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A GLOBALIZED INEXACT SEMISMOOTH NEWTON METHOD
FOR STRONGLY CONVEX OPTIMAL CONTROL PROBLEMS

Daniel Wachsmuth*

Abstract We investigate a globalized inexact semismooth Newton method applied to strongly
convex optimization problems in Hilbert spaces. Here, the semismooth Newton method is appplied
to the dual problem, which has a continuously differentiable objective. We prove global strong
convergence of iterates as well as transition to local superlinear convergence. The latter needs a
second-order Taylor expansion involving semismooth derivative concepts. The convergence of
the globalized method is demonstrated in numerical examples, for which the local unglobalized
method diverges.

Keywords. Infinite dimensional optimization, semismooth Newton method, globalization, fast local
convergence.
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1 INTRODUCTION

The goal of this article is to develop a globalized semismooth Newton method to solve the following
strongly convex optimization problem:

() min ~lisu — 2l + % [lully, + g(a)
where U,Y are Hilbert spaces, S € L(U,Y),z € Y,a > 0,9 : U — R is proper, convex, lower
semicontinuous with 0 € dom g.
Problem (1.1) is a nice convex problem and its properties are well understood. However, the local
(unglobalized) semismooth Newton method converges globally only for relatively large values of a.
Following [18, 42, 25], we propose to apply the semismooth Newton method to the dual problem of
(1.1), where the globalization uses the dual objective as merit function. Due to the structure of (1.1), the
dual problem has a continuously differentiable objective functional, which enables a particularly nice
convergence analysis. As this analysis crucially relies on the strong convexity of the primal problem,
it cannot be extended to non-convex or not strongly convex problems. Hence, the proposed method is
intended to be used as a subproblem solver in, e.g., proximal point methods [25] or iterated Bregman
methods [28].
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Interestingly, in the implementation only knowledge about the Moreau-Yosida envelope and the
proximal operator of g is needed. Using the proximal operator, one can prove that u € U solves (1.1) if
and only if u € U solves the non-smooth equation

1
(1.2) U = prox,, (_ES* (Su — z)) ,

where S* denotes the Hilbert space adjoint of S. In order to solve (1.1) numerically, the most common
approach is to apply the semismooth Newton method to the non-smooth equation (1.2). In this paper,
we propose to solve the equation

(13) § =z +Sproxg,(S*(§/a)) =0,

which is related to (1.2) via £ = z — Su. The advantage of this approach is that the derivative of the

operator appearing in (1.3) is a self-adjoint map, which is not the case for (1.2). In addition, (1.3) is

equivalent to V®(&) = 0, where @ is the dual function to (1.1), which will be used as merit function.
A third approach to solve (1.1) is based on the so-called normal map [33], where one solves

(14) p- S*(Sproxg/a(_p/a) - Z) =0

for p € U. Clearly, p is related to & by p = —S*&. Again the derivative of the operator appearing in (1.4)
is not self-adjoint.

This artice is written 25 years after the publication of the seminal contributions [39] (submitted
2000) and [14] (submitted 2001) on semismooth Newton methods applied to optimal control problems.
Still the literature on globalized semismooth Newton methods for infinite-dimensional problems is
rather scarce. In fact, to the best of our knowledge, only the following contributions develop a global
convergent method applicable to (1.1). In [18] the globalization based on (1.3) was investigated for the
special case, where g is the indicator function associated with box constraints. In the monograph
[40] a trust-region globalization of the semi-smooth Newton method applied to the non-smooth
equation (1.2) is analyzed. Since continuous differentiability of g is required, it is not applicable to
choices like g(u) = ||u||1(q). A similar method was analyzed for the special case of a parabolic control
problem in [20]. In [8] a globalized method is introduced, where the convergence analysis relies on
strong assumptions on the sequence of chosen derivatives. For £!-regularized problems, a globalized
semismooth Newton method can be found in [12]. One major drawback of the convergence analysis in
[40, 8, 12] is that they assume the existence of strong accumulation points of the sequence of iterates.
While it is natural to expect that the sequence of iterates is bounded, this only guarantees the existence
of weakly converging subsequences. However, strong convergence of iterates has to be verified in order
to prove transition to fast local convergence.

Let us comment on related work on globalized semismooth Newton methods. The recent work
[1] introduces a semismooth Newton method to solve contractive fixed point problems. Due to the
contraction assumption, no damping or globalization is needed. In [29, 30] globalized proximal Newton
methods that solve minimization problems in Hilbert spaces are investigated. The use of the normal
map equation was proposed in [17] together with a damped Newton method without convergence
analysis. Global convergence of the unregularized semismooth Newton method applied to problems
with box constraints was proven in [3, 14] for discretized problems and [22] in the infinite-dimensional
setting provided « is large relative to ||S||. For a review of early results on (globalized) semismooth
Newton methods we refer to [31]. Recent contributions on globalized semismooth Newton methods to
minimize the sum of a differentiable and a non-smooth function in finite dimensions can be found in
(26, 9].

The goal of this article is to give an almost self-contained analysis of the global convergence of the
globalized semismooth Newton method. A few facts about subdifferentials and proximal operators
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are collected in Section 2.1. The dual problem to (1.1) is introduced in Section 2.2. Due to the problem
structure, no duals have to be computed for the implementation, only the proximal operator of g is
needed. For the transition to fast convergence, a second order Taylor expansion is essential, which is
introduced in Section 3. As in [42, 25] we use a conjugate gradient method as solver for the Newton
equations. In order to prove that all iterates of the CG method are descent directions, one elementary
result is needed, which is provided in Section 4. The main section is Section 5, which contains the
globalized semismooth Newton method Algorithm 2. We prove strong convergence of the iterates
in Lemma 5.10, and the transition to fast local convergence in Theorem 5.13. Section 6 shows that
commonly studied examples admit a second order Taylor expansion. As we show in Section 7, the
application of the semismooth Newton method to (1.3) enables the use of the variational discretization
[15] similar to the arguments in [17]. The paper concludes with numerical experiments in Section 8.
The results indicate that the variational discretization leads to better performance of the semismooth
Newton method for small values of ¢ in some examples.

2 PRELIMINARIES ON THE PRIMAL AND DUAL PROBLEMS
Lemma 2.1. The problem (1.1) is uniquely solvable. An element @i € U is a solution of (1.1) if and only if
(2.2) 0 € S (St —z) + aii + 9g(@).

