SEMI-SMOOTH NEWTON METHODS FOR OPTIMAL
CONTROL OF THE DYNAMICAL LAME SYSTEM WITH
CONTROL CONSTRAINTS

AXEL KRONER

ABSTRACT. Optimal control problems governed by the dynamical Lamé sys-
tem with additional constraints on the controls are analyzed. Different types
of control action are considered: distributed, Neumann boundary and Dirich-
let boundary control. To treat the inequality control constraints semi-smooth
Newton methods are applied and their convergence is analyzed. Although
semi-smooth Newton methods are widely studied in the context of pde-con-
strained optimization little has been done in the context of the dynamical
Lamé system. The novelty of the paper is the proof that in case of distributed
and Neumann boundary control the Newton method converges superlinearly.
In case of Dirichlet control superlinear convergence is shown for a strongly
damped Lamé system. The results are an extension of Kroner, Kunisch, and
Vexler (2011), where optimal control problems of the classical wave equation
are considered. The control problems are discretized by finite elements and
numerical examples are presented.

1. INTRODUCTION

In this paper we analyze semi-smooth Newton methods for optimal control prob-
lems governed by the dynamical Lamé system with control constraints. The control
problems are of the following type:

1) Minimize J(u,y) = G(y) + % ||u|\?]w , subject to
. y:S(u)a yEY, u € Uy CU,

with control space U, state space Y and o > 0. The control-to-state operator
S: U, — Y is assumed to be affine-linear, the functional G: Y — IR to be quadratic.
The control and state space and the operators are defined in more detail in the
next section. The choice of the control-to-state operator incorporates distributed
as well as Neumann and Dirichlet boundary control problems of the dynamical
Lamé system which we will consider later. The set of admissible controls is defined
by
Uad:{UEUw|ua§u§ub}

for given ug, up € U,,.

To specify the control-to-state operator we introduce the dynamical Lamé sys-
tem. Let 2 C R d = 1,2,3, be a bounded domain with C2-boundary (bounded
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interval if d = 1) and T' > 0. We define w = (2 in case of distributed control and
w = 012 in case of Neumann and Dirichlet boundary control and set

I=(0T), Q=Ix802, X=Ix090N.

Further, we introduce the strain tensor
1
eij(v) = 5(9iv; + Ojvi)

and stress tensor
0ij(v) = Adyj tr(e(v)) + 2pe45(v)
for the Lamé parameters A\, > 0 and 4,5 € {1,2,...,d}. Here, tr: R¥*? — R
denotes the usual trace operator and d;; the Kronecker delta symbol. For v € U,,
the operator S is given as the solution operator of
yu —divo(y) = Bu in @,

y(0) =yo in £,
Yt (0) =Y in '(27

Cy=Du onX

(1.2)

for given initial values (yo,y1) and operators B,C, D which are given by

(1.3) B=id, C=id, D=0, (distributed control)
(14) Bu=f, Cy=o(y)-n, D=id, (Neumann boundary control)
(1.5) Bu=f, C=id, D =id (Dirichlet boundary control)

depending on the type of control. Here, n denotes the outer normal and id the
identity operator.

For treating the inequality control constraints and solving (1.1) we apply a semi-
smooth Newton method (cf. [4, 9, 10, 27]). These methods are very efficient for
a large class of optimization problems with partial differential equations; see, e.g.,
[4, 9, 14, 15, 26]. To verify superlinear convergence of the Newton method we need
slant differentiability of the underlying functional and boundedness of the inverse
of this generalized derivative, then superlinear convergence follows by well-known
results (see [4],[9]). The novelty of this paper is the proof that these two properties
are given in case of distributed and Neumann boundary control of the Lamé system
and in case of Dirichlet boundary control for a strongly damped Lamé system. To
verify this we combine results from regularity theory for the Lamé system, slant
differentiability, semi-smooth Newton methods, and from an additional regularity
result for the strongly damped Lamé system which we will prove in the sequel.
This paper is an extension of the results developed in [14], where the convergence
of semi-smooth Newton methods for optimal control problems governed by the wave
equation is analyzed.

To derive slant differentiability we need a smoothing property of the operator
mapping the control to the adjoint state and Neumann traces of the adjoint state,
respectively. In case of distributed and Neumann boundary control of the Lamé
system this smoothing property is given. However, in case of Dirichlet control this
condition is not given in general. This motivates to consider the strongly damped
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dynamical Lamé system given by

yie —divo(y) —pdive(y:) = f  inQ,
Y

0) = in £2,

(1.6) y(0) 0 .
y:(0) =y1 in £,
y=u onlkt

with damping parameter p > 0 leading to higher regularity of the adjoint state
and superlinear convergence of the Newton method. Control problem (1.1) with S
given by the control-to-state operator of (1.6) with small p > 0 can be interpreted
as a regularized optimal Dirichlet boundary control problem of the dynamical Lamé
system. Moreover, it is an interesting problem on its own, since it can be seen as
a model for problems involving loss of energy; cf. the discussion in the context of
the wave equation in [19, p. 334].

Semi-smooth Newton methods can be equivalently formulated as primal-dual
active set methods (PDAS); cf. [9]. These methods exploit pointwise information of
Lagrange multipliers for updating active and inactive sets. To ensure this property
we will choose the control space U, as a set of L2-functions; cf. the discussion
in [15].

The control problems under consideration are discretized by finite elements sim-
ilar to [14] and numerical examples are presented.

The literature for numerical methods for optimal control of the Lamé system
and second order hyperbolic equations is significantly less rich than for elliptic and
parabolic equations. Let us mention some recent contributions. Adaptive finite
element methods for control problems arising from the Lamé system are considered
in [13] and for the wave equation in [11]. In [28] a time optimal control problem for
the wave equation is analyzed. Control problems governed by the wave equation
with state constraints are discussed in [8].

