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Abstract  This work is concerned with optimal control problems where the objective
functional consists of a tracking-type functional and an additional “multibang” regular-
ization functional that promotes optimal control taking values from a given discrete set
pointwise almost everywhere. Under a regularity condition on the set where these discrete
values are attained, error estimates for the Moreau-Yosida approximation (which allows
its solution by a semismooth Newton method) and the discretization of the problem are
derived. Numerical results support the theoretical findings.

1 INTRODUCTION

We consider linear-quadratic optimal control problems where the optimal control is only allowed
to take values at discrete values u; < - -+ < ug € R with d € N. Such problems occur, e.g., in
topology optimization, nondestructive testing or medical imaging; a similar task also arises as a
sub-step in segmentation or labeling problems in image processing. However, such problems
are inherently nonconvex and, more importantly, not weakly lower semi-continuous and hence
cannot be treated by standard techniques. A classical remedy is convex relaxation, where the
nonconvex constraint u(x) € {u, ..., uq} is replaced by the convex constraint u(x) € [u, uq4],
but this leads to ignoring the intermediate parameter values. In 3, 5-8], it was therefore proposed
to promote all desired control values using a convex multibang penalty

Gu) : L*(Q) - R, u— /g(u(x)) dx,
Q

for a suitable convex integrand g : R — R with a polyhedral epigraph whose vertices correspond
to the desired control values uy, . . ., ug. We thus consider the multibang control problem

1
1.1 min —||Ku - z||% + aG(u
(11) ueL2<Q)2” Iy (u)
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witha > 0,z € Y for a Hilbert space Y,and K : L?(Q) — Y alinear and continuous operator (e.g.,
the solution operator for a linear elliptic partial differential equation). Just as in L! regularization
for sparsity (and in linear optimization), it can be expected that minimizers are found at the
vertices of G, thus yielding the desired structure. Furthermore, it was shown in [3, 4, 7] that
this leads to a primal-dual optimality system that can be solved by a superlinearly convergent
semismooth Newton method in function space [14, 22] if a suitable Moreau-Yosida approximation
(of the Fenchel conjugate G*, see Proposition 2.3 below) is introduced. It turns out that this
approximation can be expressed in primal form as

1 Y
1.2 min —||Ku - z|% + aG(u) + & ||u||?
(12 Jmin Sk =zl + oG + Ll g
for a parameter y > 0. We remark that this approach (i.e., applying the approximation to G*
instead of G) does not destroy the non-differentiability of G and hence preserves the structural
properties of (1.1). Standard lower semicontinuity techniques can then be applied to show that
the solutions to (1.2) converge weakly to the solution to (1.1) as y — 0; see [7, § 4.1]. The aim of
this paper is to establish strong convergence and in particular approximation error estimates
for |la — uy ||2(q).-

Let us recall some literature and already known results. For the case d = 2 we obtain the
minimization problem

09 w2, g~ Al

and if the associated adjoint state p(x) # 0 almost everywhere, it is well-known that @ exhibits
a bang-bang structure, i.e. @(x) € {uy, uy} almost everywhere. This problem has been studied
intensively in the literature, see [20, 21, 23, 25, 26] and the references therein. Note that this list
is far away from being complete. For this problem a structural assumption has been established
in [25, 26], which controls the behavior of the adjoint state around a singular set and guarantees
that the optimal control # exhibits a bang-bang structure. Using this assumption, error estimates
for the approximation of (1.3) can be proven; see [25]. A related question is the Moreau-Yosida
approximation of state constraints; see [10, 11].

Ifd =3 and u; < u; = 0 < us, the problem (1.1) resembles the minimization problem

1
(1) Jmin, = [1Ku =2l + alull,
see, e.g., [20]. The structural assumption used to prove error rates for the approximation of (1.3)
can be generalized to problem (1.4). Again, approximation error estimates can be proven; see
[23, 25, 26] and the reference therein.

We will generalize this structural assumption to the multibang control problem (1.1). We will
show that this assumption is sufficient to guarantee that an optimal control @ of (1.1) satisfies
a(x) € {w,...,ug} for almost all x € Q. Furthermore, we will use this condition to prove
approximation error estimates of the form

I -yl = O (v¥)



with a constant k > 0 depending only on the structural assumption.

The paper is organized as follows. In Section 2 we recall some preliminary results which
are needed for the convergence analysis. Our structural assumption is introduced in Section 3
and used to derive the approximation error estimates. This is also the main result of this paper.
In Section 4, we establish discretization error estimates under our structural assumption. We
introduce an active set method for the solution of (1.2) and show its equivalence to a semismooth
Newton method in Section 5. Finally, numerical results to support our theoretical findings can
be found in Section 6.

