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Abstract

This thesis consists of two parts, in each of which a quadratic regularization
is applied to an optimal transport problem and its effect on a prototypical
bilevel optimization problem is investigated.

In the first part, we use the mentioned quadratic regularization in combina-
tion with a smoothing of the marginals to improve certain properties of the
well-known Kantorovich problem, which is a linear optimization problem de-
fined on infinite-dimensional spaces. In this way we obtain, for example, the
uniqueness of the optimal solution and an associated optimality system con-
taining (non-unique) dual variables. We then use these improved properties
of the problem to regularize a bilevel optimization problem whose constraints
require to solve the Kantorovich problem. We then show that the regularized
bilevel problem has a solution and that we can, under certain conditions, ap-
proximate solutions of the non-regularized bilevel problem by solutions of the
regularized one. We conclude the first part with a brief overview of possible
applications of this regularization approach.

In the second part, we apply the same regularization approach to the also
well-known Hitchcock problem, which we introduce as a finite-dimensional
special case of the Kantorovich problem. Due to the structure of this problem,
however, we can dispense with the additional smoothing of the boundary
conditions. Similar to the first part, we regularize a bilevel problem whose
constraints require the solution of the Hitchcock problem. We again show
the existence of solutions to the regularized bilevel problem and that we can
use this to approximate solutions to the non-regularized bilevel problem, in
certain cases. By introducing a further regularization of the Lagrangian dual
problem, we enforce the uniqueness of the dual variables from the optimality
system. This enables us to calculate derivatives of the marginal-to-transport-
plan mapping and, in turn, to establish an implicit programming approach for
the solution of the regularized bilevel problem. To conclude the second part,
we test our findings numerically by means of an transportation identification
problem.
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Chapter 1

Introduction

Optimal transport, also known as transportation theory, is a mathematical the-
ory that models the transportation of masses (e.g. goods and resources, but
also any abstract objects) from one place to another and seeks to organize this
transportation in such a way that it minimizes the resulting transport costs. On
account of this general formulation of the problem, the theory finds widespread
application in various different fields, including economics (e.g. [47, 15, 39]),
computer graphics (e.g. [66, 78, 11]), statistics and in particular machine learn-
ing (e.g. [41, 65, 26]), or even fluid dynamics (e.g. [7, 40]).

For a detailed overview of possible applications and an in-depth discussions
of optimal transportation, we refer the interested reader to the books by Villani
[75, 76] and Santambrogio [68] as well as to the extensive review articles [3,
61]. In all of these, the authors show that optimal transportation can also be
linked to other mathematical disciplines such as (differential) geometry, partial
differential equations, and several others.

It is also due to the general formulation of the optimal transportation prob-
lem that there are several (seemingly) independent formulations of the trans-
portation problem. The oldest of them can be traced back to the French math-
ematician Monge, see [57], who in the late 18th century tried to find a transport
map, which is an injective mapping from the source domain to the target domain
and determines from where to where mass is transported. Another popular (and
more general) formulation is that of the Soviet mathematician and economist
Kantorovich from the early 1940s, see [49], who sought to find a transport plan
which is a joint distribution between (mass) distributions on the source domain
and the target domain and, unlike Monge’s transport map, allows for splitting
and merging of masses during transportation. Ten years later, the German
economist Beckmann presented a formulation that is based on the minimization
of gradient flows between sources and sinks, see [6]. It is worth noting that un-
der certain circumstances the formulations of Monge and Kantorovich coincide
and, moreover, that the solution of the Beckmann problem can be related to
the other problems via the well-known Monge-Kantorovich equations, see e.g.
[68].

In Part I of this thesis, we focus on Kantorovich’s formulation of optimal
transportation. As already indicated, the Kantorovich optimal transportation
problem tries to find a joint probability distribution for given mass distributions
(represented by regular Borel probability measures) on both a source and a
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Figure 1.1: Kantorovich optimal transportation. The distribution w1 from the left picture is
transported to the distribution pg from the middle picture by means of the transport plan
7 from the right picture. If the cost of transportation between the source domain and the
target domain is strictly convex and if the mass distributions have sufficient regularity, then
the optimal transport plan is concentrated on the graph of a strictly increasing function.
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Figure 1.2: Hitchcock optimal transportation. The vector wpi from the left picture is trans-
ported to the vector pg from the middle picture by means of the transportation matrix =
whose sparsity pattern is shown in the right picture. Again, strictly convex transportation
costs result in the optimal transport matrix being concentrated on the graph of a strictly
increasing function.

.

target domain that has the given distributions as its first and second marginals.
The fairly intuitive concept behind this rather unwieldy description is illustrated
in Figure 1.1.

In Part IT of this thesis, we consider the finite dimensional equivalent of the
Kantorovich problem, the Hitchcock problem of optimal transport. It can be
seen as a discretization of the Kantorovich problem in which the mass distribu-
tions are replaced by vectors and the joint distribution by a matrix. Figure 1.2
shows the undeniable similarities between the two formulations.

We will investigate both of this problems, the Kantorovich problem and the
Hitchcock problem, in a bilevel context, i.e., we are considering the prototypical
bilevel problem

inf \7(7"7:“‘1)

URYIOY
s.t. up is a mass distribution on a source domain,

7 is an optimal transport plan between p; and pg w.r.t. cq,

where 4§ is a (fixed) mass distribution on a target domain, cq is a fixed de-
scription of the transportation cost between the source domain and the target
domain, and J is a suitably chosen target function. Note that this is in fact a
bilevel problem, since its feasible set depends on the optimization variable py



and one needs to solve an optimal transport problem (which we sometimes call
subordinate or lower-level problem) in order to obtain a feasible transport plan
.

We call this bilevel optimization problem “prototypical” for the following
reason: depending on the formulation chosen for the subordinate optimal trans-
port problem and depending on the choice of the objective function J and the
assumptions made about the given data, the above bilevel problem can be used
to solve a variety of problems. For example, if we consider the Kantorovich
formulation as the subordinate problem and if we make certain assumptions on
the domains and the data, we can show that a special case of the prototypical
bilevel problem is given by the Wasserstein inverse problem

inf - 3|Gu = yally + Wy, pa)”
st e P(R),

see Subchapter 3.5. In the above, G can be an arbitrary compact operator
which maps the space of probability measures J(£2.) onto some Banach space
Y and W, denotes the Wasserstein p-distance on PB(€2,). A popular choice for
this operator is, for example, the solution operator of an (elliptic) differential
equation. With this choice, the Wasserstein space problem turns into an optimal
control problem on measure spaces. In [17, 18, 19, 23, 62], the authors consider
the same kind of optimal control problem, but measure the distance between
the control p and the data pq by means of the total variation norm instead of
the Wasserstein p-distance.
Another example would be to consider the tracking-type target functional

J = |7 = mall + || *Mf”.

With this objective functional, the prototypical bilevel problem becomes the
problem of reconstructing the source distribution and transport plan based on
(possibly incomplete and noisy) observations mq and p{, which is an inverse
problem on measure spaces. Problems of this form belong to a field of research
that allows for a wide range of different approaches, both with and without
connections to optimal transport. For the latter case, we only mention [13,
30] and the references therein. For the former case, we refer to [33, 32, 56],
where optimal transport (directly or indirectly) enters the formulation of the
inverse problem in form of a metric to measure the misfit of data, and [73],
where the authors assume that the forward operator is given as the solution
operator of the optimal transport problem and apply a Bayesian approach in
order to reconstruct the cost of transportation through (noisy) observations of
the transport plan.

Moreover, we want to mention the work of Mahler [55], which is closely
related to the topic of this thesis, where the author considers a similar bilevel
problem with Beckmann’s optimal transport problem taking the role of the
subordinate problem.

By their very nature, the Kantorovich problem and the Hitchcock problem
are linear problems. On the one hand, this has the advantage that (after dis-
cretization) efficient linear solvers can be applied to calculate their solutions.
On the other hand, this has the disadvantage that their solutions, depending on
the cost function, are generally nonunique and, since the transport plans live on
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the Cartesian product of the source and target distribution’s domains, subject
to a high dimensionality.

For this and other reasons, many authors prefer to apply a regularization
to these optimal transport problems. Probably the best known and most com-
monly used approach is the so-called entropic regularization. It is broadly ap-
plied in different fields like imaging and machine learning but is also of theo-
retical interest, see e.g. [24, 72, 38, 16]. This can at least to some extent be
attributed to the seminal work of Cuturi, who showed in [28] that entropic regu-
larization allows for the use of Sinkhorn’s algorithm [71] to (efficiently) solve the
Hitchcock problem and even the challenging Wasserstein barycenter problem,
see [29].

As the title of this thesis indicates, we will, however, follow a different regu-
larization approach and regularize both the Kantorovich problem and the Hitch-
cock problem by means of a quadratic regularization. In [52], the authors pro-
pose an L2-regularization of the Kantorovich problem, which serves not only to
improve the regularity of its solutions (compared to the Kantorovich problem,
the solutions of the regularized version are L2-functions instead of measures)
but also to guarantee their uniqueness and provide an optimality system in-
cluding (Lagrangian) dual variables. Similar to entropic regularization, solving
for the dual variables significantly reduces the dimension of the problem. The
L2-regularization (often referred to as Tikhonov reqularization) has a rich tradi-
tion of being successfully used throughout different applications, see e.g. [79, 77,
8, 63] and the references therein. In [51], the authors show that the quadratic
L?-regularization, as a special case of a more general regularization approach,
T'-converges to the non-regularized problem, as the regularization parameter
tends towards 0.

In direct comparison to the entropic regularization, the L2-regularization
preserves the sparsity of the transport plans (which is a unique feature of the
solutions of the Kantorovich problems) much better: solutions of the entrop-
ically regularized Kantorovich problem are strictly positive on their domains,
whereas solutions of the L?-regularized Kantorovich problem have a representa-
tion including the ( - ) -operator which promotes sparsity of the transport plan.
However, the sparsity of the regularized transport plan comes with a price:
the optimality system of the L?-regularized Kantorovich problem includes the
(+)4-operator and is therefore, in contrast to the optimality system of then
entropically regularized Kantorovich problem, nonsmooth and nonlinear, ruling
out the application of the Sinkhorn algorithm.

However, we may still apply standard nonsmooth optimization methods to
compute solutions of the L?-regularized Kantorovich problems, see e.g. [52, Sec-
tion 4]. Applying a further regularization of the corresponding dual problem,
we expect nonsmooth optimization methods in the spirit of [46, 43, 21] to be
applicable to the twice regularized bilevel problem.

The rest of this thesis is organized as follows:
In Chapter 2, we introduce the most important notation for our purposes
and state a number of basic properties of the spaces that are used in this thesis.
Chapter 3, which has in parts already been published in [45, 44], is the only
chapter of Part I. Therein, we first carefully define the Kantorovich problem



and the prototypical bilevel problem and prove existence of solutions. We then
introduce the quadratic regularization of both the Kantorovich problem and
the prototypical bilevel problem, again prove the existence of solutions to the
regularized problems, and subsequently address the approximability of solutions
of the non-regularized bilevel problem. We conclude the chapter by giving two
examples of possible applications.

