Preprint, IFB-Report No. 20 (10/2008), Institute of Mathematics and Scientific Computing, University of Graz.

PDE-CONSTRAINED OPTIMIZATION SUBJECT TO
POINTWISE CONTROL AND ZERO- OR FIRST-ORDER
STATE CONSTRAINTS

MICHAEL HINTERMULLER AND KARL KUNISCH

ABSTRACT. A general Moreau-Yosida-based framework for minimiza-
tion problems subject to partial differential equations and pointwise con-
trol and zero- or first-order state constraints is considered. A range space
constraint qualification is used to argue existence of Lagrange multipli-
ers and to derive a Karush-Kuhn-Tucker-type system for characterizing
first order optimality of the unregularized problem. The theoretical
framework is then used to develop a semismooth Newton algorithm in
function space and to prove its locally superlinear convergence when
solving the regularized problems. Further, for maintaining the local su-
perlinear convergence in function space it is demonstrated that in the
some cases it might be necessary to add a lifting step to the Newton
framework in order to bridge an L2-L"-norm gap, with r > 2. The
paper ends by a report on numerical tests.

1. INTRODUCTION

In the late 1980s and early 1990s a number of research efforts focused
on the existence of Lagrange multipliers for pointwise state constraints in
optimal control of partial differential equations (PDEs); see, for instance,
[3] in the case of zero-order state constraints, i.e. ¢ <y < 1, and [4] for
constraints on the gradient of y such as |Vy| < 1), as well as the references
therein. Here, y denotes the state of an underlying (system of) partial dif-
ferential equation(s) and ¢, 1) represent suitably chosen bounds. While [3, 4]
focus on second order linear elliptic differential equations and tracking-type
objective functionals, subsequent work such as, e.g., [19, 20] considered par-
abolic PDEs and/or various types of nonlinearities. Moreover, investigations
of second order optimality conditions in the presence of pointwise state con-
straints can be found in [21] and the references therein. In many of these
papers, for guaranteeing the existence of multipliers it is common to rely
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on the Slater constraint qualification, which requires that the feasible set
contains an interior point.

Concerning the development of numerical solution algorithms for PDE-
constrained optimization problems subject to pointwise state constraints
significant advances were obtained only in comparatively recent work. In [7,
8, 12], for instance, Moreau-Yosida-based inexact primal-dual path-following
techniques are proposed and analysed, and in [14, 17, 24] Lavrentiev-regular-
ization is considered which replaces y < v by the mixed constraint eu +y <
1 with u denoting the control variable and ¢ > 0 a small regularization
parameter. In [9, 10] a technique based on shape sensitivity and level set
methods is introduced. These works do not consider the case of combined
control and state constraints and the case of pointwise constraints on the
gradient of the state. Concerning the optimal control of ordinary differential
equations with control as well as state constraints we mention [2, 13] and
references given there.

In the present paper we investigate the case where pointwise constraints
on the control and the state variable appear simultaneously and indepen-
dently, i.e. not linked as in the mixed case, which implies a certain extra
regularity of the Lagrange multipliers. First- and second-order state con-
straints are admitted. To obtain efficient numerical methods, regularization
of the state constraints is required. Here we investigate the Moreau-Yosida
technique which turns out to be very flexible with respect to various types
of pointwise state constraints and can be combined with pointwise con-
straints on the control variable, which need not be regularized. This flexi-
bility makes it an ideal candidate for a unifying approach to a wide range
of PDE-constrained minimization problems subject to pointwise constraints
of controls and states with respect to both, the proof of existence of La-
grange multipliers and the design of algorithms. Concerning the latter we
show in this paper that for the numerical solution of the associated sub-
problems semismooth Newton solvers are available which allow a function
space analysis and converge locally at a g-superlinear rate. In addition,
the path-following technique of [7] (see also [8]) provides an update tool for
the regularization parameter leading to efficient inexact path-following iter-
ations. Further, for the proof of existence of multipliers the Moreau-Yosida
approach is based on a constraint qualification which is weaker than the usu-
ally invoked Slater condition. In [16] such a condition is used for pointwise
zero-order state constraints.

The remainder of the paper is organized as follows. In section 2 we intro-
duce the underlying rather general problem class, a constraint qualification
of range-space-type and the Moreau-Yosida regularized problem. Moreover,
the existence of multipliers for the unregularized problem is guaranteed and
an associated first order optimality characterization is derived. Section 3 is
concerned with the semismooth Newton method for solving the regularized
problems. It turns out that for a certain subclass of the underlying general
problem a lifting step is necessary in order to bridge an L?-L"-norm gap
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with r > 2. The gap occurs due to the fact that the natural function space
for the regularization is L? whereas the existence of multipliers requires L"-
regularity of the associated control variable. Here ”lifting” refers to the fact
that the standard semismooth Newton iteration has to be equipped with
an additional step lifting the Newton updated from L? to L"; see [25] for
a related concept. Lifting, in the context of the present paper is used for
pointwise zero-order state constraints if the spatial dimension is larger than
three, and for pointwise constraints on the gradient. Section 4 ends the
paper by a report on numerical test. The appendix contains a chain rule
result for the composition of two Newton differentiable functions, which is
of interest in its own right.

2. MOREAU-Y OSIDA REGULARIZATION AND FIRST ORDER OPTIMALITY

In this section we derive, in a rather general setting and under a weak
constraint qualification, first order optimality conditions for the problem
®) minimize J(y,u) = Ji(y) + § |u — ud|iZ(Q)

subject to Ay = Equ, u € Cy, yeCy,

where the constraints on the control variable u and the state variable y are
defined by

C’u:{ueLz(Q):gguggﬁa.e. inQ}, Cy={yeW: |Gyl <¢in Q}.

Here A € £L(W, L) with W and L reflexive Banach spaces of functions de-
fined on the bounded domain Q C RY, satisfying L"(Q) C L, with dense
embedding, 2 < r < oo and

(2.1) <U1,02>L*7L = (UlvUQ)LT’(Q),LT(Q) for all v1 € L*, Vg € LT(Q),

with £+2L = 1. Further Q is an open subset of Q, Eg : L7(Q)) — L"(Q) is the
extension-by-zero operator with adjoint E;fz, the restriction to €2 operator.

The quaﬁntiﬁers characterising the constraint sets (', and Cy satisfy G €
L(W,C(Q)!) for some 1 <1 < d,

(22) ¢, pc Lz(r_l)(ﬁ), and ¢ € C(Q), 0< 1 < b, for some ¢ € R,

|- | denotes the Euclidean-norm in R! and the inequalities are interpreted in
the pointwise almost everywhere (a.e.) sense. Note that (2.2) implies that

C,, is bounded in L"(£2). The cost functional is supposed to satisfy
23) J1 € CHY(W,R) is convex and y, — y in W implies that
2.3

Ji(gn) = () and J}(ga) = Ji(y) in W™,

Here and below '—’ and '—’ indicate strong and weak convergence, respec-
tively. Moreover we fix

(2.4) a >0 and ug € L*(Q).
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In addition to the above technical assumptions we require the following
hypotheses:

(H1) There exists a feasible point for the constraints in (P).
(H2) A: W — L is a homeomorphism.