2 PRELIMINARY RESULTS

Let u; < up; < -+ < ug be some given real numbers with d > 2, and let Q c R” be a bounded
domain. Following [3, 5-7], we define the piecewise linear function

o(0) = {%((u, +Uiy1)0 — uiir1) ifv € [u,uin], 1<i<d,
‘ else.

As the pointwise supremum of affine functions, g is convex and continuous on the interior of
its domain dom(g) = [uy, ug]. Hence, the corresponding integral functional

G:LY(Q) - R, ur | glu(x))dx,
/

is proper, convex and weakly lower semicontinuous as well; see, e.g., [2, Proposition 2.53].
We now consider the problem

(2.1) min l||Ku - zlli + aG(u)
uel(Q) 2
with a parameter ¢ > 0. Standard semi-continuity methods then yield existence of a minimizer
4, which is unique if K is injective; see [7]. We will later impose a condition which guarantees
that @ exhibits a multibang structure, i.e., @#(x) € {uy, ..., uq} for almost every x € Q.
Let us further define the set

U == {u € LX(Q) : uy < u(x) < ug} = co {u e L*(Q) : u(x) € {uy, .. .,ud}},

where co denotes the convex hull. It is clear that (2.1) is equivalent to the problem

1
P min —||Ku - z||? + aG(u).
(®) min 2 [Ku— [} + aGw)
We will use this equivalent formulation to derive variational inequalities which will be useful in
the convergence analysis. Standard convex analysis techniques then yield primal-dual optimality
conditions; see, e.g.,[3, 7]



Proposition 2.1. Define the sets

a

Q1 := {q g < S+ uz)},

o a .

Q; = {q : E(ui_l + ui) <q< E(ui + u,-+1)} , l<i<d,
o

Qq = {q q > E(ud—l + ud)},
o

Qi,iv1:= {q 1q = E(ui + ui+1)} .

Let @ € Uyq with associated adjoint state p := K*(z — Kat). Then @ is a solution to (P) if and only if

] {{ui} ifp(x)eQ 1<i<d,
u(x) € i
[ui, ui]  ifp(x) € Qi1 1<i<d.

It is clear that the optimal solution # is uniquely determined by the adjoint state on the sets
{x € Q: p(x) € Q;}. We see furthermore that @(x) € {uy, ..., us} almost everywhere on Q if
meas{x € Q : p(x) € Q; ;+1} = 0forall1 < i < d. Hence @ has a multibang structure in this case.
In the following, we will make use of this relation to construct a suitable regularity condition
on these sets.

(2.2)

Remark 2.2. Although the dependence of the optimal controls on « is not the focus of this work
- see instead the earlier works [5-8], and, in particular, [3, Section 5] — let us recall the essential
features for the sake of completeness. First, note that « enters the optimality conditions (2.2)
only via the case distinction for the sets Q; and Q; ;1. Specifically, increasing the value of
shifts the conditions on p so that desired control values u; of smaller magnitude are preferred.
Conversely, for « — 0, these conditions coincide with the well-known optimality conditions
for bang-bang control problems where only Qy, Q4, and Q; 4 are relevant; see, e.g., [21, Lemma
2.26]. This implies that apart from singular cases where meas{x € Q : p(x) = ¢} # 0 for some
¢ € R, the value of a does not influence the “ strength” of the multibang penalty in enforcing
the desired control values but only the specific selection among these values.

We next introduce the Moreau—-Yosida approximation of (P) with a regularization parameter
y >0,
) min = |Ku - 2||% + aG(u) + L [lul]

Y el 2 Y 27 Q)
As for (P), arguments from convex analysis lead to the following optimality conditions; see [3,
7).
Proposition 2.3. Define the sets

0 = s < § ((1+2L)u )}

0 = {a: 5 (s (1+25) ) < < 5 (1425w wu).
I {q:%((uz )ul+u,+1)<qs%(ui+(1+2£)ui+l)},
0 =+ (w+ (1+25) o) <)



Letu, € Uy,q with associated adjoint state p, := K*(z — Ku, ). Then u, is a solution to (Py) if and
only if

ifpy(x)€Qf 1<i<d,

Uj
= W= {% (py (x) = G(ui + uir1))  ifpy(x) € Qiim 1<i<d.

We remark that (2.3) is the explicit pointwise characterization of u, € (9G*),(p,), where
(0G™), denotes the Yosida approximation of the convex subdifferential (which coincides with
the Fréchet derivative of the Moreau envelope) of the Fenchel conjugate of G, which justifies
the term Moreau—Yosida approximation; see, e.g., [3, § 4.1].

We can also derive purely primal first-order optimality conditions for (P) and (P)) in terms of
variational inequalities using standard arguments as in, e.g., [21, Thm. 2.22].

