Annals of the Academy of Romanian Scientists
Series on Mathematics and its Applications
ISSN 2066 - 6594 Volume 2, Number 2 / 2010

SUFFICIENT OPTIMALITY
CONDITIONS FOR THE
MOREAU-YOSIDA-TYPE

REGULARIZATION CONCEPT
APPLIED TO SEMILINEAR ELLIPTIC
OPTIMAL CONTROL PROBLEMS WITH
POINTWISE STATE CONSTRAINTS"

Klaus Krumbiegel Ira Neitzel ¥ Arnd Résch®

Abstract

We develop sufficient optimality conditions for a Moreau-Yosida
regularized optimal control problem governed by a semilinear elliptic
PDE with pointwise constraints on the state and the control. We make
use of the equivalence of a setting of Moreau-Yosida regularization to a
special setting of the virtual control concept, for which standard second
order sufficient conditions have been shown. Moreover, we present a
numerical example, solving a Moreau-Yosida regularized model prob-
lem with an SQP method.
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1 Introduction

In this paper we consider the following class of semilinear optimal control
problems with pointwise state and control constraints

min  J(y,u) := %Hy —YallFa(o) + %”“H%Q(Q) \
Ay +d(z,y) =u in
On,y=0 onl (P)
ug <u(z) <wup ae. in 2
y(z) > ye(r) a.e. in £2.

The precise assumptions on the given setting are stated in Assumption 1.
Due to the nonlinearity of the state equation the above model problem is of
nonconvex type, which makes it necessary to consider sufficient optimality
conditions ensuring local optimality of stationary points. We point out the
results in |7, 8, 9] where second order sufficient conditions were established for
semilinear elliptic control problems with pointwise state constraints. How-
ever, it is well known that Lagrange multipliers with respect to pointwise
state constraints are in general only regular Borel measures, cf. [1, 4, 5].
The presence of these measures in the optimality system complicates the
numerical treatment of such problems significantly, since a pointwise eval-
uation of the complementary slackness conditions is not possible. For that
reason, several regularization concepts to overcome this lack of regularity
have been developed in the recent past. We mention for example the penal-
ization method by Ito and Kunisch, [16], Lavrentiev regularization by Meyer,
Rosch, and Troltzsch, [20], as well as interior point methods, cf. [28] and the
references therein. Special methods have been developed for boundary con-
trol problems, such as an extension of Lavrentiev regularization by a source
term representation of the control, see [31] and [24], and the virtual con-
trol approach [17]. This approach has been extended to distributed controls
in [10] and turned out to be suitable for problems were control and state
constraints are active simultaneously. Efficient optimization algorithms are
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available for all these regularized problems, see section 6 for detailed informa-
tion. Concerning second order sufficient conditions for Lavrentiev regularized
problems, we point out the results in [26]. For the Moreau-Yosida regulariza-
tion concept, one can easily see that a classical second order analysis is not
possible due to the fact that the regularized objective function is not twice
differentiable.

However, interpreting a specific setting of the virtual control concept,
i.e. ¢ =0, as a Moreau-Yosida regularization, we are able to derive a suffi-
cient optimality condition for the Moreau-Yosida regularization making use
of classical second order sufficient conditions for the virtual control concept.
This condition ensures local optimality of controls satisfying the first order
optimality conditions of Moreau-Yosida regularized problems. These results
are not strictly limited to problem (P). In section 5, we therefore give ex-
amples of problem classes to which the theory can be extended, including
boundary control problems as well as problems governed by parabolic PDEs.

2 Assumptions and properties of the state equation

We begin by briefly laying out the setting of the optimal control problem and
stating some properties of the problem and the underlying PDE. Throughout
the paper, we will use the following notation: By || - || we denote the usual
norm in L2(§2), and (-, -) is the associated inner product. The L*(§2)-norm
is specified by || - ||co-

Assumption 1.

e The function yq € L*(£2) and y. € L>(£2) are given functions and
Ug < Up, v > 0 are real numbers.

e (2 denotes a bounded domain in RN, N = {2,3}, which is convex or
has a CY-boundary 012.

e A denotes a second order elliptic operator of the form

N

Ay(z) = — Z axj (aij(x)axiy(a:))7

2,j=1



Sufficient optimality conditions for Moreau-Yosida-type regularization 225

where the coefficients a;; belong to CY(2) with the ellipticity condition

N
> aij(2)6g > 0P V(2,6 € xRN, >0

,j=1
Moreover, 0,,, denotes the conormal-derivative associated with A.

e The function d = d(z,y): 2 xR is measurable with respect to x € (2 for
all fivred y € R, and twice continuously differentiable with respect to vy,
for almost all x € £2. Moreover, dy, is assumed to be a locally bounded
and locally Lipschitz continuous function with respect to y, i.e. the
following Carathéodory type conditions hold true: there exists K > 0
such that

l[d(-, 0)l[oc + [ldy (- 0)l|oo + [|dyy(-, 0)[lcc < K
and for any M > O there exists Ly > 0 such that

ldyy (s y1) = dyy (-3 92) [|oo < Larlyr — v

for all y; € R with |y;| < M, i=1,2.

