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Space-time finite element methods for distributed
optimal control of the wave equation

Richard Loscher, Olaf Steinbach

Institut fiir Angewandte Mathematik, TU Graz,
Steyrergasse 30, 8010 Graz, Austria

Abstract

We consider space-time tracking type distributed optimal control problems for the
wave equation in the space-time domain @ := Q x (0,7) C R"*1 where the control
is assumed to be in the energy space [Hé;,lo (Q)]*, rather than in L?(Q) which is more

common. While the latter ensures a unique state in the Sobolev space H&’&(Q), this
does not define a solution isomorphism. Hence we use an appropriate state space
X such that the wave operator becomes an isomorphism from X onto [Hélo(Q)]*
Using space-time finite element spaces of piecewise linear continuous basis functions
on completely unstructured but shape regular simplicial meshes, we derive a priori
estimates for the error [|u,, —1l|12() between the computed space-time finite element
solution u,;, and the target function w with respect to the regularization parameter
0, and the space-time finite element mesh-size h, depending on the regularity of the
desired state @. These estimates lead to the optimal choice p = h? in order to define
the regularization parameter g for a given space-time finite element mesh size h, or
to determine the required mesh size h when p is a given constant representing the
costs of the control. The theoretical results will be supported by numerical examples
with targets of different regularities, including discontinuous targets. Furthermore,
an adaptive space-time finite element scheme is proposed and numerically analyzed.

Keywords: Distributed optimal control problem, wave equation, space-time finite element
methods, a priori error estimates, adaptivity.

2010 MSC: 49M41, 35L05, 65M15, 65M60

1 Introduction

We consider a distributed optimal control problem to minimize a tracking type functional
to reach a given target uw € L*(Q) subject to the initial boundary value problem for the
wave equation with zero initial and boundary conditions in the space-time domain Q).
The standard setting of such kind of optimal control problems assumes the control to be in



L3(Q), see, e.g., [24, 31, 35]. In this case, the wave equation admits a unique solution in the
Sobolev space HS;&}(Q), see [17, 33]. For our analysis though, we will use a regularization
in the (energy) space [H&;}O(Q)] which is the dual of the test space for the variational
formulation of the wave equation. To ensure unique solvability of the wave equation also
in this case, we use a generalized variational formulation of the wave equation as recently
discussed in [34]. Similar investigations using the energy norm for the control were already
done for distributed optimal control problems subject to elliptic [23, 29] and parabolic
partial differential equations [20, 22], and, as it turns out, our analysis fits into the same
framework.

In this paper, our main interest will be in proving estimates for the error ||@,, — || 12
for the computed space-time finite element solution u,,, depending on the regularity of
the target function w and on the regularization parameter p. In particular, in the discrete
setting, we will allow o to depend on the mesh size A and we derive an optimal choice
o = h? in the sense, that we can achieve optimal orders of convergence with respect to
the regularity of w. This is of particular interest when the regularization parameter p is
required to ensure solvability of the unconstrained optimal control problem, i.e., the costs
are not of practical interest, see, e.g., [32]. In this case, the minimization problem is closely
related to the Tikhonov regularization in inverse problems, where the parameter dependent
convergence as ¢ — 0 is well-studied, see, e.g., [2, 8, 15]. On the other hand, when p is
a given constant representing the costs of the control, one can determine the required
space-time finite element mesh size h in order to reach the minimum of the functional
to be minimized. The optimal relation between the regularization parameter ¢ and the
finite element mesh size h is also important for the design of preconditioned iterative
solution methods for the discrete optimality system, see, e.g., [22, 23] for the elliptic and
the parabolic case, respectively. To ease the presentation, at this time, we will not consider
any control or state constraints, see, e.g., [13, 16]. However, state or control constraints
can be considered within the abstract framework as given in [11].

When choosing an appropriate state space X as introduced in [34], the state equation,
i.e., the Dirichlet problem for the wave equation, admits a unique solution u, € X, for
each right hand side 2z, € Z = Y* = [H&’b(@)]*, i.e., the wave operator B : X — Y™* is
an isomorphism. In view of the Necas—Babuska theorem, e.g., [3, 30], B is, in particular,
inf-sup stable. Furthermore, when introducing a self-adjoint, elliptic and bounded operator
A:Y — Y, which gives raise to an equivalent norm in Y, and p, € Y as the solution of
the adjoint wave equation B*p, = u, — u, we can eliminate the control z, by the gradient
equation p, + 0A™'z, = 0. Then, the unique solution of the optimal control problem can
be computed by solving the reduced first order optimality system

(2 ) ()= ()

for any given target function w € L?(Q), which can be interpreted as a stabilized saddle
point formulation. This specific form arises also in boundary optimal control problems for
the wave equation, see, e.g., [28], and, undoubtely, in many applications.
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For the numerical treatment of the above considered optimal control problem, there
are a myriad of methods available, e.g., [12, 14, 16, 31, 36], just to mention a few. Mostly
space and time are treated separately, using, e.g., finite difference methods, mixed and
discontinuous Galerkin finite element methods, finite volume methods, and time stepping
schemes or variational in time methods. Here, we will consider a real space-time finite
element method on completely unstructured, but shape regular, simplicial space-time finite
element meshes decomposing the space-time domain @, see also [7, 9] where such methods
are given for the direct solution of the wave equation. Introducing conforming finite element
spaces X, C X and Y, C Y with appropriate approximation properties, the discrete
reduced optimality system admits again the form of a stabilized saddle point formulation.
Though, at this point it is worth stressing, that the assumptions on the discrete operator
By, : Xj, = Y;" are vastly weakened, i.e., we do not need a discrete inf-sup stability condition
and not even a CFL-condition to be fulfilled. Therefore, this method directly allows for
an adaptive finite element scheme, see, e.g., [27] in the case of a parabolic optimal control
problem, and [4] for adaptive schemes for the wave equation, which we will also address in
our numerical investigations.

