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Abstract. In this paper sufficient second order optimality conditions for
optimal control problems subject to stationary variational inequalities of ob-
stacle type are derived. Since optimality conditions for such problems always
involve measures as Lagrange multipliers, which impede the use of efficient
Newton type methods, a family of regularized problems is introduced. Second
order sufficient optimality conditions are derived for the regularized problems
as well. It is further shown that these conditions are also sufficient for super-
linear convergence of the semi-smooth Newton algorithm to be well-defined
and superlinearly convergent when applied to the first order optimality sys-
tem associated with the regularized problems.

Keywords. Variational inequalities, optimal control, sufficient optimality
conditions, semi-smooth Newton method.

1 Introduction, problem statement, regular-
ization

We consider the optimal control problem:

min  J(y,u) = g(y) + j(u)

(P) over u € L*(2) under the variational inequality constraint
a(y, ¢ —y) > (u, ¢ —y), yek, foral ¢ e K,

where a : H}(Q) x H} () — R is a bilinear form satisfying

(1.1) V1]v|§{é < a(v,v), and a(v,w) < vo|v|g|wlpy,

with 0 < 11 < 15, and

(1.2) K={veHQ):v <}

Throughout it will be convenient to alternatively use the operator represen-
tation of the bilinear form, i.e.

a(vy,v9) = (Avy, vg), for vy, vy € H&(Q),

where (-, -) stands for the duality pairing between H () and HJ (). Tt is
well known that under the conditions to be specified below the variational
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inequality in (P)) can equivalently be expressed as
(1.3) Ay+Ad=u, y<¢, A>0, (\y—1) =0,

where A € H~ and A > 0 is short for (\,v) > 0 for all v € Hj(Q2), v > 0,
and ¢ € H'(Q) with ¢» > 0 on the boundary of Q. In this way (P) is an
optimization problem subject to a complementary condition constraint. If
A € L*(Q), then the complementarity condition in (1.3) can equivalently be
expressed as

(1.4) A =max(0, A + c(y — ¢)),

for any ¢ > 0.
The variational inequality constraint is also equivalent to the optimization
problem

(1.5) min 1 a(y,y) — (y,u) 2 over y € K,

so that (P) can alternatively be considered as a bilevel optimization problem
with the additional constraint y € K. Here (-, )2 denotes the scalar product
in L2(2). In the sequel the index L? will frequently be omitted.

Let us briefly describe the structure and contributions of this paper. Sec-
tion 2 is devoted to necessary and sufficient optimality conditions for (P).
The literature essentially offers two approaches to obtain necessary optimal-
ity conditions. One is based on convex analysis techniques, see for instance
Mignot and Puel [?], the other one on approximation methods, we refer
to Barbu [?], and Ito and Kunisch [?], and further references given there.
The main concern here is to obtain a system of conditions as complete as
possible, so that its solutions in turn provide the solution to (P). Diffi-
culties arise due to the weakly active set also called bi-active set given by
B = {x: X =y —1¢ = 0}. While the derivation of optimality conditions
for multi-level optimization problems has received repeated attention in the
finite-dimensional context, see for instance Scheel and Scholtes [?], this is
rather recent in infinite dimensional spaces, we refer to the treatment in Hin-
termiiller and Kopacka [?], also studying the optimal control of variational
inequalities. In the present work we use the results from Mignot and Puel [?]
and Ito and Kunisch [?] on necessary optimality conditions. Subsequently
conditions are obtained under which the first order optimality system in
fact provides sufficient condtions for a minimum of (P). Here we can use



techniques which were recently successful in the context of second order con-
ditions for state constrained optimal control problems, see Casas, Reyes, and
Troltzsch [?], for example.

Let us compare the optimal control problem considered here, to the fol-
lowing optimal control problem subject to state constraints:

min  J(y, u) = g(y) +j(u)
over u € L?(Q2), y € K, under the elliptic equation

Ay = u.

We write both problems as bilevel optimization problems. Problem (P) can
be written as:

min J(y, u) over all u € L*(Q) and y € Hy(f2) with

y = argmin, ¢ 5a(y,y) — (y,u) 2,
whereas the state constrained problem can be written as

min J(y,u) over all u € L*(Q2) and y € K with

Yy = argminyEH&(Q) %a’(ya y) - (yv U’)LZ'

The essential difference between both problems is now evident: In the vari-
ational inequality control problem, the constraint y < v is prescribed in the
inner problem, whereas for the state constrained problem this constraint ap-
pears in the outer problem. This implies that for (P) every control is feasible,
whereas for the state constrained problem the inequality y < ¢ is in fact a
restriction on the set of feasible controls. Naturally the first-order necessary
optimality conditions differ as well. Problem (P) relies on two multipliers
associated to the constraint y € K, denoted by A and p below, where one, A,
is non-negative. The state-constrained problem involves only one multiplier
for y € K, which is a non-negative measure.

In the subsequent Section 3/ we investigate properties of a regularization of
(P). This does justice to the fact that the Lagrange multiplier A associated
to the inequality constrained y < v as well as the multiplier, which will
be called p below and is associated to the complementary system in (1.3),
are measures only, and such constitute quantities that are not amenable to
numerical discretization and realisation. The regularized problems that will



be utilized are given by
minJ(y, u) = g(y) +j(u)
(P.) over u € L*(2) subject to
Ay + max.(0, A + c(y — ¥)) = u,

where A > 0, A € L?*(Q) is given, and max, is the C'-approximation of
x — max(0, x) constructed by

x, for z > %
(1.6) max.(0,2) = £(z+ 5)?%, for |z| < o
0, for x < _2ic'

For properly chosen A the solutions y, to (P.) are feasible, i.e. y. < 1, see
Section [3.2 below. This was observed in [?] and will be further analysed and
used in the present paper. If g and j are Cl-regular, then the first order
optimality system for (P/) is given by

Ay, + max, (0, \ + c(ye — 1)) = ue,

(1.7) Ape+ esgn (A + c(ye — ¥)) pe + 9'(ye) = 0,
J'(te) = pe =0,
where
1, for x > 2%
(1.8) sgn (z) =< clz+ ), for|z| < &
0, for x < —i,

and the expressions ), := max,(0, Ac(y.—)) and . == csgn, (A c(ye—1))
in (1.7) tend to measure-valued Lagrange multipliers as ¢ — oo. Section 3
also contains a discussion of second order sufficient optimality conditions
for (P.).

Solving (1.7) numerically by Newton-type methods is impeded by the
lack of C'* regularity of the sgn, operator. In Section 4/ it will be shown that
semi-smooth Newton methods are applicable to (1.7), [?]. This requires the
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verification of Newton differentiability, which is quite standard by now, as
well as well-posedness of the Newton-step and uniform boundedness of the
inverse of the generalized derivatives, which is more delicate to verify. Here
this will be achieved under a second-order sufficient optimality condition.

In a followup paper we shall address numerical issues related to solving
(P.) and in particular on the choice of the parameter ¢. This will make
use of the properties of the path associated to (P/), i.e. on the mapping
¢ = (Yo Uey Ac).

Standing assumptions

Throughout the paper we rely on the following regularity assumptions.

(i) The domain Q C R", n € {2, 3} is bounded and either convex and
polygonal or of the class C'!L.

(ii) The operator A is an elliptic differential operator defined by
@) ==Y 2 (w50 2@ +3 w2 (z) +aalute)
Y - = 833'1 i axjy p J 8xjy 0 Yy
with functions a;; € C*(Q), a;, %aj, ag € L>®() satisfying the con-
ditions a;;(z) = aj;(z) and

n

Z aij(2)&&; > dolé/? a.e. on € for all £ € R"

,j=1

with some 0y > 0. Additionally, we require ag(z) > 9 > 0 with &
sufficiently large such that the bilinear form a(-, -) induced by A fulfills
the coercivity condition (1.1).

(iii) The obstacle ¢ € H'(Q2) fulfills ¢» > 0 on ' and Ay € L*(Q).
(iv) The bilinear form a associated to A satisfies

a(y,y*) = 0 implies that y™ = 0, for all y € H,(Q).