Proof. Existence can be proven by classical arguments, see, e.g., [2, Theorem 11.10]. Let @ be a solution
of (1.1). Since the first two addends of (1.1) are continuous, we can apply the subgradient sum-rule
twice to obtain (2.1). The sufficiency of (2.1) follows from convexity. O

2.1 CONJUGATE FUNCTIONS AND PROXIMAL OPERATORS

Definition 2.2. Let X be a Hilbert space, h : X — R proper, convex, lower semicontinuous. The convex
conjugate h* of h is defined by

h*({) == sup({, x) — h(x).
xeX

The Moreau-Yosida envelope of & is defined by

1
envi(¢) = min o lx = [ + h(x),

and the proximal operator associated to h is defined by
1 2
prox;,({) := arg min §||x = {|l% + h(x).
x€eX

For properties of Moreau-Yosida envelopes and proximal operators, we refer to [2, Section 12.4].
Convex conjugates are developed in [2, Chapter 13].

Proposition 2.3 ([2, Proposition 12.26]). Let X be a Hilbert space, h : X — R proper, convex, lower
semicontinuous. Let x, { € X. Then x = prox,({) if and only if 0 € x — { + dh(x).

Proposition 2.4 ([2, Proposition 12.28]). Let X be a Hilbert space, h : X — R proper, convex, lower
semicontinuous. Let {1, {; € X. Then || prox; ({;) — prox, (&) |lx < 18 = &llx.

Proposition 2.5 ([2, Proposition 12.30]). Let X be a Hilbert space, h : X — R proper, convex, lower
semicontinuous. Then envy, : X — R is Fréchet differentiable with

Venvy({) = ¢ = prox,(0).
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Lemma 2.6. Let X be a Hilbert space, h : X — R proper, convex, lower semicontinuous. Define

* 1 "
H' = (5||-||§<+h) -
Then H* : X — R satisfies
N 1
H'({) = 5||§||§( —envp({)

and is Fréchet differentiable with
VH' (¢) = prox, ().
If0 € domh then H* is bounded from below.

Proof. By definition, we have

H'(0) = sup(,x) — 3l = h()

xeX

(1 1
= inf | ~llx = CI% + h(x) - ZICI%

= —enva(0) + LI

Due to Proposition 2.5, it follows that H* is Fréchet differentiable, and the expression of VH* follows.
Boundedness from below is a direct consequence of the definition of H*. O

2.2 OPTIMALITY CONDITIONS FOR THE DUAL PROBLEM

We define the functions F: Y — Rand G : U — R by

1 a
F(y) = Elly -zl}, Gw) := EIIuII?] +g(u).

Let us introduce the Fenchel dual problem to (1.1), see, e.g., [2, Section 15.3]. The dual problem of (1.1)
is given by

(2.2) min F*(=8) + G*(5°8) = 29

where . .
* 2 2
F(Q) = 310+ 2l - S lell
and )
G*(u) = gllullﬁf —aenvy,(u/a).
Due to the structure of the problem both functions F* and G* can be evaluated without the need to
compute conjugates, only the Moreau-Yosida envelope of g/« is needed.

Lemma 2.7. The dual problem (2.2) is uniquely solvable. Let € € Y. Then £ solves (2.2) if and only if
VO(E) =E-z+ Sproxg/a(S*f/a) =0.

Proof. The function @ is continuous and convex. Since F* is coercive, existence of solutions can be
proven easily. Uniqueness of minimizers is a consequence of the strict convexity of F*. The dual problem
(2.2) is the minimization problem of the convex and Fréchet differentiable function ®. Then V®(&) = 0
is necessary and sufficient for optimality of £ The expression of the derivative is a consequence of
Proposition 2.5. |

Daniel Wachsmuth A globalized inexact semismooth Newton method



J. Nonsmooth Anal. Optim. 6 (2026), 15574 page 5 of 25

Lemma 2.8. Ifi € U solves the primal problem (1.1) then £ := —(Sii — z) solves (2.2). Conversely, if€ € Y

solves (2.2) then @i := prox,, (S*&/a) solves (1.1).

gla

Proof. Due to Proposition 2.3, the optimality condition (2.1) is equivalent to
_ 1 vicn
i = Proxy, —;S (Sa—-2z)]|.

Then the claim follows by elementary computations. O

3 SECOND-ORDER SEMISMOOTHNESS

For the proof of transition from global convergence to fast local convergence, a second-order Taylor
expansion of the function G* is indispensible [7]. Following [29], we introduce the notion of second-
order semismoothness.

Let X be a Banach space. We will denote the space of bilinear forms from X x X to R by £?) (X, R).
Definition 3.1. Let T : X — R be continuously differentiable with derivative T’. Let 8°T be a set-valued

map 3°T : X =3 £ (X, R) with non-empty images. Then T is called second-order semismooth with
respect to 8°T if for all x € X

, 1
(3.1) sup  |T(x+h)-T(x)-T(x)h- EM(h’ h)| = o(llAl%)
Me T (x+h)
and
(3.2) sup  |IT"(x +h) = T'(x) = M(h,-)|Ix- = o([|hllx)
MePT (x+h)

for ||h||x — 0, where M(h, -) denotes the element of X* given by v — M(h,v).

Here, second-order semismoothness refers to the availability of a second-order Taylor expansion (3.1),
which is different to the use in [40], where higher-order semismoothness refers to stronger estimates
of the first-order expansion (3.2) replacing o(||h||x) for O(||h||};'“) with a € (0,1].

If X is a Hilbert space, we can use operators M € £L(X, X) instead of bilinear forms, and replace
M(h, h) and M(h,-) by (Mh, h) and Mh. In [29] an example is presented to show that (3.1) does not
imply (3.2). Let us prove a sufficient condition for (3.1) which is only based on assumptions on T".

Lemma 3.2. Let T : X — R be continuously differentiable with Bouligand differentiable T', i.e., T’ is
directionally differentiable and for all x € X it holds

IT"Cx +h) = T'(x) = T" (xs ) lIx> = o(llAllx)-

Let 8°T : X =3 L) (X, R) be given such that (3.2) is satisfied for all x € X. Then (3.1) is satisfied for all
x € X, and hence, T is second-order semismooth with respect to d°T.

Proof. For M € @°T(x + h), we have the expansion
1
T(x+h)—T(x) =T (x)h— EM(h’ h) =
1
T(x+h) —T(x) - E[T’(x) +T (x + h)]h)

+ %(T’(x +h =T (h = M(h,B)).
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Due to (3.2), the second addend is of order 0(||h||§() for h — 0. Hence, it suffices to prove
1 ’ ’
T(x+h) —T(x) - E[T (x) + T (x + h)]h| = o(||AI%)-

Take x € X. Let € > 0. Then there is p > 0 such that ||T"(x + h) — T’ (x) — T” (x; h)||x+ < €l|h||x for all
h with ||h||x < p. Take h with [|h||x < p. Denote

Ry :=T (x+th) =T (x) — tT" (x; h),

which implies ||R;||x+ < €t||h||x for all ¢ € [0, 1]. Then we can write
1 ! 1
T(x+h) —T(x) - E[T’(x) +T (x+h)]h= / [T'(x +sh) =T (x)]hds — E[T’(x +h) =T (x)]h
0

1 1 )
= / [sT” (x;h) + Rs]hds — ET”(x; h) — Eth
0

1 1
= / Rshds — =Rk
o 2

so that
T(x+h)—T(x) - %[T’(x) +T (x+h)]h| < e||h||§(

which finishes the proof. O

In the smooth case, we have the following result.