(H3) G : W — C(Q)! is a compact linear operator.
(H4)

There exists a bounded set M C C, x C,, C W x L"(€) such that
0 € int{Ay — Equ : (y,u) € M} C L"(2), where the interior is taken
with respect to L"(2).

Conditions (H1) and (H2) are needed for existence of a solution to (P) and
the hypotheses (H3)—(H4) are used to establish an optimality system. In
particular, (H4) guarantees the existence of a Lagrange multiplier, or an
adjoint state, associated with the equality constraint. Condition (H4) is
weaker than Slater-type conditions. This can be argued as in [16, 22]. In
fact, let (y,u) € W x L"(Q) satisfy

(2.5) Ay=Egu, p<u<e, |Gyx) <y(x)forallaec.
For p > 0 and |n[zrq) < p let y, denote the solution to

Ay, = Equ +n.
Then

vy — dlw < p 1A |2z @) w)-
Hence, if p is sufficiently small, then y, € C, and the set

M = {(yy,u) :n € L"(Q), nlr@ < p}

serves the purpose required by condition (H4). Differently from the Slater
condition (2.5) condition (H4) operates in the range space of the operator
A. Note also that when arguing that (2.5) implies (H4) the freedom to vary
u € Cy, was not used.

To argue existence for (P), note that any minimizing sequence {(u,, y(uy))}
is bounded in L"(Q) x W by the properties of C,, and (H2). The properties
of C, as well as Cy, strict convexity of J together with a subsequential limit
argument guarantee the existence of a unique solution (y*,u*) of (P).

More general state constraints of the form

Cy={g€W: |[(Gy)(x) — g(x)| < for all x € Q}

for some g € C(Q)! can be treated as well. In fact, if there exists §, € W with
Gy, = g and Ay, € L"(Q), then the shift y := § — y, brings us back to the
framework considered in (P) with a state equation of the form Ay = u—Ayy,
i.e., an affine term must be admitted and in (H4) the expression Ay — Equ
must be replaced by Ay — Equ — Ay,.
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Before we establish first order optimality, let us mention two problem
classes which are covered by our definition of Cy in (P).

Example 1 (Pointwise zero-order state constraints). Let A denote the sec-
ond order linear elliptic partial differential operator

d
Ay = - Z axJ- (aijaxiy) + apy

ij=1

with C%9(Q)-coefficients aij, i, j =1,...,d, for some ¢ € (0,1], which satisfy
Zgjzl aij(x)&&; > k|€|? for almost all x € Q and for all ¢ € R?, and ag €
L>(Q) with ag > 0 a.e. in 2. Here we have x > 0. The domain (2 is assumed
to be either polyhedral and convex or to have a C'*-boundary I' and to be
locally on one side of I'. We choose W = Wol’p(Q), L=W=trQ),p>d,

and G = id, which implies [ = 1. Then
|Gy <9 inQ <— —¢<y<yinQ,

which is the case of zero order pointwise state constraints. Since p > d, con-
dition (H3) is satisfied. Moreover, A : W — W~1P(Q) is a homeomorphism
[23, p.179] so that in particular

ly(u)lw < C|U|L2(Q),

provided that 2 < dpflz_p.

use the fact that W55 1 (€2) embeds continuously into L?(€2), provided that
2< clpiiig—p’ and hence L?(2) ¢ W~1P(Q). Note that 2 < dpiiig_p combined
with d < p can only hold for d < 3.

In case I' is sufficiently regular so that A is a homeomorphism from
H2(Q)NH(Q) — L3(Q), we can take W = H2(Q)N H(Q), L = L*(Q2) and
r = 2. In this case again (H2) and (H3) are satisfied if d < 3.

Consequently we can take r = 2. Here we

Example 2 (Pointwise first-order state constraints). Let A be as in (i)
but with C%1(Q)-coefficients a;;, and let Q have a Ch!-boundary. Choose

W =Ww?2"(Q)n WOI’T(Q), L=L"(Q), r>dand, for example, G = V, which
yields [ = d. Then

Cy={yeW:|Vyx)| <¢(x) for all x € Q}.

Again (H2) and (H3) are satisfied if d < 3.
Alternative pointwise first-order state constraints can be found in [4].

For deriving a first order optimality system for (P) we introduce the
regularized problem

) minimize Jy(y) + § |u — udliz(m + 311Gyl =) T2
K subject to Ay = Equ, u € Cy,
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where 7 > 0 and (-)™ = max(0,-) in the pointwise almost everywhere sense.
In the following sections we shall see that (P,) is also useful for devising
efficient numerical solution algorithms.

Let (yy,uy) € W x L"(€Q) denote the unique solution of (P,). Utilizing
standard surjectivity techniques and (H2) we can argue the existence of
Lagrange multipliers

(P fiopn) € L7 x L7 () x L7 (9),

Ty
with % + % =1, such that

Ayy = Equ.,

A'py + G Ay = —J1(yy),

a(uy — ug) — EXpy + iy — = 0,

ﬂ’y > 07 Uy < @, /j’*/(u’*/ - (75) = 07
Ay =Gy =) g,
G .
({0} i 1G>0,
B(0,1)! else,

H,YS(L u’yzfu N(UV_SO)Zov

gy (x) €

\

where B(0,1)! denotes the closed unit ball in R'. Above, A* € L(L*, W*) is
the adjoint of A and G* denotes the adjoint of G' as operator in £(W, L?(Q)!).
Note that the expression for A, needs to be interpreted pointwise for every
x € Q and A\ (x) = 0 if |(Gy,)(x)| — ¥ (x) < 0. In particular this implies
that )\, is uniquely defined for every x € 2. Moreover, we have \, € L*(Q),
in fact \, € C()!. The adjoint equation, which is the second equation in
(P,), must be interpreted as

(2.6)  (py, Av)r= 1+ (\y, GU)2(q) = —(J1(y4), V)w=w for any v € W,

i.e., in the very weak sense. For later use we introduce the scalar factor of
Ay defined by

(2.7) A= ]Giyyl (IGyy| =)™ on {|Gy,| >0} and A :=0 else.

This implies that
Ay = A Gy
The boundedness of the primal and dual variables is established next.

Lemma 2.1. Let (H1)-(H4) hold. Then the family
{(y’y7 u’y7 p’y7 la’y - H,ya Afy)}’yEl
is bounded in W x L"(Q) x L (Q) x L™ () x LY ().
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Proof. Since u, € Cy, for all ¥ > 1 we have by (H2) that
{(4y,ty) }5>1 is bounded in W x L"(Q).