Here y* = max(0,y). Some of the results can be obtained under weaker
regularity assumption on the domain €2 and the coefficients of A, specifically
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in these cases it suffices that the boundary of €2 is Lipschitz continuous and
the coefficients of A are sufficiently regular so that the bilinear form a is
welldefined on H{(2) x HJ(2) and satisfies (1.1).

The functions g, j satisfy:

(v) g: L*(Q) — Ris twice continuously Fréchet-differentiable and bounded
from below,

(vi) j: L*(Q2) — R is twice continuously Fréchet-differentiable and radially
unbounded.

Let us introduce the adjoint operator A* to A by

(A = =3 5 (Z o) () + aj<w>p<a:>> +a(w)p(a).

Due to the assumptions on the coefficients, the equations Ay = f and A*p =g
admit solutions in H?(Q) for right-hand sides f,g € L*(Q).

Further assumptions will be introduced in the context of second order suf-
ficient optimality conditions and well-posedness of the semi-smooth Newton
method.

2 Necessary and sufficient optimality condi-
tions

Let us briefly summarize known results about unique solvability of the un-
derlying variational inequality (1.3).

Lemma 2.1. For eachu € H™(Q) the variational inequality admits a unique
solution y € H}(Q), and the mapping u — y is Lipschitz continuous from
ue H Q) to HJ(Q).

This lemma does not depend on the strong regularity assumptions (i)-
(iii) above but the weaker ones mentioned below (iii) suffice. Employing the
technique of [?], one obtains L*®-regularity of y.

Lemma 2.2. For u € L*(Q) the solution y belongs to L°°()), and the map-
ping u — vy is Lipschitz continuous from u € L*(Q) to L>=().



lem20strong

Proof. Let uj,uy € L*(Q2) be given, and denote the associated solutions of
the variational inequality by w;,y2. For k € R, k& > 0 we introduce the
truncation operator [-];, : H}(Q) — H(Q) by

([v]g)(x) = min(max(v(x), —k), k).

Then the functions vy = yo — [y2 — y1|x and vy = Y1 + [y2 — y1 ] are suitable as
test functions for the variational inequality. In fact, if yo(x) —yi(z) > k then
vi(z) = ya(x) —k < Y(x) —k and vo(z) = y1(x) + k < yo(x) — bk + &k < ¢(x).
If yo(x) —y1(x) < —k then vy (z) = ya(x) + k < y1(x) —k+k = yi(z) < Y(x)
and vy(x) = yi(x) — k < (x), which altogether implies feasibility of vy, v,
ie. vy <Y and vy < 1.

Using v; and vy as test functions in the variational inequality for y; and
12, respectively, and adding both inequalities, gives

a(yr —y2, y1 — Y2 — (Y1 — Yali) < (w1 — w2, y1 — Yo — [y1 — Yolk)-

With the notation v := y; — y2, vk := 1 — Y2 — [y1 — Ya]x, We obtain by the
properties of the differential operator

a(vg, vk) < (U — ug, vg).

Now, we can proceed as in Stampacchia [?, Theorem 4.1}, to obtain the
existence of a constant ¢ > 0 with

ly1 = yallpee = |Jvllp < cflur — ual| L2,
where ¢ is independent of uy, us. O

Under the strong regularity assumptions above one has

Lemma 2.3. For u € L*(Q) the unique solution (y,\) of (1.3) belongs to
H} Q)N H2(Q) x LA(Q). If in addition u € LP(Q) and max(0, A — u) €
LP(2), for p € [2,00), then (y,\) € W2P(Q2) x LP(Q).

Proof. The result can be obtained from Brezis and Stampacchia [?]. Using
Grisvard [?], the regularity result transfers to domains 2 as specified above.
For a different approach we refer to [?]. O



Lemma 2.4. The mapping u — (y(u), AN(u)) is directionally differentiable
from HY(Q) to H}(Q) x H Q). The directional derivative y'(u;h) = z
satisfies z € S(y) and it is given as the solution of the variational inequality

2.1) a(z,6—2) > (hé— 2) for all 6 € S(y),
where
S(y) ={p € H}Q) : (\,¢) =0, and ¢ <0 whenever y —1p = 0}.
Moreover, the directional derivative N (u;h) =n € HY(Q) satisfies
Az+n=h, (ny—¢)=0, (n,2) =0

and

(n,¢) <0,  forall g € S(y).

This lemma again holds under the weaker regularity assumptions on (2
and the coefficients. Under the stronger assumptions, which imply L?— reg-
ularity of A, the set S(y) can equivalently be expressed as

S(y) ={¢ € Hy() : ¢ =0 whenever A >0
and ¢ < 0 whenever A =y — ¢ = 0}.

Proof. The variational inequality (2.1)) for 3'(u; h) was proven by Mignot [?].
Setting n = h — Az € H1(Q2) and testing

<777¢_Z>§0

with ¢ =0, ¢ = 2z and ¢ = 2+ ¢, for ¢ € S(y), we find (n,z) = 0 and
(n, ) < 0 for all ¢ € S(y). Note that ¢ = 0,2z, z + ¢, ¢ € S(y), are suitable
as test functions in (2.1)).

To verify the (n,y—1) = 0, we pass to the limit in ¢ — (A, y;—¢) = 0 as
t — 0% using the product rule. Here (y;, \;) denote the solution to (1.3) with
u = u+ th. Since y'(u;h) = z € S(y) we find (n,y — 1) =0 as desired. [

If A\ € L?(Q) the lemma implies that pointwise a.e. z\A = 0 is satisfied.
If additionally the mapping u — A\ would be directionally differentiable with
values in L?*(Q), then using (1.5) for example, the following relations could
be obtained on the biactive set B:

2<0,7>0,2n=00n B={\=0, y=1}.

Since the mapping u — (y, A) is globally Lipschitz continuous, we can
prove



Lemma 2.5. The directional derivatives of the mapping u— (y, \) satisfy

‘ ) — y(u + prhi) — y(u) A+ prhi) — Au)
Pk Pk

for k — oo, where p, and hy, are sequences such that py > 0, pr — 0, and

hy — h in H71(Q).

Remark 2.6. If the biactive set B is empty, then the mapping u +— y(u) is
Gateaux differentiable at u, see [?]. Then the system in Lemma 2.4/ can be
simplified as follows: The set S(y) is now given by

S(y) ={p € H}(Q) : ¢ =0 whenever y — ¢ = 0}.

Y (u; h +

Hl

N(u; h) —

— 0,
H-1

The directional derivative z = y/(u; h) € S(y) is given as the solution of the
variational equation

a(z,¢) = (h, ¢) for all ¢ € S(y),
which results in the following property of n = N (u; h):

(n,¢) =0 for all ¢ € S(y).

Moreover, as proven in [?] the set of all u € L?(2) such that y(-) Gateaux
differentiable at u is dense in L?*(Q).

2.1 Necessary optimality condition

Conditions (v) and (vi) of the standing assumptions together with Lemma
2.1 imply the existence of at least one solution (y*,u*) with y* = y(u*) to
(P).

Let us first state a consequence of local optimality, see e.g. [?] for a proof.

Lemma 2.7. Let (y*,u*) be a locally optimal pair for the optimal control
problem (P). Then

gy )z+ 7 (u)h =0
for all h € L*(Q) and z = y/(u*; h).

The result of the previous Lemma is a necessary optimality condition that
is based solely on directional (Bouligand, conical) derivatives. In analogy to
the terminology in mathematical programming with complementarity con-
straints (mpcc), we call this property B-stationarity. This stationarity result
does not give any information about gradients and their representation by
dual quantities. For this purpose we have the following result.
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theo22| Theorem 2.8. Let (y*,u*) be a locally optimal pair for the optimal control
problem (P) with associated multiplier \* € L*(Q). Then there exist uniquely
determined adjoint states p* € HL(Q)NL®(Q) and pu* € HH(Q) N (L>(Q))*

such that
eq2101| (2.2) Ap*+u*+4d (W) =0 and p* >0 where y* =1,
eq2102| (2.3) ANp* =0 a.e. onQ, and (u*,p*) >0
eq2102a| (2.4) (", o(y* — ) =0 for all p € C*(Q) such that pi|r = 0,

eq2103| (2.5)
(u*,¢) >0 for all ¢ € Hy(Q) with ¢ >0 on {y* = ¢} and (\*,¢) =0,

eq2104| (2.6) Jj'(u*)—p*=0.