Corollary 3.3 ([29, Proposition 5]). Let T : X — R be twice continuously differentiable. Then T is
second-order semismooth with respect to 3*T(x) := {T” (x)}.

4 CONJUGATE GRADIENTS

Let us recall the celebrated conjugate gradient method to solve linear systems with positive definite
operators. Let X be a Hilbert space, A € £(X, X) self-adjoint and positive definite, and b € X. The CG
algorithm to solve Ax = b in the notation from [38, Section 38] can be found in Algorithm 1.

Algorithm 1 CG algorithm to solve Ax = b with tolerance dcg

Input: tolerance dcg > 0.
Setxo :0,}’0 :b,po =r0,k =0.
while ||r¢|| > 6cg do
o = 711
k= TApi.piy
Xk+1 = Xk + Qi Pk
k1 =Tk _2akAPk
_ rkall%
P = I7ell%
Pik+1 = Tke1 + Prpr
Setk:=k+1

end while

The classical orthogonality relations and convergence guarantees transfer to the Hilbert space case,
see, e.g., [6]. If A = [ + K with K compact we have r-superlinear convergence of x; — A~!b [41]. These
results imply that for positive tolerance dcg, algorithm Algorithm 1 terminates after finitely many
steps.
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In the following, we need an estimate of (xi, b). A similar result can be found in [42, Lemma 3.1].
We give a simplified proof.

Lemma 4.1. Let A € L(X,X) be self-adjoint and positive definite, and b € X. Let (xx) be iterates of
Algorithm 1. Then

1
(%, b) > ————||b|I%-
IAl coxexy

Proof. For k =1, we have xo = 0 and py = b so that

b||4 1
151 .

’b = b 2 = -
(a1, b) = ao[bllx (Ab,b) — [lAll £x.x)

1%

Due to the orthogonality relations of the residuals, [38, (38.4)], we have (rg, b) = (ry,ry) = 0 for all
k > 1. Then we get for the conjugate directions

(Pr+1,b) = (Tk41, ) + PPk, b) = Pr{pr. b)s

so that (pr+1,b) = H{-‘ZO Bi{po, b). Since py = ro = b and f; > 0, this implies {px, b) > 0 for all k > 0.
Using this in the update formula for xy;, we find

(Xk+1, D) = (xp, b) + o (P, b) = (x, b),

so that the sequence ({xx, b)) is monotonically increasing. O

5 SEMISMOOTH NEWTON

Here, we want to investigate a semismooth Newton method to minimize the function ® in (2.2), which
can be written as

1 1 1, ., i
(5.1) (&) =5llg- 2y - 5||Z||§ + o1 Ellfy — o envy o (S™E/ a).
Its gradient is given by Lemma 2.7 as

(5.2) V&(§) =& -z + Sproxy,(S*¢/a).

Corollary 5.1. The map ® is continuously differentiable. In addition, there is L > 0 such that ||[V®(y;) —
VO(y2)|ly < Llly1 — y2lly for all y1, yo € Y. Consequently,

, L
|©(y +h) = @(y) = " (y)h] < Ellhlli-
Proof. Differentiability of ® is a consequence of the differentiability of env,;, by Proposition 2.5.
By Proposition 2.4, the proximal operator prox,, is Lipschitz continuous. Hence, V® is Lipschitz

continuous. The claimed estimate follows is then a consequence of this Lipschitz property. O

Let us define for convenience
1 £ ¥
(5.3) ¥(§) = 5”8 §||?J —aenvy/,(S'E/a),

so that V¥(¢) =S prox, «(8*&/a). Throughout this section, we assume that the following assumption
is satisfied.
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Assumption 1. There is a set-valued map ¢*¥ : Y = B, where
B:={Me L(Y,Y): M=M", (My,y) >0Vy €Y}

such that ¥ given by (5.3) is second-order semismooth with respect to 9*¥, see Definition 3.1. In
addition, 9*¥ is bounded, i.e., there is ¢ > 0 such that for all yeYand M € BZ‘I’(y) it holds

M|l £¢v,yy <c.

Let us emphasize that in the algorithm we will not need to know the precise values of the Lipschitz
constant L or the bound c. For the particular case of Nemyzki operators on L? spaces, validity of
Assumption 1 is discussed in Section 6.

Corollary 5.2. @ is second-order semismooth with respect to #® := I + 3*¥.
Corollary 5.3. Let M € 3*®(y) for somey € Y. Then M € L(Y,Y) is continuously invertible with
IMll £v.y)y <1+ ¢ and [IM7!| £(v,y) < 1. Moreover, (Md, d) > ||d||§,for alld e Y.

The core of the semismooth Newton methods is the Newton equation to solve a linearization of

V& (&) = 0. Given an iterate & € Y, we choose My € 8*¥ (&), and determine d € Y as a solution of
the Newton equation

54) (I + Md = =V(E) = = (8 = 2 + S prox, (S*&/a))

In the upcoming convergence analysis, we will use both remainder estimates (3.1) and (3.2). The first-
order estimate is an ingredient of the classical local convergence proof of semismooth Newton [40],
while the second-order estimate is needed in the proof of transition to fast local convergence with full
steps (tx = 1).

Algorithm 2 Globalized inexact semismooth Newton method
Choose 61 > 0,0 € (0,1/2), p € (0,1),n >0, 7 € (0,1]. > Parameters
Choose & € Y, set k := 0. > Initialization
while [|[VO(&)lly > b1 do
Choose My € 3*®(&;), see Corollary 5.2.

Compute di € Y such that > Inexact solve of Newton equation
(5:5) [Midi + VO(EO) Iy < nlIVOEIYT
using Algorithm 1 with tolerance > CG

Scg = nlIVe(EIY™

Compute the smallest [ € Ny such that > Armijo linesearch
(5.6) O(& + fdi) — B(&) < o (di, V(&)

Set t; := ﬁlk, Ekmn =&+ idi, k =k + 1.
end while

Algorithm 2 is basically [25, Algorithm 4.1]. The convergence proof in the finite-dimensional case is
given in [25, Theorem 4.1]. For the special case of box constraints and exact Newton solves (5 = 0),
Algorithm 2 is equivalent to [18, Algorithm 4.2].