By (H3) the family {Gy,},>1 is bounded in C(Q)! as well. Henceforth let C
denote a generic constant independent of v > 1. Let (y,u) € M be arbitrary.
By (0S,)

(2.8) (py, Alyy —y))rep + Ny Gy —¥))r2@) = — (1 (W), ¥y — Ww=w
and

(A Gy — )12 = Y((IGyy| — )" 4y, Gyy — Gy)12(e)
:w/uGyw (G| — ) +w/<rnyr — )W — g, - Gy)
Q Q

> fy/Q (G- | — )| +v/9<\ayw — ) — Gy

2
Therefore
2
(pys Alyy —9)) e + 7 |(1Gyy| — T,Z))J’\Lz(g) < —(J1(Wy)s ¥y — YW= w

and

(29) (py, —Ay + Egu) e 1+ |(1Gy] —)*[Fa(q
< —(J1(y)s Yy = Dwew + 0y, Bg(u = uy)) 1o ) 1(02)-
The first term on the right hand side is bounded since {y,},>1 is bounded
in W and J; € CH(W,R), and the second term satisfies
(p'w Eg(u— u“/))LT’(Q),LT(Q) = (O‘(“v — uq) + iy — v UV)LT"(Q),LT'(Q)
SO+ (g, u =@+ @ —uy)payy = (L U=+ —uy)pag) < C.

Inserting these estimates into (2.9) and utilizing (H4) and (2.1) we have the
existence of a constant C' independent of v such that

{‘p’y‘Lr’(Q) }—yZl is bounded.
Integrating the third equation of (OS,) over {x : fiy(x) > 0} we deduce

that {fiy},>1 is bounded in L' (Q2). Similarly {HV}“/Zl is bounded in L (Q).
Finally we turn to estimate the scalar factor Aj. We have

s _ g T e AR
[n=] o Gl —v)* < | 2 (161 = 0) " 6o
1

1

= _$(pw Ay’Y)L?“'(Q),LT'(Q) - % (J'(yv), y’y>W*,W <,

where we used that A%, =0 on {IGy,| <9} and ]AyVILT-(Q) = ]EQUVILT-(Q) <
C. Hence, {A3},>1 is bounded in L'(€). O
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The preceding lemma implies that there exists
(Y Uy Py s f1,, AL) € W L7 () L™ () x L () x L™ (Q) x M(2) =: X,

where M(2) are the regular Borel measures on Q, such that on a subse-
quence

(y'yauwp'ynawﬁﬁ/a/\fy) - (y*au*ap*aﬁ*aﬁ*,)‘i) in X,

which, for the A%-component, means that

/)\fyv —>/)\iv for all v € C(Q).
Q Q
By (H3) this implies that

Gy, — Gy, in C(Q)!

and hence
//\,Yv — (AL (GYx)s V) pm ey forall v e Cc(Q).
Passing to the limit in the second equation of (OS,) we find

(Pes AV) Lo () 1) = — (AL (G, GU) @y ey — (1), v)wew

for all v € Dy, where Dy = {v € W : Av € L"( )} and () v @).cl@)
denotes the duality pairing between C(Q)! and M(Q)!, the space of regular
vector-valued Borel-measures on €. Since D4 is dense in W and since the
right hand side uniquely defines a continuous linear functional on W a den-
sity argument implies that p, can be uniquely extended to an element in L*,
and the left hand side can be replaced by (p., Av)r« 1, for all v € W.

We can now pass to the limit in the first three equations of (OS,) to
obtain

(2.10)

Ay, = Equ,  in LTI(Q),

(2.11)

(Pe; AV) L= ,1 + (XL (Gys), GU) pp ey = —(J1(0s), v)w=w for all v € W,
(2.12)

s —ug) — Egpe + (s —p, ) =0 in L ().

Standard arguments yield

(2.13) p, >0, i >0, p <u, <@ ae. in
Note that
(2.14)
(0} ’Y 2 * a oy
Jl(y’y)—i_g |’LL ud|L2(Q 5 |(|Gy“/| —¢)+|Lz(9) < Jl(y )+§ |u _ud|iZ(Q)
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This implies that |Gy, (x)| < 1(x) for all x € Q, and hence (yx, u,) is feasible.
Moreover by (2.3)

e
Jl(y*)+§ ‘u* - ud‘sz(Q)
. . e
(2.15) < Wlin;o Ji(yy) + lim SUDy o0 |ty — ud’?‘ﬂ(@)

* o *
< Jl(y ) + § ‘u - ud‘iQ(Q)

Since (y«, us) is feasible and the solution of (P) is unique, it follows that
(Ys, us) = (y*,u*). Moreover, from (2.15) and weak lower semi-continuity of
norms we have that lim,_, u, = u* in L%(Q). From u, € C, for all v, and
u* € Cy, with C, ¢ L2"=1(Q) by (2.2), together with Holder’s inequality
we obtain

1/7“ ’ ’(7” 1 /7” < C"LL-Y _ *’1/7“ 'Ylos O

‘U’Y o u*‘Lr(Q) < ’u'\/ u ’ L2(r=1)(Q)) L2(9)

with some positive constant C . This yields the strong convergence of u, in
L"(Q).

Complementary slackness of u., fi. and p_, i.e.,
(2.16) f(us — @) =0, p (ux —¢)=0 ae. in Q
now follows from the forth and fifth equation of (OS,), respectively, the weak
convergence of (fi, ﬁv) to (fix, H*) in LT’(Q)2 and the strong convergence of

wy to ux in L7(S).
Let y € Cy. Then [, A3(|Gy| —¢) < 0 and hence

/ X(1G()] %) <0
Q

Moreover, [, Ai¢ > 0 for all ¢ € C(Q2) with ¢ > 0.

For every accumulation point Af, the corresponding adjoint variable p,
and Lagrange multipliers [iy, i« are unique. In fact, since y, = y* is unique,
the difference dp of two accumulation points of p, satisfies

(op, Av) =0 forallve W,

and since A is a homeomorphism we have that dp = 0.
From (2.12) we deduce that

fioo = (Egpe — a(u” —ua)) ™, p, = (Egps — o(u” — uq)) ™,

where ()~ = min(0, -) in the pointwise almost everywhere sense.
We summarize our above findings in the following theorem which provides
necessary and sufficient first order optimality conditions for (P).

Theorem 2.1. Let (2.1)—(2.4) and (H1)-(H4) hold. Then there exists
(P i 1, X5) € L* x L7 (Q) x L™ () x M(Q)
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such that
Ayt = Egu* in L™(2),
A*p, + G*(A2Gy*) ~Jiy*)  im W,
a(u* —uq) — Egps + (B —p,) = 0 in L (Q),
fx >0, u* < @, iy (u 4,5) 0 a.e. in €,
B, >0, u">p, p (u—p) = 0 a.e. inQ,

and [o Xip >0 for all ¢ € C(Q) with ¢ > 0. Further (pfy,ﬂfy,,u ) converges

weakly in L™ (Q)x L™ (Q)x L™ (Q) (along a subsequence) to (p*,,u*, L)y (A, v) —
(Al,v) (along a subsequence) for all v € C(Q), and (yy,uy) — (y*,u*)
strongly in W x L"(Q) as v — o0.

We briefly revisit the examples 1 and 2 in order to discuss the structure
of the respective adjoint equation.