The remainder of this paper is structured as follows: In Section 2 we will state the
model problem and introduce the appropriate functional analytical setting required for the
solution of the wave equation. In Section 3 we present the main result for the regularization
error estimates which depend on the regularity of the target w, and on the regularization
parameter p. The space-time finite element discretization and related a priori error es-
timates are investigated in Section 4, where we will conclude the optimal choice o = h?
for the regularization parameter. Numerical tests will confirm our theory in Section 5.
Furthermore, we will compare the proposed energy regularization approach with the more
standard L? regularization in the same setting, as well as propose an adaptive refinement
strategy. In Section 6, we draw some conclusions and give an outlook on ongoing work.

2 Distributed optimal control problems

Let  C R", n =1, 2,3, be abounded convex domain with, for n = 2, 3, Lipschitz boundary
I' =09, and let T" > 0 be a given finite time horizon. Then we introduce the space-time
domain @ := Q x (0,7) and the lateral boundary ¥ := I" x (0,7"). For a given target
u € L?(Q) and a regularization parameter o > 0, we consider the minimization of the cost
functional

Tl = [ ] afe.t) =0 dedi+ 5 ol (2.1)

subject to the initial boundary value problem for the wave equation with homogeneous
Dirichlet boundary conditions,

Ou,(x,t) == Opuy(x,t) — Aguy(x,t) = z,(x,t)  for (z,t) € Q,
up(z,t) = 0 for (z,t) € 3, (2.2)
Uo(2,0) = Opup(x,t)ji=0 = 0 for x € Q.
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Our particular interest is in the numerical solution of the constrained minimization problem
(2.1) and (2.2) by using a space-time finite element approach on simplicial meshes which are
completely unstructured in space and time. For the error ||ty — @|[12(q) of the computed
numerical solution u,, we will provide estimates in the space-time finite element mesh size
h, and in the regularization parameter ¢ from which we will derive an optimal choice for
0, which will depend on the choice of the regularization space Z.

First we consider z, € Z = L?(Q). Following [33], the space-time variational formula-
tion of the state equation (2.2) is to find u, € HS;&(Q) such that

b(ug, q) = —(Osttg, D) 12(Q) + (Vall, V@) 12(Q) = (%05 @) 12(q) (2.3)
is satisfied for all ¢ € H&’}O(Q). Here we use the anisotropic Sobolev space
Hys (Q) = L2(0,T; Hy () N Hy (0,75 L*(Q)),

where Hj (0,73 L*(Q2)) covers the zero initial condition u(z,0) = 0 for z € Q, while
L*(0,T; H}(€)) includes the homogeneous Dirichlet boundary condition on 3. Note that
the second initial condition dyu(x,t)—o = 0 for & € € enters the variational formulation
(2.3) in a natural way. A norm in H&;&(Q) is given by the graph norm

lallmss @) = /10l + IVatliZaq) = lulinoy

Note that H&;}D(Q) is defined accordingly, but with a zero terminal condition ¢(z,T") = 0
for z € (2. Then we have

bw,q)| < Julis)laliny for all w € Hi (Q).q € HE(Q). (2.4)

For z, € L*(Q) there exists a unique solution u, € HS;’&(Q) of the variational formulation
(2.3) satisfying, see, e.g., [33, Theorem 5.1], and [17],

1
||uQ||H3;’&(Q) = ET zell 220 -

Hence we can write u, = Sz, with the solution operator S : L*(Q) — Hyj (Q) C L*(Q),
and we can introduce the reduced cost functional

F(ze) 1= 51182~ llaq) + 5 0 l=l3a(ay
whose minimizer is given by the gradient equation
Po(x,t) + 02,(x,t) =0 for (z,t) € Q, (2.5)
and where p, € Hé;}o(Q) is the weak solution of the adjoint problem

8ttpg(xa t) - Axpg(xv t) = UQ(.I', t) - ﬂ(iC, t) fOI‘ (l’, t) S Qa
Polz,t) = 0 for (z,t) € %, (2.6)
po(x,T) = Oipy(,t) 4= = 0 for x € Q).



Similar as in [20] for the heat equation we can apply a space-time finite element method
on completely unstructured simplicial meshes to discretize the optimality system (2.2) and
(2.6) after eliminating the control z, from the gradient equation (2.5). Although we will
consider this approach for a numerical comparison, at this time we are not able to provide a
complete numerical analysis for this approach. As already seen in the elliptic case [23, 29],
and in the parabolic case [20, 21, 22|, there are differences both in the numerical analysis
and in the properties of the numerical solutions when considering the regularization in
L?(Q), and in the related energy space, which is the dual of the test space.

A direct space-time finite element discretization of the variational formulation (2.3) on
space-time tensor product meshes using piecewise linear continuous basis functions requires
an appropriate stability condition hy < h, //n where h; and h, are the temporal and spatial
mesh sizes, respectively, see [33]. Moreover, the associated operator B to the variational
formulation (2.3) does not define an isomorphism between L*(Q) and H&’é}(@), see Theorem
2.1. Although the variational formulation (2.3) is well defined also for z, € [H&;}O(Q)]*, it
does not ensure unique solvability in H&’&(Q) in this case. Instead we have to enlarge the
ansatz space in order to incorporate the second initial condition Oyu,(z,t)j—o = 0 in an
appropriate way. In what follows we will consider a generalized variational formulation of
the wave equation, see [34]. When using a distributional definition of the wave operator,
we consider an ultra-weak variational formulation of (2.2) to find v € L?(Q) which is
extended by zero to an enlarged domain to cover the initial conditions. This approach
will allow us to define the regularization in a suitable energy norm. In this case we choose
Z = [H&’}O(Q)]* as the dual of the test space. A norm in this space is given as

| (z,0)0
Il = sup o
0£q€H,, ((Q) q Holo(@)

where (-, )¢ is an extension of the inner product in L*(Q). For z € [Hé;’})(Q)]*, and using
the Riesz isomorphism, there exists a unique w, € HS;}J(Q) such that