Additionally, we assume that dy(x,y) is nonnegative for almost all x €
2 and y € R and positive on a set Eqg xR, where Eq C {2 is of positive
measure.

Under the previous assumptions, we can deduce the following standard
result for the state equation in problem (P):

Theorem 1. Under Assumption 1 the semilinear elliptic boundary value
problem
Ay +d(z,y) =u in 2 1)
On,y=0 onl
admits for every right hand side v € L*(£2) a unique solution y € H(£2) N
c(9).

The proof can be found e.g. in [6]. Based on this theorem, we introduce
the control-to-state operator
G: L*(02) — H (2)nC(2), urs vy, (2)

that assigns to each u € L?(£2) the weak solution y € H'(£2) N C(£2) of (1).
For future reference, we will provide results concerning differentiability of the
control-to-state operator, that can be found in, e.g., [30].
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Theorem 2. Let Assumption 1 be fulfilled. Then the mapping G: L*(£2) —
HY(2)NC(R2), defined by G(u) =y is of class C%. Moreover, for all u, h €
L2(2), yn = G'(u)h is defined as the solution of

Ayp +dy(z,y)yn = h in 2 )
On,yn =0 onI.
Furthermore, for every hy, hy € L*(£2), yn, n, = G"(u)[h1, he) is the solution
of
AYny hy + dy (€, Y)Yny by = =y (T, Y)Yy Yn, 0 2
OnalYhihy =0 on T,

(4)
where yp, = G'(u)h;, i = 1,2.

Due to the convexity of the cost functional with respect to the control u
and the associated state y = G(u), the existence of at least one solution of
problem (P) can be obtained by standard arguments, assuming that the set
of feasible controls is nonempty. For future references, we define the set of
admissible controls handling the box constraints

Upg = {u € L*(2): uy <u < uy ae. in 2} (5)

Relying on the standard assumption of a Mangasarian-Fromovitz constraint
qualification, sometimes called linearized Slater condition, of the existence of
a control ug € U,q and a constant 7 > 0 such that

G(u) + G'(u)(uo — ) > ye + 7 (6)

for the pure state constraints, we obtain the following first order necessary
optimality conditions for a locally optimal control u:

Theorem 3. Assume that condition (6) is satisfied, and let u be a solution
of problem (P) and let y = Gu be the associated state. Then, a reqular Borel
measure i = fig + ir € M(2) and an adjoint state p € Wh5(2), s <
N/(N — 1) exist, such that the following optimality system is satisfied:

Ay + d(z,y)
On,¥

u A'p+dy(@,9)p = — ya — [i

7
0 anA*ﬁ: 7/7'[' ( )
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(pH+va,u—u)>0, YuecUy (8)

/(yc —9)dp =0, y(x) > ye(x) forallxze 2

2

(9)
/wwzo Vo € C(2)",

2
where C(2)T is defined by C(2)" :={y € C(2)|y(x) >0Vz € 2}.

Here and in the following, A* denotes the formally adjoint operator to
the differential operator A. This result can be obtained adapting the theory
of Casas, cf. [6].

With the help of the classical reduced Lagrange functional

Llusp) = J(G)) + [ (g~ Gla)) d

9]

the second order sufficient condition

62£ 192 2 2

G2 @ mh” 2 allhl®, >0, Vh e L7(£2) (10)
guarantees 4 to be a local minimum of (P) since the quadratic growth con-
dition

J(G(u),u) > J(G(a),a) + flu — al|

is satisfied for a constant 3 > 0 for all u € U,q in a sufficiently small L>-
neighborhood of .

Remark 1. Condition (10) is a strong second order sufficient condition. A
weaker formulation is possible along the lines of, e.g., [7], but also rather
technical. Moreover, while weaker conditions are important for theoretical
inwvestigations, they are more difficult to verify in numerical computations.
A nice presentation of general results can be found in the book of Bonnans
and Shapiro, [3, Section 2.3], that also explicitely takes into account possibly
non-unique Lagrange multipliers.

3 Regularization approaches

The main focus of this paper is on regularized versions of problem (P). In this
section we present the two regularization approaches we will examine in this
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paper, the Moreau-Yosida approximation on the one hand and the virtual
control concept on the other. We will elaborate that the simple version of
Moreau-Yosida regularization is equivalent to a special setting of the virtual
control concept.