Proposition 2.4. Let # and u, be solutions of (P) and (P,) with associated adjoint states p :=
K*(z — Kui) and p, := K*(z — Kuy ), respectively. Then,

(=p,u—@)2q) +aG (@u—u) 20 forallu € Uy,

(—py +yuy,u— uy)LZ(Q) +aG (uy;u—uy) >0 forallu € Uyg.

Here, G’(ii; u — @) denotes the directional derivative of G at @ in direction u — @, which will
be characterized in the following lemma. Note that for @, u € U,q we have u — @ € Ty, (i) for

S N

i.e., the tangential cone to U,q in the point u. It thus suffices to consider directional derivatives for
directions in Tyy,,, which helps to avoid unnecessary case distinctions in the proof. Furthermore,
since Uyg C L*(Q), we only have to consider directions in L*(€2). In the following, all pointwise
expressions and calculations are understood in an almost everywhere sense.

Lemma 2.5. Let u € Uyq and define the sets

Si={xeQ:ulx)=u}, i=1...,d,
Ti={xe€Q:u; <ulx)<ujy}, i=1...,d—-1

The directional derivative of G in direction v € Ty,,(u) N L*(Q) is then given as

/

d 1 1
+ —(u; + ujp)v(x) dx + —(uj_1 + u;)v(x)dx| .
21 / 2 1 / 2

Siﬁ{UZO} Siﬂ{v<0}

QU

-1

G'(u;v) = (ui + ujpr)o(x) dx

N | =

[

1

1l
—



Proof. We use the definition of the directional derivative and of the sets S; and T; to obtain

G'(uv) i= lim % (Glu + pv) — G(w))

1 d-1 d
= lim — - dx - dx|.
Jim > Z T/ (9(u(x) + po()) = g(u(x) +Z S/ (9(u(x) + po(x)) — g(u(x))) dx

We now make use of our assumption that v € Ty,, N L*(Q). For such a v, we can find a p > 0
such that u + pv € U,y. Note that this is a pointwise condition, which we are going to exploit in
the following. We have to differentiate between several cases.

(i) First, assume that x € T; with 1 < i < d—1. For p small enough we then get u(x) + pv(x) €
[u;, u;11]. Hence we obtain

9ux) + po(x) = g(u()) = 5 (s + ) ux) + pol)) = i)
- 2+ wr)ux) - i)
o = L+ uiayoo).

which yields

lim [ (g(ux) + poto) - (a0 dx = [ 5w+ wseyote) .
T;

T;

(i) Now assume that x € S; with 1 < i < d. Then by definition, u(x) = u;. Here we have to
further differentiate between three cases.

v(x) = 0: Here we obtain u(x) + pv(x) = u(x), leading to
9(u(x) + po() ~ g(u(x) = 0.
v(x) > 0: Here we obtain u(x) + pv(x) € [us, ui1] for p small enough, leading to
9(u(x) + o)) = g(u(x)) = L + o).
v(x) < 0: Here we obtain u(x) + pv(x) € [u;_1, u;], leading as in (2.4) to
g(u(x) + o)) = g(u(x)) = £ + uo().

Combining all three cases yields

tim £ g(utx) + pote) = o) d
Si

= / %(u,- + u;)o(x) dx + / %(UH +u;)v(x) dx.

Sin{v>0} Sin{v<0}



(iii) We are left with the special cases x € S; for i = 1 and i = d. We only consider the case
i = 1as the case i = d is similar. Hence we assume x € S;, which implies u(x) = u.
Since v € Ty, (u), we have that v(x) > 0. If v(x) > 0, we obtain for p small enough that
u(x) + pv(x) € T; holds, leading to

g(u(x) + po(x)) - gu() = s + u)o()
and similar if v(x) = 0. This leads to
tim 2 (a0 + pot) = guN) e = [ S+ ot .
Sy S1

A similar argument for the remaining case i = d finishes the proof. O

3 REGULARITY ASSUMPTION AND ERROR ESTIMATES

We now extend the active set condition from [25, 26] to the multibang control problem. From
Proposition 2.1, we see that the optimal control # is not uniquely determined by the adjoint
state p on the singular sets Q; ;+1. We therefore need to control the way in which p “detaches”
from these sets. This motivates the following assumption.

Assumption REG. For the solution # to (P) with adjoint state p = K*(z — Ki) there exists a
constant ¢ > 0 and k > 0 such that

meas (G {x eEQ: |ﬁ(x) - %(ui +uin)| < s}) < ce”

i=1
holds for all £ > 0 small enough.