(Aw., q)q = (02, 0iq)12(Q) + (Vaws, Vi) 12q) = (2,¢)q  for all ¢ € Hy((Q).
With this choice, A is self-adjoint, elliptic and bounded, i.e.,

<Awaq>Q S ‘w‘Hl(Q)‘q’Hl(Q)a <AQ7Q>Q = ’qyifl(Q) for all w,q € H(%;}()(Q)?
and, hence, invertible. Thus, we can write

[ | = (Aw:, wz)q = |12

2 1,1 H2 1,1
Hp! (@) [Hoo(Q@)]*

as well as
— 1,1 *
HZH?HS;}U(Q)]* = (z,w,)g = (2, A 12>Q for all z € [Ho;,o(Q)] .
We proceed with stating some preliminaries. First, let us give a result concerning the
boundedness of the solution u, € H&’&(Q) of (2.3) when considering the norm of z, in

[Hy:o(Q)]



Theorem 2.1 [34, Theorem 1.1] There does not exist a constant ¢ > 0 such that each
right-hand side z, € L*(Q) and the corresponding solution u, € H&;&(Q) of (2.3) satisfy

el s @) < ellzelliagt oy

In particular, the inf-sup condition

b(u, q
cs HuHH&,&(Q) < sup # for allu € H&;&(Q)

oreerih@ l9llmt o)
with a constant cg > 0 does not hold true.

The issue to overcome is the handling of the initial condition dyu,(z, t)j=0 = 0 for z € Q for
which we will proceed as in [34]. For the enlarged space-time domain Q_ := Q x (=7, 7)),
and for u € L*(Q) we define the zero extension

dt) = {u(a:,t) for (z,t) € Q,

0, else.

The application of the wave operator [Ju on (Q_ will be formulated as a distribution, i.e.,

for ¢ € C3°(Q-) we define

(Ou, v)q_ ::/ u(z,t) Dgp(w,t)da:dt:/Qu(x,t) Op(x,t) dx dt.

Now we are in the position to introduce the space
H(Q) = {u =T, : 7 € L3(Q), Tau(ro) =0, T € [HI(Q)]'},

with the graph norm

el = y/lulZa(g) + TRy iy -

The normed vector space (H(Q),|| - [ln()) is a Banach space, and it holds true that, see
[34, Lemma 3.5], HS;’S’(Q) C H(Q) ie.,

Wlg e < llulluis @ 00.(Q)- :
| Ca|| < Jul| L@ for all w € Hy)y (Q) (2.7)

Therefore, we can consider the space

|RIEEe)

Hoo,(Q) == Hyjy (Q) C H(Q)

which will serve as ansatz space. For u € H,0,(Q), an equivalent norm is given as, see [34,
Lemma 3.6],

[l #00,(@) = 1150z oy
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For given z, € [H&’}O(Q)]* we consider the variational formulation to find u, € Ho (Q)
such that
(Ouy, £q)g = (20,q)g Tforallge Hé;”lo(Q), (2.8)

where £ : H&;}O(Q) — H}(Q_) is a suitable extension operator, e.g., reflection in time with
respect to t = 0, satisfying

1,1
||<€Q||H5(Q,) <2 ||Q||H3;}O(Q) for all ¢ € Ho;,o(@)-

We conclude that the bilinear form within the variational formulation (2.8) is bounded,
ie., for all u € Hop (Q) and g € Hy'o(Q) we have

(O, Eq)q_ | < 10Ul im2 0y

) <2 HuHHO;O,(Q)HQHH&’}O(Q)' (2.9)

Moreover, we have the following result.

Theorem 2.2 [34, Theorem 3.9] For each given z, € [H&’}O(Q)]*, there exists a unique
solution u, € Ho,(Q) of the variational formulation (2.8) satisfying

ltollson @ = 10Ty = el o

In particular, there holds the inf-sup stability condition

O, €
||u”H0;o,(Q) < sup M
orqeni @ 140l

for allu € Ho,,(Q). (2.10)

Remark 2.1 The use of the bilinear form (Ou,Eq)g_ might seem cumbersome. But we
have, see [34, Lemma 3.5],

(U, Eq)q = — (0, 0:9) 12(0)+H(Vatt, Vo) 12(0) for allu € Hyy (Q) C Hoo (Q),q € Hyb(Q).

This is of particular interest when considering the discrete setting, as piecewise linear
continuous functions are in H'(Q).

In view of Theorem 2.2 we have a solution operator S : [HS;’})(Q)]* — Ho0.(Q) C LA(Q).
So, we can write the reduced cost functional

1
J(z0) = EHSZQ ““L? +35 QHZQHHll Q)

1, 1 1
= 2 (S 829729> — (5™, Z@>Q +5 ||U||L2 +5 5 o(A” Z@?%)Q

where §* @ [Ho,0,(Q)]* — HS;})(Q) denotes the dual of the solution operator. The minimizer
of the reduced cost functional is the unique solution of the gradient equation

S*(Sz,— )+ 0A 2, =0, (2.11)
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i.e., we have to find z, € [H&;’}O(Q)]* as solution of
0A 2, + 88z, = ST in Hyo(Q).