Controllability problems for the Lamé system can be found in [1] and for higher
dimensional hyperbolic systems in [21]. Discretization issues for controllability
problems for the wave equation are considered in [5, 29], where the authors present
an overview about some recent results.

This paper is organized as follows: In Section 2 the semi-smooth Newton method
is formulated for an abstract optimal control problem and conditions for superlinear
convergence are presented, in Section 3 existence and regularity results for the
dynamical Lamé system are derived, in Section 4 the optimal control problems
are formulated and the convergence of the semi-smooth Newton method applied to
these problems is analyzed, in Section 5 the control problems are discretized, and
in Section 6 numerical examples are presented.

2. SEMI-SMOOTH NEWTON METHOD FOR A GENERAL CONTROL PROBLEM

In this section we formulate an optimal control problem in an abstract setting
and present conditions under which a semi-smooth Newton method applied to this
control problem converges superlinearly.

Thereby and throughout this paper we use the following notation. For Ba-
nach spaces E,Z let L(F,Z) denote the set of linear and continuous mappings
from E to Z. Further, we use the usual notion for Lebesgue and Sobolev spaces
and set L?(E) = L?(0,T;FE), H*(E) = H*(0,T;E), s € [0,00), WL(E) =
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Wlee(0,T; E), C(E) = C([0,T); E), and C*(E) = C*([0,T]; E). Moreover, we will
use the following notations for inner products

() =10, ')Lz(Q)dv ()=, ')LZ(LZ(Q)d)v (=G, ')L2(L2(8Q)d)
and the L?2-norm on (2 is denoted by |[|-||. C' > 0 denotes a generic constant.

We recall the notion of slant differentiability for mappings F': D C E — Z.

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

(2.1) |F(z+h) — F(z) — G(z + h)h| ; =0

w3 AT
for every x € U.

Remark 2.2. The notion of slant differentiability was introduced in [4]. We use a
slight adaptation of the definition formulated there for which also the terminology
Newton differentiability is used, see [9, 10]. The definition of slant differentiability
in an open set in Definition 2.1 does not require that { G(x) | x € U } is bounded
in L(E,Z) in contrast to [4]. In [4] the authors also introduce the notion of slant
differentiability in a point. For smooth problems the assumption of slant differen-
tiability in an open set corresponds to the assumption that one knows the domain

in which a second order sufficient optimality condition is given, see the discussion
in [9].

Slant differentiability allows to define a generalized Newton method; see [4, 9, 25].

Theorem 2.3. Let z* € D be a solution to F(x) =0, F be slant differentiable with
slant derivative G in an open neighborhood U containing x*, and

{ HG(xrlHL(Z,E) |z e U}
be bounded. Then for xg € D the semi-smooth Newton iteration
Tpi1 = o — G(xg) ' F(xy), k€ Ny,
converges superlinearly to x* provided that ||xo — x*|| 5 is sufficiently small.

Remark 2.4. The composition of a slant and Fréchet differentiable map is again
slant differentiable; see [10, p. 238].

It is well-known, that a candidate for a slant derivative of the max-operator is
given by

(2.2) Gmax(0)(t, ) = { (1) ﬁ“ Zg:i; i 87

for real-valued functions v on I x w. Further, the operator
max: L"(L"(w)) = LI(LY(w))

with 1 < ¢ < r < oo is slant differentiable on L"(L"(w)) with slant derivative (2.2);
see [9]. For functions v defined on I x w with values in R? we define the max- and
min-operators by components

max(0,v) =v, v; =max(0,v;), i=1,...,d, veER?

min(0,v) =v, v; =min(0,v;), i=1,...,d, veR™.
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Consequently, we derive from Definition 2.1 the slant differentiability of

(2.3) max: L' (L"(w)%) — LY(L9(w)?)

for 1 < g <1 < 0o. The corresponding result holds also for the min-operator. The
slant differentiability of these operators is applied later in this section.

To formulate the functional analytic setting of the control problem under con-
sideration we define the spaces

Vo=Hy()", V=H'(Q), H=L*)

and further, the state and control space

Y = L*(H), U, = L*L*w)?).
We consider general linear quadratic optimal control problems of type (1.1) with
control-to-state operator
(2.4) S:U,—=Y, Su)=T(u)+y
with T € L(U,,Y) and § € Y. The functional G: Y — R is assumed to be
quadratic with G’': L?(H) — L?(H) affine linear and for given y > 0

(2.5) (6" ()0, ) > 1 0] o
for all y € L?(H) and all v € L?(H). The set of admissible controls is given by
(2.6) U ={uelU,|us<u<upin I xw}

for ug,up € U,,.

The existence of a unique global solution of the control problem (1.1) with
control-to-state operator (2.4), functional G defined as above, and with the set
of admissible controls (2.6) follows by standard arguments; see, e.g., [17].

To derive optimality conditions we introduce the reduced cost functional

J:Uo =R, () = G(S@) + 5 [l

and reformulate the optimal control problem equivalently as
Minimize j(u), u € Usq.
Then the necessary optimality condition can be formulated as
(2.7) F(u)=0
with F: U, — U, given by
F(u) = a(u — up) + max(0, aup — q(u)) + min(0, g(u) — aug)

and q: U, — U, by
(2.8) au) = —T*G'(S(u).

This can be obtained by standard arguments; cf. [12, 14]. We apply a semi-smooth
Newton method to solve equation (2.7) and analyze its convergence behavior. To
ensure superlinear convergence of the semi-smooth Newton method we need the
following assumption.

Assumption 2.5. The operator q defined in (2.8) is a continuous affine-linear
operator

¢: L*(L*(w)?) = L' (L (w)?)

for some r > 2.
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In Section 4 we will check whether this assumption is satisfied in case of dis-
tributed, Neumann boundary and Dirichlet boundary control of the dynamical
Lamé system.