Lemma 5.4. Algorithm 2z is well-defined.
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Proof. Suppose V®(&) # 0. Due to the special form of the Newton derivatives My € 8*®(&) in
Corollary 5.2, it follows directly that the operators M are self-adjoint, positive definite, and invertible.
The direction —M_ IVd (&), satisfies (5.5). Then Algorithm 1 terminates after finitely many steps. Due
to Lemma 4.1 the returned element dy is a descent direction to the Fréchet differentiable function ®.
Under this condition, the Armijo linesearch terminates after finitely many steps. O

The termination criterion is motivated by the following bound, see also [18, Lemma 4.3 (iii)].
Lemma 5.5. Let £ € Y be such that V®(E) = 0. Let y € Y. Then

ly = éElly < IVe(»)lly-

Proof. Since y + Sprox,,,(S*&/a) is monotone as the derivative of the convex function ¥, it follows

gla
(VO(y) — V(&) y — &) = 1€~ i3,
which proves the claim using the Cauchy-Schwarz inequality. O

The inexact Newton directions are descent directions of ®. In addition, we have the following
estimate on the directional derivative.

Corollary 5.6. Let (&) be a sequence of iterates of Algorithm 2 together with the search directions (dy)
satisfying (5.5). Then it holds

1
(5.7) (di, VO (&k)) < —EIIVCD(&)IIZY,
where c is from Assumption 1.

Proof. Lemma 4.1 implies (di, —V®(&)) > WHV(D(@)HZ, and the claim follows with Corol-
lary s5.3. ’ m|

In the sequel, we assume that the algorithm performs infinitely many steps and generates a sequence
of iterates (&;). We start the convergence analysis with the following basic lemma, which uses the
properties of the Armijo linesearch.

Lemma 5.7. Let (&) be a sequence of iterates of Algorithm 2 together with the step sizes (1) and search
directions (dy). Then
tie(di, VO(&k)) — 0.

Proof. Due to Lemma 2.6, G*, ¥, and ® are bounded from below, hence (®(&)) is monotonically
decreasing and converging. The claim is now a consequence of (5.6). O

Since we have not proven until now that (&) has strongly converging subsequences, we cannot
conclude like in finite-dimensions, where V®(£,) — 0 along a strongly converging subsequence
follows from uniform continuity of V.

Using Corollary 5.1, we will prove a lower bound of #; next. There, we will use the global Lipschitz
continuity of V®. If we would know that (&) has strongly converging subsequences then local Lipschitz
continuity of V& would be enough.

Lemma 5.8. Let (&) be a sequence of iterates of Algorithm 2 together with the step sizes (t;.) and search
directions (dy). Then there is a constant ¢’ > 0 such that ty < 1 implies

, [{di, VO(£0))|
o .
lldic Il
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Proof. Lett > 0. Then

Lt
(& + tdi) = P(&k) — ot{dr, VO(&k)) < (1= 0)t{di, VO(&r)) + THdk”?ﬁ
The expression on the right-hand side is non-positive for all ¢ satisfying

[{di. VO(&i) |

0<t<(1-o0)
Llldill?

If t; < 1 satisfies the Armijo condition (5.6) then I > 1, and f%*~! = t; / § violates the Armijo condition
(5.6). Consequently, #;/f is larger than the quantity on the right-hand side in the above inequality,
which implies the claim. O

Now we are in the position to prove V®(¢;) — 0.

Lemma 5.9. Let (&) be a sequence of iterates of Algorithm 2. Then it holds liminfy_,. tx > 0 and
Vo(&) - 0inY.

Proof. By Lemma 5.7, we have ty (di, VO(&)) — 0.Ifliminfy_,« tx > 0then (5.7) implies || VO (&) |ly —
0. Consider the case lim infy_, tx = 0. By extracting a subsequence, we can assume t; — 0 and 3 < 1
for all k. Then from t; — 0 and t(dy, V®(&)) — 0 we get with the help of Lemma 5.8

[(di VO(E)] | [{di VOGN
lldicll% lldic Il

]

so that (5.7) implies
VRN VeI
2z T 2
lldiclly lldiclly

From the inexactness condition (5.5) and ||M, Y zevy) <1, we get

ldilly < IVO(E&D)Ily +nllVe(&) Y™

Dividing by ||dk|ly and passing to the limit k — oo leads to the contradiction 1 < 0. Here, we used
2

a1+‘[ _ a T a 1-7
TSl,and 5 =5 (5) . O

Due to the structure of the problem, we have strong convergence of iterates.

Lemma 5.10. Let (&) be a sequence of iterates of Algorithm 2. Then & — & in'Y, where £ is the unique
solution of ®(¢) = 0. In addition, dy — 0 inY.

Proof. Let & be such that ®(£) = 0. The existence of such £ follows from Lemma 2.7. Lemma 5.5 implies
I€ = &lly < [IV®(&)|ly, the latter quantity tends to zero by Lemma 5.9. O

The next step is to prove that the step size ¢, = 1is accepted for all k > k. Here, we follow the
exposition in [7]. First, we establish superlinear convergence of the local inexact semismooth Newton
method.

Lemma 5.11. Let £ be the unique solution of ®(&) = 0. Let (&) be a sequence of iterates of Algorithm 2
with step sizes (t). Let ry := Mydy + VO(&). Then

Irlly = o(llgk = Ellv), &k + di = Elly = o(1&k = Elly)

fork — oo.
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Proof. Using the inexact Newton equation (5.5) and Corollary 5.1, we get

Irclly < nllVe(EIY™ < nLllgk = €1 = o(llgk = &llv).

Using again (5.5), we find

& + dic — Elly = IM (Mi (& — &) = VO(&) + r)lly
< IM M 2oy Mk (& = €) = VR(E) Ny + llrelly
=o(|l& - Elly),

where we have used Corollary 5.3 and the semismoothness of V. ]

Now, we will prove that the step size t;, =1 will be accepted for large k. This proof crucially relies
on the second-order expansion in the definition of second-order semismoothness (Definition 3.1).

Lemma 5.12. Let € be the unique solution of ®(&) = 0. Let (&) be a sequence of iterates of Algorithm 2
with step sizes (ty). Then there is ko > 0 such that t; =1 for all k > k.

Proof. See also [7, Theorem 3.3]. Using the simple inequalities
16 = Elly < Nldiclly + 1€k + dic = Elly < &k = Elly + 21|& + dic = €Iy,

we get by Lemma 5.11

lldilly = &k = Elly +o(ll& = Elly).

Similarly, we get from (5.5) an estimate of the directional derivative

(di, VO(&)) < —(Mydr, di) + lIrellylldlly
< —[ldill§ + oCll&x — EII3)
= =& = ENI5 + o1& — E1I3).