Note that T, := p A™! + §*S : [HSB(Q)]* — HS%(Q) is bounded and elliptic, thus unique
solvability of the operator equation (2.11) follows immediately. When introducing the
adjoint state p, = S*(u, —u), and w,, € H&%(Q) as solution of Aw,, = z,, we can write
the gradient equation (2.11) as

Do+ 0w, =0, (2.12)

where p, € HS;’}O(Q) is the unique solution of the adjoint generalized wave equation
(00, Epo)o_ = (U — W, v) 2y for all v € Hoy,(Q). (2.13)

The optimality system to be solved covers the forward (generalized) wave equation (2.8),
the adjoint backward (generalized) wave equation (2.13), and the gradient equation (2.12).
When considering w,, = A™'z, = —o~'p, we can eliminate the control by z, = —o ' Ap,
to end up with the system to find (u,,p,) € Hoo,(Q) X H&;}O(Q) such that

Qil <Ap97 q>Q + <Daga 5q>Q_ =0, _<D57 5}?9) + <u97 U>L2(Q) = <E7 U>L2(Q) (2'14)

is satisfied for all (v,q) € Ho,o (Q) X H&;;(Q).

When the state u, € Ho,(Q) is known, and since we are interested in the reconstruction
of the control, we can compute z, € [Hél()(Q)]* as unique solution of the variational
formulation

(20, 1) = (Ou,, Eq)g_ forallg € HS;’}O(Q). (2.15)

3 Regularization error estimates
We introduce X := Hp, (Q) and YV := Hé;”%(Q) with norms

[ullx = llullnoo. @ llally = llallge @) = lala@,

and we can write the optimality system (2.14) as operator equation to find (u,, p,) € X XY

such that 14
- B 0
¢ Pe) _ (7). (3.1)
—-B* I) \u, u
where B : X — Y* is defined via
(Bv,q)g = (0Ov,Eq)q_ forall (v,q) € X X Y.

Note that, using (2.9), we have

B Ou, &
ye = sup < u7q>Q _ sup < U, q>Q—

1B =
o#qey  llally 0£gEH | (Q) HQHH(};}O(Q)

< 2 [|ullgo, @ = 2 [lullx



for all w € X, ie., B : X — Y* is bounded. Since A is invertible, we can eliminate
p, = —0A ' Bu, to end up with the Schur complement equation to find u, € X such that

[I+0B*A™'Blu, =u in X*. (3.2)
Lemma 3.1 The operator S := B*A™'B : X — X* is bounded and elliptic, i.e.,
[Sullx- < 4|ullx, (Su,u)g>|lullk for allu € X.
1/2

Moreover, |[ulls := (Su,u)q”, u € X, defines an equivalent norm on X,

lullx < |lulls < 2||ul|lx for allu € X. (3.3)

Proof. The boundedness results from the boundedness of B : X — Y™, and from the
invertibility of A : Y — Y™ i.e., for u € X we have
(Su,v)g (A~ Bu, Bv)

x+ = sup ———% = sup
orvex  [vllx  oreex [v]lx

1Sul “ < 4fullx.

Further, the inf-sup stability condition (2.10) implies

(Ou,Eq)q Bu, q
lallx = luleo @ < sup  omEle- _ Budle

Tl T
o£qeit (@ NllEg @  0Fasy DIl

Y*
for all u € X. When introducing, for u € X, the auxiliary variable p, = A~'Bu € Y, we
first have

(Su,u)q = (A7 Bu, Bu)q = (pu, Bu)g = (pu, APu)q = [Ipully -

Moreover, we have that

lullx < [Bul

v+ = [[Apully+ < [Ipully,
and we conclude
ull% < Ipully = (Su, u)q.

This also shows that

lullx < [lull§ = (Su,u)q < |Sullx-llullx < 4ulk forallu€ X,

which gives the desired equivalence of norms. O
The variational formulation of the Schur complement equation (3.2) is to find u, € X such
that

0 (Stg, v)q + (U, V) 12(0) = (W, V) 2@y for allv e X. (3.4)

Unique solvability of (3.4) immediately follows from the properties of S for all p € R,. In
particular for v = u, this gives

0 luglls + llugllza gy = (@ ug)r2@) < llllz2@) el 2@,
and hence,

[uollzz@) < lullz2@), Ve lluells < llullzz (3.5)
follow. As in [22, Lemma 2.3] we can prove the following regularization error estimates.
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Theorem 3.2 Foru € L*(Q) let u, € X be the unique solution of the variational formu-

lation (3.4) where o € Ry. Then the following estimate holds true
lue =l 2(Q) < IIll22()-
Moreover, for u € X we have

e = Tllz2q) < Velllls,

as well as
e —Tlls < [[als -

If in addition ©w € X is such that Su € L*(Q) 1is satisfied, then
lue =l 2(@) < 05Tl 20,

and
Jue —lls < /o Sullr2q)-

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

Proof. Let us first consider the case w € L?(Q). Then, when choosing v = u, € X

within the variational formulation (3.4), this gives

% <Su97 u@>Q = <ﬂ — Uy, u9>L2(Q) = _<ﬂ — Up, U
ie.,
g =Tl 72y + 0 luolls = (@ — g, wo) 12(q) < o — @l 2 Il L2

and (3.6) follows.

o) 12(@Q) + (U — Ug, W 12(Q)

For w € X we can consider the variational formulation (3.4) for v = — u, € X to

obtain

HU_UQH%Q(Q) = <ﬂ_ugaﬂ_ug>L2(Q) = 0(Su,, U —1up)q

= o(Su,u — ug)Q —o0(S(u— ug),ﬂ - uQ>Q7
ie.,
lug — Tl| 72y + 0llup — Tlls < 0(Su, U — ug)g < o||ullsllu, —ulls,

and hence, (3.8) and (3.7) follow.
If w € X is such that Su € L?*(Q) is satisfied, we also have

g = Tl Z2(q) + € llue —Tll§ < 0 (ST T —up)q < 0 15T L2 lue — TllL2(q),

from which (3.9) and (3.10) follow.