Assumption 2.5 guarantees the slant differentiability of the operator F. To
formulate the slant derivative of F we use the generalized derivatives of max- and
min-operators chosen as

(Gmax(v)®)(t, ) = ((Gmax(v1)$1)(t, 2), - - ., (Gmax(va)Pa)(t, x))T7
(Gmin(v)8)(t,2) = (Gmin(v1)P1) (£, ), - . -, (Gmin(va) Pa) (¢, ))T
for v = (v1,...,v4)T € U, and ¢ = (¢*,...,¢%)T € U, with
) if w(t,z) 20,
if w(t,x) <0,
(t,

P(t,x) if w(t,z) <0,
0 it w(t,z) >0

(W) (1, 2) = {0 (&,

(Gmin (’U))’L/))(t, J?) = {

for w,v € L?(L?*(w)), (t,x) € I x w. Thus, Assumption 2.5, Remark 2.4 and
property (2.3) imply, that the operator F: U, — U, is slant differentiable with
generalized derivative Gz(u) € L(U,, U,) given as
(2.9) Gr(u)h = ah + Gmax(au, — q(u)) T*G" (S(u))Th

— Gmin(q(u) — aug) T*G"(S(u))Th
for ua,up € L™(L" (w)?), r > 2.

We want to apply Theorem 2.3 to derive superlinear convergence. Therefore we
further need the boundedness of the inverse of G z(u).

Lemma 2.6. There exists an inverse operator Gr(u)~' € L(U,,U,) for given
u € U,. Further, there exists a constant Cg > 0 such that

(2.10) 1GF(uw)H(w)v., < Cq [wl|v,
for all w € U, and for each u € U,,.
Proof. Let fori=1,...,d

I ={(t,x) e I xw:aug(t,z); < q(u)i(t,z) < aup(t,x);},

Ai = (I xw)\ L
where the index ¢ denotes the ith component and u,,up € U,. By x5, we denote
the characteristic function of the set I; and by x4, the characteristic function of A;
fori=1,...,d. Further weset Z =1y x--- x I4, A= A; X --- x Ag, and define
the extension-by-zero operator Ez: L?(Z) — U, and its adjoint E%: U, — L*(Z)

as a restriction operator. Accordingly £ 4 and E% are defined. Further, we denote
the identity map on L?(Z) by idz and on L?(A) by id4. For h € U, there holds

1) Grm) = s 0= { B sy, on b

Thus following [9, Appendix A] we have with D = T*G"(S(u))T

aid; +E*DE; E*DE h
Grluin = (VU IEPE FEOEA) (02
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with hy = E%h and h = E*h. Consequently, using (2.5) we derive that for given
w € U, there exists a unique h € U, such that w = Gz(u)(h). Since Gr(u) €
L(U,,U,) we obtain from the bounded inverse theorem Gz (u)~t € L(U,, Uy).

To verify the estimate (2.10) we proceed similarly as in [14, Proof of Lemma
2.9]. For given w € U,, let h € U,, be the solution of
(2.12) w = Gr(u)(h).
Let

ha=(hixa,,--- haxa))"s  hz = (haixn,- - haxr,)",

waA = (w1XA1 yeeey deAd)Ta wz = (w1X117 e 7deId)T

with A = (hy,...,hq)T and w = (wy,...,wq)T. From (2.11) we obtain

(213) Il = = o
By taking the inner product of (2.12) with hz we find
alhzllg, + (G"(S(w))Th, Thz)r = (w, hz);
implying that
allhz||z, 4+ (6" (S(w)Thz, Thr)r = (w, hz)r — (G"(S(w))Tha, Thr);.
Thus, since G’ is non-negative, we obtain
allhzll, < lwzlv, Ihzllo, + Kllhallo, bz,

for a constant K independent of h and u. As a direct consequence we have

K
(2.14) alhzlu, < llwzllv, + Klhallv, < llwzllo, + — llwallo, -
Finally, the estimate follows by (2.13) and (2.14). O

Thus, we can state the superlinear convergence result.

Theorem 2.7. Let Assumption 2.5 be fulfilled and u* € U, be a solution to the
optimal control problem under consideration. Then, for ug € U, the semi-smooth
Newton method

(2.15) Gr(ur)(ugs1r —ug) + F(ug) =0, k=0,1,2,...,
converges superlinearly if |ug — u*||y; s sufficiently small.

Proof. This follows from Theorem 2.3, Lemma 2.6, and (2.9). O

Remark 2.8. The semi-smooth Newton method (2.15) is equivalent to a primal-
dual active set method (PDAS), cf. [14], which we will apply for the numerical
realization. If two successive active sets of the PDAS method are equal, the solution
is found. This condition will be used as a stopping criterion for the numerical
examples.

To verify superlinear convergence of the semi-smooth Newton method applied to
the problems under consideration Assumption 2.5 has to be verified for the different
optimal control problems. Therefore, we derive some regularity results for the Lamé
system in the next section.
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3. THE DYNAMICAL LAME SYSTEM

In this section we recall some results on existence and regularity of the solutions
of the dynamical Lamé systems. Furthermore we prove a regularity result for the
strongly damped Lamé system (1.6).

We start our consideration with an existence result for the homogeneous system.

3.1. Homogeneous system. For the homogeneous dynamical Lamé system there
holds the following theorem.

Theorem 3.1. Let W =V} in case of homogeneous Dirichlet boundary conditions
and W =V in case of homogeneous Neumann conditions. For f € L?>(H), yo € W,
and y; € H there exists a unique solution

ye C(W)NCHH)N H*(W™),
of the system
yu —divo(y) = f inQ,
(3.1) y(0) =yo in L2,
ye(0)=y1 in 2

with either homogeneous Dirichlet or Neumann boundary conditions. The solution
satisfies the variational formulation
(3.2)

(e, €) + Mdiv(y), div(€)) + 2u(e(y) 1 (§)) = (f,€) VEe W, te(0,T)

with y(0) = yo and y;(0) = y1 (here we use the notation A : B = tr(ATB) for
matrices A, B € R"*¥, v € IN).

