PDAS-algorithm converges in one
iteration.

In the case of distributed and Neumann control the required derivatives of jgp
can be represented as on the continuous level using adjoint and linearized (tangent)
discrete equations, see [5, 26] for details. Since the case of Dirichlet boundary condi-
tions is more involved, we discuss it in the sequel. In all three cases the operator g,
is defined in such a way that the derivative of the discrete reduced cost functional can
be expressed by

Jrn (uin) (Ougn) = (Qurn — qrn(ukn), Ok )w-

In the case of Dirichlet control the derivative j'(u)(du) on the continuous level is
given as

3" (u)(6u) = (au + dnp, du)s,

where p is the solution of the adjoint equation, cf. the optimality system (4.7). A
direct discretization of the term 9, p does not lead in general to the derivative of the
discrete cost functional jgp. Therefore, we employ another representation using a
residual of the adjoint equation, cf. discussions in [35, 17].

PROPOSITION 5.5. Let the discrete reduced cost functional ji, be defined as in
(5.5) with the solution operator Syy,: UL — X for the discrete state equation (5.4)
in the Dirichlet case. Then the following representations hold:

1. The first directional derivative in direction dugp € U,fh can be expressed as

Gt unn) Gurn) = (G' () Sun) 1 + DSt pin)1 + (Vourn, Vphy)1

(5.7)
+ o(ugn, Ourn) 1,

where yi, = Skn(ukn), @kh is the extension of dugp defined as in (5.3), and
pen = (DL, P3y) € X2 x Xgp is the solution to the discrete adjoint equation

(5.8) a(n, prp) = —J;(yéh,ukh)(nl) for alln € X2 x Xpp.
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2. The second derivative of jrn in directions dukp, Tugp € U,gl can be expressed
as

Fin (wren) (Surn, Tugn) = G" (Y ) (Oypen» TUkn) + (OeT Uk, 6pgn) 1 + (VTUkn, VOpp) 1
+ a{0ugn, TUkR) T,

where Syxn = (8Yjp, OYLy,) € (@kthX,gh) X Xpp is the solution of the discrete
tangent equation

(5.9) a(6ypn, &) =0 for all €€ X2 x Xy
and Spy), € )?,gh X Xy is given by
(5.10)  a(n,0pkn) = — I}, (Ykn urn) (Oypn.n")  for all € Xgp x Xy

Proof. Using the solution dyyg, of the discretized tangent equation (5.9), we obtain

jllch(ukh)(éukh) = J;(yihvukh)(fsy/ih) + J;(yliha ugn) (Oukn),

rewriting the first term using (5.8) and (5.9) we get:

Ty Wk ) OYin) = Ty (Y wrn) Oyky — Ouin) + Jy (Y wn) (Guugn)
= —(9:(Oykn — Swrn), pin) 1 — (V(Oyky, — Suxn). Vi )1
+ (G (ybn) . Surn) 1
= (O0ukn, D)1 + (Vourn, Vo)1 + (G (yh)s Swnn)s-

This gives the desired representation (5.7). The representation of the second derivative
is obtained in a similar way. O

REMARK 5.6.  We note, that for both the state equation (5.4) and the tan-
gent equation (5.9) the ansatz space consists of continuous piecewise linear in time
function and the test space consists of discontinuous piecewise constant (in time)
functions. For both adjoint equations (5.8) and (5.10) the ansatz and the test spaces
are exchanged. The ansatz functions are discontinuous and piecewise constant (in
time) and test functions are continuous piecewise linear in time. This allows for a
consistent formulation, cf. discussions in [5, 26].

5.5. Time stepping formulations. Although the discrete state equation (5.4)
as well as the discrete tangent (5.9) and adjoint (5.8), (5.10) equations are formulated
globally in time, they result in time stepping schemes. This is due to the fact, that
for all these equations either the ansatz or the test functions are discontinuous in
time. Applying the trapezoidal rule piecewise for approximation of time integrals, the
considered time discretization results in a Crank-Nicolson scheme, see, e.g., [26, 5]. In
what follows we describe the corresponding time stepping schemes for equations (5.4),
(5.9), (5.8) and (5.10) explicitly. Thereby, we assume that the functional G can be
represented as

with a functional g € C?(L?(Q2),R).
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We define for m =0,..., M
U = ten(tm), Yoo = Ypn

form=1,...,.M

2 2
Ims P = Pknl1

1 1
Py, = pn

and
Po1 :pllch(o)a Pg :pih(o)'

The discrete state equation for Y, Y € V}, and Y} € Up, + V0, Y2 eV, for

m=1,..., M is given as follows:

m = 0:
(Y0, o) + (5. 90%) = (o, ©") + (y1,9%)  forall o', ©* € V4,

K, ko, km
()/nm@ ) (}/nw(p ) T(V}/r}uvwl) =+ p7(VY£7VQp1) - 7(}/7%3()02)

km, k:
(Ygz 17901)+(YT}L—1’<)0 )_7(V m— 1’v901) (v m— 1aV<P1)

Fo, Ko Eo,
+ 7(Y73L—17<P2) + T(f(tm—l)awl) + 7(f(tm)’<ﬂ1)
for all o1 € Vi, @ € V.