10



Corollary 3.3 Foru € Hé;’ol’(Q) C X = Hoo,(Q) we conclude from (3.7), (3.3), and (2.7),
lue = ullr2@) < Velulls < 2velulx <2velall i g
and using a space interpolation arqgument, see, e.q., [1, 25, 26], this gives
luo = @l (@) < ¢ 0™ [[ll 2 o) (3.11)

when assuming T € Hip (Q) = [L*(Q), H&’&(Q)]S for some s € [0,1], and where the
positive constant c is independent of o.

Next we consideru € Hyj, (Q)NH?(Q) and assume that W is such that A~'Bu € H*(Q).
Note that A is related to the space-time Laplacian, but with mized Dirichlet and Neumann
boundary conditions which may reduce the reqularity of its solution. The application of the
adjoint wave operator then finally gives Su = B*A~'Bu € L*(Q). Then the error estimate
(3.9) implies

lue = Tll2(0) < cellallnz @),

and using an interpolation argument finally gives

H*(Q) (3.12)
when assuming u € HS;&(Q) N H*(Q) for some s € (1,2].

lug — @12 < co®? |4l

4 Space-time finite element methods

For the Galerkin discretization of the Schur complement variational formulation (3.4) we
introduce the conforming finite element space X, := SE(Q) NHoo (Q) = span{w; X € X
of piecewise linear and continuous basis functions ¢, which are defined with respect to some
admissible globally quasi-uniform decomposition 7;, = {7,}), of the space-time domain @
into shape-regular simplicial finite elements 7, of mesh size hy, see, e.g., [5]. Then the finite
element approximation of (3.4) is to find u,, € X}, such that

0 (Stugh, Vn)q + (Ugh, V) 12(Q) = (U, Vn) 12(Q) (4.1)

ist satisfied for all v, € X}. Using standard arguments, we conclude unique solvability of
(4.1), and the following Cea type a priori error estimate

0 g = ughl3 + 1 = wanl3xgy < int ol = wnlly + ty = vl (42)
Theorem 4.1 Assume u € [L*(Q), HS;’S,(Q)]S for s € [0,1] oru € HS;&(Q) N H*(Q) for
s € (1,2]. For the unique solution u,, € X, of (4.1) there holds the finite element error
estimate

H*(Q)> (4.3)

provided that ¢ = h*>. For u € H&’év(Q) N H*(Q) and s € [1,2] we also have the error
estimate

[ton — Tl L2(q) < ch® ||ul

Jtugn — Tlls < ch*~ Ul () (4.4)

11



Proof. We first consider the error estimate (4.2) for the particular function v, = 0,
and using (3.5) this gives

g — tgnll7z(g) < 0 lluglls + lugllizg) < 211ullZ2() -
Hence we conclude
tgn — | L2y < e — Tll12(g) + lte — onllr2i@) < (1 + V2) [l L2y - (4.5)

We now assume u € HS;’S,(Q) C X, and from (4.2) we obtain, using the triangle inequality,

(3.8) and (3.7), the inclusion H&’év(Q) C X, and standard approximation properties of
piecewise linear finite element functions, e.g., Scott—Zhang interpolation [5],

2 2 : 2 2
llts = w3 + llug = warllFae) < inf [ollus = vall3 + o = vallFace)|

<2 {g g = % + ity = liagy + inf [0 = wnllf + 7 vhniz(@]]

<2 [2olul} + int [eolu—ully o+ - ol

<clo+ k| lalidn g
In particular for o = h? this gives

R llug — uonll§ + llwg — wonllz2g) < P llli g -

Hence, using the triangle inequality and (3.11),

[uon =l L2(Q) < Nltgn = tollz2@) + lue = Ullz2@) < ch[ullm @) (4.6)
follows, while with (3.8) we obtain

[tgn = Ulls < flugn — uplls + lup —ulls < cl[allmi(q)- (4.7)
For uw € HS;&(Q) N H?*(Q) C X, using (3.10) and (3.9), we can prove in the same way
0 lluy = ugnl3 + llug — unlfa) < ¢ [0* + 01 + b [lidag) = ch* 1),

provided that o = h?. Now, using (3.9), (3.10) and Corollary 3.3, we obtain

lugh —Tll 2y < eh? [l n2q).

and
ugh —lls < ch ||l m2(g)-

The general estimates for s € (0, 1] and s € (1,2) now follow again from a space interpo-
lation argument. O
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Corollary 4.2 As already given in the previous proof, there hold the error estimates
0 llug = gnl3 + lug = unl32(g) < ¢ [0+ 12 Il
when assuming u € H&’éj(@), and
oty — g3+ Ity — usnllFacqy < € [0 + 00% + 1] ey
when assuming @ € Hy, (Q) N H(Q).

Next we are going to define a computable approximation of Su = B*A~'Bu. For u € X,
let p, = A"'Bu € Y be the unique solution of the variational formulation

(Apu,q)g = (Bu,q)q forallq €Y,

and hence, Su = B*p,. Let Y}, := S}HQ) N HSB(Q) = span{1;})7Y be a second finite
element space of piecewise linear continuous basis functions, which, for simplicity, are
defined with respect to the same decomposition of the space-time domain () into finite
elements as Xj,. Let now p,;, € Y}, solve

(Apun,qn)o = (Bu, qn)q for all ¢, € Y},

and define Su := B*pun, where S : X — X*is bounded due to the propertiesof A : Y — Y*
and B : X — Y™, respectively. Instead of (4.1), we now consider the perturbed variational
formulation to find u,, € X}, such that

1% <§agh, Uh>Q + (ﬂgh, Uh>L2(Q) = <ﬂ, Uh>L2(Q) (48)

is satisfied for all v, € Xj,. Unique solvability of (4.8) follows since the matrix realization
of S is positive semi-definite, while the mass matrix, which is related to the inner product
in L?(Q), is positive definite.