Note that if @ satisfies this assumption, the sets Q; ;+1 have Lebesgue measure zero. Hence,
# is multibang by Proposition 2.1. In addition, we have the following result, which is a direct
consequence of meas{x € Q : p(x) € Q; j41} = 0.

Lemma 3.1. Assume u satisfies Assumption REG. Then p(x) € Q; if and only if i(x) = u; holds
almost everywhere in Q.

Following [9, Lemma 1.3], we can derive a sufficient condition for Assumption REG.

Theorem 3.2. Suppose that the adjoint state p € C1(Q) and satisfies

miI£1|Vp(x)|>0 foralli=1,...,d -1,
x€eK;

where “
K; = {x e Q ZP(X) = E(u,- + ui+1)} .

Then Assumption REG holds with k = 1.



Proof. Define for t € R the level sets F; := {x € Q : p(x) = t}. Now we use a continuity
argument to obtain constants &y, cp, C > 0 such that for all |t — %(ui + u41)| < & and all
1 < i < d there holds

[Vp(x)| = ¢o >0, H"(F) <C,

where H"! is the (n — 1)-dimensional Hausdorff measure. In the following, we denote by 1¢ the
characteristic function of the set C, i.e., 1¢(x) = 1if x € C and 0 else. We now use the co-area

formula
/ h(x)|Vp(x)| dx = / / h(x)dH™ (x) |dt
Q —00 ‘l(t)

with the function

h(x) :=1g,, E;:= {x eEQ: |p(x) - %(ui +uin)| < 5} ,

to obtain forall1 <i <dand 0 < ¢ < g that

comeas () < [ 19p01dx = [ (Bt ) i < 2Ce
E; —£

holds. Since this holds for all 1 < i < d, the Assumption REG now follows with k = 1. O

We now establish error estimates for the approximation (Py) of (P). For this purpose, we first
derive a stronger version of Proposition 2.4. The next result, which is similar to ones in [18, 19],
is the most important tool in the convergence analysis.

Lemma 3.3. Assume that the solution i to (P) satisfies Assumption REG. Then,

1+4

(_p’ u- a)LZ(Q) + OCG’(ﬂ;u - L_l) 2 CA”H - aHLl('EZ) Vu € Uy

with a constant c := ca(x) > 0.

Proof. First, recall that Assumption REG implies that @ has a multibang structure. Furthermore,
using Lemma 3.1 we obtain with the definition of Q; and S; in Proposition 2.1 and Lemma 2.5,
respectively, that a(x) € S; if and only if p(x) € Q;. Now we use Lemma 2.5 and the fact that
u -1 € Ty, (#1) to compute

(=p,u — @)r2(q) + aG' (@ u — @)
= [0+ S+ ) ) - e
{peQr}

+ / (—p(x) + %(ud—l + ud)) (u(x) — @)(x) dx
{peQa}

d-1 a
+ Z / (—ﬁ(x) + E(“i + ui+1)) (u(x) — u(x)) dx

=2 (e} {u-a=0}

+ . / (—ﬁ(x) + g(ui—l + ui)) (u(x) — a(x)) dx.
{peQ;i}n{u—-u<o}

1

Do

QU
—_

I
o

8



Here we have abbreviated the sets {p € O} := {x € Q : p(x) € Q1} and similar for the other
sets. Recall that by definition, p(x) € Q; implies that —p(x) + 5 (u; + uz) > 0. Furthermore, we
know that @(x) = u, leading to u(x) — @i(x) = u(x) — uy > 0. We similarly obtain on Q4 that
—p(x) + F(ug—1 + ug) < 0 and u(x) — @(x) = u(x) — ug < 0. Finally, if p(x) € Q; for1 < i < d,
we obtain that » u

E(ui—l +u;) < px) < E(ui + Ujt1),

which leads to

—p(x) + %(ui +ui41) >0 and - p(x)+ %(ui_l +u;) < 0.
This allows us to write

(=p,u —@)2(q) + aG' (@ u — @)
= [+ S ) ) - o x
{peQn}

[ o+ S+ ot - atwl ax
{PeQa}

+ f / ‘—ﬁ(x) + %(ui + Ujy1)

=2 (5e0:)n{u-a20}

|u(x) — a(x)| dx

* Z / |—ﬁ(x) + g(ui—l + ui)’ lu(x) — a(x)| dx.

=2 (peQiIn{u—a<0}

=2
d-1
i=2

Now let ¢ > 0 and consider the set
a
Qf = {qqs E(u1+uz)—£} CQl.