The discrete adjoint equation for Py,P§ € V, and PL € V2, P2 € V, for

m=1,..., M is given as follows:

m = M:
2 1 1 p2yy FM oo 1 kv oo 20 opiy kMo 5o
(nVPI\/I)""(”7PM)+7(V777VP]\/I)_p7(V777VPM)_7(77vPM)

_k
;V[ JdYipmY) forallnt € VX, n?* € Vi,

m=M-—1,...,1:
]fm km m
(0, Pr) + (', PR) + =55 (V' VP = p=3H (V0 V By) = =2 (7, P)

km km
= (", Ppyy) + (" Phyy) — +1(V LVPL ) 4 +1(V77 VP, .1)

knL k km
L2 p2 ) % YY) forall gt € VO, 1 € Vi,

_|_

)Mt veh i v

k k
+— (P, P?) — — g (Y3) (") for all n',n? € Vj,.
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Next we describe the equations (5.9) and (5.10). Therefore, we define for i =
0,...,M:

U, = 5ukh(tM)a JYT}L = Jylih(tm)a 61/7?1 = (;yl%h(tm)a

5P'rln = (Spllchhm’ 5an = 5Pih|lm-
and
6Py = 6pg(0), 0F; = 6pj(0).

The discrete tangent equation for 5Y01, 5Y02 €V, and (5YnlI € g(} m+ V,gJ , 5Yn% eV, for
m=1,..., M is given as follows:

§Yy =8Y¢ =0,

K K
(6Y s 1) +(6Y %)+ (V5Ynlm D+p (WYfm - (5Yms& )

k,, kn
= (5Y7$L—17<P ) (6 m—11% ) - 7( 6Y1 -1 v‘/)l) - p?(V(SYanvQOl)
(JYfL L o?) for all ! € V2, p? € V.

The additional adjoint equation for (5P0,5P02 € Vj, and 6P}, € V!, 6P2 €V, for
m=1,..., M is given as follows:
m = M:
k k
(0. 0P3y) + (', 0Pfy) + =5~ (V' V8PY,) — p=3- (Vi VEFY))
_ku
— (1

Kk
5 (n*.0Pf) = —Fg "<YM><6YM, )

for all n' € V0,5 € V,.
m=M-—1,...,1:
2 1 1 2 km 1 1 km 2 1 km 2 2

km, km
= (772’5P71n+1) + (77175P31+1) - +1 (V V5P1 +1) +p +1 (V77 v5PM)

K km + km
+ L (2, 6P ) — %g”(Ym)(Wm, ')

2
for all ' € V2, n? € Vi,

k
(n*,6P3) + (0" 6F) = (i 6P1) + (", 6 PF) — (V' V6 PY)

k k k
+ 5 (Vi V6P + 2 (7, 6PF) — 59" (Yo) (6Y0. ')

for all ' € V2, n? € V.
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6. Numerical Examples. In this section we discuss numerical examples illus-
trating our theoretical results for the optimal control problems under considerations.
We present a comparison of the numbers of PDAS iterations for different discretization
levels as well as some results illustrating the error behavior on a fixed mesh. On the
discrete level (for fixed temporal and spatial meshes) the PDAS-method typically con-
verges in a finite number of steps (cf. the stopping criterion in Remark 2.12), which is
better than superlinear convergence. The examples indicate superlinear convergence
also before the PDAS method stopps finding the optimal discrete solution.

All computations are done using the optimization library RoDoBo [30] and the
finite element toolkit Gascoigne [9].

In the following we consider distributed, Neumann boundary and Dirichlet bound-
ary control with and without damping on the unit square Q = (0,1)? C R?. Here,
we specify the functional G in the following way: For a given function y4 € L?(Q) we
define

1
G(y) = §||y - yd||2L2(Q)~

6.1. Example 1: Distributed Control. We compute the distributed optimal
control problem (4.1) with the following data:

a=0.01, u,=-06, u=2 T=1,

10zy, if 1 < 0.5, . .

ya(t,z) = 2 ! yo(x) = sin(mxq) sin(maz), y1(zx) =0
1, else,

for t € [0,7] and x = (z1, 22) € .