Chapter 4, the first chapter of Part II, reproduces the results of the previous
chapter for the case of the Hitchcock problem and its associated bilevel formu-
lation. It does, however, provide added value in that we explicitly construct a
nontrivial recovery sequence for a slightly more general case than was discussed
at the end of Chapter 3.

In Chapter 5, we introduce an additional regularization to the dual problem
of the regularized Hitchcock problem. This allows us to define a marginal-to-
dual-variables mapping and to investigate its differentiability properties. Con-
sidering its concatenation with a mapping from the dual variables to a transport
plan allows us to adopt an implicit programming approach in the context of the
bilevel formulation of the Hitchcock problem.

Chapter 6 concludes the second part and also the main part of the thesis.
We propose a trust region algorithm for the solution of nonsmooth optimization
problems with convex constraints and implement the implicit programming ap-
proach we derived in the previous chapter. Finally, we test our implementation
on an example that fits exactly into the setting of the second part and discuss
the results.

The main part of the thesis is followed by a rather detailed appendix, which
takes a closer look at individual aspects from the areas of convolutions of
marginals with mollifiers (Appendix A), measure and integration theory (Ap-
pendix B), optimal transport (Appendix C), and functional analysis (Appendix
D), which would have been distracting in the main part of this thesis.
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Chapter 2

Notation

Finite Dimensional Spaces

On some finite-dimensional vector space X where each element z € X (think
of matrices or vectors) takes the form z = (x;);e; with I being some finite set,
|z|l, and |z||,, denote the I-norm and the co-norm, which sum the absolute
values of all entries of z and return the largest absolute value of all entries of =z,
respectively, i.e.,

zll, = Z |z;| and |z[ = maIXvail-
el e

Given m,n € N, we denote the Euclidean norm of a vector v = (v1,...,v,)" €
R"™ by

[Vllgn = V01|24 -+ [vn 2
and the spectral norm of some matrix M € R"™*™ by

[ M ]| g

Iolgn=1 " [|v]lgn

||M||R7n><n = = V Umax>

where o2 denotes the largest singular value of the matrix M. The Frobenius
norm of the matrix M is defined by

DD M

i=1 j=1

M| =

and it is induced by the Frobenius scalar product

(M7N)F = iiMi7jNi’j’ for M,NERmxn.

i=1 j=1
Consequently, if we equip the space of real valued matrices with the Frobenius

scalar product and its induced norm, this space becomes a Hilbert space.

Spaces of Continuous Functions

By C(X), Cy(X), and C.(X), we denote the function spaces of continuous,

7
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continuous & bounded, continuous & compactly supported real valued functions
f+ X — R on a locally compact Hausdorff space X, respectively. While C(X)
and C,(X) are Banach spaces w.r.t. the uniform norm

/1l = sup | f(z)],
zeX

the linear space (C,(X),| -|.) is in general not complete. We therefore con-
sider its norm closure o

Co(X) =C(X) ™™
which is the Banach space of functions that are vanishing towards the boundary
of X.

If X happens to be compact, then C(X) is also a Banach space w.r.t. the
uniform norm and coincides with all of the above Banach spaces of continuous
functions. Occasionally and in particular if we need to distinguish between
different domains, we denote the uniform norm by || f{/¢ (-

Borel Sets € Spaces of Measures

By B(X), we denote the Borel o-algebra on some arbitrary topological space
(X, 7). It is the smallest o-algebra that contains all open sets of X, i.e., all
elements of 7. We call the elements of B(X) (Borel) measurable sets.

For d € N, let X C R? be a subset that we equip with the subspace topology
of R%. We denote the Banach space of reqular Borel measures on the measurable
space (X,B(X)) by 9M(X). It consists of all signed Borel measures p: B(X) —
R whose variation measures |u| are (inner and outer) regular. Its norm is the
total variation norm ||pllgy x) = |p/(X). We write p > 0 short for “u(B) > 0
for all measurable sets B.

If X happens to be compact, then the Riesz-Radon theorem (see e.g. [2,
Theorem 6.23]) ensures that 9 (X) = C'(X)", i.e., the topological dual space
of the Banach space of continuous functions can be identified with the Banach
space of regular Borel measures. We refer the interested reader to Appendix B
for further information on signed measures.

We denote the set of regular Borel probability measures on (X,B(X)), by
PB(X). This is the subset of regular Borel measures p € 9(X) that satisfy

=0 and [|pllgy x) = 1.

Lebesgue- & Sobolev Spaces

Ford € N, let X C R? be a domain in [1]’s sense, i.e., a non-empty open subset of
the d-dimensional real Euclidean space. Moreover, let A\: B(X) — Ry U {+o0}
denote the well-known Lebesgue measure on X. We say that a measurable set
B is a Lebesgue null set, if \(B) = 0. We abbreviate the Lebesgue measure of
some measurable subset B € B(X) by |B| := A(B).

For p € [1,00), we denote by LP(X), which is short for L?(X,B(X), A), the
Banach space of equivalence classes of Lebesgue-Borel measurable and to the
p-th power absolutely Lebesgue integrable functions u: X — R. Its norm is the
LP norm, which is defined by

1
el = ( [ 1 ax)” for any e ful



For p = o0, we denote by L>°(X), which is short for L>°(X,B(X), A), the Ba-
nach space of equivalence classes of B(X)-B(R)-measurable functions u: X —
R, whose absolute value is essentially bounded, i.e.,

1[Wll oo () = Nci?(fis . :}1{1\)N|u(x)\ < oo for any u € [u].

Lebesgue null set

Two functions u; and us belong to the same equivalence class [u] (and are thus
considered equal), if they differ only on a Lebesgue null set. We follow the
usual convention of omitting the brackets of equivalence classes, i.e., we write
uw € LP(X) instead of [u] € LP(X).

For p € (1,00), the topological dual space of L?(X) is given by L?' (X) where
p =7/p-1) € (1,00). If the domain X is bounded, then LP(X) C LI(X) for
all ¢ € [1,p] and L=(X) = (LY(X))".

By WP(X), where 1 < p < oo, we denote the Sobolev space of functions
u € LP(X) on X whose first-order weak partial derivatives are elements of
LP(X) again. It is a Banach space w.r.t. the Sobolev norm

d . 3 .
(el ) + S0l ) if1<p< oo,
lullwrex) =

If p < oo, then WHP(X) is separable. If additionally p > 1, then WP (X) is
even uniform convex and reflexive, see e.g. [1, Theorem 3.6].
Moreover, if we close C§°(X) w.r.t. the Sobolev norm, i.e., if we define

Wy () = O (X1,

then Wy (X) is a Banach space (w.r.t. the Sobolev norm). For 1 < p < oo,
we denote its topological dual space by W1+’ (X), see [1, Theorem 3.12 &
Theorem 3.13].

In the case that X is closed, we write (slightly abusing the notation) W (X)
and W17 (X)) instead of W2 (int X) and W1+ (int X), respectively, for the
Sobolev spaces defined on its interior.

Miscellaneous

On some metric space (X, d), we denote the open ball with radius r > 0 around
some point g € X by

Bx (zo;7r) ={z € X: d(zg,x) < r}.
Analogously, we denote the closed ball with radius r > 0 around zy € X by
Bx(xg;r) ={x € X: d(zg,z) <r}.

To simplify the notation, we frequently refrain from subscripting the space in
the notation of the ball.

On some Hilbert space H, we denote the scalar product (sometime called
“inner product”) between two elements hi,hy € H by (hi,hs),. Conversely,
if X is a normed space and X* its topological dual space, the dual pairing of
z € X and 2" € X* will be denoted by (z*,z) y. x = 2"(z).
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While the support of a function f: X — R is defined by

supp(f) = {z € X: f(x) # 0},

the support of a (nonnegative) regular Borel measure 0 < p € 9MM(X) is defined
by

supp(p) = {z € X: u(N) > 0 for all open neighborhoods N € B(X) of x}.

We note that the closedness of both of these supports follows directly from their
definitions.



Part 1

The Infinite-Dimensional
Case

11






Chapter 3

Bilevel Optimization of the
Kantorovich Optimal
Transport Problem

We begin by deriving and investigating the bilevel optimal transport problem in
the infinite-dimensional case. While there are various formulations of optimal
transport problems, such as those of Monge, see [57], or Beckmann, see [6], we
will concern ourselves with the commonly known formulation that originated
from Kantorovich and is a generalization of Monge’s formulation.

First of all, however, we feel obliged to mention that parts of the present
chapter have, in slightly different form, already been published in [45, 44].

3.1 Problem Statement

The first step will be to carefully define the Kantorovich problem of optimal
transport, which will then take the role of the subordinate problem in the pro-
totypical bilevel optimization problem that we motivated in Chapter 1.

To this end, for di,ds € N, let Q; € R% and Q5 C R% be compact domains
(i.e., closures of bounded non-empty open sets, see Chapter 2) such that their
Cartesian product € = ; x €, has a locally Lipschitz boundary! which is
negligible with respect to the Lebesgue measure.

Moreover, for the approximation results of Subchapter 3.4 we assume that
there exists some A > 0, such that the extension domain Q2 = Qf x Q2 where
Q2 = Q;+ Bga. (0; A) for i = 1,2, also has a locally Lipschitz boundary which is
negligible with respect to the Lebesgue measure. This is, for example, satisfied
in (but not limited to) the case that 1 and Qy are closures of bounded non-
empty open convex sets, see e.g. [42, Corollary 1.2.2.3]. Note that the Cartesian
product  and its extension Q2 themselves are compact domains.

We denote the Lebesgue measure on the Borel o-algebras B(€), B(Q2),
and B(Q) by A1, Ao, and A, respectively. In the above setting where 2 is the

1 A bounded set is said to have a locally Lipschitz boundary, if each point on its boundary has
a neighborhood whose intersection with said boundary is the graph of a Lipschitz continuous
function, see e.g. [1, p. 83].

13
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Cartesian product of €7 and {2, we find that A is the uniquely determined
product measure of A\; and Ag, i.e., A = A\ ® Ay. Because all of the above sets
have non-empty interiors, we moreover find that [4],|Qs], || > 0.

Essential to the theory of optimal transportation are the terms “marginal”
and “transport plan”, the meanings of which are clarified in the following defi-
nition.

Definition 3.1. 1. Let p; € M(Qy) and po € M(Qs) with py, e > 0 be
arbitrary nonnegative (signed) regular Borel measures. Throughout this
thesis, we will call 1 and pe marginals. We say that the marginals are
compatible, if

1 llon o,y = #1(Q21) = p2(Q2) = [|p2llan(qy)-

2. A transport plan (sometimes also referred to as a coupling) between the
marginals pq and ps is a nonnegative regular Borel measure m € ()
which satisfies

’/T(Bl X QQ) = [}Jl(Bl) and W(Ql X Bg) = /LQ(BQ) (31)

for all measurable sets By € B(Q;) and By € B(2). Using, for i = 1,2,
the i-th projection map, P;: Q 3 (x1,x2) — x; € Q;, and the pushforward
measure of w via P;,

Pym=moP 1 B(Q) =R, B (P Y(B)),
we can write (3.1) equivalently as
Pym=p and Poym = . (3.2)

We denote the set of transport plans (or the set of couplings) between the
marginals pq and po by

O(pr, p2) = {m € M(Q): Prym = p1 and Poym = po}.