Moreover, we have the following sign condition for u* on B:

eq2105| (2.7) (u*,¢) >0 forallp € HY (), ¢>00n B, ¢ =0 onQ\ B.

Proof. The existence and uniqueness of the adjoint state p* for given (y*, u*)
satisfying the following properties was proven for instance in [?, ?]:

a(o,p*) + (9'(y*),¢) <0

eq211| (2.8)
for all ¢ € HJ(Q2) with ¢ > 0 on {y* = ¢} and (\*,¢) =0

and

eq212| (2.9) p*>0on {y*=v}, (\,p*) =0, and j'(u*) = p".

Setting u* = —A*p* — ¢'(y*) together with the previous properties implies
(2.2) and (2.6)). From (2.8) it follows that (2.5) is satisfied. Choosing ¢ > 0 on
B and ¢ =0on Q\ B, (2.7) follows from (2.5). The property p* € (L*(2))*
was obtained in [?, Theorem 5.1].

From \* € L*(Q) we conclude that A*p* = 0 a.e. on Q. In fact, \* = 0 on
{y* < ¢}, and A* >0, p* > 0 on {y* = ¥} together with (A\*, p*) from (2.9)
implies the claim.
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PSfrag replacements

Testing (2.8) with p* we have (u*, p*) > 0, and thus (2.3) holds. Choosing
¢ =tp(y* —1) in (2.5) we find (u*, p(y* — 1)) =0 if 1 =0 on 02 . This
gives (2.4). If ©» = 0 on OI" then ¢ can be chosen as the constant function
with value 1.

The regularity p* € L>®(2) can be proven with arguments similar to the
ones in [?] applied to the variational inequality. Here we use that ¢'(y*) €
L*(Q2) and (\*, (p* — k)T) =0 and (\*, (p* + k)~) = 0 for each k& > 0, which
holds since p*\* = 0. ]

b L

/

p=0

p =0,

< =3 =T
1V
S oo o o

mu=0 p>0, mu>0
/ -

0 y—ps

Figure 1: Complementarity relations

Figure [1/ illustrates the relationsships of primal and dual variables on the
active, bi-active and inactive sets.

Under special assumptions on the function j, one can conclude higher
regularity of the optimal controls.

Corollary 2.9. Let j(u) = $l|ulli., o > 04 € W*P(Q), p > 2, and let

(y*,u*) be locally optimal. Then u* € H' () N L>®(Q) and y* € WP(Q).

Proof. From (2.6) of Theorem 2.8 it follows that v* € L*>°(Q). The regularity
result for y* is a consequence of Lemma 2.3l m
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If the control-to-state mapping u — y(u) is Gateaux-differentiable, see
Remark 2.6, then the optimality system can be rephrased as follows, see [?,
p. 161].

Corollary 2.10. Let the assumptions of Theorem 2.8 be satisfied. Let y(-)
be Gateaux differentiable at u*. Then we have

a(o,p") + (9'(y"),0) =0 for all p € S(y).

In particular, it holds (n,p*) = (u*, z) = 0 for z = y'(u*;h), n = N(u*; h), h €
L3(92).

As already mentioned, optimal control of variational inequalities can be
interpreted as optimization with complementarity constraints. In analogy to
the analysis of mpcc problems in finite dimensions, the system (2.2)—(2.7)
describes strong stationarity, see also Hintermiiller and Kopacka [?]. With-
out the information on the sign of p* and p* on the biactive set, the system
(2.2)-(2.6) denotes C-stationarity, which is a weaker form of stationarity.
For a survey of different stationarity concepts for finite-dimensional opti-
mization problems with complementarity constraints we refer to Scheel and
Scholtes [?].

If one would formally derive the optimality system using the Lagrangian

Ly, u, \,p, i, q) = 9(y) + 5 (u) + (Ay + A —u,p) + (p,y — ) + (A, q)

then the adjoint state p could be identified with the multiplier ¢ of the con-
straint A > 0. The measure u would play the role of a multiplier to the state
constraint y < 1. The constraint (\,y — 1) = 0 is treated implicitly, since
the existence of a Lagrange multiplier to (A, y — 1) = 0 does not follow from
first-order optimality conditions, see the discussion and counterexample in
Bergounioux and Mignot [?].

Remark 2.11. (i) In the case of strict complementarity, i.e. A* > 0 on
y* =1, we have p* = 0 on the active set {¢ = y*} by (2.2) and (2.3).

(ii) The support of p* is contained on the active set {y* = v }: In fact, by
(2.5) we have (u*,¢) = 0 for all ¢ € HJ(Q2) with ¢ = 0 on the active
set. Moreover, (2.7) gives information on the sign of p on the bi-active
set.
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Since we have p* € (L*(Q))*, we can write u* = u, + p,, where p, €
L}(Q) is the regular part of u*, and p, is purely finitely additive in the sense
of Yosida and Hewitt [?]. The addends p, and g, are uniquely determined,
[7, Theorem 1.24]. Regarding the structure of p the following result holds.

Proposition 2.12. Under the assumptions of Theorem 2.8 we have

supp up C {N* =0} N{y* =}, w=—¢'(y") on {\* > 0}.
In the case of strict complementarity (B =0) it holds

supp p, C 0{y" = ¢} = 0{\* = 0}.

Proof. Take ¢ € Hy(Q) N L>®(Q) with ¢ = 0 on {\* = 0}. Then we have
¢p* = 0 a.e. on Q, which gives a(¢,p*) = 0. Utilizing ¢ as test function in
the adjoint equation (2.2)) implies

() = <Mp,¢>+/w O}uraﬁ: _/{» 0}9’(y*)¢>.

Therefore (p,, ¢) = 0 and p, = ¢'(y*) on {\* = 0}. Moreover, we obtain
from Theorem 2.8, (2.5) that (i,¢) = 0 for all regular ¢ with ¢ = 0 on
{y* =}, which gives (u,, ®) = 0. Hence, the support of p, is contained in
{A =0} n{y =4}

In general, 0{y* = ¥} and 0{\* = 0} are subsets of {\* =0} N{y* =}
In the case B = () the reverse inclusion can be proven, and the claim follows.

]

If in addition y*, %, A* would be continuous, then supp p, C B could be
obtained.

2.2 Sufficient optimality condition

Now let us introduce the coercivity condition that will ensure local optimality.
Assumption 1. (i) There is v > 0 such that
(2.10) §"(u*)(h,h) > v||h|j32  for all h € L*(Q).

(ii) For all h € L*(Q)\ {0} and z = y/(u*; h) with j'(u*)h + ¢'(y*)z = 0,

we have
211) §"(5") (= 2) + ") (B, ) > 0.

13



(11i) There exists a constant T > 0 such that

(2.12) p>0on{Y—1<y" <}

(iv) Moreover, u* satisfies

(2.13) (5,6) 20, 6€ HY(@),6>0.

| theo25 |

The following theorem asserts that the first order optimality condition
given by Theorem 2.8 together with Assumption 1/ imply local optimality.

Theorem 2.13. Let (y*,u*, \*, p*, u*) satisfy the first-order optimality sys-
tem (2.2)—(2.6) given by Theorem [2.8. If Assumption [1 is fulfilled, then
(y*, u*) is locally optimal, and there exist o« > 0,7 > 0 such that

Jy* u) + allv — w7 < J(y(v),v)

(2.14)
for all v € L*(Q) with |Ju* — vz <.

Proof. Let us assume that the quadratic growth condition (3.8) does not hold.
Then there exist sequences uy, ux — u* in L2(Q), yp = y(uz), \e = Mug),
such that

1
Ty ) + 2l = @l > T (g, wn)-

Introducing the quantities pp = |lur — u*||2 and hy = pik(uk — u*), this

inequality becomes
2

J(y*,u) + % > J(yr, ug)-
By Lemma 2.1 and (1.3)), the sequences hy, := pik(uk —u*), zp = pik(yk —y*),
M = pik(/\k — X\*) are bounded in L*(2), H}(Q), and H (), respectively.
Thus we have by compact embeddings and after extracting subsequences

hi — hin L2(Q), hy — hin H(Q),

2.15
(2.15) 2 — zin Hy(Q), me — nin H ().