Lemma 4.3 Let uy, Uy, € X}, be the unique solutions of the variational formulations (4.1)
and (4.8), respectively. Foru € L*(Q) there holds the error estimate

[ton =l 2(@) < [Iull2(Q)- (4.9)
Forw e H&;&(Q) N H*(Q) C X we have
Hﬂgh — ﬂHLQ(Q) < Ch2 ||ﬂHH2(Q)‘ (410)

Proof. The estimate (4.9) follows when considering the perturbed variational formu-
lation (4.8) for vy, = Uy, i.e.,

0 (STigh, Tign)q = (T — Tgn, Ugn) 12(Q) = — (T — Tgh, T — TUgh) 12(q) + (T — TUgn, W) 12(@);

13



and
0 (STigh, Ugn)q + 1T = UnllF2(q) = (T — Ton, W 12(@) < [T — Uonll 2@ 1Tl 12(0)-
When subtracting the perturbed variational formulation (4.8) from (4.1), this gives
0 (Supn — gﬁgh, Vn)Q + (Uoh — Uon, V) 12(g) = 0 for all vy, € X,
ie.,
0((S = S)tugn, vr)g + (Ugh — TUgh, Vn)12(0) = 0 (S(Ugh — Ugn), vn)g  for all v, € X,
In particular for vy, = U, — u,, we further conclude
0 < 0(S(Toh — upn), Uoh — upn)q
= 0{(S = S)uughs Ton — tgn)Q + (Uon = Tghs Toh — Ugh) 12(Q):
i.e., using an inverse inequality in Xj,

[t — u@hH%Z’(Q) < 0 ((S = S)ugh, Uph — Ugh)q
= 0(B"(Pup, = Pugih)s Uoh — Ugh)Q
0 (Puyy — Pugnis B(Ugh — Ugn))q
0 (B (Uon — Uon), E(Puy, — Pugnh))@-
= 0b(Ugh — Ugh; Puyy, — Pugnh)

0 ‘agh - u@h‘Hl(Q)‘pugh — Puyph

H(Q)
coh ™ [Ugh — Uhl| £2(0) |Puyy — Pugnn|H1(Q)-

IAINA

Hence, using o = h? and the triangle inequality, this gives

[T — Ugh||L2(Q) < ch |pugh - pughh|H1(Q)

< ch ||puy, — Palar@) + [Pe — Panlai (@) + [pan — pughh|H1(Q):| :

For the first term we further have

Pugn — Paltng = (AlPuy, — Pa)s Py, — Pr)e
= <B(u9h - E)’.pugh — Pa)Q
< [|B(uon — ) |ly+|pu,, — pally
< 2un — Ul x|pu,, — pally,

ie.,
Puy, — Palar @) < 2 Jugn — Ul x <2 |lugn —Tlls < ch ||| g2(q)-

Following the same lines we can also estimate the third term by
[Pan — Pugnilmr@) < chl[ilg2(q)-

14



To estimate the second term, let us first recall that pz € Y = H&;B(Q) solves
(Apw, ¢)q = (BU,q)q forallge,
while pg, € Y}, solves
(Apan, qn)g = (Bu,qn)g for all g, € Y.
Thus, we conclude the Galerkin orthogonality

(Alpa = pan), an)q = 0 for all g € Y,

and Cea’s lemma,
lpa — panlm@) < inf |pa — qnlm@) < ch|palnq),
€Yy
when assuming py = A7'Bu € H*(Q). Indeed, for a convex space-time domain ) we have

Pl 2@ < cllApall2@) = ¢l Bull2@) < cllullm)-

This concludes the proof. ]

Remark 4.1 In the proof of Lemma 4.3 we have used an inverse inequality which in gen-
eral assumes a globally quasi-uniform finite element mesh. However, when using a variable
reqularization function o(x,t) = h? for (z,t) € 74, it is sufficient to use the inverse inequal-
ity locally, allowing adaptively refined and locally quasi-uniform finite element meshes. For
a related approach for a distributed optimal control problem with variable reqularization
subject to the Poisson equation, see [18].

Corollary 4.4 When using a space interpolation argument, from (4.9) and (4.10) we now
conclude the final error estimate

”ﬂgh — HHLQ(Q) S Chs ||ﬂ| Hs(Q) (411)

when assuming w € [L*(Q), H&;&(Q)]s for s €[0,1] oru e H&;&(Q) NH*(Q) fors e (1,2].

When the approximate state w,, is known, as in (2.15) we can compute the associate
control z, = By, € [H&;}O(Q)]* as unique solution of the variational formulation

(Zor )@ = (Diign, Eq)_ = (Blign, q)q for all ¢ € Hy4(Q).
With this we conclude that Z, is the minimizer of the functional

1

F(z) = b |2 — Bﬂgh”[QHé;}O(Q)}* = <A_1(Z — Blig), z — Blig)q,

DN | —
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ie., z, € [H&:{)(Q)]* is the unique solution of the gradient equation
A2, — Big,) = 0.
This is equivalent to the coupled system to find (¢, %,) € Hé;’})(Q) X [HS;’,l()(Q)]* such that
AV + %, = Biig,, 1 =0. (4.12)

Let Zyg C [HS;}O(Q)]* be a suitable finite element space, then we consider the Galerkin
variational formulation to find (3, Zpn) € Ys X Zg such that

<A¢h,¢h>L2(Q) + <nga¢h>L2(Q) = <Bagh:¢h>L2(Q)a <¢h>77H>L2(Q) =0 (4.13)

is satisfied for all (¢, ny) € Yy X Zy. Unique solvability of (4.13) follows when the discrete
inf-sup stability condition

ZH, Qn) 12
Cs HZH||[H3;,710(Q)]* < sup w for all zy € Zy

T 0#eReEYn ||¢h||H§;}0(Q)

is satisfied, i.e., when Y}, is defined with respect to a space-time finite element mesh size
h which is sufficiently small compared to the mesh size H of Zy. From a practical point
of view it is sufficient to consider one additional refinement when defining first Zy, and
afterwards Y}, i.e., h = H/2. As in mixed finite element methods and using the Strang
lemma we can then derive related error estimates for the Galerkin solution z,z.