We immediately see that the compatibility of the marginals is both sufficient
and necessary for the set of transportation plans to be non-empty:

Lemma 3.2. TI(u1,p2) # 0 if and only if py and ps are compatible.

Proof. For the forward implication, let = € II(u1, po) be arbitrary. We immedi-
ately receive from the definition and the equivalence of (3.1) and (3.2) that

1 o) = #1(Q21) = 7(Q x Qa) = p2(Q2) = (|12l 0y

so that 1 and ps are compatible.

For the backward implication, let p; and po be compatible marginals and
abbreviate m = p1(Q1) = ua(2). The product measure 1 ® po is a measure
on B(Q) which satisfies (111 ® p2)(B1 X Ba) = p1(B1)p2(Bs) for all measurable
sets By € B(Q1) and By € B(s), see e.g. [31, Satz V.1.5]. Because u1 and g
are nonnegative and finite measures, 11 ® o is nonnegative and finite, too. Also,
because €2 is Polish, Ulam’s theorem (see e.g. [31, Satz VIII.1.16]) ensures the
regularity of y11 ® o, i.e., 1 @ pa € M(Q). If we set m:= m ™ (1 @ pu2) € M(Q),
then

Q
’/T(Bl X Qg) = Nl(Bl)% = [Ll(Bl) for all B1 S %(Ql)
Analogously, m(€21 X Ba) = pa(Bs) for all By € B(£3) so that 7 € II(uq, pe). O
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Now, let p1 and py be compatible marginals and consider some measur-
able cost function c:  — R which is continuous and therefore bounded and
measurable. Then, the Kantorovich (optimal transport) problem is given by

inf K.(m) ::/cdﬂ
4 Q

st. me(uy,p2), ™>0.

(K)

The first thing to note about the Kantorovich problem is that it admits a
(possibly nonunique) solution for every pair of compatible marginals and every
cost function as specified above.

Lemma 3.3 ([49]). Given the above assumptions on the domains, the marginals,
and the cost function, the Kantorovich problem (K) possesses at least one opti-
mal solution.

We will now let the Kantorovich problem (K) take the role of the subordinate
problem of the prototypical bilevel problem from Chapter 1, i.e., we will consider
a special instance of the prototypical bilevel problem.

To this end, let us fix a target marginal u3 € B(Q2) and choose, for some p >
d1+da, a continuous representative® cq of the equivalence class [cq] € WP(Q) to
be the cost function of the Kantorovich problem. Given this data, we define the
bilevel Kantorovich (optimal transport) problem to be the optimization problem

Jnf J(m, )
st. pu1 € m(ﬂl), (BK)

™ e argmin{/ ca df: 0 € T(py, pug), 6 > O},
Q

where J: M(Q) x M(21) — RU{+oc0} is a target functional with the following
properties:

1. J is weak* lower semicontinuous, i.e., for all sequences (7 t1,n)nen C
M() x M(Qy) with (7, p1,n) = (7, 01) € M(Q) x M(Q) as n — oo,
it holds that

J(m, 1) < liggiorcl)f T (T 11,1 (3.3)

2. J is bounded on bounded sets, i.e., for all M > 0 it holds that

sup | T (7, p1)| < oo (3.4)
”(77”“1)Hgﬁ(g)xm(gl)gkj

3. There exists an extension of the target functional J* : M(Q2) xM(QP) —
RU{+o00} which itself is weak* lower semicontinuous, bounded on bounded
sets, and satisfies

jA(ﬂ,ul) = j(ﬂm{(Q)aNl'W(Ql)) (3.5)

for all (7, 1) € M(QA) x M(QP) with supp(r) C Q and supp(p;) C Q.
Here, 7|an(0) and p1]a(o,) denote the restrictions of 7: B(Q2) — R to
B(Q) € B(QA) and p1: B(QP) — R to B(Q) C B(QP), respectively.

2This continuous representative exists due to the Rellich-Kondrachov theorem, see e.g. [1,
Theorem 6.3].




16 CHAPTER 3. THE BILEVEL KANTOROVICH PROBLEM

Remark 3.4. While we require the target functional J to be (weak*) lower
semicontinuous to be able to prove the existence of solutions to the bilevel
Kantorovich problem (BK), see the proof of Theorem 3.5, we will need the other
two properties, i.e., the boundedness of 7 on bounded sets and the existence
of the extension J2, for the approximation results of Subchapter 3.4. We will
present examples of target functionals that satisfy all of these three properties
in Subchapter 3.5. o

A beneficial feature of the bilevel Kantorovich problem (BK) is that, similar
to the Kantorovich problem (K), that it has a solution, guaranteeing its well-
posedness.

Theorem 3.5. Given the above assumptions on the domains, the target marginal,
the cost function, and the target functional, the bilevel Kantorovich problem
(BK) possesses at least one optimal solution.

Proof. We prove the result with the direct method of the calculus of variations.
For that purpose, we denote (BK)’s feasible set by F. To see that F is non-
empty, let i1 = 0z € P(21) be the Dirac measure on §2; for some arbitrary
point & € ;. By construction, fi; and pg are compatible. Following Lemma
3.3, there exists an optimal transport plan # between fi; and uj w.r.t. the cost
function cq so that (7, 1) € F.

Because F is non-empty, there exists a minimizing sequence (7, f1,n)nen C
F so that

lim J(mp,p1,n) = inf }_j(w,,ul) € [—00,0).

n—reo (m.p1)€

The feasibility of the minimizing sequence implies
HW"LHDJI(Q) = TI'n(Q) = ,ul,n(Ql) = ”“17"”931(91) = 1 fOI‘ ELH n e N7

so it is contained in the unit ball of the space D(2) x M (€21 ) with the latter being
isomorphic to the continuous dual space of C'(2) x C(€y), see [2, 6.23 Riesz-
Radon theorem] and Lemma D.1. By virtue of [2, Theorem 8.5], a subsequence
(T » H1,my, ) ken Of the minimizing sequence then converges weakly™* to some point
(T, 1) € M(Q) x M(Qq).

The stability result from [68, Theorem 1.50] ensures that the cluster point
(7, fi1) is contained in the feasible set F: it states that py ,, —* P47 as well
as g —* Pry7 and that # must be an optimal transport plan between the
marginals P47 and %7 with respect to the cost function c¢q. Because of the
uniqueness of the weak* limit and because the sequence (ud)xen is constant,
we find that iy = Pium as well as ug = P47 and that 7 is thus an optimal
transport plan between fi; and p$ with respect to cq. Additionally, because
of i1 = Piu7 and 7(Q) = pg(Q2) = 1, we observe that iy € P(Q). To
summarize, we have shown that (7, ;) € F.

The optimality of (7, i1) for (BK) now follows directly from the weak* lower
semicontinuity of the target functional:

—oo < J(7, 1) < Uminf J (7, , p1.n,) = lim J(mp, p1,n) = inf  T(m, p1),
k— o0 n— 00 (m,p1)EF

see (3.3). Hence, the point (7, fi1) is optimal for (BK). O
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Remark 3.6. Note that Theorem 3.5 is an existence-only result and that in
general we cannot assume that the solution to (BK) is unique. Furthermore,
the presupposed WP regularity of the cost function cq is not needed in the
above proof but will be crucial for the existence proof of the regularized bilevel
problem (BK‘i) from Subchapter 3.2, see the proof of Theorem 3.26, and we
have therefore already assumed it for the formulation of (BK). o

Now that we have established the existence of minimizers, one could be
tempted to compute a solution to (BK) directly by applying a discretization to
the problem’s variables. After all, the discrete formulation of (K) is equivalent
to a linear program, see Subchapter 4.1, and could be solved with the simplex
method. However, there are a number of difficulties, for example,

— the solution of the lower level Kantorovich problem may not be unique;
this prevents us from using the so-called implicit programming approach,
which we describe in more detail at the beginning of Chapter 5;

— the analytical derivation of a solution to the Kantorovich problem is pos-
sible only in certain special cases, requiring the application of (possibly
error-prone) numerical methods to obtain solutions for the lower level
problem;

— computing the solutions to the Kantorovich (K) is numerically hard due
to the curse of dimensionality, i.e., if the marginals were each discretized
by, say, n variables, the solution of the Kantorovich problem would be a
n?-dimensional object (remember that it lives on the Cartesian product
Ql X Qg)

Note that the second difficulty is linked to the third one, when using op-
timization algorithms in order to solve the bilevel problem in (BK). In each
iteration of that algorithm, one needs to solve a (discretized) linear problem on
a possibly huge space and this can become, of course, very costly!

In the following subchapter, we present an approach to the regularization of
the Kantorovich problem, with which we can regularize the bilevel Kantorovich
problem and make it easier computable.

3.2 Quadratic Regularization of the Kantorovich
Problem

To overcome at least some of the difficulties mentioned at the end of the previous
subchapter, the authors of [52] suggest to formulate the Kantorovich optimal
transport problem on L? spaces instead of measure spaces and to add a quadratic
regularization term to its target functional. To be more precise, given arbitrary
compact domains X; C R% and X, C R?, their Cartesian product X =
X1 x X, the marginals p; € L?(X;) and ps € L%*(Xs), as well as a cost
function ¢ € L?(X) and some regularization parameter v > 0, they consider the
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(quadratically L?) reqularized Kantorovich (optimal transport) problem
inf K (7)== 2jm)2
n d(m) = (e;m) 2 x) + 5 Iz x)
P 2
st. meLl?X), m>0 Mae. inX,

K
/ ™ d)\g = M1 Al-a.e. in Xl, ( ’Y)
X

/ ™ d)\l = M2 )\g-a.e. in X2.
X1

Remark 3.7. 1. Even though we have reserved the terms “marginal” and
“transport plan” for elements of measure spaces, see Definition 3.1, we
use it in this case too, since every absolutely integrable function can be
interpreted as the density function of some measure, which becomes clear
when considering the embedding L'(X) < 91(X) which is realized by
means of the operator

v LNX) = M(X), o(f)(B) ::/Bf d\, feL'(X), BeB(X),

see Theorem B.16.

2. Figuratively speaking, in the case of (K,), the improved regularity of the
marginals results in improved regularity of the optimal transport plan,
and the quadratic regularization term in the objective function ensures
the uniqueness of the solution.

3. The linear integral constraints defining the feasible set of (K) are nothing
else than the linear constraints of the Kantorovich problem (K), if we
interpret pi1, pe, and 7w as measures, see the first point of this remark.
Using Fubini’s theorem, we see that

L(Tl')(Bl X Xg) :/ T dA

Bl ><X2

:/ / T dAg dA\y :/ p1 dAy = o(p1)(Br)
Bl X2 Bl

for all measurable By € B(X;) and analogously

L(m) (X1 x Ba) = 1(p2)(B2)

for all measurable By € B(X3).
o

We now collect some known results on the regularized Kantorovich problem
(K,) which will be essential for this thesis.