Let us investigate the difference of the values of the objective functional J.
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eq2241

Using the optimality system, we find

T ue) — T ) = 67 s — 5°) + 20" @) (" — wi)?

2
() = ) )~ )?
+ (Al —y7) + e = A" = (up —u"), p7)

1, 1,
= 59”(%)(9 — )’ + 5]"(Uk)(u —u)?
+ (A =A%) — (W oy —y") < %

where g, and u; denote elements between gy, and y*, and u;, and u*, respec-
tively. We obtain

1 RPN D
(2'16) <E(>‘k_)‘)7p> <:u7pk(yk y)>

or with the notation introduced above

(2.17) (e, p") — (1" ) < % - % (9" ) 2k, 26) + 3" (k) (P, ) -

Due to Lemma 2.5, the mapping u — (y, \) is directionally differentiable and
it holds z = y/(u*; h) and n = N (u*;h). Together with (2.17), the general
assumptions (v) and (vi), and the fact that limg_o, pr = 0 this implies

(n,p") — (1", 2) <0.

Since Az +n = h equations (2.2) and (2.6) of the first order optimality
system imply the identity

(2.18) (") — (1", 2) = j' ()b + g'(y")z.
By B-stationarity, cf. Lemma 2.7, it holds that j'(u*)h + ¢'(y* )z > 0, which
in turn gives (n,p*) — (1*, z) > 0, and hence (n,p*) — (u*, z) = 0, which, in

turn implies that
(2.19) J(Ww)h+4¢'(y*)z = 0.
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Now, let us prove that the left-hand side of (3.11) is non-negative for k
large enough. Due to Lemma 2.2 we can choose kg sufficiently large, such that
lv* — yk|lL~ < 7 for all k > ko, where 7 is chosen according to Assumption
I(iii). Then the inclusions supp Ay, C {yx = ¢} C {¢ — 7 < y* < ¢} hold.
We obtain using A*p* = 0 and p* > 0 on {¢p — 7 < y* < ¢}, see (2.2)),(2.12),

(2.20) (M — A5, p*) = / Aep* > 0.
Y=<y <y
Since (u*,y* — 1) = 0 by (2.3), we have as a consequence of (2.13))

(2:21) — Wy =y =~y =) 20

for all k. Combining (3.11)—(2.21), we obtain

% (9" (") (2, 2) + 3" (W) (s b)) < % - %(9”(?31@)(21@, zk) — 9" (") (2, 2k)

+ 5" (i) (hie, he) = 5" (") (B, hie)).

Since j” and ¢” are continuous by assumption, and the sequences h; and
2 are bounded, the right-hand side vanishes for & — oo. Turning to the
left hand side, we recall that z, — z in H}(Q) strongly by (3.9). The
positivity requirement Assumption [1(i) on j”, implies that j”(u*)(h,h) <
liminf 5" (u*)(hg, hi). Consequently

9" )z, 2) + " (u")(h,h) < 0.

By Assumption [1(ii), which is applicable due to (2.19), we find A = 0. This
in turn gives z = 0, since the variational inequality (2.1) determining z is
uniquely solvable. Due to ||hg||z2 = 1 and Assumption [1{(i) we have

. 11 . - g %
0 <y < J"(u")(Pws hae) < =5 (9" (Ge) (s 20) + 57 (@) (s o) — 57 (") (P, F)) -
Since z, — z = 0 strongly in Hj (), the right-hand side vanishes for k¥ — oo
yielding finally the contradiction. O]

For sufficiency, it was necessary to impose a sign condition on y* as well as
on p* on the almost bi-active set {¢) —7 < y* < p}N{A = 0}. This is a major
difference in comparison to second-order sufficient optimality conditions for
state-constrained optimal control problems, where the sign conditions (2.12)
and (2.13) are not necessary, since there in particular p* > 0 follows from the
first-order necessary optimality conditions. This is not the case here, where
we have information on the sign of x4 only on the bi-active set itself.
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Remark 2.14. (i) In case ¢'(y*) < 0 a.e. in Q we have p* > 0 a.e. in Q
and hence Assumption [1/(iii) holds. In fact, decomposing p* as (p*)* —

(p*)~ we have

2. p*)”) = 0 and hence the general assump-
tion (i ) 1mphes that (p *)_ = 0. For the tracking type functional
y) = 3lly — 2|32, we have ¢'(y*) < 0if z > y* a.e.in Q.

(ii) If one would have strong convergence A\, — A* in L*°(£2), then one could
weaken the non-negativity assumption on p* = p, + p, to: p, > 0 and
> 0on 0 < A* < 7, and the corresponding arguments are analogous

o (2.20) to obtain the conclusion of Theorem 2.13.

(iii) If the mapping y(-) is Gateaux differentiable at u*, the condition j'(u*)h+
¢ (y*)z = 0 in Assumption [1(i1) is redundant. In fact, then one has by
(2.18) and Corollary 2.10

J'(W)h+g'(y)z = (n,p") — (u*, 2) = 0.

3 Convergence properties and feasibility of
regularized problems

sec3

For numerical purposes the optimality system obtained in Theorem 2.8 has
the disadvantage of involving Lagrange multipliers that are measures. This
is one of the motivations to introduce regularisation techniques, which we
already announced in Section 1 in form of problem (P/).

3.1 Convergence properties for the regularized prob-
lems

This subsection is devoted to a brief summary of the convergence properties of
the regularized problems (P/) as ¢ — oo. Let us commence with considering
the regularized equation

(3.1) Ay + max (0, A + c(y — ) =

17



and define B
Ae = max (0, A+ c(y — ).

The following convergence result is taken from [?7].

Lemma 3.1. For u € L*(Q) let (y., \.) denote the solution to (3.1). Then
(Ye, Ae) converge to the unique solution (y, ) of (1.3) in the sense that y. —
= y(u) strongly in H}(Q) and A\, — X\ weakly in H~*(Q) as ¢ — .

In addition, we obtain convergence rate results in L>(€).

Lemma 3.2. Let A € L>®(Q) be given. Then for each ¢ > 0

Mlpe 1
H lL +2_02 a.e. on Q

Y <Y+

Proof. Let us define for k > 0 the function ¢, = max(y —y.—k,0) € H}(Q).
Subtracting (3.1) from the first equation in (1.3) and testing with ¢, gives

a(y —Ye — /{Z, ¢k> + <)‘ — max, (5‘ + C((yC) - ¢)) 7¢k> + CL(k’ (bk) =0.

Let us set k := M + 5. Since A > 0, we have (X, ¢;) > 0. Moreover,
since y < 1) we obtain on the set {¢, > 0}

max, (A + c(y. — ¥)) < maxc(A + c(ye — y))

< max.(A —ck)) <max.(-4) =0,

which, together with a(1, ¢) > 0 implies that a(y —y. —k, ¢x) < 0, and hence
¢ = 0, which implies the desired result. O

Remark 3.3. In [?] a bilateral L> bound on the difference of y — y,. at the
expense of additional regularity assumptions was obtained. Let us set

A={r e Q:y(x) =v(x)}, Ac={r € Q:y(z) = ¥(2)}.

Assume that v € L>*(Q2). If, moreover, the boundary 0.4 of the active set
is a C'%! manifold in R"~! and for every ¢ > 0 the boundary 0.4, of A, is a
Lipschitzian manifold in R*~! | then

e = yllzeo) < GIf = Al

18



In the following subsection we shall see that setting A large enough yields
feasibility of y.. This enables to give L*>°-convergence results of the following

type.
Proposition 3.4. Let A € L=(Q) be given and suppose that y. <. Then

Proof. Let us define the test function

y_yc_k ify_yc>k
k=Y —vy.+k ify—y. <—k

0 otherwise,

where k& € R. Proceeding as in the proof for Lemma 3.2/ we get

a(y —Ye — k?, Qbk) + <)‘ — max, (5‘ + C((yc) - ¢)) 7¢k> + CL(]{J7 ¢k) = 0.