3.1 Moreau-Yosida regularization

The penalization technique by Ito and Kunisch, [16], based on a Moreau-
Yosida approximation of the Lagrange multipliers with respect to the state
constraints, applied to problem (P), leads to the following family of regular-
ized problems

min MY (1) = T (yy, uy) + g/((yc —yy)4) dx
19

Ay, +d(z,yy) =uy  in 02 (PMY)

Onayy =0 on I

g <uy(x) <up  ae. in §2,

where v > 0 is a regularization parameter that is taken large. Note, that
the mapping (-); denotes the positive part of a measurable function, i.e.
(f)+ == max{0, f}.

Introducing a reduced formulation of problem ( by the control-to-state
mapping G in (2) for the state equation, the following existence theorem can
be proven since the set of admissible controls is nonempty. We refer to, e.g.,
[30] for details.

PMY)

Theorem 4. Under Assumption 1, the reqularized optimal control (PMY)

admits at least one (globally) optimal control i, with associated optimal state
Yy = G(uy).

Due to the nonlinearity of the state equation, the optimal control problem
is nonconvex and one has to take into account the existence of multiple
locally optimal controls. Forthcoming, let %, be a locally optimal control
of problem (PMY) with associated state g, = G(&,). Using the classical
Lagrange formulation, straight forward computations yield the following first
order necessary optimality conditions, cf. [16] for the linear-quadratic setting.



Sufficient optimality conditions for Moreau-Yosida-type regularization 229

Proposition 1. Let (3, 1) be a locally optimal solution of problem (PMY).
Then, there exists a unique adjoint state p, € H'(£2) N C(£2) such that the

following optimality system is satisfied

AYy + d(x, yy) = Uy APy + dy (2, 57)Py = Ty — Ya — My (11)
Oy = 0 O =0

(py + vy, u—1y) >0 Vu€ Uy (12)

/_\'y = Y(ye — g’y)+ € LQ(Q) (13)

Convergence analysis as < tends to infinity is discussed in [22]. Con-
vergence results of the Moreau-Yosida approximation applied to control and
state constrained optimal control problems governed by semilinear parabolic
PDEs are derived in [23].

3.2 Virtual control concept

In this section, we will apply the so called virtual control concept, first in-
troduced in [17|. Instead of problem (P), we will investigate a family of
regularized optimal control problems with mixed control-state constraints:

¥(e)

min JVC(y&uE’ Uz-:) = J(y57us) + THUEH%Q(Q)

Ay: +d(z,y) = us + ¢(e)v,  in 2
(PVY)
On,ye =0 on I
g < us(r) <wup ae. in 2
Ye(®) > ye(x) — €(e)v:  ae. in §2, )
with a regularization parameter € > 0 and positive and real valued parameter
functions ¢ (g), ¢(e) and £(g). The remaining given quantities are defined as
for problem (P), see Assumption 1.

Denoting a local optimal control of (P) by @, we point out that the pair
(1,0) is feasible for all problems (PV¢). Then, using a continuous control-to-
state mapping, the existence of at least one pair of optimal controls (., v¢)
can be proven by standard arguments.

The existence of regular Lagrange multipliers with respect to mixed control-
state constraints is known from e.g. [25] and [27], assuming that a constraint
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qualification is satisfied. For (PVC), constraint qualifications are not neces-
sary since the problem can be transformed into a purely control constrained
problem with u, < ue < up and w := £(&)ve + ye > ye, cf. [21] for a Lavren-
tiev regularized problem without constraints on the control w. Based on
this, the following first order necessary optimality conditions for (PV¢) are
obtained in a straight forward manner.

Proposition 2. Let (i, 7. ) be an optimal solution of (PVC) and let . be the
associated state. Then, there exist a unique adjoint state p. € H*(2)NC(£2)
and a unique Lagrange multiplier fi. € L*(£2) so that the following optimality
system is satisfied

Aye +d(z,7:) = e + ¢(e)v:  A'pe + dy(xa Ue)Pe = Ye — Yd — fle

anAga =0 anA*ﬁa =0 <14)
(p5+Vusa U_us) >0, Yu € Uyqg (15)
d(e)pe + Y(e)ve — E(e)ie =0, a.e. in 2 (16)

(ﬂaa Yo — Ye — 5(5)1)5) =0, =20, ¥e>ye— 5(5)65 a.e. in §2. (17)

The convergence of a sequence of regularized optimal controls @, to an
optimal solution of the original problem (P) and the uniqueness of dual vari-
ables was discussed in [18].