Let p(x) € Q;. Together with —p(x) + §(u1 + up) > 0, this implies that

[=p) + S + )| = =)+ S+ ) >

leading to
/ |—l3 + %(Ul + u2)| |u —a|dx > / |—]3 + %(ul +up)| |u — | dx
{peQi} {PeQi}
> € / |u — @l dx.
{peQf}

We similarly define
a
Qy = {q > E(ud—l +ug) + e},



leading to

_ [24 _ _
[ |0+ Gtuas + wa| oy - awlax e [ jueo - atol d
{PeQa} {peQs}
aswellasforl1<i<d
a o
Q; = {5 + 5(“1‘—1 tu)) <q< E(Ui + Uiv1) — f} C Qi

The latter leads to

_ a _ a
|—P(X) + E(ui +ujp)| = —p(x) + E(ui +Uj1) > €,

|50 + S+ )| = ) = St ) > 6

and therefore

|u(x) — a(x)] dx

/ |—[3(x) + %(ui + Ujt1)

{peQi}n {u-n20}
|u(x) — a(x)| dx

_ a
+ / ‘—P(x) + E(ui—l +u;)
{peQ;n{u-u<0}
> € / lu(x) —a(x)| dx + ¢ / lu(x) — a(x)| dx
{peQ; In{u-ux0} {peQi In{u-u<0}
=¢ / lu(x) — a(x)| dx.
{peQ;}

We now combine all these estimates to obtain

(=p,u — @)2(q) + aG' (@ u — @)

M&

>e€ / lu(x) — a(x)| dx
=lipeor)
d
y / () — ()| dx - / ju(x) - a(0)] dx
= \peoi (peQiN\{pe0?}
d
= ellu — o) — € lu(x) — a(x)| dx
i=1

{PeQi\{peQ;}

d
> ellu = il = ellu — @l ) | / tdx.
=lpe0i N\ {peos

10



where we have used the L”-boundedness of u — @ in the last step. We now use Assumption REG
to estimate the remaining sum, yielding

d d-1

Z / 1dx = meas (U {x eQ: ‘ﬁ(x) - %(ui +ujy)| < 5} < ce®.

Hpeoin(peos ) =
Summarizing, we have for a constant ¢ > 1 that

(—p.u — @)p2q) + aG (Iu — @) > ellu — il q) — ce*™!
and hence setting
€= c_%||u u||L1(Q)
finishes the proof. O
We now have everything at hand to prove approximation error estimates.

Theorem 3.4. Let u be a solution of (P) with corresponding state y := Ku and assume that

Assumption REG is satisfied. Furthermore, letu,, be the solution of (P,) fory > 0 with corresponding
state y, := Kuy . Then there exists a constant ¢ > 0 such that
“llyy =3I+l = @l + = allfag < e
y v = Yly y u, — uLl(Q) uy = Ullpaq) < v
Proof. First note that G is a convex function and hence that
G'(a;uy — ) + G'(uy; 4 —uy) < 0.
We thus obtain from Proposition 2.4 and Lemma 3.3 that

(~pou— D)o + aG'(@u — ) 2 calluy —all)s,  Vu € U,

Ll(Q)
(=py>u—uy)r2) + aG'(uy;u —uy) + y(uy, u —uy)r2q) = 0 Vu € Uyg.

Inserting u = u, and u = @ into two above inequalities, respectively, and then adding both yields
(=p +pyruy — W20y + (G (@ uy — @) + G (uy; 0 —uy)) + y(uy, @ — uy)r2 (o)
> callay -l
We now use the definition of p = K*(z — K#) and p, = K*(z — Ku, ) to deduce that
(=p + pysuy = D20y = ~llyy = JIIy-

Hence, by adding y||a — to the inequality above and rearranging terms, we obtain that

2
u)/ ||L2(Q)

_ s _ . _ , _
lyy = 7115 + calluy, - allpagy + vlluy = llf2q) < (G (@;uy — @) + G'(uy; @ — uy))
+ )/(ﬂ, u-— uy)LZ(Q)
< }/(L_l, u-— uy)LZ(Q)

<cyllu, - ﬁ||L1(Q)

€A K+1
< Dy a5 ey

11



where we have used Young’s inequality in the last step. The stated inequality now follows
immediately. O

4 DISCRETIZATION ERROR ESTIMATES

In practice, the exact operator K is not realizable, and a discretization K}, : L*(Q) — Y, with
finite dimensional range Y, must be employed. Denote by u, ; the solution of the discrete
problem

.1 2 Y2
(Py,n) min Sl1Kau = zlly + aG) + 2 llullzq

with corresponding state y, , := Kju, j and adjoint state p,,  := K;‘l(z—yy, r). If K is the solution
operator of an elliptic partial differential equation and K}, its finite element discretization as in
the next section, (P, ) can be interpreted as a variational discretization [12, 13].