We can split ¢ = max(¢g,0) + min(¢y, 0), since both addends belong to
H}(Q). As in the previous proof we obtain (\, max(¢y,0)) > 0. By feasibility
of y. we find

0 > min(¢, 0) = min(y—y.+k,0) > min(y—y+k,0) > min(y—1),0) = y—1).

This implies

On the set {¢; > 0}, we find

mae, (A + (o) — 9)) = 0 for & > P2lz= 1

c 2¢2’

and hence (max. (A + ¢((y.) — 1)) ,max(¢,0)) = 0. Since from the defini-
tion max, (A + ¢((y.) — ¥)) > 0, we have

—(max, (A + ¢((ye) — ¥)) ,min(¢y, 0)) > 0.

Thus, we obtained a(y — y. — k, ¢x) < 0 for k > ”5“% + 5, which implies

2¢2)

¢ = 0. O
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Remark 3.5. Analogously to Remark 3.3 a slightly tighter estimate for the
feasible case was obtained in [?] under additional regularity requirements. In
fact, if A, is a domain with a C'! boundary, then

1Ye = yllze) < ¢ M|z

Up to now, we studied convergence of solutions for fixed right-hand side u
in (3.1). Let us now turn to the case, where the right-hand side is a (possibly
weakly) convergent sequence. Due to the monotonicity of the max.-function
we obtain the following Lipschitz continuity result for the solutions of the
regularized equation.

Lemma 3.6. Let uj,us € H Q) be given. Then there exists a constant
L > 0 independent of ¢ such that

[ye(ur) — ye(ua) | gp < Lllur — ugl|g-1.
Lemma 3.7. Let u. — u in L*(Q). Then y. — y in HL(Q) strongly.
Proof. 1t holds

1Ye(ue) =yl < [lye(ue) = ye(w)l[ar + llye(w) — y(u)l[ar-

The first addend can be majorized by L||lu, — ul/g-1 due to Lemma 3.6. By
compact embeddings this term tends to zero for ¢ — oco. The second addend
tends to zero according to Lemma 3.1. Il

The final result of this section addresses convergence of the solutions of
the regularized optimal control problem (P/) to those of original problem

(P).

Proposition 3.8. Let j : L*(2) — R be weakly lower semi-continuous.

For every ¢ > 0 problem (P.) admits a global solution (y., u.) = (y(u.), u.) €
H}(Q) x L*(Q). For every subsequence of controls {u.,} converging weakly
in L*(Q)) (of which there exists at least one) to some u*, the corresponding
states Y., = y(u.,) converge strongly in H}(Q) to y* = y(u*), and (y*,u*) is
a global solution to (P). Moreover ., = max.(0, A+ c,(y., — ¥)) — A(y*)
weakly in H1(2).

In addition, in the feasible case with y., < v for all n, {(pe,, p,)} con-
verge weakly in H}(Q) and weakly star in L>®(Q)* to (p*,u*) € HJ(Q) x
L>(Q)* satisfying (2.2)—(2.06).
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sec_feas

Proof. Since j is radially unbounded and g is bounded from below, every
minimizing sequence {(y.(u,),u,)} to (P.) has a weakly convergent subse-
quence, denoted by the same symbol, with weak limit u. € L*(2). By Lemma
3.6 we find ye(u,) — ye(u.) strongly in Hj(2). Weak lower semi-continuity
of j and continuity of g : H}(Q) — R implies that (y.(u.),u.) is a solution
to (P).

Next consider a family of solutions {(y.,u.)} to (PJ). Let y.(0) denote
the solution to the equality constraint in (P/) with v = 0, and note that
{yc(0)}e>1 is bounded in HE (). Hence {g(y.(0))}e>1 is bounded as well.
Then (y.(0),0) is a feasible pair for (P.) for every ¢ > 0, and J(y.,u.) <
J(y:(0),0). Thus {j(uc)}e>1 is bounded and radial unboundedness of j im-
plies that {u.}.>1 is bounded in L?(Q2). Consequently there exists a weakly
convergent subsequence u., in L*(Q2) with weak limit v* € L?*(Q2). By
Lemma 3.7 the sequence y., = y(u.,) — y(u*) strongly in H}(Q). More-
oever \., = max,, (0, A + ¢,(ye, — 1)) — A(y*) weakly in H~1(€), where
Ay* + M(y*) = u*. As above we can now pass to the limit in (P.,) as n — oo
and obtain that (y*,u*) is a solution to (P)), with associated Lagrange multi-
plier A\(y*). By Theorem 2.8 there exists a uniquely associated adjoint state
p* € Hi(Q) and p* € H1(Q) N L>(Q)* satisfying (2.2)-(2.6). Convergence
of p., — p* and p., — p* weakly in H}(Q2) and weakly star in L>®(Q)* was
proved in [?] for the feasible case. O

3.2 Feasibility of solutions for large \

In this short subsection we give a sufficient condition so that for large A
sufficiently large the optimal states y. of (P/) are feasible, i.e. y. < 1. The
principle idea can be found in Theorem 5.1 of [?], but uniformity with respect
to ¢ is not clarified there.

Proposition 3.9. Let p > 0 and let y. € Hy(Q) denote the solution to
Acye + max (0, A + c(ye. —¢)) = v with uw € B, = {u : |[ul]jz~ < p}. If

A > max(0, — Ay + p) then y. is feasible, i.e. y. < 1 for each ¢ > 0.
Proof. Let u € B, and consider the regularized equation
Ay, +max, (0, X + ¢ (y. — ) = u,

. Testing this equation with ¢ = max(0, y. — ¢) and using the fact that
max.(0, z) > max(0, x) > x we obtain

<Ayc - A¢’ ¢> + (maX(Ov 5‘ + C(yc - ¢))7 gb) + (A¢ — U, ¢) = 07
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and hence

(Ay. — A, ¢) + (max(0, —Av¥),9) + (p — u+ Ay, ¢) +c||¢]7> < 0.

This implies that ((A(y. — ¥),y. — %) < 0 and hence y. < 1.
[

Corollary 3.10. Assume that ||7'(u)|| L) > K(|u|r=@ — 1) for a con-
stant K independent of u € L>®(Q). Then there exists p > 0 such that the
optimal controls u. to (P.) satisfy ||uc|lre@) < p for all ¢ > 1 and hence
Proposition |3.9 applies.

Proof. The family of solutions {u.}.>1 is bounded in L*(€2). Hence {y.}e>1
is bounded in HJ(Q2) and {¢'(y.)}c>1 is bounded in L?*(Q). Next consider the
adjoint equations

A*p+sgn.( A+ c(ye —¥) p = —g (¥e)-

By the Stampacchia method the family of solutions {p.}.>1 is bounded in
L>(2) independently of A. The claim now follows from the assumption that

1Pel| oo () = |7 (we) ||z () = K (||te]| o) — 1). O

3.3 Existence of approximating families

Let (y*,u*) be a strictly locally optimal pair for (P), that is, there exists
p > 0 such that
(3.2)

J(y*,u") < J(y,u) for all (y,u) satisfying (1.3) and ||ju — u*||z2 < p.

We will show that for each strictly locally optimal pair (y*,u*) there is a
family of local solutions (y,, u.) of (P./) that converges strongly to (y*,u*) in
Hi(Q2) x L*(2). This means in particular, we show existence of a path of
solutions {yYe, Ue teseo-

Theorem 3.11. Let j be weakly lower semi-continuous. Moreover, we re-
quire for j that

(3.3)  wu, —win L*(Q), and j(u,) — j(u) imply u, — u in L*(52).

Let (y*,u*) be a strictly locally optimal pair for (P). Then there ezists a
family of local solutions (y.,u.) of (PJ) that converges strongly to (y*,u*) in
H}(Q) x L*().
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[coro32]

Proof. Let p be given by (3.2) and take p’ with 0 < p’ < p. Consider the
auxiliary problem

Minimize J(y,u) = g(y) + j(u)
(P7) over u € L*(Q) with ||u — u*||z2 < p’ and subject to

Ay + max.(0, A + c(y — ) = u.

