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In this paper, we show how a special class of inverse optimal control prob-
lems of elliptic partial differential equations can be solved globally. Using the
optimal value function of the underlying parametric optimal control problem,
we transfer the overall hierarchical optimization problem into a nonconvex
single-level one. Unfortunately, standard regularity conditions like Robin-
son’s CQ are violated at all the feasible points of this surrogate problem.
It is, however, shown that locally optimal solutions of the problem solve a
Clarke-stationarity-type system. Moreover, we relax the feasible set of the
surrogate problem iteratively by approximating the lower level optimal value
function from above by piecewise affine functions. This allows us to compute
globally optimal solutions of the original inverse optimal control problem.
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1 Introduction

The aim of the inverse problem considered in this paper is the determination of finitely
many parameters in the cost function of a given optimal control problem of a linear
(partial) differential equation such that the resulting optimal state and control minimize a
given superordinate functional, e.g. the distance to given data functions, see Example 2.2.
In the context of human locomotion, similar inverse problems of ordinary differential
equations are considered in Albrecht et al. [2012], Albrecht and Ulbrich [2017], Mombaur
et al. [2010].

Due to their structure, the inverse problems of interest turn out to be so-called bilevel
optimal control problems, i.e. hierarchical optimization problems with two decision levels
where at least one decision maker has to solve an optimal control problem, see e.g. the
monographs Bard [1998|, Dempe [2002], Dempe et al. [2015], Shimizu et al. [1997] and
Hinze et al. [2009], Lewis et al. [2012], Troltzsch [2009], Troutman [1996] for detailed
introductions to bilevel programming and optimal control (of ordinary as well as partial
differential equations), respectively. Some more applications of bilevel optimal control
can be found in Fisch et al. [2012], Hatz [2014], Kalashnikov et al. [2015], Knauer and
Biiskens [2010] while necessary optimality conditions are the subject in e.g. Benita and
Mehlitz [2016], Mehlitz [2017]|, Mehlitz and Wachsmuth [2016], Ye [1995, 1997|. First
steps regarding inverse optimal control of partial differential equations were carried out
recently, see Harder and Wachsmuth [2018a], Holler et al. [2018]. Therein, the authors
heavily exploit the uniqueness of the lower level solution for any fixed upper level vari-
able and the properties of the associated solution operator. Note that optimal control
problems with variational inequality constraints like the optimal control of the obstacle
problem can be interpreted as bilevel optimal control problems as well, see Harder and
Wachsmuth [2018b| and the references therein.

To the best of our knowledge, there mainly exist methods for the numerical handling of
inverse optimal control problems of ordinary differential equations, see e.g. Albrecht et al.
[2012], Albrecht and Ulbrich [2017], Hatz [2014], Hatz et al. [2012]. These algorithms fo-
cus on the replacement of the lower level optimal control problem by means of optimality
conditions. This, however, is a delicate approach since the resulting surrogate problem
is not necessarily equivalent to the original bilevel programming problem anymore, see
Dempe and Dutta [2012], where the authors deal with this issue in the finite-dimensional
situation. Furthermore, there is an uncomfortable lack of convergence results.

In this paper, we will strike a different path to derive necessary optimality conditions
and to state an algorithm which can be used to solve a special class of inverse opti-
mal control problems of (partial) differential equations. For that purpose, the optimal
value function of the parametric optimal control problem (OC(z)) is used. The idea of
using value functions in hierarchical programming dates back to Outrata [1990]|. Here,
we first exploit the aforementioned optimal value function in order to transfer the given
hierarchical model (IOC) into an equivalent single-level program. Although the result-
ing nonconvex surrogate problem does not satisfy standard constraint qualification, see
Lemma 5.1 and Example 5.2, necessary optimality conditions of Clarke-stationary-type
can be derived via a relaxation approach, see Theorem 5.11. In our setting, the lower



level value function is convex which allows us to compute an upper approximation which
is piecewise affine. This idea is taken from Dempe and Franke [2016]. Afterwards, we
can decompose the obtained surrogate problem into finitely many convex optimal con-
trol problems which enables us to solve the relaxed surrogate problem globally. In an
iterative way, the upper approximation of the lower level value function is improved, see
Algorithm 1 for details. Finally, it is shown that the proposed algorithm converges to a
global solution of the underlying inverse optimal control problem, see Theorem 6.5.

The remaining parts of the paper are organized as follows: In Section 2, the precise
problem statement is presented. Afterwards, we clarify our notation and comment on
some preliminary results in Section 3. Section 4 is dedicated to the study of the prop-
erties of the lower level optimal value function. In Section 5, we transfer the original
inverse optimal control problem into an equivalent single-level optimal control problem
by exploiting the aforementioned value function. Furthermore, we discuss the properties
of the resulting surrogate problem. Using a relaxation approach, necessary optimality
conditions for (I0C) are derived for the special setting where U,q is a box-constrained set
in L2(9). Finally, we present a solution algorithm in Section 6. Its global convergence is
shown theoretically. An illustrative example is included in order to visualize the obtained
theory.

2 Problem statement

We consider the parametric optimal control problem (also called lower level problem)

f(@,y,u) = §lICly] — Pla]l3 + § llu — Q]I — min
Aly] — Blu] = 0 (OC(z))
Uu € Uyq

whose parameters x € R” have to be identified in the superordinate upper level opti-
mization problem

F(z,y,u) — min

x?y7u

r €S (10C)
(y,u) € ¥(x).

Therein, ¥: R™ = Y xU denotes the solution set mapping of the parametric optimization
problem (OC(xz)) and S C R"™ is a nonempty polytope, i.e. a compact polyhedron.

Before we comment on the inverse optimal control problem (IOC) in more detail, we
state the fundamental assumptions of this paper.

Assumption 2.1. Let Y, M, and U be Hilbert spaces. Furthermore, the objective func-
tional F': R"x Y xU — R is assumed to be continuously Fréchet differentiable and convex.
The set S C R™ is a nonempty polytope. Moreover, we fix an isomorphism A € LY, V*]
as well as continuous linear operators B € L [U,V*], C € L[Y,M], P € L[R", M|, and



Q € L[R™ U]. The set of feasible controls Usq C U is assumed to be nonempty, closed,
and convex. Finally, the reqularization parameter o > 0 is fized.

Due to Assumption 2.1, the lower level objective function f: R™ x Y x U — R is
continuous and convex.

Next, we present a specific setting of the data which shows the close relationship of
(IOC) and inverse control.

Example 2.2. Here, we comment on the inverse optimal control of Poisson’s equation.
Therefore, let Q C R be a bounded domain and choose the spaces Y := HL(SY) as well
as M = U = L*(Q). For some observed state y, € L*(Q)) and some observed control
uo € L2(2), we consider the tracking-type objective

V(x,y,u) € R" x Hy(Q) x LX(Q): F(z,y,u) =3 [y — yoll72(q) + 3 v — toll72(0 -
We set S := A™ where A™ represents the standard simplez, i.e.

xZO,zn:a:izl}.

=1

A" = {ZL‘ e R"

Furthermore, let C be the continuous embedding H} () — L*(Q) and let Q be the zero
operator. For fized form functions fi,..., fn € L*(Q), we define P € L [R",LQ(Q)] by
means of

Vz e R": Plx]:= infi,
i=1
i.e. the objective of the lower level problem (OC(x)) takes the following form:
R™ x HY(Q) x L*(Q) 3 (z,y,u) — 3lly— Z?:l%‘fi”iz(g) +3 HUH%Z’(Q) € R.

The operator B € L [L*(Q), H ()], where H™(Q) denotes the dual space of Hj(S2), is
the canonical embedding, i.e., the adjoint of C. Finally, A € L [Hé(ﬂ),Hfl(Q)] equals
the negative Laplace operator, i.e., we have <A[y],v)Hé(Q) = [o Vy(w) - Vo(w) dw for all
y,v € HE(Q).