3.3 Equivalence of the concepts

In this section, we will point out the equivalence of the Moreau-Yosida ap-
proximation to a special case of the virtual control concept. More precisely,
we will demonstrate that the two optimal control problems admit the same
optimal controls 4, = %, and we will then call the regularization concepts
and the respective optimal control problems equivalent.
We observe the problems (PV¢) for the specific choice ¢(e) = 0, i.e.:
O]
2

min JVC(ymuav'Ue) = J(y&‘?u&‘) + ”Ua”%ﬂ(g)

Aye + d(z,y) = u. in 2
Q")
On,Ye =0 onlI
ug <u(x) <wup ae. in 2
Ye () > ye(x) — &(€)ve  a.e. in £2, )
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As one can easily see, there is no longer a coupling of both control variables
by the state equation of the problem.

First, we consider both types of problems (QV¢) and (PMY) without
any notice on the optimality conditions. We start investigating the mixed
control-state constraints in (QY¢) pointwise, where we split the domain 2
into two disjoint subsets {2 = 21 U (25:

O ={x e R: y(r) —y(x) <0 ae in 2}
2 :={x € 2: y(r) —y(r) >0 ae. in 2}.

Initially, we consider £21. The mixed constraints are given by y.(z) —y.(x) <
£(e)ve(x) a.e. in 2. Due to the minimization of the L2-norm of the virtual
control v, in the objective of (QVY), we derive

ve =0 a.e. in {A.
Considering (29, the inequality

£(e)ve(r) > ye(z) — ye(x) 2 0

has to be satisfied. Choosing the virtual control as small as possible, we

deduce )
Ve = ——(Ye — ye) a.e. in (2o

&(e)
Concluding, the mixed control-state constraints can be replaced by the equa-
tion

1
Ve = @(yc - y6)+-

Thus, the optimal control problem (QVC) can be rewritten equivalently in
the form
¥(e)

. 2
min  J(ye, ue) + Wll(yc - yE)JrHL?(.Q)

Aye +d(z,y:) = u. in 2
On,ye =0 on I

Ug < ug(z) <wup ae. on f2.

Consequently, we formulate the following result.
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Corollary 1. For the specific parameter function ¢(e) = 0, the problem

(PVC) is equivalent to the problem (PMY) arising by the Moreau- Yosida reg-

ularization, if the regularization parameter v > 0 is defined by v := g(S)Q

For the sake of completeness, we will additionally elaborate on the equiv-
alence by the different first order necessary optimality conditions. Due to
Proposition 2 and ¢(g) = 0, an optimal control (i, 7.) of (QVY) satisfies

Aga + d(l': 376) = Ug A*ﬁa + dy(xy ge)ﬁa =Y — Yd — He (18)
OnaUe =0 On yxDe =0

(Pe + Ve, u—1e) >0, Yu € Uy (19)

Y(e)ve —&(e)ze =0, a.e. in 2 (20)

(ﬂsa Ye — Ye — 5(5)65) =0, pe=>0, Ye2>yc— 5(5)55 a.e. in {2 (21)

Since the multiplier i is a regular function, it is well known that the com-
plementary slackness conditions in (21) are equivalent to

fie — max{0, fic + c(ye — Y= — §(€)02)} =0

¢(S)2 , we obtain

for every ¢ > 0. Using the specific choice ¢ =

a2

he = maX{O, ;b((;)l (yc — ﬂg)} = ;p((gjl (yc - 375)+'

instead of (20) and (21). Due to (20), the virtual control satisfies

&) 1 .
= = — . 22
Ve 1/1(5) He 6(5) (yc ?Js)—i— ( )
By means of Proposition 1, it is easily seen that the optimality systems of
(PMY) and (QV¢) are equivalent and we conclude with the following result.

Corollary 2. Let (4., i, v.) be a stationary point of (PVC). If we set
¢(e) =0, then the virtual control can be represented by v- = 1/£(€)(Ye—Ye )+
Moreover, (9., ) is also a stationary point of (PMY) for the specific choice

v = gES)Q Conversely, a stationary point of (PMY)

of (PVY) if the conditions above are satisfied.