We assume that for all & > 0, the estimate

(4-1) (K = Kp)uy,nlly + 1K™ = Kp)(y,n = 2ll12q) < 5(h),

holds uniformly for all y > 0 with a monotonically increasing function 6 : Ry — R such that
6(0) = 0. Note that this approximation condition only needs to be satisfied for the solutions
to the discretized problem (P, ;). However, as in [23] the condition can also be replaced by a
corresponding uniform condition for the solution to the continuous problem (P, ).

Now, we follow [23, Proposition 1.8] and estimate the discretization error for the solution to

(Py).
Theorem 4.1. Forally > 0 and h > 0 there holds
19y = Yy onlly + yllay =ty 422y < L+ y)S(RY

Proof. With u, j, and u, solutions to (P, 1) and (P)), respectively, we have from Proposition 2.4
that

(—py,h + YUy by Uy — uy,h)Lz(Q) + aG'(uy,h;uY —Uy.p) 20,
(=py +yuy,uy n - uY)LZ(Q) +aG' (uy;uy,p —uy) > 0.

Adding these two inequalities, substituting p, » = —Kj (Kpuy,n — 2), p, = —K*(Kuy — 2), and
using the convexity of G then yields

(K,*I(Khuy,h —2) + YUy pUy — uy,h) + (K*(Kuy —2) + YUy, Uy — uy)
> —a (G'(uy p3uy —uy p) + G (uysuy,p —uy)) > 0.
We thus obtain that
vlluy.n = ”y||1%2(9) < (K (vy.n = 2) = K*(vy = 2), uy —uy p)

< ((Ky = K)y.n = 2)ty = uy ) + (K (vy.n = yy)sthy =ty 1) -

12



The rest of the proof follows similarly to the proof of [23, Proposition 1.6]. The first term on the
right-hand side is estimated by the Cauchy-Schwarz inequality and the inequality (4.1) as

((Kh -K )(yy,h - 2), Uy — uy,h) < EHuy,h - uy”iZ(Q) + 55(’1)2

Rewriting the second term and using again the Cauchy-Schwarz inequality combined with the
inequality (4.1), we obtain

(K*(}’y,h - y;/), Uy — uy,h) = _HYy - Yy,hH?/ + (Yy ~ Vy,h» (Kp - K)uy,h)
1 1
< = llyy = vyl + 5"
Adding these two estimates, we finally arrive at

1 2 Y 2 1 1 2
My = vyl + Ly =yl < (5 . 5) S(hy. o

Combining the approximation error estimate from Theorem 3.4 and the discretization error
estimate from Theorem 4.1, we immediately obtain the following result.

Theorem 4.2. Ifu satisfies Assumption REG, then
1 - _ - -
;H)’y,h =I5 + lluyn = @llfaq) < e (y @+ y ™SR +y¥)

holds for ally > 0 and h > 0.

5 ACTIVE SET METHOD FOR THE REGULARIZED PROBLEM

Let us now consider the special case where y = Ku is given as the unique solution of the partial
differential equation

Ay=u in Q,
(51) {

y=0 on 0Q.

with A being a second-order linear differential operator, e.g., A = —A. In this case, the optimality
conditions from Proposition 2.3 can be solved using a superlinearly convergent semi-smooth
Newton method in function space; see [3, 6, 7].

We recall that (2.3) can be written as u, = Hy (p,) for H, : L"(Q) — L*(Q) with r > 2,

U; if p(x) € Qf, 1<i<d,

[H}/(p)](x) = {% (p(x) . %(ui + ui+1)) lfp(x) c le,i+1’ 1<i<d,

where p, € Hy(Q) is the solution to the adjoint equation

(5.2)

Ap=z-y, in Q,
p=0 on 0Q,
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and y, is the solution to (5.1) with u = u,. From the regularity theory for (5.2), the Sobolev
embedding H}(Q) < L"(Q) for some r > 2, and the general theory of semi-smooth Newton
methods in function space [22], we deduce that the superposition operator H, is Newton
differentiable from L"(Q) to L?(Q) with

if p(x) Ql R

else.

Lh(x)
[DnHy (p)h](x) = {g

A Newton step for the solution of (P,) can therefore be formulated as

-Id A 0 uk+l — yk Ayk _yuk
(5.3) 0 Id A ye gk | = Clarpk 4k 2
0 A -=DnH,(p*))\pr - pk Ayk — H, (p*)

In [3], this was reduced to a symmetric system in (y, p). Here, we instead consider an equivalent
primal active set formulation that has proven to be more robust for small values of y and h. In a
slight abuse of notation, we introduce

Q{F::{er:pk(x)te;V}, 1<i<d,
and similarly for sz, ++1- The following algorithm is an extension of the one proposed in [20] for
G(u) = |lullyq)-

Algorithm 1. Choose initial data u°, p® and parameters a, y, set k = 0 and compute the sets Q¢
fori<i<dandQ), for1<i<d.