Example 1 (revisited). For the case of pointwise zero-order state con-

straints with W = WO1 P(Q) the adjoint equation in variational form is given
by

Des A0y 107 gy + Y D e@) = — (L@ whwe

for all v € W.

Example 2 (revisited). Returning to pointwise gradient constraints ex-
pressed by |Vy(x)| < ¢(x) the adjoint equation can be expressed as

<p*7AU>L7"’(Q)7LT'(Q) + ALV, vU>j\/1(s’2)l,c(s’2)l = —(J{(u"), v)w+w

for all v € W = W27 (Q) N W, (Q).

Remark 2.1. Condition (H4) is quite general and also allows the case ) = 0
on parts of 2. Here we only briefly consider a special case of such a situation.
Let Q = Q,r = 2,L = L*(Q),W = H*Q)N H(Q) and G = I, ie. we
consider zero-order state constraints without constraints on the controls, in
dimensions d < 3. We assume that A : W — L%(Q) is a homeomorphism
and that (2.2) is replaced by

(2.27) 0 <, ¥ €C(Q).
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In this case (H1), (H2), and (H4) are trivially satisfied and C, = {y € W :
ly] < in Q}. The optimality system is given by
Ayy = u.,
A*py + Ay = = J1(y4),
auy —ug) —py =0,
Ay =y = ¥) ",
{60} iyl >0,

B(0,1) else,

(08)

7(x) €

\

With (Yo, Uy, Pys Ay) € W x L2(Q) x L2(Q) x L3(Q). As in Lemma 2.1 we
argue, using (H4), that {(y,,uy,ps)},>1 is bounded in W x L?(2) x W*.
Since we do not assume that ¢» > 0 we argue differently than before to
obtain a bound on {\,},>1. In fact the second equation in (OS!) im-
plies that {\,},>1 is bounded in W*. Hence there exists (y*,u*,ps, A\s) €
W x L3(Q) x L?(Q) x W*, such that (y,,uy) — (y*,u*) in W x L%(2) and
(Pys Ay) = (px, Ax) weakly in L2(Q) x W*, as v — oc. Differently from the
case with state and control constraints, we have convergence of the whole
sequence, rather than subsequential convergence of (p-, Ay) in this case. In
fact, the third equation in (OSfy) implies the convergence of p,, and the

second equation the convergence of \,. Passing to the limit as v — oo we
obtain from (OS))

*

Ay* =",
(09 A'py + Ay =—J(y), ,

a(u* —ug) —ps. =0.
and A, has the additional properties as the limit of elements \,. For example,

if > ¢ > 0 on a subset Q c Q and y* is inactive on Q, then A\, = 0 as

functional on continuous functions with compact support in Q.

3. SEMISMOOTH NEWTON METHOD FOR (P)

As mentioned earlier, (P,) is appealing as it can be solved with super-
linearly convergent numerical methods. Combined with a suitable update
strategy for =, an overall solution algorithm for (P) is obtained. Here we
analyse in detail the superlinear solution process or (P,). For the path-
following strategy with respect to v one may proceed as in [7, 8|.

3.1. Newton differentiability /semismoothness. In [6], see also [5], for
amapping F': X — ), with X and ) Banach spaces, a generalized derivative
is introduced in such a way that g-superlinear convergence of the Newton al-
gorithm can be guaranteed without requiring that F'is Frechet differentiable.
In fact, F' is called Newton (or slant) differentiable in an open set U C X
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if there exists a family of generalized derivatives Gp(z) € L(X,)), x € U,
such that

(3.17) ‘h}im . |h3HF(z+h) — F(z) — Gp(x 4+ h)h|y =0 for every x € U.
X—)

Note that F' need not be Frechet-differentiable in order to have the property
(3.17). In general, there exists a set of Newton derivatives at « which be-
comes a singleton whenever F' is Frechet-differentiable at x. We also point
out that (3.17) resembles the concept of semismoothness of a mapping which
was introduced in [15] for scalar-valued functionals on R™ and extended to
the vector-valued case in [18]. The concept of semi-smoothness in finite di-
mensions, however, is linked to Rademacher’s theorem, which states, that
locally Lipschitz continuous functions are almost everywhere differentiable.
This concept is not available in infinite dimensions. But property (3.17)
quantifies one of the essential ingredients for the Newton method to be lo-
cally superlinearly convergent. Consequently it is becoming customary now
to refer to the Newton method, in infinite dimensions, as a semismooth New-
ton method, if (3.17) holds. As usual the Newton method for finding z* € X
such that F'(z*) = 0 consists in the iteration:

Algorithm 1 (Semismooth Newton method).

(i) Choose z° € X.
(ii) Unless some stopping rule is satisfied, perform the update step

(3.18) e =2k — Qp(F)T R (YY) fork=0,1....

This iteration is locally g-superlinearly convergent to x* within a neigh-
borhood U(x*), if g € U(x*), and (3.17) as well as
(3.19)

||GF(ZL')_1||E();7/Y) < C, for a constant C independently of z € U(x™),

hold [5, 6].

The remainder of this subsection is devoted to the analysis of the semis-
moothness property (3.17) of the mapping F,, which defines the Newton
iteration associated with (OS,). This is done for X = Y = L"(Q) where
the choice of r is dictated by the need that Gy(u) € C(Q)! for u € L"(Q).
In the subsequent subsection 3.3 we address (3.19) in L*(Q2). Superlinear
convergence is investigated in the final subsection. In case r > 2 a lifting
step is introduced to compensate the fact that (3.19) is only available in
L2().

Throughout this section it will be convenient to utilize the operator

Bu=GA 'Equ,

which satisfies B € E(LT’(Q)N,C(Q)l) if (H2) and (H3) are satisfied. In par-
ticular B* € L(L*(Q)!, L (Q)) for every s € (1,00). We shall require the
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following two additional hypotheses for some 7 > 7:

ug, ¢, P € L(Q), and u — A™*J{ (A7 Equ) is continuously

H5 - )

(H5) Frechet differentiable from L?(2) — L7 (1),

and

(H6) B*e L(L" (), L7(Q)) where : + 4 =1.

We interpret the hypotheses (H5) and (H6) in view of the examples 1 and
2 in section 2.

Example 1 (revisited). We have G = id and, hence, B = A~'E5. Note
that A : Wol’T/(Q) — W1 (Q) is a homeomorphism. Consequently, A~* €
LW=LT(Q), WL (Q)). For every d there exists # > r such that Wol’r(Q)
embeds continuously into L"(€2). Therefore A= € L(L"(2),L"(2)) and
B* € L(L"(Q), L7(Q)). Hence, assumption (H6) is satisfied. The second part
of hypothesis (H5) is fulfilled, e.g., for the tracking-type objective functional
Jl(y) = %‘y - yd‘%2(g) with yq € L2(Q) given.

Example 2 (revisited). Differently to example 1 we have G = V and,
thus, B = VA™'Eg. Since G* € L(L"(Q)!,W~17(Q)) we have A™*G* €
L(LT(Q)L, WL(Q)). As in example 1 there exists for every d some # > r
such that B* € EXA™*G" € L(L"(Q)!, L7(Q)). For J; as in example 1 above
(H5) is satisfied.