Lemma 3.8 ([52, Lemma 2.1]). Given the above assumptions on the domains,
the marginals, and the cost function, the regularized Kantorovich problem (K)
admits a unique solution if and only if

Wi >0 Aj-a.e., i =1,2, and / i dAq :/ o dAs .
X1 X2
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Theorem 3.9 ([52, Theorem 2.11]). Let ¢ € L?(X) be bounded from below by
some constant ¢ > —oo and p1 € L?(X1) and pg € L*(Xs) with py, pe > 6 > 0.
Then m € L*(X) is a solution of (K.) if and only if there exist dual variables
a1 € L?(X1) and as € L?(X5) satisfying

1
T=—(1®az—c)y A-ae inX, (3.6a)
Y
/ (a1 ®ag — )y dA\y =1 Ai-a.e. in X, (3.6b)
Xa
/ (1 ®ag — )y dA\y =yu2  Ag-a.e. in Xo. (3.6¢)
X1

Remark 3.10. In Theorem 3.9,
(a1 ® ag)(w1,x2) = ay(z1) + az(w2) A-ae. in X
refers to the outer sum of the functions oy and as, whereas,
uy(x) == max{u(x),0} and wu_(z):=—min{u(x),0}

A-a.e. in X, denote the nonnegative part and nonpositive part of u, respectively.
We know from Corollary B.3 that a; @ ag is an element of L?(X). Therefore,

(al @ Qg — C)+ = X{al@agchO}(al ® Qg — C) S L2(X)7
so that the equations of system (3.6) make sense. o

Lemma 3.11 ([52, Section 2]). The (Lagrangian) dual problem to (K,) is given

by
sup DZ(alvaz) = (ahMl)Lz(xl) + (OZQaNQ)Lz(XQ)
a1 €L2(X1), 1 2 (KD,)
cs€L?(X2) —a5ll(a1 @ a2 = 0)4 ).
Moreover,

1. the equations (3.6b) and (3.6¢) are the first-order sufficient and necessary
optimality condition of (KD.).

2. there is no duality gap, i.e., if T solves (K,) and (a1, a2) solves (KD.)
(w.r.t. the same marginals p1 and ps), then KY(m) = DY (aq, ag).

3. if (o, a2) is a solution to (KD.), then D) (a1 + a, a2 — a) = DY (a1, )
for any a € R, i.e., the solution to (KD.,) is not unique.

The above results directly tackle two of the aforementioned difficulties and
replacing Kantorovich problem by its regularized counterpart opens up several
opportunities:

— In contrast to (K), the optimal solution to (K. ) is unique, see Lemma 3.8.
This implicitly defines a solution operator which maps the given data (the
marginals and the cost function) to the unique solution (the transport
plan) of the problem, allowing us to replace the Kantorovich problem by
this solution operator, see the formulation of (BK@) below.
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— Theorem 3.9 allows us, to some extent, to avoid the curse of dimensionality.
Instead of solving a linear optimization problem, it suffices to solve the
nonlinear equations of (3.6) with respect to the dual variables a; and ao.
After discretizing the problem, this significantly reduces the number of
variables required (m + n instead of m - n variables!).

— Additionally, the structure of (3.6) allows for the application of a num-
ber of standard algorithms for the solution of a discretized version of the
nonlinear equations, e.g. nonlinear Gauf}-Seidel algorithm or semismooth
Newton method, see e.g. [52, Section 3].

However, (K,) requires the marginals to no longer be measures, but to be
elements of the corresponding L?-spaces, which in general corresponds to an
increase in regularity. But rather than restricting our choice of marginals to
elements of L?(X;) and L?(X5), we preserve some generality and fit our data
to the above situation by means of convolution. To this end, we need two
definitions.

Definition 3.12 ([1, Definition 2.28]). For d € N, define a nonnegative, com-

pactly supported smooth function ¢ € C°(R?) with supp(y) C Bga(0;1) by

kexp(—1/(1— ||lz|[*), if 1
p(z) = exp( /( [kl ))’ 1 Izl <1, for all x € R%.
0, if ||z > 1,

In the above, let the scaling k& > 0 be chosen in a way that [, ¢(z) dz = 1.
For § > 0, we receive a mollifier ps € C2°(R?) by defining

ps(x) = @ for all 2 € RY.

By construction,

supp(ps) = BO0:8), 5 >0, and [ s(a) de = / ps(x) do = 1,
Rd B(0;9)

where the value of the integral follows from a substitution of variables.

Definition 3.13. Given some compact subset X C R, with d € N, let pu €
9M(X) be a nonnegative regular Borel measure and ¢; € C°(R?), for § > 0,

be a mollifier. Then, the convolution of the measure p with the mollifier ¢ is
defined by

(s * p)(z) = /X ws(x —y) du(y) for all z € RY.

We use the above definitions to fit the marginals p; € MM(Qy) and us €
M(Qs) to the setting of the regularized Kantorovich problem (K.). To this
end, we choose a (the same for both marginals) smoothing parameter § > 0 as
well as mollifiers ¢} € C°(R™) and 3 € C°(R?%). Then, for i = 1,2, the
convoluted marginals

(00 5 i) () = / @ (x; —y) dui(y)  for all z; € RY,

i
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are no longer measures, but smooth and compactly supported and thus (quadrat-
ically) integrable nonnegative functions.

As is known, this approach will enlarge the domains of the marginals. In
order to avoid loss of information in the proximity of the boundary of the do-
mains, we therefore define the smoothed domains Q¢ == Q; + B(0;6), i = 1,2,
to be the domains of the convoluted measures. As usual, we abbreviate their
Cartesian product by Q° := Qf x Q3. Moreover, we set BY = B(0;0) C R%,
i = 1,2, and note that the compactness of ; and Bf is carried over to their
Minkowski sum ; + B¢. For further information on the convolution of the
marginals and mollifiers we refer the interested reader to Appendix A.

Also, since we want to be able to use the dual representation of the optimal
transport plan from Theorem 3.9, we raise the convoluted marginals by a bit, i.e.,
for i = 1,2 we define the convolution (& raising operator) T;? : M(Q;) — L2(Q2)
where

5 ) s 5
T (i) = (7 = pi +61Q23_;])|os,
which turns a nonnegative measure into a smooth and strictly positive function,
see the following remark.

Remark 3.14. 1. By the above construction, 7;°(u;) € L>®(Q2) C L?(Q9)
and T (p;) > dmin{|Q3],|Q%|} > 0 for i = 1,2. Theorem A.3 and Lemma
A.4 combined with the assumption on the mass of the marginals and
mollifiers yield that

1T (il ey = 192 1L (5)  illam ) + 012319221 = 1+ 81291123

for i = 1,2. Lemma 3.8 then implies the existence of a unique solution to
(K, ) for each v > 0 and § > 0 and Theorem 3.9 yields the representation of
said solution by means of the dual variables a; € L?(Q9) and ap € L2(03).

2. Not only does the convolution of the marginals serve to fit our data to the
setting of the regularized Kantorovich problem, it is also essential for exis-
tence proof of the regularized bilevel problem (BK?Y) defined below. This
is because the solution operator of the regularized Kantorovich problem
(K, ) is not weak* continuous (see Example 3.18) but only Holder contin-
uous. Hence, the compactness of the convolution operator is needed to
guarantee the admissibility of the limiting transport plan, see the proof of
Theorem 3.26.

o

Another point we have to address before we can actually formulate the reg-
ularized version of the bilevel Kantorovich problem are the regularities of the
cost function and the solution of regularized Kantorovich problem. Just like the
marginals, the cost function of the regularized problem needs to be an element
of the corresponding L? space. At the same time, its solution is an element of
the same L? space, but the target functional of the bilevel Kantorovich problem
only operates on regular Borel measures. To solve this discrepancy, we have the
following definition:

Definition 3.15. Let &: C(Q) — L?(92) be the extension (by zero) operator
that extends a continuous function f: {2 — R to a not necessarily continuous
but square integrable function &(f): Q% — R in a way that E(f) = f on Q
and Es(f) =0 on Qs \ Q.
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We denote its adjoint by £F, which is the unique operator £ : L?(Q%) —
M() given by EF (u)(B) == [ u dA for all B € B(Q) and all u € L*(2%).

Remark 3.16. Even though the operator & only allows for continuous func-
tions as input, we (ab-)use its symbol for elements of W1P(Q) too. According
to the Rellich-Kondrachov theorem each of these Sobolev functions has a con-
tinuous representative which we then plug into the operator &5, which justifies
the ambiguous use of its symbol. o

After our preparatory considerations, we are now in a position to define for
fixed ¥ > 0 and § > 0, the (quadratically L?-) regularized (€ W'P-penalized)
bilevel Kantorovich problem. Given the domains 4, 9, and Q2 from Subchap-
ter 3.1, ug € P(N2), and the continuous representative cq of [ca] € WHP(Q)
(remember that p > dy + dz), we consider the problem

inf «77(71_7.“176) = j(Tr’,ul) + %”C - cdHII:VLP(Q)

T, ,C

st. cé& Wl’p(Q), n1 € %(91), (BK?{)
m=(E508,)(E5(0), TP (1), T3 (1))

Remark 3.17. In the context of the regularized bilevel Kantorovich problem
(BK?Y) we want to mention the following:

— As announced earlier, we replaced the lower-level Kantorovich problem
from the formulation of the non-regularized bilevel Kantorovich problem
(BK) by its solution operator Sy, which is rigorously defined in Subchapter
3.3 below.

— In comparison to (BK), in (BKJ) we use the cost function of the Kan-
torovich problem as an optimization variable as well. This is motivated
by the fact that we expect that the set of optimization variables is not rich
enough to obtain non-trivial recovery sequences for the approximation of
solutions of (BK). This is particularly evident in Chapter 4.5, where we
only succeeded in constructing a nontrivial recovery sequence with the aid
of the cost function being an optimization variable.

o

Of course, the first question that arises is whether (BK‘;) is well-posed and
possesses an optimal solution. Furthermore, we wish to know whether solutions
to the non-regularized problem (BK) can be approximated by a sequence of
solutions to the regularized problems (BK?Y). We explore the answers to those
questions in the next two subchapters, beginning with the former.

3.3 Existence of Solutions to the Regularized
Bilevel Kantorovich Problem

Using this subchapter we show that the regularized bilevel Kantorovich problem
(BKY) possesses at least one optimal solution.