5 Numerical results

The perturbed variational formulation (4.8) corresponds to the Galerkin discretization of
the coupled variational formulation (2.14). With the finite element spaces

Xp = SH(TR) 0 HA (Q) = span{p} )%

and
Yy, := Sp(Th) N Hyo(Q) = span{yi}i2y

as already used in Section 4, the equivalent linear system of algebraic equations reads

(Q—_Zﬁh J\ZZ) (i) - (%) ) (5.1)

where the system matrix is positive definite but skew-symmetric, and where the matrix

entries are given as, for k, 0 =1,... Mx,i,7=1,..., My,
Ah[j7 2] = <v($,t)wi7 v(:r,t)¢j>L2(Q)>
Mpll k] = (@r, ¢0)12(Q)
Bulj. k] = —(0wpk, 0;) 120y + (Vaor, Vatj) 12(0),

16



and with the load vector

Je = (U, 00) 12(Q)-

In addition to the energy regularization we will also consider the control z, € L*(Q), where
the arising matrix system is given as

137
oM, DBy Py _ 0
(o ) (8= (3) o
with the related mass matrix

Mh[i» i] == (i, %’)L?(Q) fori,j=1,..., My.

A similar analysis as for the energy regularization shows, that in this case, the optimal
choice for the relaxation parameter is ¢ = h*, see also [19] in the case of a distributed
optimal control problem for the Poisson equation.

5.1 Uniform refinement

In order to check our theoretical findings, we consider three test examples of different
regularity for the target function @, in the space-time domain @ := (0,1) x (0,1) C R2,
First we consider a smooth function w; € C%(Q) N H&é(@) given as

(5.3)

U

(e.) = {%(6t—3x—2)3(3x—6t)3, r<tandt—=z <2

0, else.

As a second target function we have the piecewiese constant function wy € HY?75(Q),
e > 0, given as

1 t 0.25,0.75)?
ﬂQ(Qf,t) — ) (l‘7 ) e ( 9 ) C Q’ (54)
0, else.
Finally, we consider a piecewise bilinear function u3 € HS/ 2_5(62), e > 0, defined as
1, s = 0.5,
us(z,t) = ¢(x)o(t), o(s) = {0, s ¢ [0.25,0.75], (5.5)

linear, else.

The numerical results for the energy regularization (5.1) with the optimal regularization
parameter ¢ = h?, and for the L? regularization (5.2) with ¢ = h*, are depicted in Fig. 2,
where we observe optimal orders of convergence for each of the three examples, as predicted
by the theory.

Although the convergence rates and errors for both approaches, the energy and the L?
regularization method, seem to be comparable, we observe a difference in the behaviour
of the discontinuous solution us ., see Fig. 3. This is due to the additional regularity
2, € H&;’}O(Q) which we gain when considering the control in Z = L?(Q).
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Remark 5.1 The choice of A enforces homogeneous Neumann conditions at the origin
t = 0, while we have homogeneous Dirichlet boundary conditions elsewhere. Due to this
change in the boundary conditions we may have a reduced reqularity for the solution of
the space-time Poisson equation, see Corollary 3.3. This results in a reduced order of
convergence, as observed for the target uy(x,t) = tsin(nt)sin(nx), for (z,t) € (0,1)2,
where the solution of the energy reqularization (5.1) converges with a rate 1.5 instead of 2,
see Table 1. To regain optimal rates, there are three possible remedies. First, one might
choose o = h® for the energy regqularization. Then the term is penalized strong enough
to ensure optimal orders of convergence. Second, one might compute the solution on an
enlarged domain, embedding the target function such that in a neighborhood of t = 0 and
t =T the function is constant zero, as we have done in our examples u;, 1 = 1,2,3. Then
Do will (approximately) fulfil the homogeneous Neumann condition. A third possibility is to
adaptively refine the mesh and resolve the singularities. This will be discussed in the next
section. Note, that for the L? reqularization approach this effect does not occur, since the
operator A = id : L*(Q) — L*(Q) does not enforce any initial condition.

Level DoFs N h o (h?) U, on — Wal|z2(q) e0C

0 24 64 0.125 1.56-1072 2.46 - 1072 0.00
1 112 256 0.063 3.91-1073 7.75-1073 1.67
2 480 1,024 0.031 9.77-107* 2.70-1073 1.52
3 1,984 4,096 0.016 2.44-107* 9.63- 1074 1.48
4 8,064 16,384  0.008 6.10-107° 3.44-1074 1.48
5
6
7

32,512 65,536 0.004 1.53-107° 1.23-1074 1.49
130,560 262,144  0.002 3.81-10°° 4.35-107° 1.49
523,264 1,048,576 0.001 9.54-1077 1.54-107° 1.50

Table 1: Errors and orders of convergence for u4(x,t) = tsin(¢m) sin(xm) in the case of an
uniform refinement strategy with o = h2.

Since in optimal control theory we are mainly interested in the control z, rather than in
the computed state u,,, we are going to reconstruct the control z, in a post-processing step
when solving (4.13). We introduce the finite element space Zy := S%(Q) = span{¢, }\* C
[HS;’}O(Q)]* of piecewise constant basis functions ¢,. When using Y}, := SL(Q)NY, (4.13)
is equivalent to the linear system of algebraic equations to find ¢ € RMy &5 4, €Y}, and
z € RV « Z,y € Zg such that

Ay, P hTH ﬂ o Bru
Py 0 z) L0 )’
with matrices By, as above and

PhH[T',j} = <¢j7¢r>L2(Q)7 r = 1,...,NH, ] == 1,...,My.
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Resolving the system for z gives
2= (Pun A, Ply) ' Pun A, Bru. (5.6)

In Fig. 3 we also present the reconstructed controls for both the energy and the L? regu-
larization approach.