Since & + di — £in Y, we have the second-order expansion
. _ _ 1 _ - .
Ok + di) = ©(8) = (V). & + di = &) = =S (Hk (S + dic =€), i + dic = &) + 0 (| + de - Elly)
=o(ll& — ElI19),
where Hy € 0°®(& + di), which is bounded due to Corollary 5.2. Similarly, we prove using V®(&) = 0
- 1 i, - _
©(&k) = @(8) = =5 (Mic(&e = ). & = &) + o[l - ElIY)-

Collecting all these estimates yields

(& + di) — (&) — %(Vq)(fk), di)

= (M= B8 — ) — 2 (VO de) + o(llEk - E1R)

= S (M= D). 8+ di— € - di) = S(VR(E). i) + o — E1)
= (M (&= D) + V(80 - VO(D,di) + o(l1 — &)
= o(ll& - £17).
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Using this in the descent condition (5.6), we get

(& + die) = P(&k) — o(di, VO(&r)) = (% - 0) (di, VO(&)) + o(ll &~ EII3)

__ (% _ 0) 1 - £ + o1& - EI1).

The right-hand side is less than zero for k large enough, which proves the claim. O

Theorem 5.13. Let Assumption 1 be satisfied. Le_tg be the unique solution of V®() = 0. Let (&) be a
sequence of iterates of Algorithm 2. Then & — & g-superlinearly.

Proof. Due to Lemma 5.12, there is kg > 0 such that t; = 1for all k > kq. Then Lemma 5.11 implies
|k + di — Elly = |kv1 — Elly = o(||é& — Elly)]| for k > ko, which is the claim. O

Let us conclude this section with several remarks.

Remark 5.14. The proof of transition to fast convergence in [18, Lemma 4.4] relied on stronger as-
sumptions. There a condition on the measure of almost active sets was used, which implies strict
complementarity. In addition, the operator S* has to be continuous with values in C}(Q). Under these

conditions 9*¥ is single-valued and Holder continuous in a neighborhood of the solution [18, Lemma
3/2

3.4], which allows to prove the higher-order convergence rate ||&c4; — €|ly < c||& — f||Y )

Remark 5.15 (Newton equation in primal form). The element £ € Y solves
0=VO()=E—z+ Sproxg/a(S*g/a)

if and only if # = prox,,,,(S*£/a) solves

g/
(5.8) 0=u— proxg/a(—S* (Su —z)/a).
Conversely, if i is a solution of (5.8) then & = z — S satisfies V®(&) = 0. Let ux € U be given. Applying

the semismooth Newton method to (5.8) amounts to choosing Hy, € dprox,,,(—S*(Suy — z)/a) and
solving

gl

1 * *
(5.9) ou + ;HkS Séu =— (uk - proxg/a(—S (Su — z)/a)) .

Let us set & := z — Sug. If Su solves (5.9) then ¢ := —Sdu solves

1 * %
Su — ;HkS 0 = — (uk - proxg/a(S §k/a)) .

Multiplying by —S, we get

8¢ + éSHkS*&f =- (fk —z+ SPrOXg/a(S*ék/a)) ;

which is the Newton equation (5.4) with My := S*H;S. Equation (5.9) is an equation with an unsym-
metric operator. If Hy is suitably structured, one can transform the equation into an equation with a
symmetric operator.

Remark 5.16 (Semismooth Newton applied to normal map). It is easy to show that # = prox,,, (-p/a)
is a solution of (1.1) if and only if p € U solves

0=p-— S*(Sproxg/a(—ﬁ/a) - 2).
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The map p — p — S*(S proxg/a(—p/a) — z) is called normal map after [33]. Semismooth Newton
methods based on this equation are considered in [27, 17]. In the recent article [26], the convergence
analysis of a trust-region globalization of a semismooth Newton method applied to the normal map
equation is developed in finite dimensions, where globalization is based on the residual in the normal
equation.

Remark 5.17. In [10] a globalization of the active-set strategy [3] to solve discretized box constrained
optimal control problems was proposed. However, the analysis does not carry over to the infinite-
dimensional setting, as certain operators are not invertible in infinite dimensions [10, Remark 3].

Remark 5.18 (Non-quadratic functional). Let us briefly consider the following generalization of (1.1):
min F(Su) + Z|lull? + g(u)
uex 2 v T I

where F : Y — R is convex. Let F* denote the convex conjugate of F. Under the assumption that F is
strongly convex and twice continuously differentiable, we get that F* is also strongly convex and twice
continuously differentiable. Let us denote with VF* := V(F*) its gradient. Then, we have VF(VF*(y)) =
y forall y € Y by [2, Theorem 16.29]. Differentiating this identity yields VZF(VF*(y))V?F*(y)) = id or
V2F*(y) = V2F(VF*(y)) L. The resulting second-order derivative of ® is given by 8°® = V2F* + 3*¥.
Then all the convergence analysis for the corresponding semismooth Newton algorithm remains true,
only the constants in Lemma 5.5 and Corollary 5.3 have to be adapted.

6 SEMISMOOTHNESS OF NEMYZKI OPERATORS

Let (Q, A, ) be a measure space. In many optimization problems, the function g in (1.1) is defined as

(61) g(u) = /Q §(u(0)) du

with a convex function § : R — R. Here, we follow the convention to set g(u) := +o0 if x — G(u(x))
is not integrable. The resulting proximal operator is then a superposition operator on U = L?(Q).

Corollary 6.1. Let § : R — R be proper, convex, and lower semicontinuous. Let g be defined in (6.1).
Suppose there is u € L?(Q) with g(u) < +oco. Then prox, : L3(Q) — L*(Q) is given by

prox, (v)(x) = prox;(v(x))  forp-a.a.x € Q.
Proof. This follows from the results of [34, Section 3], in particular the characterization of dg(u) as

dg(u) = {d € L*(Q) : d(x) € 9§(u(x)) for p-almost all x € Q},

see [34, Corollary 3E]. O

6.1 PIECEWISE SMOOTH PROXIMALS

We will now work with piecewise smooth proximal operators.

Assumption 2. The function prox;, : R — R is piecewise smooth in the following sense: there are
real numbers v; < v; < --- < vy and continuously differentiable functions px : R > R,k =0...N,
such that

proxg/a :pk on [UIO Z)k+1],

where we set vy = —00, UN41 1= +00.
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Lemma 6.2. Let prox;,, satisfy Assumption 2. Define the single-valued map
8proxg/a(0) = pr(0) ifv € [k, Vg41) for somek =0...N.

Then for allv € R, we have

proxé/a(v +h) — proxg/a(v) — aprox;,, (v + h)h| = o(|h|)

gla
and
| prox,, (v + h) — prox;, (v) — prox;/a(v;h)l =o(|h|).

Proof. Take v € R, and h such that prox;,, is continuously differentiable between v and v + h. Then
both claims follow easily. O

Clearly, this result can be generalized for prox;, : R" — R" with infinitely many pieces, see also
[40, Section 2.5.3].