As was the case in the formulation of (K,), we again consider arbitrary
compact domains X; C R%, i = 1,2, and their Cartesian product X = X x X,.
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Given the scalar lower bounds ¢ > —oo and g > 0 as well as the mass m > 0,
we define the set of cost functions (bounded from below),

Ce(X) ={ce L*(X): ¢>c Mae. in X},
and the set of (strictly positive) compatible marginals,

M3 (X1, Xa) = { (g, 12) € LA(X) X L3(X):

/ i d)\z =m, W; > u /\i—a.e. in Xi, 1= 1,2, }
X,

i

A major difficulty in the existence proof of (BK?Y) is the fact that the solution
operator of the regularized Kantorovich problem,

Sy Ce(X) x M (X1, X2) = LA(X), (¢, 1, p2) > ,

with v > 0 and 7 being the unique solution to (K,) with respect to ¢, u1, and
L2, is not continuous w.r.t. the weak* convergence as the following example
shows:

Example 3.18 (S, Not Weak Continuous). Consider the compact domains
X1 = X2 = [0,1], the regularization parameter v = 1 (this choice is only for
convenience), and the cost function

1
c(xy,me) = Z\xl — x5]?.
Moreover, for n € N, define
fn(x) = sgn(sin(2mnz)) for all z € [0,1],

as well as
9 5 1
a1, = fn+ ZX[O,%] + EX(%’” and  agp = _§X(%,1]'

Based on this definitions, one can construct a sequence of transport plans
(mn)nen C L2([0,1]?) via

(X1, T2) = (al’n(ml) + ag p(x2) — (21, Ig))+

falz1) + 2 — Yo — 202, if 1,25 € [0, 3],
fn(xl)—l—%—%\xl—xg\z, if 21 6(%71], x9 € [0, %],
fn(l'l)‘f'%—%‘l‘l—‘rg‘g, if 21 € [0, %], :1726(%,1],

(fn(xl) + % — %le - $2‘2)+, if 1,29 € (%,1].
If we set

1 1
i = / Tp dAg  and o, = / T dA1,
0 0

then we find that, for i = 1,2, pu; > 11—6 Ai-almost everywhere. We can therefore
apply Theorem 3.9, to obtain that m, = S1(c, pi1,n, fi2,n) for all n € N. Let us
take a close look at the last case in the definition of 7, and abbreviate

Fo(z1,22) = (fn(l’l) +

3 1 2)
- ——lz;—z
4 4| 1w n



24 CHAPTER 3. THE BILEVEL KANTOROVICH PROBLEM

{1_i|x1_x2|2’ lfxle( 2n272k 1) k'—l

0, if oy € (251, 28), k:L...,
If we set F(21,22) = & - (5 — 2|z1 — 22?) + 3 -0 = L — [z — 2|?, then for

every ¢ € C°([0,1] ; e get that
[0,1]2
/ (/2:2 (¢F) (21, x2) day —/271 (oF)(x1,22) d:c1> dao
0 k=1 T 2k-1
: /0 /2

0

x9) — (oF) (xl + %, xg)’ dxy dxs

1
L¢F7 dridry = L¢F% ;:;—) 0

where Lgr > 0 denotes the Lipschitz constant of ¢F. Because C2°([0,1]?) is
dense in L2([0, 1]?), see e.g. [1, Corollary 2.30], for any ¢ € L%([0,1]?) and every
g > 0 there exists some ¢. € C2°([0,1]?) with ||¢ — Pellp2((0,1)2) < &- Hence,

’/ ¢(F, — F) dzx
[0,1]2

S/ |¢*¢s||Fn*F‘dw+
[

3

/ ¢ (F, — F) dx
(0,12

SNFn = Fll 2 o,12) 1€ = @ell 2p0,172) + ’/ (Fp — F) dx| < 2¢

for all n sufficiently large. Therefore, F,, — F in L%([0,1]?). Together with
fn — 0, this shows that

—i|l‘1—$2|2, ifl‘l,xQE [O, %],
— Yoy —z|?, ifzi € (1], 22 €(0,3],
—i|l’1—l’2|27 if:vle[O,%], {EQE(%,].],

—%|.'I}1—$2|27 if$17x2€(%al]a

as n — oQ.

el N B I (S Ne)

The weak convergence of the transport plans implies the convergences fq , —
[ = folfr d\y and po, — fig = folﬁ d\1, because py,, and p2, are linear
and continuous images of the transport plan 7, and this is preserved by weak
convergence. Now, assume that

T=(1 ®as—c)s (3.7)

for some ay,as € L2([0,1]). Because of @ > 0 a.e. in [0,1]2, it must hold that
T = @1 P Qg — ¢ or equivalently

: ] o]
2 in (1,1 x [o,4
@1@6&2— 4 . 29 ’ 2]
4 in [0.3] x (5.1].
T4z — 2 in (3,1]7.
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Choosing an arbitrary representative of the equivalence class [@2] and fixing an
Lebesgue point Z3 € (0, 1/2), we obtain

9 (T ifo<az; <1
qa(ay) = | 1~ 22 HOS TSy, (3.8)
1—042(1‘2), 1f§ <z <1.
Similarly, fix Z3 € (1/2,1) to obtain
_ T — ag(da), if 0 <ay <3,
041(!.131) =37 1 ~ 12 = A e 1 (39)
§ T 5lr = 2® — aa(de), if 5 <z <1

Obviously, the functions in (3.8) and (3.9) cannot be the same, regardless the
choice of ay. Therefore, (3.7) cannot be true and by Theorem 3.9, 7 is not the
optimal transport plan between [i; and jis. To summarize our findings,

(11,0 p2,n) = (A1, 02) == Sile pan, pa.n) = Si(e, fir, fi2),

i.e., the solution operator of the regularized Kantorovich problem (K,) is not
continuous w.r.t. the weak® convergence. Again, the choice v = 1 in the above
example was only for convenience. The same example holds (up to scaling) for
arbitrary choices of v > 0 so that none of the solution operators Sy for v > 0
are continuous w.r.t. the weak* convergence. O

Nevertheless, we can show that the solution operators are Holder continuous,
by deriving L2-bounds for both the solution of the corresponding regularized
Kantorovich problem and the dual variables evolving from Theorem 3.9.

Lemma 3.19. Let v > 0 and (c,pu1,p2) € Ce(X) x M (X1, X2) be arbi-
trary. Then, the solution of the regularized Kantorovich problem (K,), m =
Sy (e, 1, p2), is bounded by

7l L2(x) < C- (lm @ tellpz ) + ||CHL2(X))7
where C = C(y,m) > 0 is a constant solely depending of v and m.

Proof. Because the cost function is bounded from below and the marginals
are strictly positive, Theorem 3.9 implies the existence of dual variables a; €
L?(X1) and ag € L?(X5) such that the optimality in (3.6) is fulfilled. Multiply-
ing (3.6b) and (3.6¢) with ay and aw, respectively, integrating and adding the
resulting equations leads to

Y172 ) =/ (o1 ® ag —c) dX
X

:/ 110 d)\1+/ YD d)\g—/ we dA,
X1 X X

where we used (3.6a) and that x o = ()% for all # € R. Exploiting the
equality of the mass of the marginals, i.e.,

(3.10)

el ) = /X jo dAs = m = /X 2 o = 152l
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we obtain, for ¢ = 1,2, using Fubini’s theorem

1 1
/ pic; dX; = */ Niai/ H3—; dAz—; dX; = */ (M1 & ,uz) o dA.
X m i X3 mJx

In the above, (1 ® u2)(x1, x2) = p1(x1)pe(x2) A-a.e. in X refers to the tensor
product of the functions pq and pe. Corollary B.3 guarantees that puy ® ps €
L?(X). This allows us to estimate (3.10) by

2
7||7THL2(X)

1 1
:—/(,ul ® p2)(a1 ® ag — ¢) d)\—&——/ (11 ® po)e d)\—/ e d\
mJx mJx X

IN

1 1
L / (12 ® piz) (01 B  — €) 4 AN+~ / (2 ® pz)e] A+ / el d
m Jx m Jx X

VAN

¥ 1
lmlipeliin @ pallpe + —llm @ pallpellell g2 + 17l Lallell 2.
(3.11)

Next, we apply the scaled version of Young’s inequality from Lemma D.3 to
obtain

5y Y 2 3’7 2
E”W”L?(X)”:u'l ® przllp2(x) < g||7f||L2(X) + W”“l ® p2llz2(x) (3.12)

and

Y2 3. 2
7l p2xyllell 2 x) < §||7T||L2(x) + ;HCHLz(X)- (3.13)

Substituting (3.12) and (3.13) into (3.11), we receive

A

2 9 2 3 9 2
1722y < —5llin @ pallzzx) + m*y”ﬂl ® p2llp2(xyllell pzex) + ?HCHL%X)

A

3 3 2
< (sl @ el + S lelzaa )

Consequently,

3
1 @ pallp2(x) + ;”CHLZ(X)

3

max{ 2 2V (lu @ piall o ) + lell o)
m’y

3
< —
Il o) < =

IA

which yields the claim. O

Remark 3.20. Although C and all of the following constants may or may
not additionally depend on the domains X, X5, and X, we are content with
emphasizing only the dependence on the parameters v, ¢, u, and m, since the
domains were fixed from the very beginning of this subchapter.

This means that whenever a constant named C appears, we know that it
depends directly or indirectly only on the given parameters and that there is no
further dependence on entities other than those mentioned above. o

To ease the subsequent argumentation, we make the following technical as-
sumption:
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Assumption 3.21. If (aj,a0) € L?(X;) x L*(X5) is a given pair of dual
variables to a given optimal solution of (K,) as given in Theorem 3.9, then
fX2 as dhg = 0, i.e., as is a zero-mean dual variable.

Remark 3.22. Although this assumption may seem restrictive at first glance,
it is actually not a limitation. If a given s were not a zero-mean dual variable,
we would abbreviate a := | X5|™! [ x, @2 d)\2 and observe that

o < X [ aal dre
X2
<Xl MLl o xyy 02l 2 ) = 1Kl 72 2]l 2, < o0
We could then consider the pair
(G1,a2) = (1 +a,a9 — a) € L*(X;) x L*(X>),

which is according to Lemma 3.11 also a solution to (KD, ) and therefore satisfies
the conditions in (3.6). A quick calculation then shows that &s’s mean value
indeed vanishes:

/ dgd)\gz/ Oégd)\z—a/ ]].d/\gz/ Oézd)\g—/ a2d>\2:0.
Xo Xo X2 X2 X2

Also, for i = 1,2, [|&il 11 (x,) < C implies [los|[11(x,) < C + [a][ X, ie., the
boundedness of the original solution. o

Next, we wish to determine L?-bounds for the dual variables. This is a
crucial task to show the Holder continuity of S,. Prior to this, however, we
need the following lemma to establish L'-bounds for the dual variables.