Proof. The proof follows by standard arguments using Korn’s first inequality and
[18, p. 271]. O

3.2. Inhomogeneous Neumann problem. There exists a unique very weak so-
lution of system (1.2) with operators given by (1.4).

Lemma 3.2. Foru € Upq, f € LY(V*), yo € H, and y; € V* there exists a very
weak solution y € L*>(H) of (1.2) with operators given by (1.4) satisfying

(3.3) (v, 9)1 = /0 (f(®),€@) v+ vdt — (y0,&:(0)) + (y1,£(0)) v v + (u, §)r,

where § = &, is the solution of

§u—dive(§) =g inQ,

ET)=0 1in (2,

34) (1) =0 in 2,
o) n=0 onX

for g € L*(H).

Proof. From Theorem 3.1 we obtain the boundedness of the right side in (3.3).
Thus, the assertion follows by Riesz representation theorem. (]
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3.3. Inhomogeneous Dirichlet problem. The system with inhomogeneous Dirich-
let boundary condition is given by (1.2) with operators given by (1.5). To derive
existence of a solution in Y for given u € Uy, we need a hidden regularity result
for the Neumann trace of the solution of the corresponding homogeneous system.

Lemma 3.3. Foru € Upq, f € LY (V§), yo € H, and yy € V§ there exists a very
weak solution y € L*(H) of (1.2) together with (1.5) satisfying

(3.5)
(v,9)1 = /0T<f(t)7€(t)>vo*,vodt — (40,£¢(0)) + (y1,£(0) v .vo — (u, () - )1,
where § = £, is the solution of
g nQ,
T)=0 in 0,
(36) o 0 in £,
0 onkX
for g € L*(H).

Proof. As in the proof of Lemma 3.2 we will apply Riesz representation theorem.
To show that the right side of (3.5) is bounded, the main task is, to verify some
hidden regularity for the solution & of (3.6) namely o (&) - n € L?(L?(042)%). This
corresponds for d = 1 to the well-known hidden regularity result for the wave
equation; see, e.g., [16]. The boundedness of the other terms of the right hand side
of (3.5) follows by Theorem 3.1. The hidden regularity for the Lamé system is shown
in [1, Proof of Proposition 1]. In this reference the case d = 3 is considered, but it
holds for d = 2, too. Thus, existence follows by Riesz representation theorem. [J

Next we will study a strongly damped dynamical Lamé system given in (1.6)
for 0 < p < po, po € RT. To formulate a existence result we first consider the
corresponding homogeneous system with v = 0.

Theorem 3.4. Foru=0, f € L?>(H), yo € H}(2)NH*(2)?, and y; € V', there
exists a unique weak solution of (1.6)

(3.7) y € H*(L*(2)") N C' (Hg (2)") N H' (H?(2)%)
defined by y(0) = yo, y:(0) = y1 and
(3.8)

(e (5), @) + (A + p)(divy(s), div o) + u(Vy(s) : Vo) + p(A+ p)(divy(s), dive)

+ ppu(Vye(s) : Vo) = (f(s),¢) Vo € Vy ae. in (0,T).

Moreover, the a priori estimate
(3.9) Myl z2(z2(@ytyncr (mp (2)aynm (2 (@) < C<||f|L2(H) +[[Vyoll + [|div yol|

T 1Ayl + 1V divyoll + [V + ||divy1||)

holds, where the constant C' = C(p) tends to infinity as p tends to zero.
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Before we prove the theorem we make a short remark on the variational formu-
lation (3.8).

Remark 3.5. Let the data be given as in Theorem 8.4. Then, a solution of (1.6)
with uw = 0 which satisfies the regularity condition in (3.7) is also a solution of the
system

Y — (n+A)Vdivy — pdy — p(A + p)Vdivy: + pdy) = f - in Q,
y(0) =yo in L2,

y:(0) =91 in 12,

y=0 onkX

(3.10)

and conversely, a solution of (3.10) satisfying (3.7) is a solution of (1.6) with
u = 0. Consequently, a sufficient smooth solution of (3.8) is a solution of (1.6)
with u = 0.

To prove Theorem 3.4 we apply a Galerkin procedure.

Proof of Theorem 3.4. To apply a Galerkin procedure we construct solutions y,,,
m € IN, of finite dimensional approximations of (3.8) and pass to the limit m — oo;
cf. [14] and [6, Chap. 7]. Thus, the main task is to prove the estimate

(3.11)

Yl 22 (22 (@) )W oo (m12 () (H2 (02)0) < C<|f||L2(H) + [[Vyoll + [[div ol

T 1Ayl + |V divoll + [Vl + ||divy1||)

for these approximating functions y,, leading to existence of a solution y in
(3.12) H*(L2(2)Y nwhee(mHL () n HY (H?(2)%).

Then the step to (3.7) follows by classical arguments; cf. [14, p. 838].
To prove (3.11) we proceed in five steps:

(i) We test (3.8) with y;. Then we obtain

(3.13)
(yre(5). () + (At 1) (div y (s), div ye(s)) +u(Vy () = V() +p(A+p) [[div g
+ ol Vye ()12 = (F(s), 9e(s))

and hence,

1d 1 d 1 d
3.14) ——|lyel* + (A divy|> + s pu—||Vyl?
(314) 52wl + 50+ ) vyl + Sp 19yl

+ oA+ ) [[divge|* + pull Vye ()17 = (f(5), 9e(s)).