In the next step, we prove that the derivative of the proximal operator of the integral functional g
is semismooth from L9(Q) to L (Q) for p < g. The proof of the following result is adapted from the
proof of [29, Proposition 6], more general results can be found in [40, Section 3.3].

Lemma 6.3. Let1 < p < g < oo be given. Let p1(Q2) < oco. Let prox

G/ Satisfy Assumption 2. Letv € L1(Q).
Define the measurable function dprox_, (v) for u-almost all x € Q by

g/a
aproxg/a(v)(x) = 8pr0xg~/a(0(x)).

Then we have dprox,,,(v) € L*(Q),

g9/
Hproxg/a(u + h) — prox, ), (v) — dprox,, (v + h) - hHLp(Q) =o(||AllLaa))

and
Il proxyq (v + h) — prox,, (v) — prox,, (v: W) l|Le (@) = o(llhllLa(e))-

Proof. Take v € LY(Q). Let us define for x € Q and h e R\ {0}

r(x, h) := % (proxé/a(o(x) +h) — proxg/a(v(x)) - 8proxg~/a(0(x) + h)h) .

In addition, we set r(x,0) = 0 for x € Q. Then x +— r(x, h(x)) is y-measurable for all measurable
h: Q — R.In addition, limj_,q r(x, h) = 0 for almost all x by Lemma 6.2. Since ProX;/, is Lipschitz
(Proposition 2.4) and consequently [dprox;,, | < 1, we have for almost all x and all h the estimate
[r(x, h)| < 2.

Let (h,) be a sequence in L7(Q) such that h, — 0 in L9(Q). Then there is a pointwise p-a.e.
converging subsequence (hy, ). It follows r(x, hy, (x)) — 0 for almost all x. Since r is uniformly
bounded and p(Q) < oo, we get ||7(-, hp,)||1s(q) — 0 for all s € [1, 00) by dominated convergence. It
follows

”proxg/a(v + hp, ) — proxg/a(v) - 3proxg/a(0 +hp,) - hy, LP(Q)

= Ir s b hnllize ) < PGy ) llzs @) angllza (o)

from the generalized Holder inequality with s < co such that % = % + é. Consequently,

”proxg/a(v +hp,) — proxg/a(v) - aproxg/a(v +hp,) - hy, 1r(Q)
— 0.

hnllLa (o)

Daniel Wachsmuth A globalized inexact semismooth Newton method



J. Nonsmooth Anal. Optim. 6 (2026), 15574 page 15 of 25

Since the limit is independent of the chosen subsequence, the convergence along the whole sequence
(hy) follows.

The second claim can be proven with similar arguments, observing that | prox; /a(v; h)|<|h. O

Note that we cannot get rid of the norm gap in the previous result. The necessity of this gap has
been discussed in [40, Example 3.57], [19, Example 8.14] for semismoothness and in [11, Remark 4.4],
[24] for Bouligand differentiability.

Example 6.4. Without the assumption p(Q) < oo, the result of Lemma 6.3 is not true. Let

(o) +o0 ifov <0,
V) =
I 0 ifo > 0.

Then proxg(v) = max(v,0). Let Q = (0,+c0), and let u be the Lebesgue measure. Take v(x) :=
—exp(—x), so that v € LP(R) for all p € [1,+00]. Define h, := Y[n+00)(—20). Then ||hyll1r(q) =
exp(—n)||o]lLr(q), so that it follows lim, e [|hnll1r () — 0 for all p € [1, +oo]. In addition,

1
prox, (v + hp) — prox, (v + hy) — prox;(v; h+hy) = X[n+o) (0 +hy) —0-0= Eh,,.

It is easy to check that ||h,||zr(q)/|lhnllLe(q) does not converge to zero for any choice of p, g.

Due to the norm gap appearing in Lemma 6.3, we cannot expect that prox,, is semismooth as a
mapping on L?(Q). In order that Assumption 11is satisfied, we will need to rely on smoothing properties
of SorS*.

Lemma 6.5. Assume p(Q) < oo. Set U := L*(Q). Let prox;, satisfy Assumption 2. Let Y be a Hilbert
space, S € L(L*(Q),Y) be given such that the Hilbert space adjoint S* belongs to L(Y,L1(Q)) for some
q> 2.

Then the map ¥ : Y — Y defined by (5.3) is second-order semismooth with respect to *¥ : Y =3 L(Y,Y)

defined by

(6.2) V(&) = {ésaproxg/a(S*é'/a)S*},

where 0 prox,,, is defined in Lemma 6.3. Moreover, Assumption 1 is satisfied.

In (6.2), the function dprox, is meant to act as multiplication operator on %, i.e.,

1 * * 1 *
(Esaproxg/a(s Ela)S ) (v) = ES (aproxg/a -S U),
where - denotes the pointwise multiplication of dproxy, € L®(Q) and S*v € LI(Q).
Proof of Lemma 6.5. We show that 8*¥(¢) from (6.2) satisfies the assumptions of Lemma 3.2. Let us

recall V¥ (£) = S prox,,(S*f/a). Leto, h € Y be given. Then Lemma 6.3 with p = 2 and the assumption
on S* imply

Jya(S" (@ +h)) - SR

Hproxg/a(S*(v +h)) — proxg/a(S*U) — dprox o)

= 0([IS*hllLa()) = o(llAlly).

Clearly this implies that 9*¥(¢) satisfies (3.2). The Bouligand property of the directional derivative
can be proven with analogous arguments. O
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6.2 EXAMPLES
Box constraints. Let R > 0 be given. Let us define g by

0 if |u| <R,
+o0 if |u| > R.

ngox (u) = {

Then fQ Jbox(#) dx < 400 if and only if |u(x)| < R p-almost everywhere, that is if u satisfies the box
constraints. In this case, the proximal operator is equal to the projection onto the associated feasible
set,

prox;, (v) = max(—R, min(+R,v)).

Clearly, this function is piecewise affine linear, and Assumption 2 is satisfied. For this particular choice
of g, we have gpox/@ = gbox-

L'-norm. Let us now consider the case

gur(u) = Blul.

Then fQ grr(u) dp = Bllullp1(q)- The corresponding proximal operator is the so-called soft-thresholding
operator given by

v+ ifo<-p,
prongl(v) =max (0,0 — f) + min(0,v + f) =<0 if [o] < B,
v—p ifo>p.

This is again a piecewise affine linear map, so that Assumption 2 is satisfied. The proximal operator of
gr1/a is obtained by replacing f with f/« in the formula for prox; .