Clearly, this optimal control problem is solvable for every ¢ > 0. Let wu,
denote a global solution of (Pg/). By construction, the set {u.}¢~o is bounded,
which yields weak convergence of a subsequence u., — @ in L?(2) with
|t — u*||z < p'. Due to Lemma 3.7, the corresponding states converge
Ye,, — ¥ in H}(Q), where ¢ is a solution of the variational inequality (1.3) for
right-hand side @. This implies J(y*,u*) < J(g, @) by optimality of (y*,u*).

Denoting by y.(u*) the solution of the regularized equation to the control
u*, we have J(ye, ue) < J(ye(u*),u*). By Lemma [3.1, we have y.(u*) — y*
in H}(9Q).

Then we obtain by (3.2) and the optimality and convergence properties
above

9(y") +j(u") < g(y) + j(a) < limg(ye,) + liminf j(u,,)
(3.4) < lim g(ye, ) + limsup j(uc, ) < lim g(ye, (u")) + j(u”)
=g(y") +j(u").

This implies J(y*, u*) = J(y, @) and hence @ = u* by strict local optimality of
(y*,u*). Moreover, it follows that lim j(u,,) = j(@) which yields u., — u* in
L*(Q) by (3.3). Since u* is the unique local solution in the L?*— neighborhood
of u* of radius p/, the whole family u. converges to u*.

Convergence of u, — u* also implies the existence of ¢y such that |ju. —
u*||pz < p for all ¢ > ¢y. Consequently, if ¢ > ¢q, then (y.,u.) is locally
optimal for (P). O

The pre-requisite (3.3) is fulfilled for instance for the standard choice

J(u) = gllullzz, o> 0.
Regarding convergence of adjoint states and multipliers, we obtain

Corollary 3.12. Let (y.,u.) be a family of local solutions of (P.) converging
strongly in H}(Q) x L2(Q) to (y*,u*). Let (y*,u*) solve the variational in-
equality and satisfy together with (\*, p*, u*) the first-order optimality system
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(2.2)—(2.7) given by Theorem 2.8. Then we have
Ae = A and pe — p* in HH(Q), p. — p* in Hy(Q).

where (A, Pe, fe) are the corresponding multipliers and adjoint state for (P.),
see (1.7).

Proof. Due to the strong convergence of ., u., the strong convergence of A,
follow immediately

Ae = Ue — Ay, — u* — Ay = A" in H_I(Q).
Multiplying the second equation in (1.7) by p. gives

villpellzn < 19 (ye)llz2Ipellz2,

which gives boundedness of {p.} in H}(Q). Hence, we find a subsequence p,,
converging weakly in H}(€) and strongly in L?(Q) to p. The third equation
in (1.7) implies

j,(ucn> = Pe, — ]/(u*) =D,

which gives p = p* by optimality condition (2.6). Since the adjoint state p*
is uniquely determined by (y*,u*), the whole family p. converges weakly in
H;(Q) to p*. Arguing as above, we find for p,

[te = —A*pc o g/(yc) N —A*p* o g/(y*) — M* in Hil(Q%

which finishes the proof. m

3.4 Sufficient optimality condition for the regularized
problems

Here, we will frequently use the second derivative of the max.function, which
is given by

/ 0, for |z] > 5
(3.5) sl () = ;

c, for|z| <3

Let us denote by (y., u.) a family of local minimizers for the regularized
problems (P/) converging to a local minimum (y*,u*) of (P) as given by
Theorem [3.11. Then Corollary [3.12 provides multipliers (A, pe, fic)-

We next provide sufficient for local optimality of solutions of the regular-
ized problem (P.) for sufficiently large c.
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Assumption 2. There exists a > 0 and Cy > 0 such that for all ¢ > Cy
(3.6) 6"(5) (2 2) + 7" (ue) (b, B) + (Bsgnt, (M + elge — 1)) pez, 2) = a[blJ2s
for all (z,h) € Hy () x L*(Q) satisfying

(3.7) Az +csgn, (A + c(y. — ) z = h.

Theorem 3.13. Let a family (Ye, Ue, Ae, De, fe) Of solutions of the first-order
system (1.7) be given for which Assumption'2 be satisfied, and suppose, more-
over that for ¢ > Cy

(3.8) meas ({|A + c(y. — )| = 55}) =0.

Then for all ¢ > Cy the pair (ye,u.) is a strict local minimum of (P.) and
there exist positive constants o, p. such that

T(ye(u),w) = J(ye, ue) + acllu — wel|72
for all u € L*(Q2) with ||u — ue||r2 < pe-

Proof. Let us assume that the quadratic growth condition does not hold.
Then there exist sequences ug, uj, — u. in L*(Q), yr. = y.(uz), such that

1
(e tte) + 7l = wellzz > T (g, ).

Introducing the quantities pp = |lup — u¢||zz and hy = pik(uk — u,), this

inequality becomes
2

J(@erue) + 25 > T (g, w).

Due to monotonicity of max,, the sequences hy, := -

p_k(uk — Uc), 2k 1= pik(yk -
Ye), are bounded in L?(Q), H}(S), respectively. Thus we have by compact
embeddings and after extracting subsequences

(3.9) hp — hin L*(Q), hy — hin H(Q), 2z — zin Hj(Q).
Moreover, (z, h) solves the linearized equation

Az +esgn, (A +c(y. — ¥)) z = h.
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Let us investigate the difference of the values of the objective functional J.
Since y; and y. are solutions of the regularized state equation, we obtain

(310) J(yk7 uk) - J<ycvuc) = J(Z/ka uk) - J(yc7uc>
+ (A(yk —ye) +max, (A + c(ye — ¥)) —maxe (A + c(ye — ¥)) — (up—ue), pe)-

Due to condition (3.8)), we can expand

max, (A + c(yp — ) — max, (A + c(y. — ¥)) =

csgn, (A + c(ye — ) (yr — ve) + %CQSgn’C M+ clye — ) (wx — ve)?
—i—/o /OS {CQSgné (5\ +e(ye + Yk — ye) — w)) — c*sgn, (5\ + c(ye — qp))} (yr—ye)? dt ds.

Applying Taylor expansion to all non-linear terms in (3.10) and using the
optimality system (1.7), we find

J(yk,uk) — J(Ye, ue)
= J(Yr, ur) — J (Yo, te)
+ (A(yr — ye) +maxe (A + c(yx — ) — max, (A + c(ye — ) — (s — ue), pe)

= ()0 — ) + 59" )k — 9)?

-/

1., .
(uc> — DPey Uk — uc) + _]”(uk)(uk - uc)2

+( 5

+ <A*p0a Yk — yc) + (C Sgn, (5‘ + C(yc - ¢)) (yk - yc)apc)

1 (ol (3t ol = ) (0 — . p2)

+ /0 /0 ({®sen, (A + c(ye + t(ye — ye) — 1)) — Psgng, (A + c(ye — ¥)) } (v — ve)?, pe) dtd.
= % (g”(gk>(yk - yc>2 + j”(ﬂkxuk - Uc)2 + (C2Sgn,c (5‘ + C(yc - ¢)) (yk - yc)2, pc))

+ /0 /0S ({C2sgn/c (5\ + C(yc + t(yk - yc) - ¢)) — czsgn/c (5\ + C(yc _ w))} (yk _ yc>27 pc) dt d

Pk
< 7
k
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where w; and g lie between u; and u., and y, and y,., respectively. Dividing
by pi gives

! (9" (Gr) (2)* + 5" (W) (hie)? + (Psgnl, (A + c(ye — ¥)) 27, pe))

(3.11)

+/0 /OS ({C2sgn,c (5\ + C(yc + t(?Jk - yc) - 77[])) — Czsgn/c (5\ + C(yc — @ZJ))} Zl%? pc) dt ds

| =

<

Let us investigate the term that contains the double integral. We have

/Q {Psgnl, (A + c(ye + tlyr — ye) — ¥)) — sgnl (A + c(ye — 1)) } 27 pe

= / CBszpc—/ 2i pe
{IA+e(yet+t(yp—ye) =) <5} {IMelye—p) <}

We will prove that this term tends to zero for £k — oo uniformly with respect
to the parameter . Let us denote f ), := A+ c(ye +t(yp —ve) — ), t € (0,1),
f = A+c(y.—). Then we have || fir — fllz2 < cllyr — yellz2 — 0 for k — oo
uniformly with respect to t.