We integrate in time from 0 to ¢, apply Gronwall’s lemma and obtain
t
(3.15)  lye(OI* + AN+ )| divy ()1 + pl[Vy(D)1* + p(A + ) / [[div e (s)|*ds
0

t
+ o [ 19m(s)1Pds < € (19017 -+l + v ol + 113 -
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(ii) Let e(y) = —(A+ )V divy — pAy. Then we test (3.8) with ¢ = —e(y). We
obtain

—(yee(5), (W) () + le(m) ()7 + ple(ye)(s), e(y)(s)) = —(f(5), e(y)(s))

or equivalently

—((5), ew)()) + @O + Z2 e(w) () = —(£(5), ew)(s))

2 dt
Integrating in time from 0 to ¢ implies that
t
- [ et as+ [l ds+2|| ) D)
< 51 + 3 / lelw)(s) 1P ds + £ lludyo + O+ 19 div ol

For almost every t € (0,T) the first term on the left-hand side can be
expressed as

- / (vee(s), e(y)(s)) ds = / (e (5). e(we) (5))) ds — (e (8), e(w)(1))
0 0

+ (4:(0), e(y)(0)) = —(/\+M)/O ||011Vyt(5>||2d<<>’—u/0 V()| ds

— (ye(t),e(y)()) + (y1, (A + )V divyo + pAyo).

Here, we have used the fact that y;+ = y; = 0 on X and y; = 0 on 0f2. This
yields

1
[ ds + Bl OIF < 51510+ 3 [ T ds
210w divio + udwol? + Ot ) [ v )l ds
0
! 2 1 2, P 2 1 2
i [P ds+ SO + §le) @1 + 5l

1 .
+ 5l + )V divyo + pdyol*

Absorbing terms we derive

[u—y

/H s)|I? d8+4|| eW)I? < 5172

\V]

t
— w)V divyo + pAyo I vy (s)]|”ds
II(A+ )V div yo + pAyol|* + (A + ) 0||d (s)|d

t
1 1
e [ IV ds + 1O + 3l

and with using (3.15) we obtain the estimate

(3.16) /ll (s)]2ds + plle(y) (1|2

< o <||divy0||2 + [IVyoll® + [[(A 4 1)V div yo + pAyol + [l ||* + ||f||%2(H))'
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(i) We test (3.8) with ¢ = e(y:). Then there holds
~(yee(5), e(ye)(5)) + (e(y) (), e(ye) () + plle(ye) ()| = —(f(s), e(ye) (s))-

Integrating by parts in the first term we obtain for almost every s

2z S SNV + 5 le@) I
Follew I = ~(F(5),elw)5)).

Integrating in time from 0 to ¢t we obtain

A+ 1) 5 = lldivye ()1 +

1. . 1 1 t
Ot )5 Iy g O + 590D + S ew) O + / lewe)(s)]2 ds
< 1y + /t|e<yf><s>2ds + Ot ) lldiv g |2 + e [V |2
= 2p M IL2H) T o | ; 2 2

1 .
+ 5”()\ + w)Vdivyo + pAyo .

This implies the estimate

A+ m)ldiv ye O + pl Vye O + lle() (O + p/o lle(ye) ()11 ds

C

(3.17)
< (e + 199+ ldivan | + | Agol? + |V divyo]?)

(iv) We test (3.8) with ¢ = y;;. Then we have
e ()17 = (e()(5), wae(5)) = plewe), yee(s)) = (f(5), ye(s))

and thus,

t
0

/llytt(8)||2ds+/ (e(y2)(5); 1 (5)) ds — (e(y) (), y:(t))
0

+((A+M)Vdivy(0)+uAy(0),yt(0))=/0 (f,yu)ds+,o/0 (e(y)(5), yee(s))ds.

This implies

t 1 t p2 t
P s < 1Ay + [ DeolPas+ 5 [ etuo)Pas

1 t t ) t
5 [ M@Pds+ O ) [ ldivo(s)Pds+u [ IVun(s)|Pas
0 0 0

3O+ m vy + 2O+ wlldivp() ] + Sl Ty + Ll O]
IO+ W)V divyn + pduol” + 2l
Absorbing terms and using (3.15) and (3.17) we obtain the estimate
(3.18)

¢ c . .
/O lyee (5) 7 ds < n <||f||2L2(H) +[1Vyoll? + lldiv yol|* + [| Ayo[|* + |V div o |*

IVl + ||divy1|2).
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(v) Finally, with the estimate [3, Lemma 2.2] for the stationary problem and
estimates (3.15)—(3.18) we obtain (3.11).

O

Now, we return to the inhomogeneous system (1.6) with general u € Uyg,.

Theorem 3.6. For u € Upg, f € LY (V§), yo € H and y; € V*, system (1.6)
possess a unique very weak solution y € L*(H) defined by

T
319) @9 = [ (vt = (10,6(0) + 10, EO)v- — (uo(€) )y

0

+ p(u,0(&) - n)1 — p(yo, div o (£(0))) + p(yo, a(£(0)) - n)
with the solution £ = &, of

§ —divo(§) —pdive(§) =g in Q,

(3.20) E&T)=0 in £2,
' &(1)=0 in g,
E=0 onX

for g € L2(H). Further, there holds the following estimate

Yllz2ey < C ([ullvae + lyoll + lyillv- + 1 £l v))
with constant C = C(p) tending to infinity for p tending to zero.