1s also a stationary point
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4 Sufficient optimality conditions for the Moreau-
Yosida approximation

Now we will formulate a sufficient optimality condition for the Moreau-Yosida
approximation based on a second order sufficient optimality condition for
the respective equivalent virtual control concept (QV¢). We first define the
Lagrangian of problem (QV¢) by

1 v P(e
£ v.p) = GG () — vl + 2l + L oy
(23)
+ [ - 6w) - g@omds
0
using the control-to-state operator G, given in (2). Straight forward compu-
tations show that the second derivative of the Lagrangian is given by
O*LVE (u,v, )
———— "2 [hy, ho] =(G"(u)hu 1, G'(u)hy
8(’&,1})2 [ 1) 2] ( (u) 15 (u) ,2)+
+ (G(u) = ya, G" (W) [hu,1, P 2]) + v( Pt hu2)+
+ () (ho,1, hw2) = (G (W) [hu,1, hu2]s 1)

(24)
for h; = (hys,hyvi) € L?(2)%,i = 1,2. In the sequel, let (i, v-) be a local
solution of (QV¢) with associated Lagrange multiplier fi, i.e. (18)-(21) are
satisfied. We proceed with establishing the second order sufficient optimality
condition.

Assumption 2. There exists a constant o > 0 such that
aQEVC(asv Ve, /7’5)

I(u,v)?

is valid for all h, € L?(2).

[P hv]2 > O‘HhUHQ + w(g)HthQ (25)

Remark 2. Condition (25) can be deduced from the strong second order
sufficient condition (10) for the unregularized problem (P), cf. [18].

Remark 3. Note, that the coercivity condition of the second derivative of the
Lagrangian with respect to directions h, € L*(£2) is satisfied by construction,
see (24). Coercivity with respect to directions h,, can again be formulated
with the help of strongly active sets, cf. [7]. However, the strong formulation
(25) matches the strong formulation (10) for the unregularized problem.
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Based on the previous coercivity condition, one can prove a quadratic
growth condition for problem (QV¢) that ensures local optimality of (., 7¢ ).

Proposition 3. Let (u., U:) be a control satisfying the first order necessary
optimality conditions (18)-(21). Additionally, (ue, v:) fulfills Assumption 2.
Then, there exist constants 3 > 0 and § > 0 such that

TV (G (w),uy0) = JV(G(@e), e, 02) + B(l[u = wel* + o = oc]?) (26)
for all feasible controls (u, v) of problem (QVC) with ||u — .|| < 6.

Proof. First, let us mention that there is a specific difference to the standard
proofs, since no smallness condition for ||v — v.|| is required. Let (u,v) €
Uaqg X L*(£2) be an admissible control of problem (QV¢), i.e. mainly y. —
£(e)v—G(u) < 0. In view of the positivity of the optimal Lagrange multiplier
fie, we can estimate the cost functional JVC by the Lagrange functional:

JVC(G(u),u,v) > JVC(G(U),u,1))+/(yC—G(u)—f(E)v),u6 dx = L(u,v, [ic).
2

Under Assumption 1, the Lagrange functional is twice continuously differen-
tiable with respect to the L?(£2)-norms, since the solution operator G has
this property, see Theorem 2. Then, a Taylor expansion is given by

VC/(~ =~ =
’Cvc(u’v’ﬂs) = Evc(asaﬁsaﬂs) + oL (UE’UE’ME)

(u — Ug, ¥ — 775)

9(u,v)
1 82ﬁvc(a7 @7 ﬁe) — — \2
5 a(u’ U)2 (U_UE>U_UE)

with 4 = @ + 0(u — U), 0 = Uz + 0(v — U;) for a @ € (0,1). Since (ue, vc)
satisfies the first order necessary optimality conditions (18)-(21) and f. is
the associated Lagrange multiplier, we have

aﬁvc(ﬂsa T)E? ﬂ&‘)
d(u,v)

(u—ite, v—70:) > 0 and LV (iiz, v, fic) = JVC (G (iiz), e, 02,
which implies
2,VC ﬂ5755,7£ _ _
LY, v, ic) >JVC(Gl0e), e, ve) + 3558 (u — v — 02)?

1 (02LVC (a,0,he)  92LYC (Te,Te,fic) _ _\2
+3 ( (u,v)? o 0 (u,v)? (u T Ue, U Us) :
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Using the SSC of Assumption 2, we obtain

LY, ie) = JVO(G (@), e, 0e) + aflu — G| + () o — 0|2

1 [ 82LVC (a,0,h 2LV C (e ,ve _ _\2
+§ ( 8(u€v)2 fe) - 3(;7;)25 fie) (U — Ug, V — ?}5) .

One can easily see that the second derivative (24) is independent of the
virtual control v since the control-to-state operator is only applied to the
control variable u and linear mixed control-state constraints are considered.
Moreover, one can prove under Assumption 1 that the second derivative of
the Lagrangian (24) is locally Lipschitz continuous with respect to u, i.e.
there exists a positive constant Cp, such that the estimate

2LV (uy, v, ) B 02LVC (ug, v, ) 2
(u,v)? (u,v)?