In Mehlitz [2017], the author studies a bilevel programming problem which is closely
related to (IOC) in terms of necessary optimality conditions. Exploiting the fact that
under the postulated assumptions, (OC(z)) possesses a unique optimal solution for any
instance of the parameter x € R", the bilevel program is transferred into a single-level
problem by inserting the solution mapping of the lower level problem into the upper level
objective. It is shown that the lower level solution mapping is directionally differentiable
as long as U,q is polyhedric or, more general, if the projection onto U,q is directionally
differentiable in the sense of Haraux, see Haraux [1977]. Thus, the author is capable
of deriving necessary optimality conditions for the bilevel programming problem via its
implicit reformulation. However, the necessary constraint qualifications may fail to hold



in the special setting (I0C) since the upper level variable is finite dimensional while the
lower level variables are in general not.

Here, we want to use the so-called optimal value function ¢: R™ — R of the parametric
optimization problem (OC(z)) defined by

Vo € R™: ﬂm:mm&wm1ﬂm&+gwmw@

Mm—mm:o}

uEUad

in order to solve problem (I0C) globally. It is well known that the surrogate optimization
problem

F(x,y,u) — min

ZT,Y,u
relsS
fl@,y,u) —p(z) <0 (OVR)
Aly] = Blu] = 0
u € Uada

is equivalent to the model problem (IOC), see Dempe [2002]. Utilizing value functions
in bilevel programming dates back to Outrata [1990].

3 Notation and preliminaries

3.1 Notation

In this paper, we equip R", the space of all real vectors with n € N components, with the
Euclidean norm |-|,. The Euclidean inner product of two vectors z,y € R"™ is denoted
by x - y. The sets Rg and R, represent the nonnegative and nonpositive real numbers,
respectively. For some arbitrary Banach space X, ||| , denotes its norm. The set B ()
is the closed e-ball around Z € X w.r.t. the norm in X'. Let X* be the (topological) dual
of X. Then, (-,-)y : &* x X — R expresses the associated dual pairing. For some set
A C X, conv A, coneA,clA, int A, and 0A denote the convex hull of A, the smallest cone
containing A, the closure of A, the interior of A, and the boundary of A, respectively.
Furthermore, we define the polar cone of A by means of

A% :={z* € X*|Vx € A: (z",z), <0}.

Note that A° is a nonempty, closed, convex cone. Now, assume that A is convex and
fix a point z € A. We define the radial cone, the tangent (or Bouligand) cone, and the
normal cone (in the sense of convex analysis) to A at T via

Ra(Z) = cone(A — {z}),  Tal@) :=clRa(z), Na(@):=Ta(z)°.

Note that Na(Z) = (A — {Z})° holds.
For some other Banach space ), L[X,))] is the Banach space of all bounded, linear
operators mapping from X to ). For some operator F € L[X )], F* € L[V*, X*]



denotes its adjoint. The operators 0 € L[X,)] and Iy € L[X, X] represent the zero-
operator (which maps all elements of X to the zero in ))) and the identity operator
of X, respectively. For Banach space Xi,..., X, and Yi,...,YVmn as well as operators
Fi; e LX), i=1,...,m,j=1,...,n, we define the associated product operator in
LA X X X, V1 X -+ X VY] by

Fi1 ... Fin T Z?:lFl,j[xj]

Fm71 . Fm,n Tn Z?:lFm,j [.T]]

for all (z;)7_; € &1 x -+ x A, For a Hilbert space #, an operator G € L. [}, H*] is called

elliptic (or coercive) if there is a constant a > 0 such that
2
VeeH: (Gz],z)y > ozl

Recall that a mapping J: X — )Y is called Fréchet differentiable at £ € X if there
exists an operator J'(z) € L [X, )], which satisfies

|7 +d) — J@) ~ S @]l _

im 0.
lld] x N0 ldll »

In case of existence, J'(Z) is called the Fréchet derivative of J at Z. If the mapping
X >z J(x) e L[AX,)Y] is well-defined and continuous in a neighborhood of Z, then J
is said to be continuously Fréchet differentiable at Z.

Finally, we would like to mention that for an arbitrary domain Q c R?, L%(Q) is used
to represent the usual Lebesgue space of (equivalence classes of) measurable, square-
integrable functions. As usual, H}(f2) denotes the closure of C§°(2), the set of all
arbitrarily often continuously differentiable functions with compact support in 2, w.r.t.
the common H'-Sobolev norm, see [Adams and Fournier, 2003] for details. We use
H=Y(Q) := H(Q)* for its dual.

3.2 Preliminary results

Now, we take a look at the optimization problem

j(x) — mwin ®)
J(z) € C

where j: X — R as well as J: & — ) are continuously Fréchet differentiable mappings
between Banach spaces X and ) while C' C Y is a nonempty, closed, convex set. A
feasible point z € X of (P) satisfies the so-called Karush-Kuhn-Tucker (KKT for short)
conditions if the following holds:

M eN(J(@):  §'(@)+ @)\ = 0.



If z is a locally optimal solution of (P) which fulfills Robinson’s constraint qualification,
i.e. the condition
J'(@)[X] = Re(J(2) =V,

is valid, then the KKT-conditions are satisfied, see [Bonnans and Shapiro, 2000, Theo-
rem 3.9]. In the absence of Robinson’s constraint qualification, this result does not hold
in general. Further information on constraint qualifications and necessary optimality
conditions addressing optimization problems in Banach spaces can be found in Bonnans
and Shapiro [2000], Robinson [1976|, Zowe and Kurcyusz [1979].

In order to show the equivalence of certain constraint qualifications of Robinson-type
in the setting of product structures, the following lemma will be useful. Similar results
can be found in [Mehlitz, 2017, Lemma 3.4, Corollary 3.5].

Lemma 3.1. Let Banach spaces Xy, Xo, V1, and Yo as well as sets U C Xo and V C Y
be given. Moreover, let A € L[X1, 1], B € L[X2, 1], C € L[X1,)s], and D € L [X>, Vo]
be linear operators such that C is an isomorphism. We consider the following conditions:

65 (7) ()= G (1a)
(AoC™t o (=D) +B)[U] -V = . (1b)

Then, (1a) and (1b) are equivalent.

Proof. We show both implications separately.

“=—="" Assume that (la) is valid and choose y € );. Then, we find x € &}, u € U,
and v € V such that Alx] — B[u] — v = y and C[z] + D[u] = 0 are valid. Observing
x = (C"!o(=D))[u], we obtain (Ao C™ o (—D) +B)[u] — v = y. Consequently, (1b) holds.
“«<=". Next, we suppose that (1b) is valid and choose y; € )i as well as y, € Vs
arbitrarily. Due to the validity of (1b), we find @ € U and ¥ € V such that

Aoclo( D) +B)[a] — 7 =y1 — (AoC™ [y
holds true. Let us set Z := C™![ys — D[a]]. Then, we have C[Z] + D[&] = y2 and
B3] + B[] — 5 = (Ao C)ya] + (Ao L o (—D)) ] + B[] -
= (AoCY)[yo] +y1 — (Ao CT)[y2] = w1
This shows that (1a) holds. O

4 Properties of the lower level optimal value function

The following result follows by standard arguments which are, nevertheless, included for
the readers convenience.

Lemma 4.1. There are Lipschitz continuous functions ¥¥: R™ — Y and ¥*: R" — U
which satisfy ¥(x) = {(Y¥(x),v"(x))} for all x € R", i.e. the solution set mapping of
(OC(x)) is single-valued and Lipschitz continuous.



Proof. Let us first introduce the control-to-observation operator S := CoA~'oB € L [/, M|
of the lower level optimal control problem (OC(z)). Eliminating the state variable y, the
so-called reduced formulation of (OC(x)) is given by

3 IS[u] = Pla]lig + § llu = Qla]lly; — min
U € Uyq.

Observing that its objective function is continuous, convex, and coercive for any choice
of x while its feasible set is nonempty, closed, and convex, standard arguments show that
the reduced problem possesses a unique optimal solution 1*(x) for any = € R™. Defining
¥ := A" o Bo ¥, we can deduce ¥ (x) = {(v¥(z),v*(z))}.