Proof. The right hand side of (3.19) defines a linear functional G(g) on L?(H).
Since by Theorem 3.4 there holds
1€ )| + 1€l + [|div o (€D + lo(€(0)) - nll L2 a0y + [0(E) - nlluag
+ llo(€e) - nllvoe + 1€l (ve) < CllgliLzcay,
the functional is bounded. Thus, by Riesz representation theorem we obtain a

solution y € L?(H). O

4. OPTIMAL CONTROL PROBLEMS AND CONVERGENCE ANALYSIS

In this section we formulate the optimal control problems for distributed, Neu-
mann boundary and Dirichlet boundary control and check whether Assumption 2.5
is satisfied for these problems. Here we restrict the consideration to d = 2, 3.

4.1. Distributed control. The optimal distributed control problem of the Lamé
system reads as

Minimize J(u,y) = G(y) + % lully,,, ueUq, yev, st

(4.1) (1.2) with Bu=u+ f, C—=id, D=0,

U <u<u, ae in@Q

for f € L2(H), yo € Vo, 11 € H, uq,up € L"(L"(2)%), r > 2, and a > 0. We can
directly formulate a result on superlinear convergence.

Theorem 4.1. The semi-smooth Newton method applied to the optimal distributed
control problem (4.1) converges superlinearly.
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Proof. In this case the operator g is given by
q:Ug = Ug, q(u) =p(u),
where p(u) is the solution of the adjoint system
pie —divo(p) = =G'(y(u)) in Q,

T) =0 in 2,

(42) p(T) .
P,(T) =0 in {2,
p=0 on Y

with the corresponding state y(u). Here, G'(y(u)) denotes the L?(H )-representative.
From Theorem 3.1 we deduce that the adjoint state is in particular an element in

L2(HN(2)") 0 HY(L*(2)7) — L*(L*(2)9)
foralll1 < pu<ooford=2andall 1 < pu <6 for d=3. Thus, Assumption 2.5 is
satisfied and we obtain superlinear convergence by Theorem 2.7. (]

4.2. Neumann boundary control. The optimal Neumann boundary control prob-
lem of the Lamé system reads as

o a
Minimize J(u,y) =G(y) + 5 ||u|\?]aQ ,u€Usn, yeyY, st

(4.3) (1.2) with operators given by (1.4),

Uy <u<up ae in X

for f € LY(V*), yo € H, y1 € V*, ug,up € L™(L"(02)%), r > 2, a > 0, and outer
normal n.
As in the previous case we obtain superliner convergence.

Theorem 4.2. The semi-smooth Newton method applied to the Neumann boundary
control problem (4.3) converges superlinearly.

Proof. In this case the operator ¢ is given by
q: Upo — Usqa, q(u) = p(u)|x,

where p(u) is the the solution of the corresponding adjoint system
pu —dive(p) = —G'(y(u)) in Q,

T)=0 in §2,

(4.4) p(T) .
pt(T) =0 m ‘Qa
op) n=0 on Y.

The solution of this system is an element in L?(V)NH!(H) by Theorem 3.1. Thus,
in analogy to [14, Theorem 4.4] we derive, that Assumption 2.5 is satisfied and we
obtain superlinear convergence by Theorem 2.7. (]

4.3. Dirichlet boundary control. The optimal Dirichlet boundary control prob-
lem for the Lamé system reads as
C « 2
Minimize J(u,y) =G(y) + 3 ullg,, » uw€Usn, yeY, st

(4.5) (1.2) with operators given by (1.5),

Ug <u<u, a.e in X
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for f € LY(V§), yo € H, y1 € Vg, ua,up € L"(L7(02)), r > 2 and a > 0.
In this case the operator g is given by
q:Uso = Use, q(u)=—0c(p(u)) n,
where p(u) is the solution of (4.2). By [1, Proof of Proposition 1] we have op-n €
Upp. In the one dimensional case, d = 1, the Lamé system reads as

Yt — Ayrr - Q,Llfyxz - f

with corresponding boundary and initial condition. Thus for A 4+ 2u = 1 we obtain
the classical wave equation with velocity of propagation ¢ = 1. In [14, p. 846] it
was shown, that in this case there is no smoothing of the operator ¢ given. This
is the reason why we consider a regularized optimal control problem in the sequel.
Instead of the Lamé system we consider the strongly damped dynamical Lamé
system leading to higher regularity of the adjoint state. The regularized problem
is given by

Minimize J(u,y) = G(y) + % luly,, . u€Usa, yev, st
(4.6)

(1.6) with ug < u < up a.e. on X
for f € LY(V§), yo € H, y1 € V5, ua,up € L"(L"(02)%) for some r > 2, and
damping parameter 0 < p < pg, p € RT. In this case the operator ¢ has some
smoothing property and we obtain superlinear convergence.

Theorem 4.3. The semi-smooth Newton method applied to the optimal Dirich-
let boundary control problem (4.6) of the strongly damped Lamé system converges
superlinearly.

Proof. We verify Assumption 2.5. There holds
q(u) = —a(p(u)) - n+ po(p(u)) - n,
where p = p(u) is the solution of the adjoint system

pu — diva(p) + pdive(p:) = —G'(y(u))  in Q,

p(T)=0 in {2,
p(T) =0 in 2,
p=0 on .

We prove, that o(p(u):)-n € LF(L*(012)) for some p > 2. The proof of o(p(u))-n €
LH(L*(012)), pu > 2, uses the same arguments.
From Theorem 3.4 we obtain
(4.7) pe € HY(L2(2)7) N L*(H?(2)7)
and hence,
p € LLA(2)7) N L2 (H?(2)7)
for 1 <1 < co. Thus, from [22, p. 124] we further derive
1 1-—
p€ LI HAR)N) = L (P2, =5+ 275 sel,
S

where the interpolation bracket [-, |5, cf. [22, p. 58], is understood by components.
Let s € (%, 1]7 then we have

dipy € L (H* 1 ()Y, i=1,....,d,
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and on the boundary
Oipr| s € L9 (H>*"3(00)Y), i=1,....d.