Next we note that ji, and I in (OS,) may be condensed into one mul-

tiplier g, = fiy — I Then the fourth and fifth equation of (OS,) are
equivalent to

(3.20) My = (:uv + C(u'y - 95))+ + (,u«, + C(u'y - f))

for some ¢ > 0. Fixing ¢ = a and using the third equation in (OS,) results
in

(3.21) a(uv—ud)—E;fzpy—k(Egpy—i-a(ud—@))++(E5p7+a(ud—£))_ =0.

Finally, using the state and the adjoint equation to express y, and p, in
terms of u,, (OS,) turns out to be equivalent to

F,(uy) =0, F,:L"(Q)— L"(Q),
with
(3-22) Fy(uy) := a(uy —ug) =y + (By + g — ¢)) " + (by + ua — )~
and
Py = py(uy) = —vB*(|Buy| — ) Tq(Buy) - EEA_*J{(A_lEQUV)v
where
(Ug—g') (x) if [Bu(x)| >0,

0 otherwise.

¢(Bu)(x) =
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We further set
b, (u) i= —7B(1Bul — ¥)*q(Bu), where p, : L'($) — L({2).

For the semismoothness of F, we first study the Newton differentiability of
p,(+). For its formulation we need

1 ifw(x 0,
Gmax(w)(x) == { 0 if wEX% ; 0,

which was shown in [6] to serve as a generalized derivative for max(0,-) :

Lo1(Q) — L%2(2) if 1 < s9 < 51 < 0o. An analogous result holds true for

min(0, -). Further the norm-functional | - | : L¥1(Q)! — L%2(Q), with s1, 53 as

above, is Newton differentiable with generalized derivative ¢(-). This follows

from Example 8.1 and Theorem 8.1 in [11]. There only the case | = 1 is

treated, but the result can be extended in a straightforward way to [ > 1.
We define

Q(Bv) := |Bv| ™! (id—\Bv\—2(Bv)(Bu)T> .

Throughout this section, whenever we refer to (H3) it would actually
suffice to have G € L(W,C(Q)!).

Lemma 3.1. Assume that (H2), (H3) and (H6) hold true. Then the map-
ping p- : L"(Q) — L7 (Q) is Newton differentiable in a neighborhood of every

point u € L™(Q) and a generalized derivative is given by
(3.23)

Gy, (1) = =7B" [ Ginax (1Bul = ¥)a(Bu)a(Bu) " + (|Bul - )" Q(Bu)| B
Proof. By (H6) there exists a constant C(y) such that
VB a1y < C17):
Let u and h € L7(Q2). Then we have by the definition of p.,
[Py (u+h) = py(u) = Gy, (u+h)h| ;g
<CiMI(IB(u+h)| = ¥)" q(Bu+h) — (|Bul — )" q(Bu)
— [Gunax(|B(u+h)| = ) a(B(u+ ) q(B(u+ )"

+(1B(u+h)| = ¥)" Q(B(u+ h))|Bh| - qy
<C\IIBu+h)| =) (a(B(u+ h)) — q(Bu) — Q(B(u+ h)Bh)| -y
+CL ((B(u+h)| =)™ = (| Bu| — ) 7)q (Bu)—

— [Guax(|B(u+h)| = 9) ¢ (B(w)) g (B(u + 1)) "] Bh| 1 (qy
+ C1(7)|Gmax(1B(u + )| =) (q (Bu) — ¢ (B(u+h))) g (B(u+h) " Bh|-)
=I+II+1II
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We now estimate separately the terms I — I11. Let

S = {x: |Bu(x)| < M}

- 2
Then there exists U(u) C L"(2) and ¢§ > 0 such that
|B(u(x) + h(x))| <9¢(x), forall xeS, weU(u), |hlgq) <9,
where we use that B € L(L"(Q), C(Q)"). Consequently

1< Cla(Blu+ b)) - a(Bu) - QUB(u+ ) Bhlogrsy
where C' = C(u, ). We check that H : v — % from C(Q\S)! to itself is

[v]
uniformly Fréchet differentiable with Fréchet derivative
1 vol
H'(v) = — (id =),
0] vf?
provided that v(x) # 0 for all x € Q\S. Moreover v — H'(v) is lo-
cally Lipschitz continuous from C(Q\S)! to C(Q\S)"*!. Together with B €

L(L"(£2), C(Q)!) this implies that
(3.24) I = O(|h|2r(ﬁ))v

where O is uniform with respect to u € U. We turn to estimate I1 and
consider v — (|Bu| — 1)T in the neighborhood of U of u. As noted
above G : v — |v] is Newton differentiable from L*'(Q)! to L*2(Q) if
1 < 53 < 81 < o0 at every v € L¥(Q)!, with a generalized derivative
ﬁ, if |v| # 0. This, together with the chain rule for Newton differentiable

maps composed with Frechet differentiable maps, see e.g. [11], Lemma 8.1

r [12], and B € L(L"(Q), C(Q)") (hence B € L(L™(Q), L™T2¢(Q)")) implies
that v — |Bul| is Newton differentiable from L"(Q) to L"+¢(Q) for some
e > 0, with a generalized derivative given by ¢(u). Newton differentiability
of this mapping also follows from [25] Theorem 5.2. The chain rule for two
superimposed Newton differentiable maps given in Proposition A.1 implies

then that u — (|Bu| — v)" is Newton differentiable from L"(2) to L"(Q)
and hence

(3.25) IT = o (|h] (&),
with © uniform with respect to u € U. It is straightforward to argue that
(3.26) 1 =0 (\hy%(m),

with O uniform in v € U. Combining (3.24)—(3.26) we have shown that
Py (u+h) = py(u) = Gp, (u+h)h| ) = O ([hl @),

as ’h‘Lr(Q)) — 0, with © uniform in u € U. Hence, p., is Newton differentiable
in the neighborhood U of w. O

Newton differentiability of F, is established next.
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Theorem 3.1. Let (H2), (H3), (H5) and (H6) hold true. Then F, :

L"(Q2) — L"(Q2) is Newton differentiable in a neighborhood of every u €

L"(Q).

Proof. We consider the various constituents of F., separately. In terms of
P () = po () — E{A™J{ (A~ Egu)

we have

Fy(u) = a(u — ug) — py(u) + (b () + a(ua — )" + (B (u) + o(ug — ©))~

Lemma 3.1 and (H5) for J; yield the Newton differentiability of

u— a(u — uqg) — py(u) from L"(Q) to L"(Q),

in a neighborhood U (u) of w.
We further have by Lemma 3.1 that

Py(1) + a(ug — @) and py () + a(ua - ¢)

are locally Lipschitz continuous and Newton differentiable from L"(Q) to
L"(Q), respectively. Then the results of Appendix A yield the Newton dif-
ferentiability of

(B () + alug — @) "+ (55 () + alug — 9))~

from L"(§2) to L"(R2) in a possibly smaller neighborhood U(u) of u. Com-
bining these results proves the assertion. O

The structure of a particular generalized derivative associated with F,
immediately follows from a combination of the previous results.