Let us prove that the measure of the symmetric difference Ny, == {|fix] <
>} and N := {|f| < 5}, denoted by N;xAN, tends to zero uniformly in ¢
for k — oo. Consider first

Nep \ N = Nep 0 ({5; < |fl < 5 + 0 UL{[f] > 5 +0})

with 8 = ||ye — ]l 15 On NppN{|f] > L +8,} it holds | fyu(x) — f ()] > b,
and hence by the Tchebychev inequality

meas(Ny N {|f| = 5 + dr}) < meas({|fi — f| = 0})

1
< I = fillZe < Ellve = wllze.
k

Moreover, due to its construction meas({5 < |f| < 5 + dx}) — 0, which
implies meas(N;y \ N) — 0 for k£ — oo uniform in ¢.
Let us choose kg such that 9, < i for all k£ > kg. Then we write

NA N = ({11 < 32 =83 U5 =0 <11 < 53) 0 {lual > 523
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Here, we find meas ({|f| < + — &} N {|fix] > 5}) — 0 with analogous
arguments as above. Moreover, meas ({5 — 6, < |[f| < }) — 0 due to
(3.8). Hence, we have shown that the convergence meas(N;xAN) — 0 for
k — oo is uniform with respect to t. This allows to prove that the remainder

term vanishes for £k — oo:

/O /08 ({Psgn, (A + c(ye + tye — ye) — ¥)) — sgnl (A + c(ye — ¥)) } 21, pe) dtds

1 s
< / / ¢ meas(Ny e AN)Y2 || 2¢ || 24| pel| o~ dt ds — 0 for k — oo.
o Jo

Thus, passing to the limit & — oo in (3.11)) yields the contradiction. ]

Since we consider a family (y., u.) converging strongly to a solution (y*, u*)
of the original problem (P), the following question arises: If (y*, u*) satisfies
the second-order condition Assumption 1, does (y., u.) satisfies the sufficient
condition above ? Unfortunately, Assumption [1' is not enough to prove As-
sumption 2. We will need additional assumptions. The first one is due to
the discontinuity of the function sgn/, that appears in (3.6).

Assumption 3. The following sign condition on the adjoint state holds:
pe >0 on {|A+ c(y. — )| < 1/2¢} for all ¢ sufficiently large.

Moreover, the coercivity condition in Assumption [1(ii) is not enough, the
test space in (2.11) is too small. In particular, we were not able to proof
that the solutions z, of the linearized equation (3.7) tend for ¢ — oo to a
directional derivative z = y/(u*; h). Hence we require coercivity on a larger
subspace.

Assumption 4. (i) There is v > 0 such that

7"(w)(h,h) = A||hl7>  for all h € L*(Q).
(ii)) We assume that
(3.12) 9" () (z,2) + j" (") (h, h) > 0.
holds for all (z,h,n) € H} () x L*(Q) x H™'(Q) satisfying
J'(u)h+4g'(y")z =0,
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and

Az+n=nh

229 3.13
( ) <777y*_¢>:07 <7]72>ZO7 A*ZZOCL'G' on §2.

Observe, that the test space in Assumption [4(ii) is larger than in Assump-
tion [1(ii): the system (3.13) allows more test functions than the system in
Lemma 2.4 that characterizes the directional derivative z = y'(u*; h), which
is used in Assumption 1. Differently to Assumption 1, we do not impose
sign conditions on p* and u*, instead the uniform sign condition on p.., see
Assumption 3}, is used.

Theorem 3.14. Let \ be chosen as A > A according to Proposition'3.9. Let
Assumptions |5 and j| be satisfied. Then Assumption |2 is fulfilled.

Proof. Let us suppose that the claim does not hold. Then there exists a
sequence (z., h.) such that
(3.14)

" .11 A 1
9" (Ye) (2e, ze) + 7" (ue) (he, he) + (c*sgnl, ()\ + c(ye — w)) Dees Ze) < EHhCH%Q
with
(3.15) Az + esgn, (A + c(ye — ¥)) 2c = he.

W.lo.g. we can choose h, with ||h.||z2 = 1. Then the sequence z. is bounded
in H'(Q). Hence after extracting a subsequence if necessary, we find

he — hin L*(Q) and 2z, — z in H'(Q).

Due to the compact embedding L?*(Q2) — H () we have h, — hin H~1().
Passing to the limit in equation (3.14) gives Az + 1 = h together with the
convergence 7, := csgn, (A + c(ye — ¥)) 2. = 1 in H1(Q).

Arguing as in [?, pp. 356-357], which uses feasibility y. < ¢, we can prove
(n,y*—1) = 0and zA* = 0 a.e. on 2. Additionally, we obtain (1, z) > 0 from
(csgn, (5\ + c(ye — ¢)) Ze, 2¢) > 0 by taking the limit. These facts establish
(3.13).

We have using h, — hin H(Q), z. — 2, y. — y*, and p. — p* in H}(Q)

29



and equations (1.7), (3.7)

0= (1, pe) — (esgn, (A + c(ye — ¥)) Pe, 2c)
= (he,pe) — alze; pe) + alze, pe) + (9'(Ye), %)
= <hc>pC> + (g/(y0)7 Ze)
— (h,p") + (d'(y"), 2)
= (h,p") —a(z,p") +a(z,p") + (¢'(y"), 2)
= (n,p") — (1", 2),

*

which yields
(n,p*) — (", 2) = 0.
By (2.18), we obtain j'(u*)h+¢'(y*)z = 0, which shows that (h, z) are feasible
as test functions in Assumption 4.
By Assumption 3, it holds (c*sgn’, (5\ + c(y. — @Z))) Deze, Ze) > 0 for suffi-
ciently large ¢ > Cy. Hence by (3.14)

(316) (0o ) + 5w (o) <
We can write
3" (ue)(he, he) = (5" (ue) (hey he) = 3" (W) (e, he)) + 3" (@) (e, he),
which gives due to j”(u.) — j”(u*) and Assumption 4(i)
lim inf " () (he, he) = limint J7(u) (hey he) > J7(u") (b, ).

[

for all ¢ > (.

Passing to the limit in (3.16) gives then
9" (") (z,2) + 5" (u)(h, h) < 0.

Hence, it follows by Assumption 4 h = 0. The system (3.13) implies the
estimate ||z|| g1 < C||h]|z-1, which yields z = 0.
Due to Assumption 4(i) there is ¢; such that

5" () (hey he) > /2 hell72
for all ¢ > ¢;. Inequality (3.16) can then be written as

1
g”<yc)<zm ZC) S - - % for all ¢ > Cq,
C

which finally yields the contradiction, since the left-hand side tends to zero
for ¢ — oo. O]
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Remark 3.15. If one omits the assumption on ), one cannot expect feasi-
bility of the regularized solutions ¥.. Then it seems to be impossible to prove
the relations (n,y* — 1) = 0 and zA\* = 0. Hence, one has to strengthen
Assumption 4(ii) again, i.e. skip the restrictions (n, y* —1) = 0 and zA* = 0,
to obtain a result similar as in the previous theorem.

Let us conclude this section with a result about the sets that appear in
Assumption 3.

Lemma 3.16. For every sequence ¢, — oo it holds

(A + ca(ye, — ¥)| < 1/2¢,} C B,

where B is the bi-active set.

Proof. Let us denote Ny, := {|X + ¢u(ye, — | < 1/2¢,} and N := ), N,.
Then we have on N,

1 - 1
—— <A n\Jen — < PYE
5, SAte (Y, — ) < 2
which implies
1 -1 1 -1
A<y —p < — A
2c,, Cn Yoo =¥ < 2¢c,, Cn,

Since y., — y in LP(Q2), we obtain y =t on N and y., — y in L>®(N). In
addition, we have

C

. 1\* 1
<)\c<_n A n\Jen Y S_
0< n_2( + cn(Yen w>+2€n> 3

on N, which proves A\., — 0 = X in L>*(N). Hence, it holds N C B. O

4 Semi-smooth Newton method: wellposed-
ness and convergence

The direct use of Newton-type methods is impeded by the non-smoothness
of the constraints appearing in the original problem (P). Even the optimality
system (1.7) of the regularized problem (P_.) contains the nondifferentiable
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sgn, term, which is not C', so that Newton’s method is not directly applica-
ble. We therefore investigate the use of a semi-smooth Newton method. In
view of recent results on semi-smooth methods for non-differentiable prob-
lems in function spaces the proof of the semi-smooth part is quite straight-
forward, see e.g. [?, ?]. The stability part, however, is more delicate.