It is easily seen that the global optimal solution 1"%(x) of the reduced problem is the
uniquely determined solution of the following variational inequality of the first kind:

find w € Usq:  ((8" oS+ oly)ul,v—u)y > ((S*oP+0oQ)[z],v —u)y, Vv & Ui.
Noting that the operator S* o S + oI, is elliptic with constant o > 0 it follows that
Vo, o' e R": [[y"(z) — w“(:v')Hu <ot |(8* 0P+ 0Q)[z — iL'/]HM
<ot [s*oP+ UQHL[RH,L{} ’x - xl‘Q )

see [Kinderlehrer and Stampacchia, 1980, Theorem I1.2.1]. Thus, ¥* is Lipschitz contin-
uous. Exploiting the representation ¢¥ = A~ o B o ¢%, the Lipschitz continuity of ¥
follows immediately. O

As a consequence of Lemma 4.1, the continuity of F', and the compactness of S C R",
we obtain the following corollary from Weierstralt’ famous theorem.

Corollary 4.2. The inverse optimal control problem (10C) possesses a globally optimal
solution.

Note that in the remaining parts of the paper, we will exploit the notion of ¥ : R™" — Y
and Y*: R"™ — U as introduced in Lemma 4.1.

In the following, we study the properties of the optimal value function ¢ in more
detail. First, we show that ¢ is a convex function. The essentials of the proof date back
to [Fiacco and Kyparisis, 1986, Proposition 2.1].

Lemma 4.3. The optimal value function ¢ is convex.
Proof. Obviously, the function f is convex w.r.t. all variables. Defining

M :={(y,u) € Y x Uaa | Aly] — Blu] = 0}, (2)
we easily see that

Vo € R () = min{f(z,y,u) | (5,0) € M}



is valid. Clearly, M is convex.

Choose Z,2’ € R™ as well as a € [0,1] arbitrarily. Let us fix the corresponding
lower level solutions (g, a) := (Y¥(z),¥"(z)) and (v/,u) := (¢¥(2’),¥"(2")). The joint
convexity of f as well as the obvious fact aM + (1 — a)M = M lead to

plag + (1 —@)z’) = min{f(aZ + (1 ~ @)z’,y,u) | (y,u) € M}

= min {f(a(@y' u') + (1 - )@y u?) (4 '), (v, u?) € M}

142 4l 2
y7y7u7u

< min {af(Fy"u')+ 1 —a)f(2,y?0?) | ('), (v, u?) € M}

yhy?ulu?
= af(Z,9,4) + (1 —a) f(a',y,u)
= ap(Z) + (1 — a)p(a’).
This completes the proof. O

For later purposes, we formulate the KKT-system of the lower level problem (OC(x))
for a feasible point (y,u) € Y x U of (OC(x)) for fixed parameter x € R™:

fy(,y,u) + A*[p] = C*[Cly] — Plz]] + A*[p] =0, (3a)
fu(x,y,u) —B*[p] + A = o(u — Q[z]) = B*[p] + A =0, (3b)
A€ My, (u). (3¢)

It is easily seen that for fixed z € R", y := ¢¥(x), and u := ¢“(x), the Lagrange
multipliers p € ) and A € U* are uniquely determined. Thus, we introduce mappings
#P: R" — Y and ¢*: R® — U* which assign to any « € R” the respective Lagrange mul-
tipliers p and A which characterize the associated lower level solution (y,u). Clearly, ¢
and ¢* are Lipschitz continuous since 1Y and ¥* are Lipschitz continuous, see Lemma 4.1.

The next lemma shows the differentiability of ¢. We note that this result follows
partially from [Bonnans and Shapiro, 2000, Theorem 4.13]. However, we included a
proof for the reader’s convenience.

Lemma 4.4. The optimal value function ¢ is continuously Fréchet differentiable. At a
given point T € R™, the associated Fréchet derivative is given as follows:

¢'(z) = P*[Plz] — C[y¥(2)]] + oQ[Q[z] — " (2)].

Proof. Fix a reference point £ € R™ and choose x € R™ arbitrarily. For brevity, we will
use the notation

:Uzwy(f)a ﬁ:wu(‘%% 5‘:¢)\(5)7
y:d}y(x)’ u:¢u(x)’ )\:gf))‘(l‘).

We exploit that f is a quadratic functional and that the functions ¢¥ and ¥* are Lipschitz
continuous. Thus, we obtain

(p(.%‘) - 90(§;> - f(x7y7u) - f(i.7g77j)
= 1) (@ =)+ fy() (y = 9) + fL() (u— 1) + O(|z — z[3).



Here, (-) abbreviates the argument (z,y,u). By utilizing the optimality conditions of
(OC(x)), we have

B AT [fy O+ Fu() +A =0,
Together with y — 4 = A~![B[u — @]], this yields
(@) = (@) = fo() (x = &) + (=N u— @), + Ol - &3).
Finally, we observe

O§<—5\,u—ﬂ>u§<)\—/_\,u—a>u§0]:p—£lg

due to the definition of the normal cone and the Lipschitz continuity of % as well as ¢*.
Together with the straightforward computation of f.(-), this yields

¢'(x) = f,(-) = P*[P[z] - C[¢¥(2)]] + oQ*[Qlz] — ¢"(2)]

and the proof is completed. O

5 The optimal-value-reformulation

5.1 On the lack of regularity

Exploiting Lemma 4.4, we know that the optimal-value-reformulation (OVR) of (I0C) is
an optimization problem with continuously Fréchet differentiable data. However, (OVR)
is still a challenging problem due to the following observation.

Lemma 5.1. Robinson’s CQ is violated at any feasible point of (OVR).

Proof. We fix an arbitrary feasible point (z,y,u) € R” x Y x U of (OVR). In order to
show the lemma’s assertion, it is sufficient to construct a nontrivial singular Lagrange
multiplier, see [Bonnans and Shapiro, 2000, Proposition 3.16(i)].

Let us consider the smooth optimization problem

f(xvya U) - 90(:1") — min

Aly] — Blu] = 07 | (4)
u € Uyg.

By definition of the optimal value function ¢, its infimal value is given by 0. The
feasibility of (z,y,u) for (OVR) yields f(Z,y,u) — ¢(Z) = 0, i.e. (Z,y,u) is a globally
optimal solution of (4). Obviously, Robinson’s CQ is satisfied at any feasible point of
problem (4). Thus, we find p € Y and n € U* which satisfy

10



Thus, (0,1,p,n) € R™ x R x Y X U* is a nonvanishing singular Lagrange multiplier for
(OVR) at (z,y,u). Since (z,y,u) was an arbitrarily chosen feasible point of (OVR), the
proof is completed. ]

In Ye and Zhu [1995], the authors try to overcome this well-known drawback of the
optimal-value-reformulation of finite-dimensional bilevel programming problems by pe-
nalizing the violation of the constraint f(z,y,u) — ¢(z) < 0 in the objective func-
tion. There exist several situations where this penalization is exact (e.g. if the lower
level problem is fully linear) and, consequently, the KKT-conditions of the optimal-
value-reformulation may serve as necessary optimality conditions for the original bilevel
programming problem. However, in our situation, the lower level problem (OC(x)) is
quadratic (and possibly infinite dimensional). In the following example, we show that
even in the finite-dimensional setting, it is not promising to rely on the KKT-conditions

of (OVR).

Example 5.2. We consider the state-reduced bilevel programming problem

22 —u — min
T,u

z € [0,1]
u € argmin{(u — z)*|u > 0}.
u

The lower level solution operator and the lower level optimal value function are given as
stated below:

VeeR: ¢ (z):=

{0 ifr <0 o) =

x ifx>0

22 ifx <0
0 4ifx>0.
One can easily check that the global optimal solution of the bilevel programming problem
is given by (Z,u) = (%, %) On the other hand, the KKT-conditions of the associated
optimal value reformulation at (T, u) are given by
0=14+k+0-0p,
0=—-140-p+mn,
K € Njo1(3) = {0},
p =0,
n e Nys (3) = {0)

and cannot be satisfied.