5.2 Adaptive refinement

In this section we present some examples for an adaptive space-time refinement strategy
for the energy regularization (5.1). We will apply an adaptive refinement strategy using
Dérfler marking [6] with the refinement indicator 1, = ||up, — @[/12(r,) on each simplicial
space-time finite element 7, £ = 1,..., N. With this choice we see that the approximation
error fufills

=z

[toh =1 72(0) = ZU?
=1

We will refine all elements 7 that satisfy

>0 max
M = e:1,.4.,NW’

with 6 = 0.5. The initial mesh with 64 elements and 24 degrees of freedom (DoFs) and
the resulting adaptively refined meshes for the target functions w; at level 10 with 8824
elements and 4389 DoF's and for wy at level 7 with 15159 elements and 7571 DoFs are
shown in Fig. 4. In Tables 2 and 3 we present a comparison of the errors of the adaptive
refinement strategy against the errors of the uniform refinement at levels with comparably
many elements for both target functions. We clearly see, that in both cases considerably
less elements are needed to achieve errors of the same order.

X

(a) Level 0 (b) @y, Level 10 (c) wg, Level 7

Figure 4: Initial mesh and adaptively refined meshes for the target functions u;, 1 = 1, 2.

All comuptations were carried out with Matlab using a sparse direct solver. For the
adaptive refinement strategy the package from [10] was adapted suitably.
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Adaptive Uniform

#DOFS Hﬂl,gh — ﬂl ||L2(Q) 0= h?nm #DOFS Hﬂl’gh — ﬂl HL2(Q) 0 = h2

L

0 24 6.12415-1072 1.56 - 1072 24 6.12415-1072 1.56 - 1072
2 101 1.26895 - 1072 9.77-107* 112 2.94242-1072 3.91-1073
) 399 2.05047-1073 1.22-107* 480 1.06888 - 1072 9.77 - 1071
8 1654 5.13791-1074 3.05-107° 1984 3.14290 - 1073 2.44-1071
13 8266 6.61367-107° 1.91-107° 8064 8.31332-1074 6.10-107°
18 | 39821 1.19888-1075 1.19-1077 32512 2.12588 - 1074 1.53-107°
22 | 162774 2.86782-107° 2.98-1078 130560 5.41480-107° 3.82-107°
25 | 377896 1.07848 -107° 7.45-1077 523264 1.39319-107° 9.54-1077
26 | 636878 7.03678 - 1077 1.86 - 107

O U W R O

Table 2: Comparison of the uniform refinement to the adaptive refinement strategy for
levels (L) with comparably many elements for the target function @; for the energy regu-
larization (5.1).

Adaptive Uniform

#DOFS HﬂZ,gh — HQHLz(Q) 0= h?nm #DOFS H62’gh — ﬂQHLz(Q) 0= h?

L

0 24 250691 - 107t 1.56 - 1072 24 2.50691 - 1071 1.56 - 102
2 198 1.36350- 1071 9.77-1074 112 1.88590- 1071 3.91-1073
3 435 9.74050 - 102 2.44-107* 480 1.37373-107! 9.77 - 1071
3 1895 4.92039 - 1072 1.53-107° 1984 9.85712- 102 2.44-1071
7 7571 2.46665 - 1072 9.54-1077 8064 7.02300 - 102 6.10-107°
9 30027 1.23436 - 102 5.96 - 1078 32512 4.98503 - 102 1.53-107°
11 | 119554 6.17867-1073 3.73-107° 130560 3.53171 - 1072 3.82-107°
13 | 477542 3.09069 - 1073 2.3-1071 523264  2.49969 - 102 9.54 1077
14 | 957389 2.18324-1073 5.8-1071

O U W R O

Table 3: Comparison of the uniform refinement to the adaptive refinement strategy for
levels (L) with comparably many elements for the target function @, for the energy regu-
larization (5.1).

6 Conclusions and outlook

We have introduced and investigated a space-time finite element method for distributed
optimal control problems for the wave equation with energy regularization. In particular,
we have shown L?(Q) error estimates between the desired state u and the computable
discrete solution wu,,, with respect to the regularity of the target function. It has been
proven that in this case the choice o = h? delivers optimal orders of convergence, and the
findings have been supported by several numerical examples. Moreover, we compared the
results to the case where a L?(Q) regularization is used. Furthermore, we proposed an
adaptive finite element strategy and presented its performance for target functions with
different regularities, where we observed that considerably less elements are needed for a
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comparable error than in the case of an uniform refinement.

The system matrices, for both the L? and the energy regularization approach, are
positive definite but skew-symmetric, or alternatively, symmetric but indefinite. Thus it
is of highest interest to develop robust iterative solvers as already done in the elliptic
and parabolic case [19, 22, 23]. This will then also allow an efficient solution of related
optimal control problems in two and three space dimensions. Moreover, for discontinuous
targets and an adaptive finite element scheme, it would be sensible to consider a relaxation
parameter o = po(x,t) that is locally varying, to have a better resolution of the control
defined on the adaptive mesh. This has already been done for the optimal control problem
subject to the Poisson equation [18]. In addition, in order to be of practical interest, the
consideration of control and/or state constraints can be considered within the abstract
framework as done in [11].

Acknowledgment: The authors would like to thank U. Langer and F. Troltzsch for the
fruitful discussions and their helpful comments during their visit to TU Graz in October
2022.
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