The main assumption, under which we obtain well-posed and superlinear
convergence of the semi-smooth Newton method, is the second order suffi-
cient optimality condition for the regularized problem that was developed in
Section 3.4], specifically (3.6). This condition will be required in a neighbor-
hood of (ye, ¢, pe). Since (3.6) contains the discontinuous term sgn/ which
is unstable with respect to pertubations of the reference point (y., u., p.) we
require the following additional assumption.

Assumption 5. The mapping y — sgn.. (X + c(y — 1)) is continuous from a
H?(Q) N Hy (2)-neighborhood of y. to L'(Q).

Assumption 5| essentially requires that y. is nowhere tangential to the
level sets jzzic. In Remark 4.4/ below, we shall give extra conditions on g,
and p., which allow to bypass Assumption 5.

We henceforth abbreviate W := H?(Q) N H}(Q) and define the function
F:W x L*(Q) x W — L*(Q)3 by

Ay + max, (5\ +c(y — @Z))) —u
(4.1) F(y,u,p) = | A'p+csgn. (A+cly—v))p+4'(y)
J'(u) =p

A generalized derivative [?] Gr of F at (y,u,p) € W x L*(Q) x W in the
direction (z,h,q) € W x L*(Q) x W is given by

Az+csgn, (A +cly—1))z—h
Gr(y,u,p)(z,h,q) = | A*q+esgn, (A +cly—v)) g+ Psgnl (A+c(y —¥)) pz + ¢"(y)=
j”<u>h _ q

Theorem 4.1. Let Assumptions 2 and 5 be satisfied at ¢ > Cy, where Cy
is given by Assumption|2. Then the semi-smooth Newton method applied to
F(y,u,p) = 0 converges locally superlinearly to (ye, ue, p.) in W x L2(Q) x W.

The proof uses two preparatory lemmas.
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eq4.3

eq4.4

Lemma 4.2. Under the assumptions of Theorem 4.1 the generalized deriva-
tives Gp(y,u,p) are uniformly bounded invertible in a W x L*(Q) x W—
neigborhood of (Y, e, pe). In particular, the semi-smooth Newton algorithm
s well defined in this neighborhood.

Proof. From Assumption 2, (3.6), and Assumption 5 it follows that there
exists p > 0 such that

(42) " (4)(z2) + 5" (@) b) + (Psgn, (A -+ ely =) pz,2) = S [h]fF
holds for all (y, u,p) with

(4.3) 1y = Yellaz + llu = el + llp = pellm> < p

and all pairs (h, z) satisfying

(4.4) Az +esgn (A +c(y — )z = h.

Here we use the facts that © — sgn_(z) is globally Lipschitz continuous and
that
12 < K|y — yel|z||h]| 2, for all h € L*(),

||Zy - Zyc
where z,,z,, denote the solutions to (4.4) and (3.7) respectively, and the
constant K is uniform with respect to y in bounded subsets of H?(2).
To argue the asserted wellposedness of G (y, u, p) with (y, u, p) satisfying
(4.3) let r = (ry,r9,73) € L*(Q)? be arbitrary and consider the equation

(4.5) Gr(y,u,p)(z,h,q) =,

for (z,h,q) € W x L*(Q) x W.
For verifying existence of a solution to (4.5) we set

B =A+csgn(A+c(y —v)) and b= c*sgni(A + c(y — ¥))p
and consider the quadratic minimization problem in L?(£2)
miny, 1 (¢"(y) B~ (h+71), B (h+711)) + (b B (h+ 1), B (h+ 1))
+3(5" (wh, h) = (r2, B~'h) — (73, h).
The necessary optimality condition for this problem is

(4.6) B~* (g”(y) B (h+r)+bB Y (h+r)— 7’2) + 5" (u)h —r3 =0,
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and the second order sufficient condition is (4.2) with the substitution B~1h =
z as in (4.4). Since the second order condition holds for the quadratic prob-
lem, (4.6) admits a unique solution. Setting

z=DBYh+r)and ¢= B *(¢"(y)z + bz — 13)

we have

Az 4 esgn (A +c(y —¥))z — h =1,
(4.7) A*q + esgn (A + ey —¥)g — ¢"(y)z + bz = 73,
j"(u)h —q =rs,

which is (4.5).
Continuous invertibility of the linear operator

h— B™* (g”(y) B~ 'h + bB_lh) + 5" (u)h,

implies the continuous dependence of h on r. Continuous dependence of (z, q)
on r follows from (4.7). O

Lemma 4.3. Let f : Y — Z and g : X — Y be Newton differentiable in
open sets V' and U, respectively, with U C X, g(U) C V C Y. Assume that
g 1is locally Lipschitz continuous and that there exists a Newton map Gy(-)
of f which is bounded on g(U). Then the superposition fog : X — Z is
Newton differentiable in U with a Newton map G;G,,.

For the proof of this lemma we refer to the Appendix of [?].

Proof of Theorem 4.1 According to the superlinear convergence theorem
for Newton differentiable mappings [?, ?] it suffices to verify that the in-
verses of the generalized gradients Gr(y,u,p) are uniformly bounded in a
neighborhood of (y., ., p.), which was achieved in Lemma 4.2, and that
(y,u,p) — F(y,u,p) is Newton-differentiable. This is clear for all terms ap-
pearing in F except for y — sgn (A +c(y—1)) as mapping from W — L2(Q).
Note that

sgn,.(z) = max(1, max(0, c(x + %)))

Recall that the max operation is Newton differentiable from LP(€2) to L9(£2)
if1<qg<pand

0 ify(z)>0
(Gmaxy) (I’) - (S if y(I) =0
1 ify(z) <0,
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for any § € R and y € LP(§2). Together with Lemma 4.3 this implies Newton
differentiability of y — sgn (A + c(y — ¥)) from W — L?(Q). O

re4.1| Remark 4.4. Assumption [5 was used to guarantee (4.2) in a neighborhood
of (ye, ue, p.) specified in (4.3) and all pairs (h, z) satisfying

eq4.4al (4.8) Az + esgn, (A + c(y — ¥))z = h.

Alternatively to Assumption 5, let us assume that

eq4.8| (4.9) 9" (ye) (2, 2) + j" (uc)(h, h) = al|h][7s
for all pairs (h, z) satisfying (4.8) and that

eq4.9 <
122 4y (2) — p(2)] < py implies po(z) =1, for ae. x € €.

Cc

there exist 7 > 0 and p; > 0 such that
(4.10)

Now p can be chosen sufficiently small such that
, !
")z 2) + " () (b, h) = S [1All72,

for all (h,z) satisfying (4.8), and (y,u) satisfying (4.3). Let k denote the
embedding constant of W into C(Q) and set S = {z : [(Ac(y—v))(z)| < %1
Then p and Cj can be chosen such that for x € S

Aty )e) Cry-v)@)

so that by (4.10) we have p.(x) > n on S. After possibly further decreasing
p this implies that for p satisfying (4.3) we have p > 0 on S.

Summarizing this discussion there exists p > such that (4.9) and (4.10)
imply (4.2)—(4.4).

Note also that (4.9) and (4.10) imply Assumption 2/ with p = ﬁ

_1
< ye — ylr~ + <kp+ 5 <p

Combining the results of Section 3.1 and this section we showed that
the solutions of the regularized solutions converge as ¢ — oo and that each
regularized problem with a fixed value of ¢ can be solved with superlinear
rate. In a follow up paper we shall address the issue of combining these two
asymptotic processes. This will rely on a study of the path ¢ — (Y, te, Ac)
associated to (P.).
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