5.2 Relaxing the optimal value constraint

The violation of Robinson’s CQ at all the feasible points of (OVR) is caused by the con-
straint f(x,y,u) —p(z) < 0 which is, in fact, fulfilled with equality for all feasible points

11



due to the definition of the optimal value function. Thus, a nearby idea to overcome this
problem is given by considering the relaxed problem

F(z,y,u) — min

T,Y,U
xr €S
f(xaya u) - Sp(w) S €k
Aly] — Blu) = 0

u € Uad:

(OVR(ex))

for a sequence of positive relaxation parameters {ej }ren converging to zero as k — oo.
Lemma 5.3. Fixk € N. Then, Robinson’s CQ is valid at any feasible point of (OVR(ey)).

Proof. Let (z,y,u) € R™ x Y x U be a feasible point of (OVR(ej)). We consider two
cases.

Case 1: f(z,y,u) —¢(ZT) = . Suppose on the contrary that Robinson’s CQ is violated
at (Z,y,u). Then, we have

o _ o _ Rs(x _
:;(.f,y,'LL)—QD/(II?) fg;(xa ,’U,) I/L(x7y7u) S( ) _ IRO R
0 A B Y o) 7 )
RUad (U)
Exploiting the fact that A is a bijection, this leads to

[fé(jﬁ%ﬂ) - (p/(f) fé(f,g, ’EL) OS+f1:(j7gvﬂ)] (%SET%)) —RE 7é R

where S := A~'oB € L [/, )] is the solution operator of the state equation, see Lemma 3.1.
The latter is only possible if

(fy(z.9,@) oS+ f1(2,5,3)) [Ru, (@)] C Ry
is valid. Clearly, this is a first order optimality condition for the optimization problem
f(z,8[ul,u) — min

u € Uyg.

Noting that f is convex while S is linear, the objective function of this optimization prob-
lem is convex in u. Consequently, @ solves this problem globally. Due to the definition of
S, we have u = ¢"(7) and S[u] = y = ¢¥¥(Z). As a result, f(Z,y,u) — ¢(Z) = 0 is valid.
This, however, contradicts f(Z,y, 1) — ¢(Z) = e > 0.

Case 2: f(z,y,u) — ¢(Z) < . The condition

£~ ¢@) fennost L) (720)) -R-k
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is trivially satisfied. Thus, Lemma 3.1 shows that

B0 4@ fE00 fie50] Rty (5)- (%)
A —B _ 0})  \W*
RUad(u) { } y
is valid as well. However, the latter equals Robinson’s CQ for (OVR(ey)) at (z,y,u). O

Lemma 5.4. For any k € N, the surrogate problem (OVR(ey)) possesses an optimal
solution.

Proof. Let {(xy,y;,u;)}1en be a minimizing sequence of (OVR(ey)), i.e.
lim F(xy,y,w) = o
l—o0

where a, € RU {—00} denotes the infimal value of (OVR(ey)).
Obviously, {z;};en C S is bounded. Using the feasibility of (z,y;,u;) to (OVR(ey)),
we obtain
VieN:  [lu—Qdlly < \/2(p(@1) + ex)
which yields
VieN:  ully </ 2(e(a) +ex) +[lQlzi

g

Since {z;}ien is bounded while ¢ is continuous, see Lemma 4.4, {u;}ien is bounded
as well. Furthermore, we have y; = (A~! o B)[y] for any | € N, i.e. the continuity of
A~'oB € L[4, Y] and the boundedness of {u; };cn yield the boundedness of {y;}ien. Thus,
the sequence {(zy,y;,w)}ien is bounded and, therefore, possesses a weakly convergent
subsequence (w.l.o.g. we use the same index again) with weak limit point (Z, gy, @) since
Y and U are Hilbert spaces while R” is finite dimensional. Especially, we have z; — Z.
The closedness of S and the convexity and closedness of U,q lead to T € S and u € Uyg.
Furthermore, A[y] — Blu] = 0 follows from the linearity and continuity of the operators A
and B. Since f is convex and continuous, it is weakly lower semicontinuous. Furthermore,
 is continuous. This yields

f(Z,9,0) — () < 1ilfil)i£ff(90z,yl,uz) — lim o(xy) = ﬁgigf(f(fﬂl,yz?ul) — (1)) < ex,

ie. (Z,y,u) is feasible to (OVR(eg)).
Finally, since F' is convex and continuous, it is weakly lower semicontinuous as well
and we obtain
F(z,y,u) < liminf F(x;, y;,u;) = a.
=00

Combining this observation with the feasibility of (Z,y, u) to (OVR(ey)), we obtain that
it is a global solution of this problem. This completes the proof. ]

Lemma 5.5. Fiz k € N. Let (z,y,u) € R" x Y x U be a feasible point of (OVR(ey))
and set g := ¢YY(x) as well as u := ¢Y*(x). Then, we have

lu —ally < v2ex/o,  lly=3lly < Cv2e/0

where C' > 0 is a constant independent of k, x, y, and u.
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Proof. Exploiting the fact that & and M are Hilbert spaces while (y,u) is feasible to
(OC(x)) and (y,u) is optimal for (OC(z)), we obtain

o llu—alf = o |lu—ala]|z, — 2 (v — a,0(z —Qlz])), — o | — Q]|
< ollu—aalll7; — 2 (u—a,0(@ - Qfz]))y, — o lu— Q] + lIcly] — clgllh
< ollu—aallly — 2 (u—a,0(@—Qlz]))y, —ollu— ]|}
+[Icly] - P[ ]IIM 2 (Cly — 7, Cly) — Pla]) o, — lICH] — Pl2]]1%q
=2(f(x,y,u) — @(x)) = 2(fy (2,5, 0)y — 9] + fo (2,9, 0)[u — 1))

< 2(f(£ayvu) - QD(IL‘)) < 2y,

which yields the first formula. The second one follows from y — § = (A~! 0 B)[u — @] with
C = [A" o Bl| O

Theorem 5.6. For any k € N, let (Zk, Yr, ur) € R x Y XU be a globally optimal solution
of (OVR(er)). Then, the sequence {(Zk, Yk, Ur) }ken possesses a convergent subsequence
whose limit point is a globally optimal solution of (OVR) and, thus, of (10C). Moreover,
any accumulation point of {(Tk, Yk, Uk) tken s a globally optimal solution of (OVR).

Proof. Since {Zy }reny C S is bounded, it possesses a convergent subsequence (w.l.o.g. we
use the same index again) with limit point  which lies in S since this set is closed. Let
us set y := ¢¥(z) and u := " (z). Obviously, (z,y,u) is feasible to (OVR).

Using Lemma 5.5, we find a constant C' > 0 such that

VkeN: a0 @y < V2rle gk — 0@y < OV2erjo
holds. That is why we obtain
0 < lim [lag, — all, < lim (ag — " (@)l + 9" (@%) — " (@) ],)
k—o00 k—o00
< lim (\/251:/0 + LY |zy, — fb) =0
k—o00
where L* > 0 denotes the Lipschitz constant of ", see Lemma 4.1. Especially, {uy }ren
converges to . Similarly, we can show that {yx}ren converges to .

Now, let (x,y,u) € R™ x Y xU be feasible to (OVR). Then, it is feasible to (OVR(&y))
for all £ € N which yields

Vk e N:  F(Zg, gk, ux) < F(x,y,u).

Noting that {(Zy, gk, ux) }ken converges strongly to (z,y,u) while F' is continuous, we
obtain F(z,y,u) < F(z,y,u). Since (Z,y,u) is feasible to (OVR), it must be a globally
optimal solution of this problem.

We can reprise the above arguments in order to show that any accumulation point of
{(Zk, Yk, k) }ren 1s a globally optimal solution of (OVR). O

14



If, for some k£ € N, a globally optimal solution of (OVR(gy)) is feasible to (I10C),
then it is a globally optimal solution of the latter problem as well since its feasible set is
smaller than the feasible set of (OVR(ey)).

In the upcoming Section 5.3, we show how the above theory can be used to derive nec-
essary stationarity conditions for local minimizers of the inverse optimal control problem

(10C).

5.3 Derivation of stationarity conditions

We intent to derive stationarity conditions for (IOC). However, we will only consider the
case where U := L?(2) holds for a bounded domain Q C R equipped with Lebesgue’s
measure and U,q is given as stated below:

Uad == {u € L*(Q) | tg(w) < u(w) < up(w) fa.a. w e Q}.