Corollary 3.1. Let the assumptions of Theorem 3.1 hold. Then a particular

generalized derivative of F., at w € L"(Q) is given by
G, (1) = aid — Gy, (1) + G (1) + (1t — 9))G, ()
+ Gmin(Py(u) + auq — )Gy, (u)
with
Gy, (u) = Gy, (u) — ESAT*J{ (A Equ) A~ Eg.

3.2. Uniform boundedness of the inverse of the generalized deriv-
ative in L?(Q). Next we study Gp, in more detail. For a well-defined
semismooth Newton step we need its non-singularity on a particular sub-

space. Given an approximation uF of U, in our context the semismooth
Newton update step is defined as

(3.27) Gp, (u")oh = —F, (u")

with 68 = ¥+ — v compare (3.18) with z = v and F' = F,.
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For our subsequent investigation we define the active and inactive sets

(3.28) A= xeQ: (ﬁﬁ,(uk) + a(uq — ¢))(x) > 0},
(3.29) AF = xeQ: (ﬁﬁ,(uk) + a(ug — ) (x) < 0},
(3.30) AR = AR U AR

(3.31) ¢ = Q\ A~

Further we introduce xzx, the characteristic function of the inactive set
7%, and the extension-by-zero operators F ks B ks E gk, and Ez. with the
properties F 4xx7x = 0 and Ezrxzk = Xzk- B

Corollary 3.1 and the structure of Giax and Gy, respectively, yield that

GF“{(’LLk) = «aid —szGﬁw(uk).
Hence, from the restriction of (3.27) to A* we find

and similarly

k * ok * k k
Hence, (55‘ 4 1s obtained by a simple assignment of data according to the

previous iterate only. Therefore, it remains to study (3.27) on the inactive
set

* k *
(3.34) E%.Gr, (WP Epdl = — Tk (Fy(uk) + GF, (Uk)EAkéﬁ\Ak)
as equation in L%(Z%).

Lemma 3.2. Let (H2), (H3), (H5) and (H6) hold and T C 2. Then the
inwverse to the operator

E;Gp, (u)Er : L*(T) — L*(T),

with G, (u) = aid —xzGp, (u), erists and is bounded by é regardless of

u € L"(Q2) as long as meas(Z) > 0 .
Proof. Note that we have
E;Gp, (u)Br = aidiz +yEfB*T(u)BEr+ E;ES AT J{ (A~ Equ) A~ Eq Er
with

T(u) = Grax(|Bul = ¢)q(Bu)g(Bu)"

From B € L(L™(Q), L7 (Q)) N L(L" (), L"(
we conclude by interpolation that B € £(L?
L(L?()). Therefore

YE;B*T(u)BEz € L*(Q) and EfE5A™J{(A™ Equ) A Eq By € L*(Q),

(I1Bul —¥)"Q(Bu).

_I_
)), by (H2), (H3) and (H6),
(Q), L*(Q)). Moreover T(u) €



18 M. HINTERMULLER AND K. KUNISCH

where we also use (H5). In conclusion, the operator E7GE (u)E7 is an

element of £(L?(Z)). From the convexity of J we infer for arbitrary z €
L™(Z) that

(3:35) ((aidir +E3EZ AT/ (AT Equ) AT EqEr)z, 2) 1o 7y 2 @272 q)-

Turning to vE;B*T (u) BET we observe that T'(u) = 0 in {|Bu| — ¢ < 0}
and 0 < ¢/|Bu| —1 < 1 in {|Bu| — 1 > 0}. Hence,

(T w) ey = [ |
for all w € L*(Q). From this and (3.35) we conclude that the inverse to
E3Gp, (u)Er : L*(T) — L*(T) is bounded by 1. 0

Proposition 3.1. If (H2), (H3), (H5) and (H6) hold, then the semismooth
Newton update step (3.27) is well-defined and 68 € L™ ().

Proof. Well-posedness of the Newton step with 6% € L?(Q) follows immedi-
ately from (3.32), (3.33) and Lemma 3.2. Note that whenever Z¥ = (), then
6k is fully determined by (3.32) and (3.33). An inspection of (3.32), (3.33)
and (3.34), using (H5) and the structure of E7Gp, (u)Ez, moreover shows

that 6% € L"(Q). O

From Lemma 3.2 and the proof of Proposition 3.1 we conclude that
E;Gp,(u)Ezv = fis solvable in LT’(Q) if fe L’"(Q). It is not clear, however,
whether (E3Gp. (u)Ez)" is bounded as an operator in L(L"(€)) uniformly
with respect to u.

We are now prepared to consider (3.19) for G, specified in Corollary 3.1.
Proposition 3.2. Let (H2), (H3), (H5) and (H6) hold. Then for each
o € L7 (Q) there exists a neighborhood U(d) C L™(Q) and a constant K such
that

(3.36) G e, () 2@y < K for all u € U(a).

Proof. Let A and T denote disjoint subsets of Q such that AUZ = Q.
Then observe that every v € L2(f2) can be uniquely decomposed in two
components (E5v, E%v). For g € L?(Q) the equation
Gp,(uv=g
is equivalent to
EYv=FE%g,

(3.37) { A A

(E7 G, (u)Br) Ezv=E7g— ErGr (u)Eq EY g.
In the proof of Lemma 3.2 we argued that

Gr, (u) € L(L*()), for each u e L*(Q).
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Slightly generalizing this argument shows that for each 4 € L2(Q) there
exists a neighborhood U(u) and Cj such that

From (3.37) and Lemma 3.2 it follows that (3.36) holds with K =1+ 1(1+
Ca). O

3.3. Local g-superlinear convergence of the semismooth Newton
iteration without and with a lifting step. For r = 2 we can deduce the
following result form the discussion at the beginning of Section 3, Lemma
3.1 and Proposition 3.2.

Theorem 3.2. If (H2), (H3), (H5) and (H6) hold, then the semi-smooth
Newton iteration (3.18) applied to F., given in (3.22) with generalized de-
rivative Gg, giwen in Corollary 3.1, is locally q-superlinearly convergent in
L2(Q).
In case r > 2 the semismooth Newton algorithm is supplemented by a
lifting step.
Algorithm 2 (Semismooth Newton method with lifting).
(i) Choose u® € L"(Q). .
(ii) Solve for @**+! ¢ L"(Q) :
Glrrw(u’l‘t)(ﬂfbkJrl —uF) = —F(uP).
(iii) Perform a lifting step:
k+1

L (g + py — (py + aua — B))* — (py + g — ),

u"Tt = —
o

where p, = p,(a**1).
The case with » > 2 is addressed next.

Theorem 3.3. If (H2), (H3), (H5) and (H6) hold, then the semismooth

Newton method with lifting step is locally g-superlinearly convergent in L"(€2).