< Ctlluy — ua||[|A]f?

holds true for |ju; — ug]| < 6 and § > 0 sufficiently small, see for instance
[30, Lemma 4.24]. By means of the Lipschitz property concerning u and the
independency of v, see (24), we conclude

‘Cvc(ua v, ﬂa) Z JVC<G(77«6)= ﬂey 776) + O‘H“ - ﬂeuz + ¢(€)||U - 778H2
—cllu — || (lu — el* + [l — (%)
> JYC(G(a.), e, 0.) + (o — ¢d)||u — e ||> +

+(1h(e) — cb)|lv — ve||?,

provided that ||u—u.|| < 0. For sufficiently small 6 > 0, we find a positive
constant § > 0 such that the assertion is fulfilled. O

Forthcoming, we will rewrite the second order sufficient optimality con-
dition of problem (QVC) in terms of the equivalent Moreau-Yosida regular-
ization (PMY") using relations between the respective variables derived in the
previous section.

Due to Corollary 2, the control @. satisfies the first order optimality

conditions (11)-(13) of (PMY) with v = ;/}(S)Q Thus, we set

W)

Uy = Ue, vy = He = 5(6)2 (Ye — ¥e)+
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and the SSC (25) of Assumption 2 yields the following

IG" (@)l + | +(G (@) — wa, G (1))
—(Ay, G"(1y)h3y) = o hul? (27)

for all h, € L?(2), written in terms of the Moreau-Yosida regularization.
Summarizing, one ends up with

J//(G(ﬂv)aﬂv)hQ - (j‘w G//(ﬁv)hZ) > aHhqu-

u
Concluding, we can state the following result.

Theorem 5. Let U, € Uyq, with associated state §, = G(u), be a control
satisfying the first order necessary optimality conditions (11)-(13). Addition-
ally, there exists a constant o > 0 such that for all h, € L*(£2) the following
condition is fulfilled:

TG (Uy), @y )y = ((ye — G(ay))+, G"(@y)hy) = allhu|®,  (28)

u

i.e. there exists a constant o > 0 such that

/ (W2, — Brdyy (s 5o )02, + vH2) dz > o (20)
N

is satisfied for all (huy,yn,) € L*(£2) x HY(2) with yp, = G'(tiy)hy, and p,
defined in (11).

Then, there exist constants B > 0 and 6 > 0 so that the quadratic growth
condition

JMY(G(U"/)v Uy) > JMY(G(ﬂw)v Uy) + Blluy — ﬂvH2 (30)

holds for all uy € Uyq with ||uy — Gy|| < 0. In particular, (G(u),uy) is a
locally optimal solution of (PMY).

Proof. Due to Corollary 2 and (22), the pair (@, 0, := %(yc — Yy)4) satis-

fies the first order optimality conditions (18)-(21) of problem (QV¢), where

the parameter functions v (g) and (&) are chosen in a way such that v = gp(S)Q .

The associated Lagrange multiplier in the optimality conditions is denoted
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by fi. Due to the former argumentation, one can easily see, that (28) implies
the coercivity condition (25) in the point (@, v, fiy), i.e.

82‘6‘/0 (ﬂ’Ya 77% ﬂ'y)
O(u,v)?

for all h, € L2(f2). Thus, Assumption 2 is satisfied and we proceed by
applying Proposition 26. Hence, there exist constants 8 > 0 and ¢ > 0 such
that

TVE(G(u),u,0) > TVE(G(ay), Gy, 0y) + Blllu = |* + o = ,]1%)

for all feasible (u, v) of problem (QV¢) with |ju—1,|| < . Now, we consider

an arbitrary control u € Uyq with ||u — || < 6. Furthermore, the pair of

controls (u, v := %(yc — G(u))y) is feasible for problem (QV¢) since

§(e)v = (ye — G(u)4 = ye — G(w).

By means of the equivalence of the problems (PMY) and (QV¢) and vy =
we deduce

JMY (G (@), a,) =TV (G (1), Ty T,) and JMY (G (u),u) =T (G(u),u,v).
Concluding, we obtain the assertion

JMY(G(u),u) > TV (G(a,), ) + Bllu — a2
for all u € Uyq with |Ju — .|| < 6. O

[P, ho] > bl + () [ o®

¥(e)
£(e)*”

The quadratic growth condition (30) for Problem (PMY) from the last
theorem has essentially been proven under condition (28) for the regularized
problem formulation. In [18], we have deduced second-order sufficient condi-
tions for the regularized problem (PY¢) on assumptions on the unregularized
problem (P) only. By the previously shown equivalence of the two regular-
ization concepts the same is true for (P*Y). As an analogue to [18, Theorem

4.5] we obtain that (28) also follows from (10):