1. Solve for (u*+, yk“,pk“, pLa! satisfying

Ayk+1 _ k+1 =0,
(5.42) *p’““ —z=0,

—pFt k4 g2 = o,

d-1 d d-1
1
(5.4b) (1 - E 1]Qk) Al ( - Z ﬂQfM) uk+t = E ﬂQl{cui +3 E ﬂQlkm(ui + Ujs1),
’ i=1 i=1 ’

i=1
2. Compute the sets Q%*! for 1 < i < d and it for1<i<d.

3. IfQF = QF* for1 < i < d and QF
set k = k + 1 and go to step 2.

= QF*! for1 < i < d, then go to step 4. Otherwise

i,i+1 i,i+1

4. STOP: uf*! is a solution of (Py).

The stopping criterion yields solutions of (P)).
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Lemma 5.1. If

QF =0k 1<i<d,
ok Ol 1<i<d,

ii+1 = ¥i,i+1

then the solution (u**, p*') computed from (5.4) satisfy (2.3). In particular, u**' is a solution to
(Py).
Proof. Since for fixed Qf.‘ and QF . . the solution of (5.4) is unique, we have (u¥, y*, p¥) =

i,i+1

(uk*1, y*+1, pk+1) Inserting this into (5.4b) and comparing with (2.3) yields the claim. |

We now show that Algorithm 1 coincides with a semi-smooth Newton method, which implies
locally superlinear convergence.

Theorem 5.2. The active set step (5.4) is equivalent to the semi-smooth Newton step (5.3).

Proof. Clearly, the first two equations of (5.3) are equivalent to the first two equation of (5.4a).
It therefore remains to consider the last equation, which is given by

(5.5) AR = y8) = DNHy (pF) (" = p*) = —Ay* + Hy ().

Let us define the function

Ak“(x) — _é (_pk+1(x) + )’uk+1) ifxe Qf,
: 1 . k
3 (Wi + i) ifx € Qf 14y

We now make a case distinction pointwise almost everywhere.

(i) Ifx € sz’ (5.5) reduces to [Ay**!](x) = u;, and from the first line of (5.3) we obtain
uF+(x) = u;.

(i) Ifx € sz,z'+1> (5.5) shows that
yuF () - pF(x) + %(ui + ui1) = yuF(x) — pF U (x) + adF (%) = 0.

Hence the third row of (5.3) is equivalent to (5.4b). In both cases, we obtain from the definition

of 2%+ that
_pk+1 + yuk+1 + aAk+1 =0,

which finally gives (5.4a) and therefore the claimed equivalence. O

6 NUMERICAL RESULTS

In this section we present some numerical results and convergence rates. Let Q@ ¢ R? be a
bounded Lipschitz domain and K be the operator mapping u to the weak solution y of

-Ay=u in Q,
(6.1)
y=0 on 0Q.
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(a) adjoint state, Example 1 (b) control, Examples 1 and 2 (c) adjoint state, Example 2

Figure 1: constructed optimal adjoint states p and optimal control @

The operator K}, is correspondingly defined via the Galerkin approximation of (6.1) using linear
finite elements on a triangulation of Q, which is chosen in such a way that the approximation con-
dition (4.1) is satisfied; see [23]. For the multibang penalty, we take (uy, ..., us) = (-2,-1,0,1,2)
and a = 2. We implemented Algorithm 1 in Python using DOLFIN [16, 17], which is part of the
open-source computing platform FEniCS [1, 15]. The linear system (5.4) arising from the active
set step is solved using the sparse direct solver spsolve from SciPy. The code used to obtain the
following results can be downloaded from https://github.com/clason/multibangestimates.

Example 1: k =1 We first consider Q = (0, 1) and define

plx) = (%x) ﬂ[o’%)(x)
+ (=72 + HPE —13122x% + 54675x” — 11537x" + F5Hx°) T2 3(x)
+ (20079 +136062x — 367416x" + 494262x” — &%y + THHx%) Ty 1(x)
y(x) := sin(27x)
eq == —Ay —1i,
z:=—Keq — Ap + 7,

see Figures 1a and 1b. Note that p, 7 € C?(Q), and that @ and p satisfy the optimality conditions
in Proposition 2.1. Hence, (@, p) are a solution to (P). From Theorem 3.2 we further deduce that
Assumption REG is satisfied with k = 1.