Proof. Let U(u) denote the neighborhood of u, according to Theorem 3.1.
Proposition 3.2 implies the existence of a constant M and p > 0 such that

HGEj(U)”c(m(Q)) =M
for all u € B;(uy,p). Here B, (u,, p) denotes the open ball with radius p and

center u, in L"(€2), with p sufficiently small such that B,(uy,p) C U(uy).
We recall the definition of p,(u):

(3.38) py(u) = =yB*(|Bu| — ) Yq(Bu) — E5A™* Ji (A7 Equ).

A computation shows that v — (Jv| — )t q(v) is globally Lipschitz continu-
ous from L"(Q)! to itself with Lipschitz constant 3. Since B € L(L"(Q), L>(2))
by (H3) and B € L(L"(Q),L"(Q)) by (H6), the Marcinkiewicz interpo-
lation theorem then implies that B € L£(L?*(2),L"(Q)). Moreover B* €
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L(L"(Q),L"(€2)) again as a consequence of (H6), and hence the first sum-
mand in (3.38) is gobally Lipschitz continuous from L?(2) to L"(2). This,
together with (H5) shows that p,(u) is locally Lipschitz continuous from
L?(Q) to L"(Q). Let L, denote the Lipschitz constant of p,(-) in By(u., p M) C
L?(Q). Without loss of generality we assume that o < L, M.

With L, M and p specified the lifting property of F, implies the existence
of a constant 0 < p < p such that

e

’F—y(u—y + h) - F»Y(U»Y) - GF’Y (u-y + h)h‘Lr(Q) S r—2 ’h‘LT(Q)

3L, M Q|2

for all |h|LT.(Q) < p. Let ug be such that ug € Ba(uy,p) N Br(uy,p) and
proceeding by induction, assume that uy € Ba(uy, p) N B;(uy, p). Then

~ B o
@ — w2y < G, ) o) 1217

(3.39) S|Py (u¥) = Fuy) = Gr, (u") (@ = uy)[ 1

< [P — s | ey < JUF =y,
= 3L,M YL () YlLr (@)

and, in particular, @41 € Ba(uy, p). We further investigate the implications
of the lifting step:

ut =y = = (py (@) =y (uy) = (py (@) + aua = @)

which implies that

< 3Lp |’[1k+1
e

3 -
(3.40) |uk+1—u«,|Lr(Q) < E|p~/(uk+1)—p'y(u'y)|y(ﬂ) —Uy|12(0)-

Combining (3.39) and (3.40) implies that u**! € B,(u,, p). Thus the itera-
tion is well-defined. Moreover we find

r—

3L 2
|uk+1 - u'y|Lr-(Q) < TPM Q™ |ny(uk) - F’y(uﬂy) - GFq(uk)(uk - u'y)|Lr(Q)

9

juk — Uyl (@) juk — Uyl (@)

which by (3.17) implies g-superlinear convergence. O

Remark 3.1. If we had a uniform estimate on ||GF, (uk)_1||£(Lr(Q)), then
the lifting step could be avoided. In fact, note that we are not using the full
power of the semismooth estimate (3.17) in (3.39), since we overestimate
the L?-norm by the L"-norm.

We note, however, that for each fixed u € L"(Q) the operator GF, (u)

is continuously invertible from L" () to itself; see Proposition 3.1. Thus,
if up — G, (uy) is continuous for all sufficiently large k then the desired
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uniform estimate G, (ug)~" € L(L"(€)) holds. This continuity cannot be
expected in general since G, (u) contains the operator

T(u) = Gax(|Bul = ¥)g(Bu)g(Bu)" + (|Bu| — ¢)* Q(Bu);

see Lemma 3.2. If, however, the measure of the set {x : (|Buf| —¢)(x) >
0}, and similarly for the max-term changes continuously with &, then the
uniform bound on the inverse holds and the lifting step can be avoided. In
the numerical examples given in the following section this behavior could be
observed.

4. NUMERICS

Finally, we report on our numerical experience with Algorithm 1 and 2.
In our tests we are interested in solving (P,) with large v, i.e., we aim at a
rather accurate approximation of the solution of (P). Algorithmically this
is achieved by pre-selecting a sequence v, = 10¢, £ = 0,...,8, of y-values
and solving (P,) for v, with the solution of the problem corresponding to
Ye—1 as the initial guess. For £ = 0 we use u® = 0 as the initial guess. Such
a continuation strategy with respect to -y is well-suited for producing initial
guesses for the subsequent problem (P,) which satisfy the locality assump-
tion of Theorem 3.2, and it usually results in a small number of semismooth
Newton iterations until successful termination. We point out that more so-
phisticated and automatic selection rules for (v,) may be used. For instance,
one may adapt the technique of [7] for zero-order state constraints without
additional constraints on the control.

In the numerical tests we throughout consider A = —A, Q@ = Q = (0,1)?
and Ji(y) = |y — ydliz @) Here we discuss results for the following two

problems.

Problem 1. The setting for this problem corresponds to Example 1. In this
case we have zero-order state constraints, i.e. G = id, with ¥(x1,x9) =
5E-3- (14 0.25|0.5 — x1|). The lower and upper bounds for the control are
¢ = 0 and @(x1,22) = 0.1 + |cos(2mzy)|, respectively. Moreover we set

ug =0, yq(x1,2) = sin(2mxy) exp(2x2)/6 and o = 1E-2.

Problem 2. The second example corresponds to first-order state constraints
with G =V and v = 0.1. The pointwise bounds on the control are

{ —0.5 — |21 — 0.5| — |12 — 0.5] if 1 > 0.5

p(r1,22) =3 if 71 < 0.5,

and @(x1,x2) = 0.1 4 |cos(2mx1)|. The desired control ug, the desired state
yq and « are as in Problem 1.

For the discretization of the respective problem we choose a regular mesh
with mesh size h. The discretization of A is based on the standard five-point
stencil and the one of G in Problem 2 uses symmetric differences. For each ~-
value the algorithm is stopped as soon as || Appp, —|—7GZ(|Ghyh| —p)T||-1 and
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[l = (pn + a(uap — bp)) " = (i + augn — an))~[|2 drop below tol= 1E-8.
Here we use ||w|_1 = [|4, w|2, and the subscript & refers to discretized
quantities.

In Figure 1 we display the state, control and multiplier u; upon termi-
nation of Algorithm 1 when solving the discrete version of Problem 1 for
v = 1E8 and h = 1/256. The active and inactive set structure with respect

Optimal state y (h=1/256) Optimal control u (h = 1/256) Lagrange multiplier p (h = 1/256)

FIGURE 1. Problem 1 (y = 1E8, h = 1/256). State ys, control
up, and multiplier p;, upon termination of Algorithm 1.

to the pointwise constraints on up can be seen in the left plot of Figure 2.
Here, the white region corresponds to the inactive set, the gray region rep-
resents the active set for the lower bound and the black set is the active
set with respect to the upper bound. The graph in the middle shows the
approximation of the active set for the zero-order state constraint. On the
right we show the overlapping region where the pointwise state constraint
and one of the bounds on the control are active simultaneously. In Table 1

Active and inactive sets for u Active set for lyl<y Overlap of active sets

¢
!