Corollary 3. Let u fulfill the first order necessary optimality conditions of
Theorem 3 with unique dual variables i and p, as well as the second order
sufficient condition (10). Then there exists a constant a > 0 such that

J R, = ()2, + i) dz = ol
2
is fulfilled for all h,, € L*(£2) provided that ~y is sufficiently large.
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5 Generalizations

In this section we want to point out that the theory presented in this paper
can be generalized to large classes of semilinear optimal control problems.
Let us start with an elliptic boundary control problem. The virtual control
formulation with ¢(g) = 0 is given by

. a1 (6%)
min I (ye, ue,ve) 1= - l1ve = yaellizie) + 5 19 = varlizn

¥(e)

5 el 2y + 5 e

Aye +d(z,y.) =0 in 2 Q)
OnaYe +b(x,y:) =ue on I’
Ug < ug(z) <up ae in I’

Ue(@) 2 po(a) — e ae. in 2

and the corresponding equivalent Moreau-Yosida regularization is presented
by

. a1 (6
min J(yy, s vy) = o llyy — ya.olliz) + - llyy = ya,rll 22

v Y
+§\|Uv\|%2(r) + 5”(% - yw)—i—”%%n)
Ayy +d(z,yy) =0 in 2
Onayy +b(x,yy) =uy on I’

(P)

Ug < uy(z) <up ace. in I J

The theory presented in section 3 can be adapted by only changing the
corresponding sets. The results of section 4 depend on the dimension of the
domain. For dimension N = 3 we get a two norm discrepancy in the second
order sufficient optimality condition of proposition 3 in the virtual control
approach, but only for the original control u. Of course, the corresponding
sufficient optimality condition for the Moreau-Yosida regularization in The-
orem 5 contains a two norm setting, too. Let us mention that in this case
sufficient optimality conditions for the unregularized problems are challeng-
ing due to regularity problems. Therefore, Corollary 3 is then not verified by
our theory.
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It is also possible to generalize the theory to the regularized version of
parabolic optimal control problems like

min J(y,u) == Sy —valFaq) + S — yrlizo)
"’%Hy - ?/2”%2(2) + %HUH%z(Q)
y+ Ay +d(t,z,y) =u inQ=(0,T)x 2
Onay +b(t,2,9) =0 on X =(0,T) x I (P2)
ug <ult,z) <wup ae. inQ
y(t,r) > y.(t,x) ae. inQ,
y(0) = yo. )

Due to the weaker differentiability properties of parabolic control-to-state
operators, a two norm discrepancy will have to be taken into account in
proposition 3 and theorem 5 for spatial dimensions greater than one. Simi-
larly to the elliptic problem, Corollary 3 is then not verified.

Moreover, it is possible to discuss more general objectives and nonlin-
earities in the partial differential equations with respect to the control u.
However, then the discussion of the differentiability of the control-to-state
mapping becomes more involved. In addition, one needs several technical
assumptions on the nonlinearities to get the desired results. Such assump-
tions are essentially that ones that were needed for the derivation of sufficient
second order conditions, see [26]. These discussions go beyond the scope of
the paper.

6 Numerical example

In this section, we present a numerical example and motivate how the theo-
retical results shown in this article are used in numerical computations. We
aim at solving the optimal control problem
.
min J(y,0) = 5l — allago + 2l
Ay+y+yP=u+f inf
Oy =0 onlI (PT)

ug <u(z) <wup ae. in 2

y(z) = ye(x) ae. in Q)
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with 2 = [0, 1] and Tikhonov regularization parameter v = 1- 1073, where
the remaining data is chosen such that

i) = M { -2 |

v

with u, = 150 and up = 850 is an optimal control with associated optimal
state ¢, adjoint state p, and Lagrange multiplier u, given by

y(x) = =162 + 3223 — 1622 +1,
p(z) = max{0,y(z1 = 0.2) — y(z)}.

It can be verified that this is obtained with

yc(l') = mln{g(xl = 02)7 y($)},
f=-25+5+7 —q,
yi=Ap—p =37 p+y— pu-

The second order sufficient conditions are also satisfied, which is easily proven
by computing —p(z)dy,(z,%(x)) > 0 on [0, 1], that guarantees (29). Notice,
that the active sets associated to the pure state constraints and active set cor-
responding to the control constraints are not disjoint, so that regularization
by the virtual control approach is reasonable.

We solve this problem with the help of the Moreau-Yosida regularization
approach, i.e. the virtual control approach with ¢ = 0, and denote the reg-
ularized problem by (PTMY). We apply an SQP method, cf. for instance
[15] and [29]. We point out that a key argument in the proof of convergence
of SQP methods are second order sufficient conditions, which are now guar-
anteed for the Moreau-Yosida regularized problem, and it is reasonable to
investigate the convergence behavior of the solution algorithm.