Therein, ug, up: 2 — [—00, 00] are measurable functions such that U,q is nonempty.
First, we will formulate the desired stationarity conditions.

Definition 5.7. We say that a feasible point (z,7,1) € R™ x Y x L*(Q) of (OVR) is
weakly stationary, W-stationary for short, if there exist multipliers p € Y*, A € L2(),
zeR", we L*(Q), n€Y, pced, and & € L*(Q) which satisfy

()
A>0 a.e. on I°T (),

~ o~
AN

F,(z,y,u) — (P* o C)[a] — oQ*[w] + 2 =0, (5a)
Fy(z,5,u) + (C* o C)[f] + A*[p] = 0, (5b)
F!(z,y,u) +ow —B*[p] + £ = 0, (5¢)

A[i) — B[w] = 0, (5d)

z € Ng(z), (5e)

c*[c[y] — P[z]] + A%[p] = 0, (51)
o(a—Q[z]) —B*[p] + A =0, (5g)
A<0 a.e. on I°(a), (5h)

i)

i)

)

g\ Iy
Il

0 a.e. on I“Jr(@)ﬂfb*(ﬁ),
0 |

a.e. on{w € Q| A(w) # 0}.

—
(S5
~

If these multipliers additionally satisfy the condition

Ew >0 a.e. on 2,

—~
(@)}
=

then (Z,y,u) is said to be Clarke-stationary, C-stationary for short.
Here, the measurable sets 197 (@), I~ (@) C Q are defined via

1M (1) == {w € Q | ug(w) < w(w)}, I (a) := {w € Q| a(w) < up(w)}.
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Note that (5f)-(5i) are the KKT-conditions for the lower level problem (OC(z)) for
the fixed parameter x = Z. Obviously, these conditions are always satisfied for a feasible
point of (OVR). The remaining conditions (5a)-(5e), (5j), and (5k) can be interpreted
as the weak stationarity conditions of the equilibrium problem

F(x,y,u) — min
Z,Y,u,p,A
x €S
Aly] = B[u] = 0
C*[Cly] — Pla]] + A%[p] = 0
o(a—Q[z]) —B*[p]+ A =0
u € Uad
A E NUa d (u),

which results from (IOC) replacing the implicit constraint (y,u) € ¥(x) by the lower
level feasibility and optimality conditions.

We will derive the system of W-stationarity by using the KKT-conditions of (OVR(ey))
and observing the behaviour of the system as k tends to infinity. For a fixed k € N,
let (zr,yr, ur) € R® x Y x L?(Q2) be a globally optimal solution of (OVR(g;)). Due
to Lemma 5.3, we know that the point (xy,yg,ur) satisfies the KKT-conditions of
(OVR(gg)). Thus, there exist multipliers z; € R", ax € R, p,, € Y, and A, € L?(Q)
which solve the system

Fy(@r, yr, ) + 2z + c (P*[Plek] — Clyx]] + oQ*[Qlzk] — we] — &' (2x)) = 0, (Ta)
Fy(2k, Yrs ug) + axC*[Clyx] — Plzg]] + A*[pi] = 0, (7b)

Ey (@, yg, uk) + ago(ug — Qo)) — B [p] + Ap = 0, (7c)

i € Ng(wg),  (7d)

Mo € Ny (ug), (7e)

0< oy L f(zp Yk, ur) — p(ak) —ex < 0. )

Recall that ¢Y: R® — ) and %: R" — L?(f) are the solution functions of the lower

level (OC(x)), while ¢P: R™ — ) and ¢*: R® — L?(Q) denote the associated Lagrange
multiplier mappings defined via the KKT-system (3), see Section 4 for details.

Lemma 5.8. For each k € N, let (z, yg, ur) € R™ x Y x L?(Q) be a global minimizer
of (OVR(er)) and let (21, an, pr, A\i) € R? x R x Y x L3(Q2) be the respective Lagrange
multipliers from (7). We assume w.l.o.g. that {(xg, Yk, ug) tken converges to a globally
optimal solution (Z,7,u) € R" x Y x L*(Q) of (10C), see Theorem 5.6 Then, there exist
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zeR", weL*(N), pey, € L*(Q), and i € Y such that

o (ug — V" (z1)) = w0, (8a)
ar(yr — Y (1)) — 0, (8b)
pr — apdf (z) = p, (8¢)
Ao — o™ () = &, (8d)
2 — Z (8e)

along a subsequence. Moreover, the limits Z, w, &, [i, and p satisfy the conditions (5a)-

(5e).

Proof. Exploiting the introduced notation, we notice that

C*[Clp¥ (wx)] — Plzk]] + A%[¢" (zx)] = O, (9a)
o (V" (zx) — Qlzx]) — B*[¢P ()] + 6™ (ax) = 0, (9b)
M ar) € Ny, (V" (ax) (9¢)

is valid for any & € N. Let us focus on (8a). Multiplying (9a) and (9b) with «y and
subtracting these equations from (7b) and (7¢) yields

, (10a)
. (10b)

Fy (g, Yoo wr) + A [pi] + i (C* 0 C) [y, — ¥¥ (zx)] — cah*[¢F ()]

0
Fl(@r, yi, we) — B*[pr] + A + oo (ug, — " (w)) + o (B*[¢F ()] — ¢™(zx)) = 0

Testing (10a) with yx — ¥¥Y(xy) yields

(Fy(@n, Yk, ur) + 8 [pp — e ()], g — ¥¥ (@),
= —ay, ((C* 0 )y, — ¥¥(xx)], yk — VY (2k))y = —ou |IClyk — ¥ (zx)] |34 < O

and, therefore,

(B*[pr — cd” ()], wr — " (2k)) 12(q)
= (Blur, — ¢"(2k)], Pk — ard”(z1))y
= (Alyx — ¥ (z)], P — P’ (1))
= (A%[px — awd” (i), vk — ¥ (i)])y
< (—F, (ks Yk uk), i — ¢y(90k)}>y
= (—F,(wr, yr, ur), (A1 0 B)[ug — 9" (z1)]),,
< Ct Jug = " (z) | 2 (0

holds for a constant C; > 0 that is independent of k. If we use this after testing (10b)
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with u, — ¥*(xr), we obtain

oo ux — wwwu% @
pe — ot (zk)] — F(xn, Yo, wk) + 0t (@) — Aiy wr, — w“(m}
<B [Pk — d® (xi)] — Fy, (ks yio un ), ug — ¢u($k)>L2(Q)

Cu lluk — " (@r) | 200y + (Ful@h, Yo, wk), uk — V" (Tk)) 12(0)

< O fluk = " (@k) | 20

I
/\

L2(9)

IN

| /\

for a constant Cy > 0 that is independent of k. Therein, the first inequality follows
from ay > 0, ¢*zr) € Ny, (v*(2x)), and A\, € Ny, (ug). From above, it follows
that oy (ugp — ¢"(z)) is bounded in L%(2). Hence, we can extract a weakly convergent
subsequence and denote its weak limit by w € L?(2) in order to satisfy (8a).

Due to Alyg — Y (zx)] = Blur — ¢¥"(zx)] we obtain (8b) and (5d) from (8a). Since F' is
continuously Fréchet differentiable, it follows from (10a) that A*[py — ¢ (xy)] converges
weakly. Since A is continuously invertible, the sequence {pp — ar@d? (k) }ren is weakly
convergent as well. Thus, defining p as its weak limit yields (8c) and (5b). Using the
newly obtained convergence in (10b), we get that Ay — o™ (zx) converges weakly in
L?(9). The weak limit ¢ satisfies (8d) and (5c).

It remains to show the convergence of z;. Using Lemma 4.4, we obtain

P*[Plzx] — Clye]] + o@*[Qlzx] — u] — @' (k) = (P* 0 C)[¢¥ () — ya] + 0@ [¥" (2k) — ug]-

Then, the previous convergences and (7a) imply (8e¢) and (5a). Finally, (5¢) follows from
xp, — T and 2z — z due to the properties of the normal cone. ]

Lemma 5.9. We consider the setting of Lemma 5.8. Then, the resulting multipliers
&, w e L3(Q) satisfy (5j) and (5k).