FIGURE 2. Problem 1 (y = 1E8, h = 1/256). Inactive set (white),
active set for the lower bound (gray) and for the upper bound
(black) in the left plot. Approximation of the active set for the
zero-order state constraint (black) in the middle plot. Overlap of
active regions for control and state constraints in the right plot.

we display the iteration numbers upon successful termination of Algorithm
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Iterations
h/y[[1E0[1E1[1E2 [ IE3 [ 1E4 [ 1E5 [ 1E6 [ 1E7 | 1ES8
sl 313 4] 555 [ 4]4]2
=1 3 3[4 ]6 |5 [5]5 [ 4]4
=1 3 [ 3] 516 5[5 ][5 ]5]4
=1 4 3] 5] 6]6][6]5]5]5

TABLE 1. Problem 1. Number of iterations for various mesh sizes
and y-values.

1 for various mesh sizes and for each ~-value of our pre-selected sequence.
We recall that these figures are based on our y-continuation strategy.

Upon studying the above results for Problem 1 we first note that Algo-
rithm 1 with ~-continuation exhibits a mesh independent behavior. This
can be seen from the stable iteration counts along the columns of Table 1.
Moreover, for fixed h the number of iterations until termination is rather
stable as well. This is due to the excellent initial guesses produced by our
~-continuation technique. In our tests we also found that Algorithm 1 with-
out the v-continuation for solving (P,) for large v and with initial choice
ug = 0 may fail to converge. Concerning the test example under investiga-
tion we note that the overlap of the active sets for the state and the controls
is rather special. In this case, the bound on the state and the control satisfy
the state equation in the region of overlapping active sets.

Next we report on our findings for Problem 2. In Figure 3 we show
the state, control and multiplier p; upon termination for v = 1E8 and
h = 1/256. Figure 4 shows the active and inactive sets for the constraints

Optimal statey (h = 1/256) Optimal contolu (h = 1/256) Lagrange muliler fo pointise constinton (= 11256)
x10

FIGURE 3. Problem 2 (y = 1E8, h = 1/256). State y, control
up, and multiplier pj, upon termination of Algorithm 1.

on the control in the left plot and the approximation for the active set for the
pointwise gradient-constraint on the state on the right. As before, Table 2
provides the iteration numbers upon successful termination for various mesh
sizes and y-values.
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Active and inactive sets for u Active set for 17 yl<|

FIGURE 4. Problem 2 (y = 1E8, h = 1/256). Inactive set (white),
active set for the lower bound (gray) and for the upper bound
(black) in the left plot. Approximation of the active set for the
zero-order state constraint (black) in the middle plot.

Tterations
h/~ || 1EO0 | 1E1 | 1E2 | 1E3 | 1E4 | 1E5 | 1E6 | 1E7 | 1E8
T

w6166 ] 433 ][2]2]?2
sl 7] 76 ] 4]4]3][3]2]2
o= 7| 7] 6 ][5 ]| 5]4]3]2]2
=1 7] 7]6][6 ] 5]5]4]3]2

TABLE 2. Problem 2. Number of iterations for various mesh sizes
and y-values.

Concerning the mesh independence and the stability of the iteration
counts due to the employed ~-continuation scheme, the results of Table 2
support the same conclusions as for Problem 1. Again, without the con-
tinuation technique Algorithm 1 may fail to converge for the simple initial
guess uf) = 0. We observe that a stable (with respect to h and ) and a
superlinear convergence behavior of the semismooth Newton method is ob-
tained without utilizing the lifting step. In order to study the influence of
lifting steps, we implemented a version of Algorithm 2 where the lifting is
utilized only close to the solution. This regime was chosen as each lifting
step requires the solution of the adjoint equation (note that the solution of
the state equation is usually at hand when performing the lifting step) and,
hence, incurs significant additional computational cost. Moreover, in case
of using lifting steps in all iterations, a different initialization scheme along
the chosen v-sequence might be necessary in order to satisfy the locality as-
sumption of our convergence result. Summarizing our numerical experience
with lifting steps we report that no further improvement over the fast local
convergence of Algorithm 1 was observed.

Next we demonstrate the difference in regularity between A, of Problem 1
(see Figure 5; left plot) and A3 of Problem 2 (see Figure 5; right plot). Note
that for visualization purposes we linearly interpolate the multiplier values
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at the grid points. The approximate multiplier A, j reflects the structural

Approximate multiplier for [yky Approximate multiplier for |Jy|<y

FIGURE 5. v = 1E8, h = 1/256. Approximate multiplier A, ; for
Problem 1 (left) and A3 , for Problem 2.

result obtained in [1]. According to this result, under sufficient regularity
the multiplier is L?-regular on the active set, zero on the inactive set and
measure-valued on the boundary between the active and inactive set. Such
a structure can be observed by inspecting the left plot of Figure 5. On
the other hand, for pointwise state constraints of gradient-type (first-order
constraints) additional regularity on the active set appears not to be avail-
able for the example under investigation. Indeed, )\fy’h in the right plot of
Figure 5 exhibits low regularity in the interior of the (smooth) active set.

Finally we note that the rather small value for tol and the rather large
values for = in our numerics reflect our interest of studying Algorithm 1
as a solver for a given discrete problem. In view of the error in discretiza-
tion, however, when solving (P) by a sequence of approximating problems
(P,) one would be interested in estimating the overall error in terms of the
discretization and the v-relaxation error, respectively. Such a result would
allow a y-choice such that both errors are balanced on a given mesh. This
kind of numerical analysis is important in its own right, but goes beyond
the scope of the present paper and is the subject of future research.

APPENDIX A. AUXILIARY RESULT

The following proposition establishes the Newton differentiability of a
superposition of Newton differentiable maps.

Proposition A.1. Let f: Y — Z and g : X — Y be Newton differentiable
in open sets V. and U, respectively, with U C X, g(U) CV C Y. Assume
that g is 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,.
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Proof. Let x € U and consider

{9z +h)) = flg(@)) = Gyg(z + h))Gy(a + h)h|z
(AA1) =|f(w+k) — f(w) — G(w + k)k + R(z,h)|z,

where w = g(z), k = k(h) = g(x + h) — g(x) and R(z,h) = G(g(xz +
h))(g(z + h) — g(x)) — Gy(g(z + h))Gg(z + h)h. Observe that

|R(z,h)|z = |G¢(g(z + 1) (g(z + h) — g(z) — Gylz + h)h)|z
< Clg(z +h) = g(x) = Gy(x + h)hly = o(|h|x)

as |h|x — 0 by Newton differentiability of ¢ at xz. Further, owing to the
local Lipschitz continuity of g there exists a constant L > 0 such that |g(x +
h) — g(x)|y < L|h|x for all h sufficiently small. Hence, |k(h)|y = O(|h|x)
as |h|x — 0. Now we continue (A.41) by

[f(w+ k) = f(w) = Gy(w + k)k + R(z, h)|z
<[flw+k) = f(w) = G(w+ k)k|z + o(|hlx)
=0(lkly) + o(lhlx) = o(|hlx)

as |h|x — 0, where we use Newton differentiability of f at g(z). This proves
the assertion. U
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