Lemma 3.23. Let Assumption 3.21 hold and let v > 0 and (¢, 1, p2) € Ce(X) %
Mﬂ(Xl, X5) be arbitrary and consider the corresponding optimal solution of the
regularized Kantorovich problem (K), namely m = S, (c, p1, p2). Then, the total
masses of the dual variables oy € L*(X1) and ag € L?(Xs) from Theorem 3.9
are bounded by some constant C = C(v,u,m) > 0, i.e.,

2
||a1||L1(X1)’ ||042HL1(X2) <C- (HMI ® H2HL2(X) + HC||L2(X) + 1) :

Proof. Following our Assumption 3.21, we assume that (a1, as) is a zero-mean
dual solution. The target functional of the primal problem (K. ) is bounded by

i 2
K2 () = (Cvﬂ-)LZ(X) + §H7THL2(X) z —||C||L2(X)||7T||L2(x)-
The strong duality of (K,) and (KD, ), see Lemma 3.11, implies that
Di(ar, o) = KU(m) = =llell 2 x) 17l L2 x)
and therefore, similar to the proof of Lemma 3.19, we estimate that

HC||L2(X)H7THL2(X)

1
> 5l @ as =l — [ an dhi= [ o i
Y X1 X2
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1
> **/ (11 ® pz)(ar @ o) dA
mJx
> 1 d\ L
. X(Ml ® pz)(on @ a2 — ¢) dA = —lu1 ® pial 2 ) el L2 x)-

Using u(z) = uy(x) — u_(z) with uy(x),u_(x) > 0 for almost all z € X for all
u € L?(X), see Remark 3.10, and the marginal’s lower bound g > 0, we find
that

1
ez (1122 + -l © piall o)
1 1
> —f/ (1 ® p2)(o1 ® ag — )4 dA +f/ (1 @ p2)(o1 ® g — ) dA
mJx mJx
g u’
> =Xl © sl ellaey + 5 [ (o1 @02 —0)- ax.
Rearranging and using m’s L?-bound from Lemma 3.19, we obtain that
[(ar ® a2 —¢) 1 (x)
m 1 ¥
< allellaco (Iellzacn + 5o 1 © ball ey + Zg i @ sl Imlzaga
2 2
<C- (Hﬂl ® N2||L2(X) + ||c||L2(X)),
with some constant C' = C(u, m, ). Because of

[(c1 ® az — C)+||L1(X) < 'Y|X|§H7THL2(X) < C(Hﬂl ® ,“2HL2(X) + HC”L?(X))a

for some constant C' = C(y,m) > 0, we find that the outer sum of the dual
variables is bounded by

a1 @ aall 1 xy
<Al paxy + (e @ az =€)y + el

2
k k
<0 (Xl ® allace) + Iellagn) ).
k=1

with some constant C' = C(y, u, m) > 0.
With the help of the dual representation of the norm on L!(X), namely

lullprxy = sup / du dx  for all u € L'(X),
peL>(X), JX
161100 () <1

we find the following lower L'-bound for the outer sum of the dual variables:

o @ aallyny = swp [ dlar@as) dn
peL>=(X), JX
161 o0 (e, S1
> sup / (01 @ 1)(a1 ® az) dA
$1EL7(X1), JX

H¢1HLOO(X1)§1
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= sup | Xo| praq dX + b1 d>\1/ ag dAa
$1EL®(X1), X, X1 X
lé1ll poo (x,)<1

— [ Xalllaull s x, -

Note that the last of above’s equation holds because as is a zero-mean dual
variable. In a similar fashion, we receive that

[ @ aall () = sup / ay d)y ¢ dAg +|X1] Paaa dXo
$2€L%(X2), /X1 X2 Xo
H¢2HL00(X2)§1

Y

—[Xolllarll i xyy + [ Xalllaallprx,)

Y

—llor @ azll 1 xy + [ Xalllozall i x,)-
Therefore, for i = 1,2,

o] £ o
LY (X;) = mjn{|X1|7‘X2|}

2

k k 3.14

<c. (an ® 122 ) + ||cL2<X>> (3.14)
k=1

2
<O (i ® pall g2 x) + el ) +1)7
with C' = C(y,u, m) > 0, as claimed.
Note that the additional “+ 1” on the right-hand side of (3.14) automatically
accounts for the assumption of a zero-mean dual solution, see Remark 3.22. [J

The last preparatory step before the final proof of the Hoelders continuity of
S, is to construct L? bounds for the dual variables. This is done in the following
lemma.

Lemma 3.24. Let Assumption 3.21 hold and let v > 0 and (¢, 1, p2) € Ce(X) %
MZ(Xl,Xg) be arbitrary and consider the corresponding optimal solution of
the regularized Kantorovich problem (K.), m = Sy(c, p1,p2). Then, the dual
variables ay € L?(X1) and ag € L?(X3) from Theorem 3.9 are bounded by

6
||041||L2(X1)a ||042HL2(X2) <C- (HMl ® N2HL2(X) + HC”Lz(X) + 1) )
with some constant C = C(v, ¢, u,m) > 0.

Proof. We again assume that ps is a zero-mean dual variable and proceed in
two steps: in the first step, we show the boundedness of the positive parts of the
dual solution (i); in the second step, we derive bounds for their negative parts
(ii).

Ad (i): We abbreviate

2
M:=Cy- (”Nl ® M2||L2(x) + ||CHL2(X) + 1) >0, (3.15)

with C; > 0 being the constant from the formulation of Lemma 3.23, and define,
up to sets of zero Lebesgue measure, the subset

- 2M
X2 = {1‘2 € X2: ‘042(1‘2” S } C XQ.
| Xz
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It follows by construction that

M > / ls(22)] da > / Jan(ea)] des > 2 x5\ K.
X X2\ X | X2
This implies
ol 30\ Kol = Xl - Ko
and, in turn,
|Xy| > %2' > 0. (3.16)

Now, we define, again up to sets of zero Lebesgue measure, the subsets
X ={z1€ X1: ai(x1) >0} C X
as well as
X+t = {(z1,22) € X{" x Xo: ar(z1) + az(xy) > 0} C X x X, C X.

In particular,
0<ag(zy) < —ag(ze) < X Aace. in (X] x Xp)\ XT.
2

Therefore,

\le/ (a1)d d\ :/~ / |y |2 dAy d)g
X1 Xo J X
:/ a2 d)\+/ s |2 dA
X+ (X xX)\ X+
oM \? L.
g/ oy |2 d)\+<> [(X;F x Xo) \ X
X+ | Xo|
Taking advantage of (3.16), this yields
o) e < o [ P ares () k@
A1) +llp2(x,) = Xo| 5+ (e51 Xo] 1. .

On the one hand, we observe that

(01 © a2)+ n ey = /X (01 ® az)? d

<2 (/X(oq P az —c)? dH/XCi dA) (3.18)

2 2
<2Vl zex) + lellzaix))

2 2
<Oyl @ pi2l| 2 x) + ||CHL2(X))7
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for some Cy = C(v,m), see Lemma 3.19. On the other hand,
(o1 8 a2)e ey > [ (e @ an i

:/ (1 @ ag)? dX

X (3.19)
z/~ oy |? dA—z/~ |ay [[ova| dA
X+ X+
2
> [ JonP =2l ozl
Combining (3.15) as well as (3.17) — (3.19) with Lemma 3.23, then results in

1)+l L2 (xy)

1
2 2 o | X1] )2
< <|X2| (I @ a2)+ 172 xy + 2 llenllpr s ozl pr x,y) +8M X2

4 Xo| + 8| X,

2Cy 2 2 | 2\ 2
< — . + 4+ M
= (IXQI (Hﬂl ®M2||L2(X) ||c||L2(X)) X, [2

2
<Cs- (||M1 ® M2||L2(X) + ||CHL2(X) + 1)
for some constant C3 = C(v, g, m) > 0. A similar L2-bound for (ag); follows
by means of reversed roles.

Ad (ii): Given r € R, we consider, up to sets of zero Lebesgue measure, the

set
X; = {(EQ € Xo: (OéQ)+(£L’2) >r +Q} C Xo.

For any r > —c, the mass of this subset can be estimated by

1 1
/ r4+cdy < / (c2)4 dArg < < .
T+cJxr T+c /gy r+c r+c

X3 =

Consequently, \X§| — 0 as r — oo. For any r > —c, we find that

/ (=7 + ag(za) — )4 das
X2
< /X (—(r+<) + (a2)+ (22)) , day

— [ ~r+0)+ (az)slo2) dos

2

. M \z
< A < | X33 < K
< /X (a2)4 drg < | 2|2H(a2)+||L2(X2) = <r+g) ’

2
where K > 0 is short for the bound for [[(o1)+([72(x,) and [[(a2)+ [l 12(x,) from

step (i). If we define
MK?
R::T,@Q+1_Q>_g
v
then
/ (=R + as(xz2) — )4 dao < yp.
X
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Now, let us assume that ay < —R Aj-a.e. on a set E C X3 with A\(E) > 0.
Then,

/ (1 ®az —c)q dra < / (=R + az(22) — ¢)4 dws <yu <y
X2 X2

Ar-a.e. on E. This, however, contradicts (3.6b). Hence, (a;)— must be bounded
essentially by R, i.e., [|(c1)— |z (x,) < R. Therefore,

1(ea) Nl 12 (x,)
< R|X,|*

|X1|% 6 1
= N2 C1Cs - (”Hl ® MZHL?(X) + ||CHL2(X) + 1) +|X12(1—¢)

6

<Cy (@ tll 2oy +llell p2 ) + )7,

with some constant Cy = C(v, ¢, u,m) > 0 and, consequently,
leallpzix,) < o) llpo ) + (@) <llp2x,)

6
<C (i @ poll g2 x) +llellpexy +1)7

with some constant C' = C(v,c,u,m) > 0 as claimed. Again, the estimate for
(ag)— and thus for as follows by means of reversed roles. O

We are now in a position to establish the Holder continuity of the solution
operator associated with the regularized Kantorovich problem (K.). We shall
see in Theorem 3.26 that this is essential for proving the existence of solutions

to (BK?).
But first, for the sake of readability, we define the Hilbert space
9= L*(X) x L*(X1) x L*(X3)

which carries the norm

1
2 2 2 2
v, )l = (lulZai) + 101200y + lolZag )

Proposition 3.25. Let the parameters v,u,m > 0 and ¢ > —oo be given.
Then, the solution operator of the reqularized Kantorovich problem,

Sy Ce(X) x MH (X1, Xa) = LA(X), (e, 1, pi2) = 7,

with m being the solution to (K,) w.r.t. the cost function c and the marginals p1q
and pa, is Holder continuous (on bounded sets) with exponent Yz, i.e., for each
radius p > 0, we can find a constant C' = C(¢, w,m,~y, p) > 0 such that

HSV(cm:ulu:UQ) - SV(CW V17V2)HL2(X) < C”(CWMIMMQ) - (Cuvylﬂ V2)||g
Jfor all (¢, pa, pi2), (cv, v1,12) € Co(X) X M (X1, Xo) with

[(eus 15 12) |l g 1wy 1, 2) 5 < -
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Proof. Given arbitrary points (¢, p1, fi2), (cy, v1,v2) € Ce(X) x M (X1, Xo)
with
”(Cuvlula,uQ) - (CV7V15 VQ)”,@ <p,

we set 7, = Sy(cu, 1, p2) and m, = S,(¢y,v1,12). By virtue of Theorem
3.9, there exist of,af € L?*(X;) and o, a4 € L*(X,) such that 7, = %(a’f ®
ab —cy)+ and m, = %(a’f @ af — ¢,)4 satisfy the equations (3.6b) and (3.6¢),
respectively. Hence,

/ Ty — Ty dhg = p1 — v and / Ty — Ty A1 = f12 — V. (3.20)
X2 Xl

"

Testing the first and second equation in (3.20) with of — of and of — o,
respectively, integrating and then adding the resulting equations, we arrive at

/ (7 — m) (0 — a) @ (o — a%)) dA
X

- / (11— 1) (@ — o) dAy + / (12 — va) (0 — o) ds,
X1 X2

which is equivalent to

1 1
_ (At B —_ Z(a¥ vo_
| = m (St @t =)~ S(of @ af —c.)) dx
1

+ 5 /X(7ru —my)(cy —cv) dX

= (ot =y e [ = e —af) o).