We now compute the solution of (P, 1) for different values of h, where Q is divided into
equidistant elements with mesh size h. From Theorem 3.4 we expect that the numerical conver-

gence rate
1 1 ”uy/2,h - a”i2(9)
T log2) "

||uy,h - 17!”12‘2(9)
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Table 1: computed numerical order of convergence for different A

(a) Example 1 (b) Example 2
Ky.h Ky h
y\h 1074 107° 10°° y\h 107* 107° 10°¢
274 1.0143 1.0142 1.0141 274  0.4679 0.4679 0.4679
27 1.0028 1.0008 1.0007 276 0.3993 0.3992 0.3992
278 1.0211 1.0004 0.9998 278 0.3668 0.3665 0.3664
2710 0.9295 1.0038 0.9989 2710 0.3509 0.3518 0.3513
2712 0.6828 1.0049 0.9954 2712 0.3379 0.3470 0.3453
274 0.0 0.9592 0.9917 2714 0.3293  0.3496 0.3424
2716 0.0 —0.0096 0.9701 2716 0.2986 0.3649 0.3413
278 0.0 0.0 0.1308 2718 0.1774  0.4122 0.3274

satisfies k, , > k = 1. We compute k, j for different but fixed mesh sizes h. Due to the
discretization error, we expect a certain saturation effect for small y; see Theorem 4.2. Note that
for d = 2, it is known that Assumption REG is not only sufficient for convergence rates similar
to Theorem 3.4 but also necessary for high convergence rates; see [24]. Hence, we expect that
ky,n ® 1, which can be observed from Table 1a and Figure 2a. In addition, the discretization
error dominates for small y as expected.

Example 2: k <1 We also consider an example where Assumption REG is only satisfied with
k < 1. The idea is to violate the assumption of the sufficient condition presented in Theorem 3.2.
We modify the adjoint state p from Example 1 to

plx) = (Fx) T, 02) (x)

266085x 4332593x4 + 1352765x3 2042137x2 + 6812x _ 17()3) 1 3 2 (x)

+

11334492x° — 14168034x* + 7054821x° — 34%8235,% 194345°x— 860051)1] 23 (x)

81
()

+

11334492x° + 17316666x" — 10553301 + $43635x% _ 1457650 4 528697 =
8

\DIW

+

I0917 45 4 696195x* — 085353 4 91018252 — 1250y 4 27761) 1][§ i)(x)
99

+

707859 5 2143821x4 _ 2603285.7(3 + 157;075)(2 _ 710;304

256331
1
x+ 25%) 2.6

+

11340324x° + 39376206x" — 54660123x° + 2833981, 2 _ 39434798, | 16396175 ﬂlg Q)(x)
9°18

+

11340324x° — 42526134x* + 63759915x° — 29321972 . 161022862, _ 433967467 ) T3 7,(x)
1879

+

265356)(' 22221101x4 + 3713707 3 1549124)( + 11616563x _ 17319652339) 1][

+
(
(-
(-
+ (- 18x+9)1] s 5)(x)
(-
(-
(
(
(

+ %x—2) (x)
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(a) Example 1 (b) Example 2

Figure 2: discretization and approximation error ||u, , — || for different y and h

2
LX(Q)

see Figure 1c, while the remaining functions remain unchanged. Note that for, e.g., X := %,
we obtain p’(x) = 0 and p(x) = 3, which violates the assumption of Theorem 3.2. Hence we
expect that k < 1 holds, resulting in a much slower convergence speed; see Theorem 3.4. This is
corroborated by our numerical results: We obtain x;,  ~ 0.35 < 1, which can be seen in Table 1b
and Figure 2b. Due to the slower convergence speed, we do not observe a saturation effect for
the chosen range of y and h.

7 CONCLUSIONS

For optimal control problems with a convex penalty promoting minimizers that pointwise
almost everywhere take on values from a given discrete set, Moreau-Yosida approximation
allows the solution by a superlinearly convergent semi-smooth Newton method. On a structural
assumption on the behavior of the adjoint state near singular sets, convergence rates as the
approximation parameter y — 0 can be derived. The same assumption also yields discretization
error estimates for fixed y > 0. Numerical experiments corroborate the predicted rate.

This work can be extended in a number of directions. First, an active set condition similar to
Assumption REG was derived in [19] for the approximation of bang-bang control of a semilinear
equation and could be adapted to the multibang control setting. Of particular interest would be
the extension to problems where the control enters into the principal part of an elliptic equation
as in the case of topology optimization problems [5, 7].

On the other hand, the applicability of the multibang penalty G to the regularization of
inverse problems was demonstrated in [3]. There, a condition related to Assumption REG was
used to derive strong convergence as @ — 0, albeit without rates; and a natural question is
whether the more quantitative Assumption REG would allow obtaining such rates at least in
L%(Q). Finally, combined regularization, approximation, and discretization estimates for the
convergence (@, y, h) — 0 would be highly useful.
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