Proof. We start with proving (5j). W.l.o.g., we assume that {ug}reny and {¢"(zk)}ren
converge pointwise almost everywhere to @ (otherwise, we select a subsequence with that
property). Due to Ay € Ny, (ug) and ¢*(z) € Ny, (¥¥(xk)), we have

Ua(w) < ug(w) < up(w) }

—apd™(z) =0 ae.on {w
M — agg”(zg) =0 {EQ a(w) <*(zp)(w) < up(w)

for all k& € N. Thus, the pointwise convergence of {uy}ren and {¢* (xk)}keN implies
M — ™ (x1) — 0 almost everywhere on 9T (@) N I~ (a). Since {\p — apd™(z)}ren
converges weakly in L2(€) and pointwise almost everywhere on a subset, the limits must
coincide on that subset, i.e. £ = 0 holds almost everywhere on 1% (@) N I*~(a).

We continue with proving (5k). If {ag}ren has a bounded subsequence, this already
implies w = 0 and (5k). Thus, we only need to consider the situation aj — oo. The
continuity of ¢>‘ implies gi)A(xk) — X in L?(Q). Combining this with (8d) yields the
convergence oy, "\ = Xin L2(Q).
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Now, let G C Q be an arbitrary measurable set and let xg € L*(Q2) denote the
corresponding characteristic function which equals 1 on G and vanishes otherwise. The
equations below follow immediately from the definition of the normal cone:

{a;, " Mg,y kX (ug — V(@) 120y 2 0

<¢)\(Ik)’04kXG(uk - 1/)“(9%))> <0.

L2(Q) ~
Using the strong convergence to A and the weak convergence to @ yields
<5‘7XG“_’>L2(Q) =0.
Since G C ) was an arbitrary measurable set, this implies (5k). O

In the next lemma, we show that condition (6) holds under an additional assumption.

Lemma 5.10. We consider the setting of Lemma 5.8. If one of the operators B or C
is compact, then the resulting multipliers &, w € L*(Q) additionally satisfy the condition

(6)-

Proof. In this proof, we will only consider subsequences such that the convergences in
Lemma 5.8 hold. Let G C  be an arbitrary measurable set and yg € L*°(Q) the
associated characteristic function.

Our first goal is to show

(B*px — ()]s cwxa (un — 0" (@0)) oy = Bl 6B oy - (1)

If, on the one hand, B is compact, then (11) follows immediately from (8a), (8c), and
the definition of the adjoint. If, on the other hand, C is compact, then the strong
convergence ag(C* o C)[yx — ¥¥(xk)] — (C* o C)[fa] follows. Using (10a), this implies the
strong convergence pr — ax¢P(zr) — p and (11) follow.

Now, we can combine (11) with (5¢), (10b), and the sequential weak lower semi-
continuity of w — (ow, xgw) L2() Which yields

<_§7 XGw>L2(Q) = <F’l/l,(i’ Y, ﬂ) +ow — B*[ﬁ]v XGw>L2(Q)
< lim (Fo(@r, yi u) — B [pr — e ()], cxa (wn — 9" (21))) 12 g

+lim inf (oo (ug — 0" (28)), axe (ux — V" (7)) 120

= timinf (~(h — xd ) v (e — 0" (@), <0

Here, the last inequality follows from A, € Ny, (uy) and ¢*(xx) € Ny, (¢¥¥(zy)). Since
G C () is an arbitrary subset, the pointwise condition in the claim follows. O

Now, we are in a position to state the final result of this section.
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Theorem 5.11. Let (Z,9,u) € R® x Y x L2(Q) be a locally optimal solution of (I10C).
Then, (Z,y,u) is a W-stationary point of (10C).

If, additionally, one of the operators B or C is compact, then (Z,y,u) is already a
C-stationary point of (10C).

Proof. First, we note that due to Lemma 4.1, Z is a locally optimal solution of

Fla, 4¥(2), 4" (x)) — min
Tz € 5.

Let € > 0 be the associated radius of local optimality. Then, Z is the unique globally
optimal solution of the regularized problem

F(z,9"(x),"(z)) + 5 |z — &3 — min
z € SNB;(z)

where B{(z) := {z € R"| |z — Z|; < ¢} is the closed e-ball around z w.r.t. the 1-norm.
Consequently, (Z,y,u) is the unique global minimizer of

F(z,y,u) + % |z — i’|§ — ;?lyl%

z € SNB5(z) (12)
(y,u) € ¥(x).

Now, we are in a position to apply Lemma 5.8, Lemma 5.9, and Lemma 5.10 to (12)
which allows us to infer that (z,y, ) is a W- or even (under the additional compactness
of B or C) C-stationary point of (12).

Noting that the first-order derivative of = — % |z — :Z‘|§ vanishes at  while Z is an
interior point of Bf(Z), the W- and C-stationarity conditions of (12) and (IOC) at the
point (Z,y,u) coincide. This shows the theorem’s assertion. O

We finish this section with a brief remark on the compactness of B and C.

Remark 5.12. Let us consider the setting of Fxample 2.2. Therein, we fized a bounded
domain Q C RY and set M :=U = L*(Q) as well as Y := HI(Q). Purthermore, C was
chosen to be the natural embedding of H}(SY) into L?(SY) which is known to be compact,
see [Adams and Fournier, 2003, Theorem 6.3].

Next, assume that A € L [H}(Q), HY(Q)] is an elliptic operator while B is given by

Vu € L2(Q)Vz € HY(Q):  (B[u], Z>H01(Q) = / u(w)z(w)dw.
Q
Thus, B equals the natural embedding of L*()) into H~1(Q) which is compact since the
adjoint embedding H} () — L2(Q) is compact.
Consequently, in the standard setting of elliptic optimal control, the operators B and C
are compact. Thus, due to Theorem 5.11, any locally optimal solution of the associated
program (10C) is a C-stationary point.
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6 Computing globally optimal solutions

The major drawback of Theorem 5.6 w.r.t. its applicability is the fact that the optimal
value function ¢ is only implicitly known and, consequently, it is not clear how to solve
the relaxed problems (OVR(e)) at any iterate of a potential algorithm.

Due to the convexity of ¢, see Lemma 4.3, we note that the optimal value reformula-
tion (OVR) of (IOC) is a so-called DC-program where DC is the classical abbreviation
for Difference of Conver Functions. This structure allows the construction of algorithms
which can be used to find the global minimizers of (IOC), see [Horst and Thoai, 1999, Sec-
tion 5] and the references therein. However, the fact that ¢ is only implicitly known may
induce some essential difficulties again when trying to adapt those methods directly. On
the other hand, we note that the concavity of (OVR) only appears within the constraint
f(z,y,u) — p(z) <0 and only w.r.t. the variable x.

In order to exploit this observation for the construction of a suitable solution algorithm,
we approximate the convex optimal value function ¢ from above using a piecewise affine
function ¢ which exactly interpolates ¢ at an increasing number of points from S. Thus,
we formulate a relaxed surrogate problem associated with (OVR) which is different from
(OVR(gg)). Since £ is piecewise affine, our approach allows us to decompose the resulting
surrogate problems into finitely many convex subproblems which are easy to solve. This
idea is used in [Dempe et al., 2015, Section 3.6.2] and [Dempe and Franke, 2016, Section 4]
to solve finite-dimensional bilevel programming problems with fully convex lower level
problem.

6.1 The algorithm and its convergence properties

Let X := {z!,...,2™} C R" be a nonempty set such that S C intconv X holds true.
The convexity of ¢ yields

Vo €convX: p(x) < Ingn {7 (@) [pe AT ST piat = x} = {x ().

Obviously, £x: conv X — R is the optimal value function of a fully convex linear para-
metric optimization problem and, thus, convex and piecewise affine, see [Nozicka et al.,
1974, Theorem 6.7, Theorem 6.9]. These properties also follow from the observation

epiéx = conv{(z’,p(z")) [i=1,...,m} + {0} x R{.