Using (3.6a), the inequality (ay —b,)? < (ay —by)(a —b) for all a,b € R and
the Cauchy-Schwarz inequality, this implies

1
||7T;L - 7T1/Hi2(x) - */ |(7Tu - WV)(CAL - CV)| dA
YJx

< (Ho/f - 0511/||L2(X1)HH1 - V1||L2(X1) + [lay — O‘SH[P(XZ)HNQ - V2||L2(X2))~

(3.21)

By Young’s inequality, see Lemma D.3,

1/ 1
— w, — 1, )(c, —c,)| dN < —||7, — 7, C, — Cy
~ [ 1 = m) = )l 43 < 2 = ol e = el

2
2 2
< ||7T;t - 7TVHL2(X) + ?”Cu - CV||L2(X)

N |

Inserting this into (3.21), we arrive at

2
||7ru _7TV||L2(X)

2
4 9 2 y
< QHCM_CVHL? xtzo § e — o 12 X,
(X) T 4 (X3)
=1

v i _ViHL?(Xi)
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2
4 2 5 ,
< max{ 55 = (llew = eulizaon + Dolof = ol o~ villegx,)
1=1

or equivalently,

Aaﬂéééé

3 1
I =l 2y < (G S 3) s 1, 12) = e )
(

3.22)
with

C = max {llew = eull oy ot = 0l ) lod = a8l | > 0
By assumption,
lew = eull iy < e pin m2)llgy + (v v, v2) g < 2.

Moreover, Lemma 3.24 provides a constant C' = C(c, g, m,y) > 0 such that

0 6
[[e% ||L2(X1:)’ ||ag|‘L2(Xi) <C-(lme M2||L2(X) + ||Cu||L2(X) + 1)
<C-

<C-

2 2 6
a2y + N2l T2y + leull o x) +1)
6
pliallzxyy + pllozllpzx,)y + el g2 ) + 1)
6
p+1),

—~~ I~ —~

<cC.

Of course, we find the same bounds for af and af. Combining all of the above,
shows that C can be estimated by

where C' > 0 is a constant solely depending on the radius p as well as the fixed
parameters v, ¢, g, and m. This together with (3.22) shows that the solution
operator is (on bounded sets) Holder continuous with exponent Y. O

We now have everything together to prove the existence of an optimal so-
lution to the regularized bilevel Kantorovich problem. Therefore, we return to
the setting of Subchapter 3.2 and recall the problem statement:

inf JV(WMUJMC) = j(ﬂ'hul) + %”C - CngVl,P(Q)

T, ,C

st. ce WhP(Q), pp € PB(), (BK?)
™= (& 0 8,)(Es(c), T (1), T3 (15)).

Theorem 3.26. Given the assumptions on the domains, the target marginal,
the cost function, and the target functional from Subchapter 3.1 and Subchapter
3.2, for every v > 0 and § > 0, there exists at least one optimal solution to
(BK?Y).

Proof. Again, this proof is based on standard arguments: We show that the
feasible set is non-empty and contains a sequence converging to the infimum
of (BKESY) (i), verify the boundedness of that sequence (ii), argue that the limit
point of a convergent subsequence is still contained in the feasible set (iii), and
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apply the lower semi-continuity of the target functional, to show the optimality
of the limit point (iv).

Ad (i): We abbreviate the feasible set of (BK?) by
F = {(ﬂ,,ul,c) € M(Q) x M(Q) x WP(Q):
i € B(), ™= E(7), 7 = 5(E5(c), T (), (1)) }.

Analogous to the proof of Theorem 3.5, we choose i1 = d3, the Dirac measure
at some arbitrary point & € Q. By construction, fi; € PB(Q1). We choose ¢ =0
as a cost function on Q. Trivially, its extension onto Q° is given by &£s(¢) = 0.
We know from Remark 3.14 that 72 (f1), 75 (19) > d min{|Q3[, 23]} > 0 and
that [, T(in) dhi = [o, T3 (1#5) dAo. Lemma 3.8 therefore implies that 7 =
S, (E5(¢), TP (1), T2 (ug)) exists and by setting & := £f (), the triple (7, i1, ¢)
is an element of F. This shows that the feasible set is non-empty. Consequently,
it must contain a minimizing sequence (7, {411, Cn)nen With

li ns nyCn) = inf 5 5 ceRU{- . 3.23
B T (i) = i () ERU{o) (329

Ad (ii): We now show that the minimizing sequence from step (i) is bounded.
First, we notice that HML”HEm(Ql) =1forallneN.

Also, for each and every n € N, we can find an optimal solution to the
regularized Kantorovich problem, namely 7, = S, (&5(cn), T (1t1,0), T3 (19))
such that m,, = £ (7). Thus,

Iy = € (Fu) () = / / 7 s dy
Q1 JQ

§/ / T dAo dAq
ot Jag

= /Q(S @ pi1,n + 0|Q3] dAy

() + S| [193] = 1+ 627193,

= H@(ISHLl(Bg)”Ml,n

where we used the feasibility and nonnegativity of 7, Lemma A.4, and that (¢
is a mollifier which supported on BY.

Owing to the W'P-penalty term in the target functional J and the lower
bound of 7, there exists some constant C' > 0 such that ||, |y, < C for
all n € N (otherwise, (7, f41,n, Cn)nen cannot be a minimizing sequence).

Ad (iii): The boundedness of the sequence (7, f1,n, Cn)nen implies the ex-
istence of a subsequence (my, , H1,n,sCn, )ken and a cluster point (7, f1,¢) €
M(Q) x M(2) x WHP(Q) such that

M) XM () whP(Q) :

(7, 1) and  cp,

(ﬂnmﬂl,nk) k—o00 k—o0

In particular, ¢, — ¢in C(2) as k — oo, where this convergence is understood
for a selection of continuous representatives of the equivalence classes ¢y, and
¢, see e.g. [1, Theorem 6.3 Part III].
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By Lemma B.17, there exists, for any B € 9B({1), a sequence of nonnega-
tive functions (v, )men with le U dity — [1(B) as m — oo. Owing to the
nonnegativity of both v,, and p; ,, for all m and all k, respectively, we find
that

g1(B) = lim U dfi; = lim  lim U dpi1 g > 0,

m—oo [ m—00 k—o0 o8}

i.e., fi; is a nonnegative measure. Because of the weak™ convergence (11 ,,, —* i1
it must hold that

1= HNl,nngm(Ql) <Nl,nk»1>c(91)*,c(gl) = (11, D) i .c@) = Il

as k — 00 so that [|i1]lgy(q,) = 1. This shows that p1 € P(Q1).

We define 7 := S, (&5(€), TP (1), T3 (19)) € L*(Q2°), which exists by reason
of the same arguments as in (i), and show in the following that 7 = &5 (7).
Applying Lemma B.12, we find that

_ 2
103 * f11,m,, +019231) = (9 * fix + 813D 2 o)

/ 2
0

dx
= ‘< — s OT > ‘2 dx
s H1,m M1, P T/ () ,C () )
1

/Q Py — ) A — 1))

where T, (y) == y — 2. For any 2 € QJ, the composition ¢ o T}, is a continuous
function w.r.t. y and, owing to the weak* convergence pq ,, —* fi1, the inte-
grand (as a function of z) converges pointwisely to 0. Moreover, it is uniformly
bounded by

B 2
|(p1,my, — i1, Pl o Tw>c<91)*,0(91)|

_ 2 2
< e = inllgnon 195 0 Tell e,y < 40t llogan < o

for all 2 € Qf and k € N. Therefore, Lebesgue’s dominated convergence theorem
implies the convergence of the convoluted marginals:

L)) ; )
T (ane) = (1 pm, +0150) ———5 (@) * n +013)) = T (). (3.24)

Also, if we set m = §|Q[|Q3], then (TP (@), T3 (1)) € M (99,Q3) and
(T2 (p1,n,), TR (19)) € MP(Q4,9Q9) for all k € N. Moreover, because & is
the trivial extension to 99, we see that
2 5
e D 5 = E5len) —h £5(0) (3.25)
k—o0 k—o0
and, in particular, Es(c,,) € Cc(Q?) for all k € N. Therefore, we are allowed
to apply Proposition 3.25 which, in conjunction with (3.24) and (3.25), ensures
that

o = Sy (Es(en ), T (1, ), T2 (12)) = Sy(E5(0), T (), T2 (2)) = 7
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in L2(Q°) as k — oo. Because of m,, = &} (7n, ), we find that

<7Tnk;¢>c(g)*7c(g) = /Q¢5 AT,

= | E(d)Fn, dN — [ Es(d) T dA
Qo

QS
— /Q¢ d&s () = (&5 (T), &) () c(@)

for all ¢ € C(Q2) as k — oo. The uniqueness of the weak* limit now implies that
T = E;(7), so that (7, /i1, ©) is indeed feasible for (BK?).

Ad (iv): By assumption, J: () x M(21) — R is weak™® lower semicon-
tinuous. The norm on WP(Q) is a convex and continuous functional and thus
weakly lower semicontinuous. This is sufficient to conclude that

)]

_ _ 1
Ty (5. 10,8) = T (7. ) + e = call o

o |
< Hint T (o it ne) + Bninf Tlien, = callw.ia)
< liminf Iy (7, , 41,0k Cny)

k— o0

= klggo Ty (T s H1,ng s Cny) = (muilr,lf)ef T (7, pas ©),
where, for the latter two equations, we used (3.23). This shows that (7, i1, ¢)
is not only feasible but also optimal for (BKg)7 concluding the proof. O

Remark 3.27. The above proof, in particular step (iii), reveals that the con-
volution of a marginal with a fixed mollifier defines a compact operator from
IM(Q1) to L?(Q2), or more general, a compact operator from 9M(X) to LP(RY)
for X C R% compact and p € (1, 00).

This is the crucial ingredient that allows us to ignore the missing weak*
continuity of the solution operator of the regularized Kantorovich problem, see
Example 3.18, and still obtain the admissibility of the cluster point (7, fi1, ¢) for
the regularized bilevel problem. o

Now that we have found a positive answer to the well-posedness of the regu-
larized bilevel Kantorovich problem, we will investigate in the next subchapter
how we can approximate solutions of the non-regularized bilevel problem (BK)
by solutions of the regularized bilevel problem (BKg).

3.4 Approximation of Solutions to the Bilevel
Kantorovich Problem

In this subchapter we will show that, given suitably coupled vanishing sequences
of regularization and smoothing parameters, we can find cluster points of the
sequence of solutions to the corresponding regularized bilevel Kantorovich prob-
lems that are solutions to the non-regularized bilevel Kantorovich problem. In
other words, we can use optimal solutions of (BK?Y) to approximate optimal
solutions of (BK).
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To this end, assume that we are given sequences of nonnegative regulariza-
tion and smoothing parameters® (v,)nen C Rsg and (6,)nen C Rso, respec-
tively, that satisfy v,,d, \ 0 as well as

0<6,<1 forallneN and M0 asn— 0. (3.26)

ot
For all n € N, Theorem 3.26 ensures the existence of a solution (7, fi1,n,Cn)

to (BK‘EY*;' ). This defines a sequence (T, fi1,n, €n)nen Of regularized bilevel solu-
tions, which will be the subject of our upcoming analysis.

Remark 3.28. 1. The above defined sequence of regularized bilevel solu-
tions need not be unique as there may exist multiple solutions to each
regularized bilevel problem.