TABLE 6.1
PDAS method on the sequence of uniformly refined meshes for distributed control problem

Level N M  PDAS steps

1 16 2 )
2 64 4 4
3 256 8 5
4 1024 16 4
5 4096 32 4
6 16384 64 )

This optimal control problem is discretized by space-time finite elements as de-
scribed above. The resulting finite-dimensional problem is solved by the PDAS
method. In Table 6.1 the numbers of iterations is shown for a sequence of uniformly
refined discretizations. Here, N denotes the number of cells in the spatial mesh 7,
and M denotes the number of time intervals. The results indicate a mesh-independent
behavior of the PDAS-algorithm.

To analyze the convergence behavior of the PDAS method we define the PDAS
iteration error

€ = Hué’ﬁ - ukh”L"’(w)v

where u,(;,i denotes the ith iterate and u;, the optimal discrete solution. For a fixed
discretization with NV = 16384 cells and M = 64 time steps Table 6.2 depicts the rate
of convergence of the PDAS-iteration. The results presented demonstrate superlinear
convergence.
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TABLE 6.2
superlinear convergence of the PDAS-method for distributed control

i 1 2 3 4
e 3.6-1072 9.7-100% 21-107° 0
eiv1/e; 2.7-1072 2.2-1072 0 -

6.2. Example 2: Neumann Control. We consider the Neumann boundary
control problem (4.4) with the following data:

1, ifay > 0.25,
f(t,z) = to  a=001, u,=-08 wu=1 T=1,
—1, else

)

—x1, if 1 > 0.05, . .
yd<t7x>={2 Ve yo(@) = sin(may) sin(rzz), - y1(x) = 0

for t € [0,T] and = = (z1,x2) € Q.

As in the previous example we see in Table 6.3, that the number of PDAS itera-
tions is mesh-independent under uniformly refinement of the discretizations.

For a fixed discretization with N = 16384 cells and M = 64 time steps Table 6.4
shows the rate of convergence of the PDAS-iteration illustrating superlinear conver-
gence.

TABLE 6.3
PDAS method on the sequence of uniformly refined meshes for Neumann boundary control

Level N M PDAS steps

1 16 2 5}

2 64 4 5

3 256 8 3

4 1024 16 4

5 4096 32 4

6 16384 64 5
TABLE 6.4

superlinear convergence of the PDAS-method for Neumann boundary control

i 1 2 3 4
ei  30-1072 97-107% 28-.1075 0
eivi/e; 3.2-1072 2.9.1072 0 -

6.3. Example 3: Dirichlet Control. This is a Dirichlet optimal control prob-
lems (4.6) and (4.9) with the following data:

1, > 0.5,
f(t,z) = { 1 C Ug=—0.18, wuy=02, T=1,
r1, else
x x1 > 0.5 . .
ya(t,z) = { b , Yo(x) = sin(may) sin(ras),  yi(z) =0
—x1 else
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for t € [0,T] and = = (x1,x2) € Q.

TABLE 6.5

Numbers of PDAS-iterations on the sequence of uniformly refined meshes for different param-
eters a and p

a=10"* a=10"2
Level N M p=0 p=01 p=07 p=0 p=01 p=0.7
1 16 2 4 3 5 4 4 5
2 64 4 5 4 3 4 4 3
3 256 8 5 5 4 5 4 4
4 1024 16 6 6 6 5 7 5
5 4096 32 11 7 7 9 6 5
6 16384 64 13 9 7 10 8 5
a=1
Level N M p=0 p=01 p=0.7

1 16 2 3 3 2

2 64 4 3 3 1

3 256 8 4 3 1

4 1024 16 4 2 1

5 4096 32 3 3 1

6 16384 64 3 4 1

Table 6.5 illustrates the effect of damping introduced by the term —pAgy; on the
number of PDAS steps. For o = 0.01 and p = 0 we observe a mesh-dependence of
the algorithm. Moreover, the number of PDAS steps declines for increasing value of
p and stays mesh independent for p > 0. Furthermore, we consider the effect of o on
the number of PDAS steps. As expected the number of iterations declines also for
increasing .

In Table 6.6 and in Table 6.7 we consider the PDAS-iteration error for the dis-
cretization with N = 16384 cells and M = 64 time steps, where we choose p = 0
and p = 0.1, respectively, and @ = 0.01. These tables indicate that we only have
superlinear convergence for p > 0.

TABLE 6.6
Equation without damping, p =0 - PDAS-iteration error

i

1 2 3 4 5 6 7

€
eiv1/e

23-1072 22-1072 45-107% 19-107% 7.2-107* 3.8-107* 1.2.107*
95-107t 2.0-107* 42.107!' 38-107! 5.2.107! 3.1-107% 4.1-107!

i 7 8 9
€e; 48-107% 1.4-107% 0
€i+1/61' 3.0-1071 0 -
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