Especially, there exists a finite partition {Rg(};(:)i) of conv X into so-called regions of

stability such that x is affine on every set R’ yi=1,...,r(X).
Note that for any i = 1,...,m, we have {x(z) = (), i.e. £x interpolates ¢ exactly
at all the points in X. This observation gives rise to the formulation of Algorithm 1.
Below, we comment on some features of Algorithm 1.

Remark 6.1. Similar as in Lemma 5.4 it is possible to show that (OVR(X})) possesses
a global solution for any k € N. As mentioned above, at any iteration k € N, we
can decompose S into r(k) € N regions of stability on which £x, 1is affine, respectively.
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Algorithm 1 Computation of global solutions to (I0C)
S1 Let X7 C R"™ be a finite set such that S C int conv X7 is valid and set k := 1.

S2 Compute a global optimal solution (Zy, §, @) of the optimization problem

F(z,y,u) — min

T € 57 |
Aly] = Bfu] = 0
u € Uyg.

S3 Compute p(zg). If f(Zg, Yk, ux) = ©(Zk) holds true, then (Z, gy, ur) is a globally
optimal solution of (OVR) (and, thus, of (IOC)) and the algorithm terminates.
Otherwise, set X117 := X U{Zx} as well as k — k + 1 and go to S2.

Thus, (OVR(X})) can be decomposed into r(k) convex subproblems which can be solved
by exploiting standard methods.

Remark 6.2. For any k, k' € N satisfying k < k’, we have

Ve e St pla) < x, (2) < Ex, (a).

In order to analyze the qualitative properties of Algorithm 1, we need the following
lemma.

Lemma 6.3. Let X1 C R" be a finite set satisfying S C intconv X;. Then, there is a
constant L > 0 such that £x is Lipschitz continuous on the set S with modulus L for any
set X C R™ which is the union of X1 and some finite subset of S.

Proof. By definition of ¢, {x, and £x, the following relations are obvious:
Ve econv Xi: 0<o(x)<x(r)<x ().

Since £x, is continuous on the compact set conv X, its maximal value M > 0 is well
defined and an upper bound for all the real numbers |{x (x)| such that x € conv Xj.
Since we have S C int conv X, there is some ¢ > 0 such that S + B5(0) C conv X,
holds true. Here, B5(0) denotes the closed e-ball in R™ around 0 w.r.t. the Euclidean
norm.
For x,y € S satisfying x # y, we define

€ (a- 0o Tl
etz —yly
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By construction, we have z € S + B5(0) C conv X; and x = (1 — a)y + az. Noting that
&x is convex, we obtain &x(x) < &x(y) + a(€x(z) — €x(y)) which yields the estimate
Ex(z) —&x(y) < aléx(2) — &x(y)| < 2aM. Thus, we obtain

r—y 2M
2=yl M

fx(l’)_fx(y) gsz =

Interchanging the roles of x and y yields that £x is Lipschitz continuous on S with
Lipschitz modulus L := % Note that neither M nor € depend on the precise choice of
X. Thus, the proof is complete. O

The next example shows that the requirement S C int conv X; in Lemma 6.3 cannot
be relaxed.

Example 6.4. Let us assume that n = 2 and p(x) = x3 hold. Further, we set
X1 :={(1,-1),(1,1),(0,0)}, S :=conv Xj.

Now, we consider an increasing sequence {0y }reny C (0,1) C R with 8, — 1. For all
k e N, let us define X3, := X1 U Ufz_ll (6;,0)} C R%. Then, it can be checked that

x1 — 0 _
£x, () = max 132,—1132,71 kol
1 -0k

is valid. In particular, the Lipschitz constant of {x, on S is given by (1 — Op_1)" L.
Clearly, this term is not bounded as k — oo.

Now, we are well prepared to study the qualitative properties of Algorithm 1.

Theorem 6.5. FEither, Algorithm 1 terminates after a finite number of steps after pro-
ducing a global optimal solution, or it computes a sequence {(Zg, Yk, Ur) tken of globally
optimal solutions of (OVR(X},)). This sequence possesses a convergent subsequence whose
limit point (Z,y,u) is a globally optimal solution of (OVR) and, thus, of (I0C). Moreover,
any accumulation point of {(ZTk, Yk, Uk) tren s a globally optimal solution of (OVR).

Proof. The feasible set of (OVR(X})) is larger than the feasible set of (OVR) for any
k € N, Thus, if (Zk, Uk, ux) is feasible to (OVR) for some k € N, then this point must be
a globally optimal solution of this problem.

Suppose that the algorithm does not terminate. Then, the sequence {Zj}ren is
bounded. The feasibility of (Zy, yx, ur) to (OVR(X})) and Remark 6.2 yield

VEeN: gl < \/MJr 1Q[zx] [l -

Since {Zk}ren is bounded while £x, is continuous on S, {uj}ren is bounded. From
the relation 7z = (A~! o B)[ug] for any k € N and the continuity of A= o B € L [U/,))],
{Uk }ken is bounded as well. Consequently, {(Z, Uk, k) }ken is bounded and, therefore,
possesses a weakly convergent subsequence (without relabeling) with weak limit (Z, g, ).
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Especially, we have T, — Z. The closedness of S and the closedness and convexity of
Uad yield £ € S and u € U,q. Furthermore, A[y] — B[u] = 0 follows from the linearity
and continuity of A and B. Let L > 0 be the Lipschitz constant of {x, on S which, due
to Lemma 6.3, does not depend on k. Since f is convex and continuous, it is weakly
lower semicontinuous. Furthermore, ¢ is continuous by means of Lemma 4.4. Due to the
construction of the algorithm, we have {x, (Zx—1) = @(Zx—1) for any k € N which yields

< limsup f(Zx, Uk, Ur)
k—o0

< limsup {x, (Tk)
k—o0

< limsup(ka (.Cf‘kfl) + L ‘i’k — ii‘kflb)
k—o0

= limsup(¢(Tx—1) + L |7k — Tp—1l,) = (7).
k—o0
Therefore, (z,y,u) is feasible to (OVR). Moreover, the sequence of function values
{f(Zk, Yk, k) }ken converges to f(Z,y,u). Combining this with the weak lower semi-
continuity of the functionals given by R" x ¥ > (z,y) — 3|/Cly] — P[m]||3w € R and
R™ x U > (z,u) — & |Ju — Q[z]|;; € R yields

- - ) . 112
f(@,5,9) = 5Ic[7] — P[z]l5 + § 17 — Qlz]ll
S _ _ 112 .. _ _ 12
<liminf 3 [|C[gx] — P[za][[pq + lim inf & [|ax — Q]
< liminf § ||C[gk] — Plzx][ 4 + limsup § [, — Q[z] |y
k—o00 k—oo
. _ 2 _ =12
= lim (3 llclg] — Planllly + § llax — QlaI)
—00
= f(:i:7 g? ﬂ)'
That is why we have |u; — Q[Zx]||,, — ||@ — Q[Z]|;,- Recalling u; — Q[zx] — @ — Q[Z]
and the fact that U is a Hilbert space, we already have uy — Q[Zx] — u — Q[Z]. Since
Zp — = and, thus, Q[Zx] — Q[z] holds true, we obtain the strong convergence 4y — @ in
U. Applying the operator A~! o B, the convergence g — 7 in Y follows.

Pick an arbitrary feasible point (z,y,u) € R" x ¥ xU of (OVR). By construction, we

have
Vk e N:  F(Zg, g ur) < F(z,y,u).

Since F' is continuous while {(Z, Uk, Ux) }ken converges strongly to (Z,y,u), we obtain
F(j?,g,ﬂ) = lim F(:Ekvgkaak) < F(CL‘,y,U)
k—o0

This shows that (z,y,u) is a globally optimal solution of (OVR) and, consequently, for

(I0C).
The above arguments can be reprised in order to show that any accumulation point of
{(Zk, Yk, ur) }ren is a globally optimal solution of (OVR). O
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Next, we present a counterexample which shows that Theorem 6.5 will not necessarily
hold if we only require S C conv X; in Algorithm 1.