For completeness, let us mention that a primal-dual active set strategy
is used for solving the linear quadratic subproblems, see e.g. [2, 11, 12,
19] and the references therein. Moreover, all functions are discretized by
piecewise linear ansatz functions, defined on a uniform finite element mesh.
The number of intervals in one dimension, denoted by NV, is related to the
mesh size by h = v/2N. In the following all computations are performed with
N =192. The Figures 1-4 show the numerical solution of the Moreau-Yosida
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06

Figure 1: Control u, Figure 2: State y,

approximation of problem (PT) for the fixed penalization parameter v =
1-10°. In Figure 4 one can see irregularities of the multiplier approximation
on the boundary and in the parts of the domain, where the active sets of the
original problem (PT) associated to the different constraints are not disjoint.
We obtain the following error of the numerical solution of problem (PTMY):

|luy—ul| = 3.1426e—02, ||y,—y|~2.7497e—05, ||py—p|| ~ 1.5147e —04. (31)

The convergence behavior of the SQP method is presented in Table 1. We
display the value of the cost functional JMY for each step of SQP algorithm
as well as the relative difference between two iterates, which is defined by

n+1 n n+1 n 1
57:1<||u$ —aI Y = - et u)
n 1 n 1 n+1
S\ ) [ 1)

This quantity is used for a termination condition of the SQP method. In all
numerical tests the algorithm stops if § < 1-107%. In addition the number
of iterations of the primal-dual active set strategy is shown.

We also test the regularization algorithm for increasing regularization param-
eters, noting that convergence of @, towards @ is discussed in, e.g., [22]. We
mention Hintermiiller and Kunisch in [14, 13|, where path-following methods
associated to the Moreau-Yosida regularization parameter are developed. In
this numerical test, we use only a simple nested approach: the numerical so-
lution of the problem is taken as the starting point for the SQP-method with
respect to the next regularization parameter. The convergence behavior for
increasing regularization parameters v is displayed in Table 2. As expected,
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L itsqr | JMY | Oy | #itas |
1 | 1.497214e + 02 | 1.414707¢ + 00 | 13
2 | 1.766473¢ + 02 | 3.585474e — 01 | 32
3 | 1.767212¢ + 02 | 4.60596%¢ — 02 | 12
4 | 1.767218¢ + 02 | 7.115167e — 04
5 | 1.767218¢ + 02 | 2.087841le — 07 | 1

Table 1: Convergence of SQP-method for (PTMY)

Figure 4. Approximation of La-
Figure 3: Adjoint state p, grange multiplier A,

the errors ||y — @|| and ||g, — 7|| are decreasing for increasing parameters .
Moreover, an influence of the discretization error is visible in the difference
of the controls.

7 Conclusions

In this article, we have investigated the well-known Moreau-Yosida regular-
ization concept for state-constrained optimal control problems governed by
semilinear elliptic equations with respect to sufficient optimality conditions.
These are important in numerous ways such as convergence of numerical
algorithms, stability with respect to perturbations, and also discretization
error estimates, and hence play an essential role in the analysis of numeri-
cal methods for nonlinear optimal control problems. For the Moreau-Yosida
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v | ey —all [ gy =gl | #itsor | #itas |
20 5.114051e — 01 | 1.495545e — 02 8 34
40 | 3.161757e — 01 | 7.893723e — 03 3 5
80 | 1.853852e — 01 | 4.056569¢ — 03 2 3
160 | 1.059317e — 01 | 2.053420e — 03 2 3
320 | 6.072430e — 02 | 1.030834e — 03 2 3
640 | 3.559594e — 02 | 5.152590e — 04 2 2

1280 | 2.176439e — 02 | 2.568771e — 04 2 3

2560 | 1.442802e — 02 | 1.277243e — 04 2 2

5120 | 1.093492e — 02 | 6.323253e — 05 2 2

10240 | 9.458933e — 03 | 3.104869¢ — 05 2 2

20480 | 8.883362e — 03 | 1.500880e — 05 2 2

40960 | 8.656709¢ — 03 | 7.063147e — 06 2 3
Table 2: Convergence of (PTMY)

regularization, a standard second order analysis is not possible, since the reg-
ularized objective function is not twice differentiable. However, by the equiv-
alence of the Moreau-Yosida regularization to a specific setting of the virtual
control concept, we were able to bypass these restrictions. As a byproduct of
our analysis, we obtained that a sufficient condition for the Moreau-Yosida
regularization can be deduced from an SSC for the unregularized problem.
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