Box constraints plus L'-norm. If § = g1(u) + Gpox (1), then it is not hard to check that

-R ifo <-f—R
v+pf if —-f—-R<ov<-p

proxé(v) = max (0, min(v — §, R)) + min(0, max(v + 5, —R)) =40 if [o] < B,
v-p ff<v<B+R
R ifo>f+R,

and hence, Assumption 2 is satisfied. Again, the proximal operator of (§;1 + ghox)/a is obtained by
replacing f with f/a in the formula above.

L2-ball constraint. Let us now consider g to be the indicator function of a ball in L?(Q) with radius
y > 0:

_ o if |lullr2q) <y
g(u) = .
+ 00 lf”LI”LZ(Q) > Y-

Again, the corresponding proximal map is the projection on the ball with radius y, proxg(v) =
v max(1, W) Let us choose aproxg(v) € L(L*(Q),L*(Q)) by
L (Q
h if lo|lg2) < v
8pr0xg(v)h = vh yo(oh)zq)

- 3
loll 2 q) ||U||L2(m

if [[qllz2 () > v-

Then T’ = prox, and T = 9 prox, satisfy condition (3.2) by [23, Proposition 4.1]. In addition, prox, is

Bouligand differentiable due to [23, Proposition 3.4].
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Directional sparsity. Here, U = L2(Q; L?(I)) where I = (0,T).

1/2
g(u)=ﬁ/Q(/I|u(x,t)|2dt) dx

The proximal operator associated to g is given by

Prox, , (u) (x, 1) = max (o, e ey - g)

u(x,t)
[lu(x, ')||L2(I) .

Here, we used the notation

1/2
G e = ( /1 u, t>|2dt) |

This operator is semismooth from L?(Q; L?(I)) to L?(Q;L?(I)) for all p > 2, [27, Lemma 3.22], [13,
Lemma 3.2]. In addition, it is easy to check that prox,/, is Bouligand differentiable using the chain
rule for the Bouligand derivative [32, Corollary A.4].

Further examples. Additional examples that satisfy these assumptions are multi-bang problems [4],
where g is given as the convex hull of

+o00  otherwise.

{ﬁuz ifuez,
umr—

In addition, also vector-valued controls can be considered [5]. Since u = ProX,;, (v) if and only if

0 € a(u — v) + dg(u), implicit function theorems [21] can be used to prove the semismoothness of
proximal maps.

7 VARIATIONAL DISCRETIZATION

For computations, one has to choose finite-dimensional approximations of the infinite-dimensional
problem (1.1). The application of the semismooth Newton method to discretized problems is straight-
forward. In this section, we will focus on the variational discretization of [15]. We will consider the
following optimal control problem: Minimize

1 o ~
1y = 2l oy + Sl + [ a0 d
over all (y,u) € Hy(Q) X L*(Q) subject to
/Vy-Vvdx :/uvdx Yo € Hy(Q),
Q Q
where Q C R? is a bounded domain, z € L?(Q) is given, and § : R — R is as in Section 6. The state

space is discretized using piecewise linear and continuous finite element functions: let Vj, C H} (L) be
the corresponding finite element subspace. Given u € L(Q), let Spu := y;, € V}, denote the solution of

(7.1) / Vyn - Vopdx = / uvpdx Yoy € V,
Q Q

which gives rise to a linear and bounded operator S, : L?(Q) — Vj. Note that the control space
U = L?(Q) is not discretized.

Daniel Wachsmuth A globalized inexact semismooth Newton method



J. Nonsmooth Anal. Optim. 6 (2026), 15574 page 18 of 25

The dual of the discretized problem is now posed in Vj: find &, € V}, such that

(7.2) E—z+ 5y, proxg/a(S;;g/a) =0.

The crucial observation of [15] is the following: in this equation Sy, is applied to elements of the type
prox, /«(qn), where gy is a piecewise linear finite element function. That is, if prox,, has a favorable
structure, then S, prox,,(gn) can be evaluated numerically even if prox,, (qx) does not belong to
a finite element subspace. This is the case for the first four examples discussed in Section 6.2. For
instance, if g models box constraints on the control, then prox,, (qx) is piecewise linear. This piecewise
linear function has kinks in the interior of elements in general, nevertheless the right-hand side for
u= proxg/a(qh) in (7.1) can be computed exactly [15, 16].

In addition, when applying the semismooth Newton method to the dual equation (7.2), these kinks
do not accumulate. This is not the case when applying the semismooth Newton to the primal equation
as in Remark 5.15. To overcome this difficulty, [17] suggested to apply the semismooth Newton method
to the normal map equation as in Remark 5.16. The variational discretization is not limited to piecewise
linear finite elements, in [36] the application to finite elements of polynomial degree 2 is discussed.

8 NUMERICAL EXPERIMENTS

We will consider the following optimal control problem: Minimize
1 2 a 2 ~ dx
(82) S = Gy =2l g + G Ml gy + [ gt

over all (y,u) € Hy(Q) x L2(Q) subject to

(8.2) /Vy-Vvdx:/ude Yo € Hy(Q),
Q Q

where Q = (0,1)%, z € L?(Q) is given, and § : R — R is as in Section 6. Here, (8.2) is the weak
formulation of —Ay = u with homogeneous Dirichlet boundary conditions.

We set U := L*(Q) and Y := L?(Q). We define Su := y, where y € Hy(Q) is the uniquely determined
solution of (8.2). Then S € L(Y,U) is bounded, moreover, S* is linear and continuous from L?(Q) = Y
to L7 (Q).

For discretization we used standard piecewise linear and conforming finite elements on a triangula-
tion of Q to discretize states (y) and dual quantities (£). Controls (u) were discretized with piecewise
constant functions. To evaluate Proxy, (S*¢/a), first the piecewise linear function S*¢ is projected
onto the subspace of piecewise constant functions, so that the proximal map is computed for this
projection. All implementations were done in Matlab.

8.1 EXAMPLE 1: BOX CONSTRAINTS AND L!-COST

Here, we work with
+oo if |u| > R,

j(u) = Plul +

gw) =p 0 if|ul <R
with

B =10"% R =1000.

The parameter « is set to @ = 107> if not mentioned otherwise. The (local) semismooth Newton method
for this problem was analyzed in [37]. As argued in Section 6.2, g satisfies Assumption 2. Due to the
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smoothing properties of S*, the assumptions of Lemma 6.5 are satisfied, so that Assumption 1 holds for
this example. As desired state we used

z(x1, x2) = 10x7 sin(5x;) cos(7xz).

We always start the iterations with & = —z, which corresponds to the initial guess ug = 0 for the
control. For this problem, the unglobalized semismooth Newton method does not converge, hence
globalization is necessary.