Example 6.6. We consider a finite-dimensional version of (10C). In particular, we
vestigate the upper level problem

2
F(z,u) =10 <x1—u+%> +x1+ 123 — min

r € 5 :=convX; (13)
u € U(x),
in which U: R? = R is the solution map of the (state-reduced) lower level problem
f(z,u) := 23 + (1 —u)®> — min
! (14)

u € [0,2].

The set X1 is chosen as in Example 6.4. It is clear that ¥(x) = {z1} and p(x) = x3 hold
for all x € S. Thus, the unique global solution of (13) is given by T := (0,0) and u := 0.

Now, we will check that the sequence {(Zy, ur)tken generated by Algorithm 1 (adapted
to the problem at hand, cf. Dempe and Franke [2016]) is recursively given by

(000 - (T)1 — (F1)
T = (2 (100 +9 (1 — (’};711)1))2 + (xk—1)1,0> , U = (.I'k)l + \/ l{i (@ka)ll 1

with initial data g = 0. The convergences T, — (1,0) and up — 1+ ? can be checked.
This limit point is not a feasible point of (13).

In order to check that the algorithm produces the above iterates, we consider the sub-
problem

2
9 (v ) e i
€ S :=convX; (15)
u € [0,2]
25+ (21 —u)® < Ex(a)

with X = X7 U{(«,0)} with a € [0,1). As in Example 6.4, we find

si—a yf g e conv{(a,0),(1,-1),(1,1)},

-«
Ex(x) =< a9 if x € conv{(«,0),(0,0),(1,1)},
-z if x € conv{(«,0),(0,0),(1,—1)}.

Thus, (15) can be decomposed into three convex problems and, due to symmetry, we have
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to solve two of them. The first problem is

2
100 1 1.2 :
7<x1—u+ﬁ) + 21 + 525 — min

T

€ conv{(a,0),(1,-1),(1,1)}
u € [0,2]
Ao £ B

It can be checked (e.g. via the KKT-conditions) that its unique solution is given by

L 100* (1 — o)
Ha) = <2 (100 +2(1 - a))

Z(a) — «

5+ a,0> ;o a(a) = (o) + (16)

11—«

Moreover, the objective value can be bounded from above by

F((42,0), 52+ ) = Be <1,

The second subproblem for (15) is

2
100 () —u+4+ L +$1+1x§—>min
2 2 2 T

z € conv{(«,0),(0,0),(1,1)}
u € [0,2]

234 (21 — u)? < 29

The last constraint implies

u<ay+\/wg— a3 <z + 3.

Thus, for a feasible point (z,u) of this second subproblem, we can bound the objective by

2 2 2
F(%U)Z%(azl—w%) 2%(\%—%) > 100 (1)® =2,

Hence, the global solution of (15) is given by (16).
Now, the problem solved by Algorithm 1 in step k is precisely (15) with a = (Tp—1)1,
see also the calculation in Example 6.4.

Finally, we mention that Example 6.6 shows that [Dempe and Franke, 2016, Theo-
rem 4.3| does not hold as stated. In the proof, the authors claim that x, possesses the
same Lipschitz constant as ¢ on .S, but this is not true, see also Example 6.4.
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6.2 A numerical example

Now, we are going to present a numerical example of an inverse optimal control problem
with a PDE constraint. This will illustrate the performance of Algorithm 1. We will use
an example where the reduced upper level objective function x +— F(xz,9Y(x),y"(z)) has
multiple local minimizers and is not differentiable at the global minimum.

The problem under investigation is very similar to Example 2.2. First, we fix the
domain Q := (=1,1) x (=1,1) and set n := 2, Y = HZ(Q), and M = U := L*(Q).
Moreover, we define fi, fo € L?(Q) via

f1(w) := 10 exp(—(wy — 0.7)% + 5 (wz — 0.3)?),
f2(w) := 10 exp(— (w1 + 0.4)* + 10 (w2 — 0.5)%)

for any w = (w1, w2) € Q and choose ¢ := 0.01 for the regularization parameter. Let us
set

S := conv{(0,0),(1,0),(0,1)}.

In order to construct a nonsmooth and nonconvex example, we first set Z := (0.3,0.3)
and define @ € L?() to be the unique solution of the optimal control problem without
control constraints

slly—a1fi — Sf2f2\|%2(9) + 4 ||u|]2Lz(Q) — nlf/nun
—Ay—u =0 on ) (17)
y=20 on 0f).
Actually, we do not solve (17) but its finite element discretization. For the discretization,
we use piecewise linear finite elements (with mesh size 0.1) for the state y and the control
u. In order to obtain a coefficientwise projection formula (for problem (19) below), we

use mass lumping for the control variables.
Next, we define the lower and upper bounds wu,,uy € L%(2) by

Vw e QD ug(w) := min{a(w), 2}, up(w) = max{u(w), 3}

These bounds will be used in the lower level problem in order to get a nonsmooth and
nonconvex example.
Now, we consider the inverse optimal control problem

Ly —02f1 =03 o J2iq) + (0.1,0.3) Tz — min

I7y’u

x €S (18)
(y,u) € ¥(z)

where U: R? = H}(Q) x L?*(Q) denotes the solution map of the parametric optimal
control problem

3lly = o1fi = w2l a0 + 5 llullfzo) — min

y=20 on 0f)

U, <u<wu, a.e. onfl
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For problem (19), we use the same discretization as for (17).

We give some comments concerning the construction of this problem. Since @ is the
optimal solution of problem (17), and since u, < @ < u; holds almost everywhere on 2
(by choice of the bounds), it is also the solution of the lower level problem (19) for z = Z.
Moreover, since 4 is even the solution of (17), the bounds in (19) are only weakly active,
i.e., the multipliers corresponding to these bounds are zero. Thus, we could expect that
the function x — ¢"(z) is only directionally differentiable in Z. Finally, the objective
function in the upper level problem (18) is chosen such that & really becomes a global
minimizer.

For convenience, we denote the reduced objective function of the upper level problem
by

V(@) = F(z,9¥(x), 9" (x)).
We can see in Figure 1 that this construction yields a nonsmooth reduced objective

function  with a global minimizer at £ = & = (0.3,0.3). Moreover,  is nonsmooth at Z
and has further local minimizers at (0,0) and approximately (0.36,0).

0.95
1 0.8
0.9
0.85 0.75
0.8
0.7
0.75
0.7 0.65
0.65 | | |
1 0 0.2 0.4 0.6
Z2 T t

Figure 1: The reduced objective function 7 (left figure), and cross sections of v (right
figure).

We initialize the algorithm with the choice

Xi={(-3-%),(5,0).(0.3)}

in order to guarantee S C intconv X;. Then, we run 1000 iterations of Algorithm 1.
Because we solve a relaxed optimization problem in each iteration, we obtain (increasing)
lower bounds on the optimal value of the bilevel problem (18). On the other hand,
calculating 7(Zy) yields upper bounds. Since Zj is the solution of the relaxed problem,
the true value v(Zy) can be quite large. Therefore, we denote by Zj, the best known point
of 7 in iteration k, i.e.,

T = argmin ~y(x).

xe{i'lwn’fk}

This yields a decreasing upper bound ().
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The convergence of these lower and upper bounds, as well as the difference between
both bounds can be seen in Figure 2. Moreover, we show the triangulation of conv X3
given by the regions of stability at iteration k = 50 in Figure 3. Recall that the nodes
of this triangulation are given by the set X := X7 U Uf;ll{i“]} Finally, we record the
Euclidean distances |Z — Z|, and |&} — |, in Figure 4, and one can believe that Z, — Z
as predicted by Theorem 6.5.

10°

1071
1072

1073

1074
—— lower bound error

10-5 £|— upper bound error
difference ]
10*6 I i ‘ | B
0 200 400 600 800 1,000

k
Figure 2: Errors of lower and upper bounds on function values

From these results, we can see that the convergence of the algorithm is comparatively
slow. In particular, in each iteration we have to solve several auxiliary convex problems
(to obtain the solution of (OVR(X}))). This is, however, the expectable price we have
to pay for the guaranteed convergence towards a global minimizer.
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