According to [24, Remark 12] and [23, p. 129] there holds the following embedding
for s € (0.75,1]

(4.8) H?73(902) < LT 52(00) ford >3,

i.e. for d = 3 we have
Oipt|s € L* (Lﬁ(aﬂ)g) :

From the condition

B 21 4 | <
qs_lerQ(lfs)_E)féls7 o
we have
. 100 — 8 - 3
C121-8 7 4
for 2 < I < oo, which implies
B 12l—8_>g (I = o)
=52 7 )
So, we obtain
(4.9) o(p) -n € LH(L*(00)3)

for2<p< 1—52 For d = 2 there holds
H¥3(00) < L7% (012), s € (0.75,1),
see [24, 23] as above.

Further,
21 1
=121 —s 2-2s
implies
4@ -2 3
TEH-2T W
for 2 < I < oo and hence,
So, we finally obtain
(4.10) o(p) -n € LH(L*(002)%)

for2<pu< %

For o(p) - n we proceed analog.

The continuity of ¢ follows by the continuity of the embedding and trace theorems
and the interpolation operation.

In conclusion, we derive superlinear convergence by Theorem 2.7. (]
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5. DISCRETIZATION

In this section we discretize the optimal control problems under consideration.
We proceed as in [14]. The Lamé system is discretized by a Petrov-Galerkin scheme
in time and conforming finite elements in space.

Let

I={0}ULU---Uly
be a partition of our time interval I = [0, T] with subintervals I,,, = (t,—1,tm] of
length k,, and time points

O=to<ti < - <ty_1 <ty =T

for M € IN. Further, let k£ be the time discretization parameter defined as a
piecewise constant function by setting k|7, =k, form =1,..., M.

For space discretization we will consider two- or three-dimensional shape regular
meshes; see, e.g., [2]. Thereby, a mesh consists of quadrilateral or hexahedral cells
K, which constitute a non-overlapping cover of the computational domain (2. (On
the discrete level we consider bounded and convex polygonal domains 2.) The
corresponding mesh is denoted by 7;, = K, where the discretization parameter h is
defined as a cellwise function by setting h|x = hx with the diameter hx of the cell
K. We introduce the following conforming finite element spaces

Vi ={veVvylxk € Q"(K) for K €T, i=1,...,d},
Vi ={veVolvix € Q"(K) for K€ Tp,, i=1,...,d}.

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

Ql = span H T,

kj€{0,1}

Using these spaces we can introduce the following discrete ansatz and test spaces
Xin = {vrn € O, H)|vkh|1m P (L, Vi) },
X = {vrn € O H)ogalr,, € P (In, Vi)
Xin = {vrn € O, H) o1, € PO(IWVh) and vg,(0) € Vi },
th—{vkhEC(I H)|vknlr,, € P°(Ln, Vi) and vy, (0) € Vi },

where P (I, Vi) (and P7 (I, V), r € Ng, denotes the space of polynomials up
to degree r on I,,, with values in V}, (and V).
Finally, to formulate the discrete control problems we introduce the bilinear form

. v 0 v O
ap. Xk,h X Xk»,h X Xk,h X Xk,h — ]R,7

ap(y, &) = ap(y',y?, €', €%)
= (0w, &) + A(divy", dive")r + 2u(e(y") s e(€))r
+ pA(divy?, divel) s + 2pu(e(y?) (€)1 + (B, €)1 — (v7, €)1
+ (4°(0),£1(0)) — (¥'(0),£%(0))
with y = (y', %) and € = (¢',€2) and p > 0.
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5.1. Distributed control. For the distributed control problem we choose the dis-
crete control space U,fh = X . The discrete control problem is formulated as
follows:

(5.1)
Minimize J(ugn, yip), St
ao(Yens €) = (F, €)1 + (urn, €)1 + (y1,€1(0)) — (40, €2(0)) V€ € XP ), x Xy,
Ukn € U;fh NUad,  Ykh € Xy X Xih-

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

Ulfh = { Ve C(j,Wh) | ’U|1m S Pl(Im,Wh) },
where the space W}, is given by
Wi, = {wh S H%(ag)d ‘ wp, = y(vh),vh eV, }

with the usual trace operator v: H!(£2)? — Hz (902)".
The corresponding discrete optimization problem is formulated as follows:
(5.2)
Minimize J(upn,yp,) St
a0 (Y, €) = (urn, €)1+ (€)1 + (51,€10) = (90,6°(0)) V€ € X x X,
Uk, € U;fh NUada, Yrn € Xin X Xk he
5.3. Dirichlet boundary control. For the Dirichlet boundary control problem we

choose the discrete control space as in the Neumann case. For a function ug, € U ,f’h
we define an extension Uy, € Xy, such that

(5.3) Y(@rn(t, ) = urn(t,-) and g (t, ;) = (0,...,0)"
on all interior nodes x; of T;, and for all t € I.
The discrete optimization problem is formulated as follows:

Minimize J(upn,ys); St

(5.4) ap(yen€) = (£, €91+ (y1,€1(0) — (y0,€%(0)) V€ € XL ) x X,
Ukh € Ul?,h NUad,  Yrn € (Urn + X21) X Xk

For a realization of the optimization algorithm on the discrete level we proceed as
in [14].

6. NUMERICAL EXAMPLES

In this section we present numerical examples for distributed, Neumann bound-
ary and Dirichlet boundary control confirming the theoretical results from above.
The numbers of PDAS iterations on a sequence of uniform temporal and spatial
meshes and the behaviour of the iteration error on a fixed mesh are presented.
Typically, on the discrete level the PDAS method converges in a finite number of
steps (cf. Remark 2.8) which is better than superlinear convergence. We consider
the case d = 2 on the unit square 2 = (0,1)2. The functional G is chosen by

1
G(y) = ) |y — yd||2L2(H)
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for given yq € L?(H). This fits in the general definition of G given in Section 2.
For the computations the optimization library RoDoBo [20] and the finite ele-
ment toolkit Gascoigne [7] are applied.