In the implementation, we used the following values for the parameters of Algorithm 2:

0=01 =05 1=1 8 =10"".
In our implementation we used the following inexactness criterion
Mgy + VO(&) lly < min (1074 0.1|VR(&) Iy, IVO(E)IY).

which is slightly stronger than the one which is used in the convergence analysis, and is inspired by
the choices taken in [25]. In addition, we stopped the iteration if the threshold in the linesearch is
smaller than the machine epsilon, i.e.,

(8.3) [{dk, VO(&k))| < eps(dual),

where the Matlab expression eps(dual) returns the positive distance from dual to the next larger
floating-point number, and dual is the current value of the dual objective. This is motivated by the
following observation: if the step size t; leads to a decrease of ® we get the chain of inequalities

(&) + tic(di, VO(&i)) < @(&k + tredic) < (&),

where the first inequality is due to convexity. Hence, ®(&; + trdy) lies in an interval of length
tr |{dk, VO(&))|. If the condition (8.3) is satisfied, then the only floating point number in this in-
terval is (&), hence it is impossible to decrease the dual functional value any further. In addition,
Corollary 5.6 implies that || VO(&;)||y is small in this situation.

The optimal control u = prox,, (S*¢/a) computed on a mesh consisting of 20000 triangles and with
mesh-size h = 0.014 is depicted in Figure 1. The right-hand plot in Figure 1 shows 9 prox,, (5" /a),
where ¢ is the final iterate of the dual variable. In this plot, dark regions correspond to d prox,, =0,
which means that the control is either zero or at the bounds +R, while light regions correspond to
dprox,,, = 0, which are regions, where the control is between zero and the bounds.

The results for computations on different meshes can be found in Table 1. The mesh size is denoted
by h. The finest mesh consists of 2 - 10° triangles. On all meshes the globalized semismooth Newton
method needed 8 iterations. The final value of the dual objective ® together with the value of the final
residual and primal-dual gap can be found in Table 1 as well. In all cases the iteration stopped because
the condition (8.3) was satisfied. Since the primal-dual gap is small compared to ®, the optimal primal
objective value equals —®. In addition, the number of iterations of the globalized semismooth Newton
method (it) as well as the total number of iterations of the inner conjugate gradient method (cg) almost
stay constant for the different discretizations.

We also performed experiments with varying parameter « on a fixed discretization with h = 2.83-107.
The results can be found in Table 2. As one expects, the iteration number increases with decreasing .
The third column of Table 2 reports the value ||aproxg (87 a) |11 (), which corresponds to the size
of the inactive set, i.e., the size of the set, where prox,/, (S*¢/a) takes values not in {—R, 0, +R}.

In addition, we conducted experiments using the variational discretization of [15] as described in
Section 7. We studied again varying « on a fixed mesh with h = 2.83 - 1072, The results can be found in
Table 3. While the results are comparable to those in Table 2 it is surprising that the iteration numbers
grow only moderately with decreasing a. So it seems that the variational discretization should be
favored to the piecewise constant discretization at least for small values of . This might be due to the
fact that the variational discretization can better resolve the boundary of active sets.

Daniel Wachsmuth A globalized inexact semismooth Newton method



J. Nonsmooth Anal. Optim. 6 (2026), 15574 page 20 of 25

Figure 1: Example 1: optimal control (left), d prox, (right)
h it cg ) gap residual
442-1072 8 98 —3.06 4.44-107% 1.47.1071
221-1072 8 98 —-341 266-107° 453-107°
1.13-1072 8 99 —-360 5.33-107" 1.28-107°
5.66-1073 8 99 —-370 4.44-107 6.32-1071
283-1072 8 100 -3.76 8.88-10"° 1.83-107°
1.41-1073 8 99 —-3.78 4.44-107° 3.18-107°

Table 1: Example 1, results for different meshes

8.2 EXAMPLE 2: SINGULAR CONTROL PROBLEM

Here, we work with box constraints, i.e.,

() +oo if |u| > R,
u) =
J 0 if|ul <R

with R = 1. The desired state was set to z := Sf with

f(x1,x2) = xp0,0.21(x1) - 5 - sin(7xy).

Hence, the control is used to counter the unwanted perturbation f in the equation. This example is
adapted from an example in [35, Section 4.4]. It is challenging to solve for small values of «, as for
o\, 0 the corresponding solutions are not of bang-bang type.

We used the same discretization and setup as in the previous experiment. The solution for two
different values of @ € {107%,1071°} and for a discretization with A = 2.83-10~> can be found in Figure 2.
The control is zero on a large part of the domain. On the interface of the regions between u = 0 and
u # 0 the control exhibits scattering behavior: it oscillates between upper and lower bounds, where
the oscillations increase with decreasing mesh size and parameter «. The results of computations for
different values of « are reported in Table 4. As one can see, the iteration number grows much stronger
with decreasing « than in the previous experiment. Most of these iterations are spent in damping
oscillations of the control variable in the region, where the control eventually is zero. In addition, the
inner CG iteration also took considerably more steps than for the previous experiment.
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a it cg ||aproxg/a [l @ gap residual
1.00-107* 5 41 457-107! -4.70 2.66-107Y 1.57-1071°
1.00-10> 8 100 2.70-107! -3.76 8.88-1071° 1.84-107°
1.00-107% 11 153 8.75-1072 -3.35 7.11-107%  1.30-107"
1.00-1077 19 290 2.23-1072 -3.29 533-107% 3.58-107°
1.00-107% 25 377 4.15-107° -3.28 1.71-1078  9.07-107°
1.00-107° 29 427 6.06-107* -3.28 212-107% 171-107%
1.00-107° 72 723 1.06-107* -3.28 2.09-1072 4.24-107°

Table 2: Example 1, results for different o

a it cg [loprox,, |l ) residual
1.00-10~* 5 41 4.57-1071 —4.70 1.61-10710
1.00-107 8 99 270-1071 -3.76  3.74-107°
1.00-107® 11 153 8.74-1072 -3.35 1.40-1077
1.00-1077 15 239 2.22-1072 -3.29 1.27-107°
1.00-107% 20 302 4.23-1073 -3.28 211 -107°
1.00-107% 21 328 6.02-107* -3.28 1.82-1071°
1.00-1071° 20 294 6.01-107° -3.28 1.47-107°

Table 3: Example 1, results for different «, variational discretization

That lead us to consider a nested iteration approach: here the iteration for some value @ = 10~ (k*1
is started with the result for the value o = 107%. The results can be found in Table 5. There the column
‘iterations’ denotes the number of iterations when started with the solution of the previous iterations.
For this warm-started semismooth Newton the number of iterations per value of « stays constant. In
addition, the cumulated iteration numbers are still less than those for the experiment in Table 4, and
the inner CG iteration numbers do not grow as severely as in that setting.

For this example, the usage of the variational discretization did not give any advantage like in the
previous experiment, so we chose not to report the corresponding numbers.
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