6.1. Distributed control. In this numerical example we consider the distributed
optimal control problem (5.1). Let the data be given as follows

a=3-1004T=1, p=Xr=1, ug = (=1, =17, uy = (2.1,2.1)7,
yo(x) = (sin(may) sin(mzy),0)7, y1(x) = (z129(1 — 1) (1 — 22),0)7,
(0,0.5)7, 25 < 0.5, < 0.5,
ft,x) =< (1,0.5)7, 23 >05,t>05,  yq(t,z) = (1,0)7
0,007,  else

for (¢t,z) = (t,z1,22) € [0,T] € (2.

The problem is discretized according to Section 5 and the discrete problem is
solved by the PDAS method; cf. [14]. Table 1 shows the numbers of PDAS iterations
for a sequence of uniformly refined meshes. Thereby, N denotes the number of cells
in the spatial mesh 7, and M denotes the number of time intervals. The numbers
of iterations indicate a mesh-independent behavior of the PDAS method.

Table 1. Numbers of PDAS iterations on a sequence of uniformly re-
fined meshes for control problem (5.1)

Level N M PDAS steps

1 16 4 7
2 64 8 6
3 256 16 6
4 1024 32 6
5 4096 64 5

‘We introduce the iteration error

[, ®
€i = ||Urp Ukh U
w

on a given iteration level to analyze the convergence behavior of the PDAS method.
Thereby, u,(;})L denotes the ith iterate and ug, the optimal discrete solution. For a
fixed discretization with 64 intervals and a spatial mesh with 4096 cells at each
time node Table 2 shows the iteration errors of the PDAS algorithm. The results

indicate superlinear convergence.

Table 2. Superlinear convergence of the PDAS method for distributed
control - PDAS iteration error

i 1 2 3 4

e 2.1-100' 6.3-1072 7.0-107% 2.3.107¢
eiy1/ei 3.0-1071 1.1-1071 3.4.1072 0 -

O | ot
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6.2. Neumann boundary control. In this numerical example we consider the
Neumann boundary control problem (5.2). Let the data be given as follows.

a=10"2T=1, pu=x=1 g = (—0.8,-0.8)T, uy = (1,1)7,
yo(z) = (sin(mwz) sin(rxs), l)T, y1(z) = (sin(mwzy) sin(mz:g),ml)T,
_ T o (1,O)T, x1 > 0.5,
f(t,f) - (an) ) yd(tvx) - { (0,O>T, else

for (t,z) = (t,x1,22) € [0,T] € 2. Table 3 shows the numbers of PDAS steps
on a sequence of uniformly refined meshes. As in the previous example the values
indicate a mesh-independence of the numbers of iterations.

Table 3. Numbers of PDAS iterations on a sequence of uniformly re-
fined meshes for control problem (5.2)

Level N M PDAS steps

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

For a time mesh with 32 intervals and a spatial mesh at each time point with 4096
spatial nodes the development of the error presented in Table 4 confirms superlinear
convergence.

Table 4. Superlinear convergence of the PDAS method for Neumann
boundary control - PDAS iteration error

i 1 2 3 4 5
e; 49-1072 9.5-107% 23-1073% 36-107* 0
eiv1/e; 1.9-1071 24.1071 1.6-107! 0 -

6.3. Dirichlet boundary control. In this numerical example we consider the
Dirichlet optimal control problem (5.4). Let the data be given as follows

a=10"3T=1, u=X1=1, ug = (—0.18,—0.18)7, up = (0.2,0.2)7,
yo(.’I?) = (070)T7 Y1 (l‘) = (OaO)Tv
2 NT _f (x1,0)T, 21> 05,
f(t,ﬂf) - (xlat) ’ yd(tvx) - { (—.’El,O)T, else

for (t,z) = (t,x1,22) € [0,T] X (2.

Table 5 shows the numbers of PDAS steps on a sequence of uniformly refined
meshes for the case without damping (p = 0) and with damping (p = 0.1). For a
time mesh with 32 intervals and a spatial mesh at each time point with 4096 nodes
the development of the error for p = 0 and p = 0.1 is presented in Table 6 and
Table 7, respectively. Comparing the control problems with and without damping
we see a increase of the numbers of PDAS steps in case of p = 0 in contrast to p > 0.
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Table 5. Numbers of PDAS iterations on a sequence of uniformly re-
fined meshes for control problem (5.4)

Level N M p=0 p=0.1

1 16 2 5 4
2 64 4 4 )
3 256 8 6 3
4 1024 16 9 4
) 4096 32 12 )

This corresponds to the results known for Dirichlet control of the wave equation,
cf. [14]. Thus, in the case without damping we have no mesh-independence, whereas
in the case with damping the results indicate superlinear convergence.

Table 6. Dirichlet boundary control without damping, p = 0 - PDAS
iteration error

i 1 2 3 4 ) 6

e 50-1072 7.2-1072 1.8-107% 9.9-107% 5.5-107% 4.2.1073
eit1/ei 1.4 26-107t 54-107! 55.107' 7.7-107t 8.0-107!

i 7 8 9 19 11 12
e; 34-1073% 25.107% 1.8.-1073 1.1-107% 3.1-107% 0
eir1/e; 7.4-1071 7.0-107t 6.0-107! 3.0-1071 0

Table 7. Superlinear convergence of the PDAS method for Dirichlet
boundary control with p = 0.1 - PDAS iteration error

i 1 2 3 4 5
e; 31-100' 5.1-1072 89-1073% 1.2-1073 0
eir1/e; 1.6-1071 1.8-107! 1.3-1071! 0 -
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