2. To simplify the notation, from now on we will equip all entities and vari-
ables that depend on either 7, or §,, (or both) only with the identifier n.
We write S, instead of S,,,, Q7 instead of Q", (BK,,) instead of (BK"),
etc.

o

On the one hand, owing to the feasibility of (7, fi1,,) for (BK,), we find
that ||ﬂ1,n||9ﬁ(91) =1 and

Q p oy p

= |lo1n (3.27)

|1y 1AL llan(a,) + Onl QT 11931
<140 + B(0; 1] Q2 + B(0; 1)] < o0

for all n € N, where 7,, again denotes the nonnegative solution to the regularized
Kantorovich problem (K,,) corresponding to 7, via T, = £(7,). We thus can
extract a subsequence (which we denote by the same symbol) and find a cluster
point (7, fi1) € M(2) x M(£2;) such that

*

(7_1',[_1,1) in m(Q) X m(Ql)

(s i1,n) o

On the other hand, for arbitrary but fixed pu; € (1), we consider, for
n € N, the regularized optimal transport plans

Tn = (Sn © Sn) (gn(cd)7 ,Tln(/‘l)v 75"(”(21))

Then, the triple (m,, 11, cq) is feasible for (BK,,) and the sequence (my,, (11 )neN
is bounded in M(Q) x M(Q4), see (3.27). Due to the optimality of (7, f1.n,Cn)
for (BK,,),

1
j(frn; ,L_Ll,n) + 7”571 - Cd”‘p;[/l,p(g) - jn(ﬁ'nvﬂl,na En)

n

< T, p1, ca) = T (T, ph1)

3For instance, one could choose v, = n~2 and §,, = n=/ for all n € N. These sequences
satisfy all of the requirements.
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and therefore after rearranging

1 1 1
len — CdHWLP(Q) < 'Yng(j(ﬂ-m/il) - j(ﬁnaﬂl,n))p <mC

for all n € N with some constant C' > 0, because J is bounded on bounded
sets, see (3.4). Consequently, because 7, — 0 as n — oo,

Cn — cq in WHP(Q).
n— oo

Having found the cluster point (7, fi1, cq) of the sequence of regularized so-
lutions (7, fi1,n,Cn)nen, We are going to show that (7, [1) is a solution the
non-regularized bilevel Kantorovich problem (BK). As one would expect, we
proceed in two steps:

1. Show that (7, i1) is feasible for (BK). In particular, this requires to
show that 7 is not only feasible but also optimal for the non-regularized
Kantorovich problem (K). This will be proven in Lemmas 3.30 — 3.33 and
requires the technical Assumption 3.29.

2. Show that (7, fi1) realizes the optimal value of (BK). This, however,
requires the existence of a so-called recovery sequence, see Theorem 3.34.

We begin with the first point and the already mentioned technical assumption.

Assumption 3.29. We assume that there is some A > 0 such that supp(fi1 )+
B(0; A) C Q for all n € N and supp(pg) + B(0; A) C Q, i.e., the marginals
that occur either as solutions of the regularized bilevel problems (BK,,) or as the
fixed target marginal of (BK), are supported with a strictly positive distance
from the boundary of their corresponding domains.

That the above assumption is not very restrictive is discussed in Subchapter
3.4.1 below. We need it straight away for the proof of the next lemma, which
provides us with the feasibility of the cluster point (7, fi;) for the non-regularized
Kantorovich problem.

Lemma 3.30. Let (p, 11,0, ¢n)nen C IM(Q) x M(Q1) x WEP(Q) be a sequence
of feasible points for the sequence of reqularized bilevel problems (BK,,)nen that
satisfies supp(p1,n) + B(0; A) C @y for alln € N. If (m, 1) € M(Q) x M(q)
is a weak* cluster point of the sequence (Ty, f11,n)nen, then ™ is a nonnegative
coupling between @y and ,ug, i.e., >0 and Piym = p1 as well as Poym = ug.

Proof. Recall that, for each n € N, there is an optimal solution to (K, ) with
respect to T (p1,), T3¢ (13), and &(c,,), namely 7, such that m, = £%(7,). The
nonnegativity of 7w can be shown with the same arguments as the nonnegativity
of fi; in step (iii) of the proof of Theorem 3.26. We therefore consider this
proven and only verify the linear constraints of (K).

To this end, let ¢1 € C(£21) be arbitrary and consider an extension of ¢; to
Q1 4+ B(0;1), which we denote by £(¢1), that is continuous and is bounded by
the same constant C' > 0 as ¢;. This extension exists due to Tietze’s extension
theorem. Owing to (3.26),

QF =y + B(0;0,) C Q1 + B(0;1)
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and therefore sup,cqn |€(¢1)(2)| < C for all n € N. On the one hand, we find
that

/ E(P1)Tn dA:/d)ﬁrn dA+/ E(p1)7n dA
n Q Qn\Q
= <7Tn7 ¢1 o P1>C(Q)*,C(Q) + T

with r, = an\Q E(¢1)Tn dA. Because of (QF x Q) \ (1 x Qz) = ((QF\ Q) x
Q3) U (QF x (25 \ Q2))* and the feasibility of &, for (K,) w.r.t. 7{"(p1,n) =
P10 * 10+ 0, || and T3 (1S) = pon * pg + 0a| Q1]

|rn|st/’ ()| dN
Qm\Q

< / (1) |7n dA+ / (1) |Fon dA
(Q\Q1) xQp X (Q5\Q2)

< C</ / 7Tn d>\2 d)\l +/ / 7Tn d)\l d)\g)
"\Ql) ’VL ’Vl\Qz) ’Vl

:C(/ (‘pl,n*ﬂl,n“‘(sn'Qg') d)\l
(QP\Q1)
+ wm*£+mmnwﬁ
(Q5\02)

for all n € N. Assumption 3.29 together with Theorem A.3, guarantees that
supp(p1.n * f1.n) C Q1 and supp(pa., * ug) C Qs for all n sufficiently large.
Hence, r,, — 0 as n — co. Taking advantage of the weak™ convergence m,, —* 7
in M(Q) and applying the transformation formula for push-forward measures,
see e.g. [9, Theorem 3.6.1.], we obtain that

A E(91)Tn dX = (7,610 Pi)c(q) o) = (Pra™ 1) oo o) (3-28)

as n — 00. On the other hand,

Qn

=, E(@1)(P1,n * p1n) dX +5n|93\/9 E(#1) dM = (11, D) o ()= .0 (91)»
(3.29)

where we used Lemma A.5, the boundedness of £(¢1), and §,, — 0 as n — oc.
Comparing (3.28) with (3.29), we receive that

(Pram d1) oy oy = W1 01y o) for all ¢1 € C(),

ie., Piym = p1. An analogous argument for arbitrary ¢, € C'(€22) yields that
_d
Pyym = ps. O

4Caution: This decomposition is not disjoint!



3.4. APPROXIMATION OF NON-REGULARIZED SOLUTIONS 41

We now come to an important approximation result which eventually guar-
antees that the weak* cluster point 7 is optimal for the Kantorovich problem
(K), which in combination with lemma 3.30 corresponds to its feasibility for the
bilevel problem (BK).

Its proof is based on the gluing lemma for measures and the equivalence of
convergence in the Wasserstein 1-metric and weak™ convergence of measures on
compact sets.

Lemma 3.31. Let m € (u1,u2) be a nonnegative coupling between the non-
negative marginals p1 € M(Q1) and po € M(Q2) and let (p1,n)nen C M(Q1) be
a sequence of marginals such that py , —* p1 as n — co. Then there exists a
sequence of nonnegative couplings (mp)nen C (w1 pn, o) with T, —* 7.

Proof. For each n € N, there exists an optimal transport plan 6,, € II(g1 5, p1)
between p1 , and g3 with respect to the metric cost ||z1 — y1|| on ;. Following
[76, Lemma 7.6], there exists a nonnegative measure o, € MM(Qy x Q1 X Qo)
such that Piou0y, = 0, and Pazpo, = 7.

In the above and for the rest of the proof the mapping P;: (z1,z2) — a;,
i = 1,2, refers to the projection of the tuple (z1,x2) to its i-th coordinate® and

ijZQ1><QlXQQ—>Ql><Ql, 5, k=1,23, j <k, l=k—-1,

refers to the projection onto the coordinates j and k.
Let us define
Tp = P13#O'n S M(Ql X Qg)

By construction, for all By € B(;),
(Prygma) (Br) = o (Pr5' (P11 (B1)))
=0, (B1 X Q1 X Q)
= o (P! (P (BY))) = (Pign) (B1) = pa,n(B1)
and analogously, for all By € B(),
(Poymy)(B2) = 00( x Q1 X By) = (Paym)(Bs) = pa(Ba),

which yields that m,, € II(p1,p, o) as desired. The nonnegativity of ,, directly
follows from the nonnegativity of o,,.

The next argument, which we borrow from the proof of [10, Theorem 3.1],
shows the weak* convergence of the sequence (7, )nen towards . We consider
the mapping

Pigaz: Q1 x 0 x Qp = Qx Q, (21,91, 22) = ((x1,32), (y1,22)),
and define ¢ := Pi32340,. We observe that ¢ € M(Q2 x Q) and
(P1y¢)(B) = ¢(B x Q) = 0, (P33(B x Q)) = 0, (P13 (B)) = mn(B)
as well as
(P24€)(B) = {(Q x B) = 0, (Py355(2 x B)) = 0, (P53 (B)) = n(B)
5Here and in contrast to the projection map from Definition 3.1, the projection P; will

have the domains 1 x Q1, Q1 X Q2, and Q2 x Q. To ease notation, we denote it in all three
cases by the same symbol.
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for all B € B() so that ¢ € II(m,, 7). Again, the nonnegativity ¢ directly
follows from the nonnegativity of o,,. We then estimate that

< = inf -
0<Witrm) = _inf [ o=yl db(a.)

<[ o=yl o)

QxQ

< C/ 21 — 1| + |2 — yall d(Pisasgon) (@1, 22), (y1,y2))
QxQ

=C ||.’II1 - yl” dan(x17y17x2)
Q1 X021 XQ2

=¢ [ el dPagon) )

Q1 X

=C ||$1 _y1|| den :C'Wl(/’tl,nnul)a
Q1 X

with some C' > 0 that only depends on d; and dy. Because of the weak*
convergence fi1, —* 1, we find that

0 —— Wi(mp,m) <C -Wi(ph1,n,p1) —— 0

n— 00 n—oo

as n — oo and therefore

T m* 7w in M(),

see e.g. [75, Theorem 6.9]. O

A quick calculation shows, that a suitably chosen smoothing of transport
plans preserves the linear constraints of (K. ):

Lemma 3.32. Let pg € M(Q), po € M(Qa), and m € M(Q) be such that
Piym = p; fori=1,2. If we define, for 6 > 0, the mollifier 00 =} @3, then

/{26(’0 * T dAg = <P1*M1 and /mgo‘s*wd)\l:(pg*,ug.
1

Proof. We will only check the first equation. The second equation then follows
analogously.

Let us begin by recalling that supp(¢3) C B3, Q3 = Qy + B3, and that
fBg 0% d\y = 1. Hence, the definition of the convolution of ¢ ® 3 with 7
together Fubini’s theorem yields that

/Qé(@ *7) (21, 72) dzg = /m/% — )95 (@2 — y2) dm(yy,y2) dao
= / <P1(~T1 —yl)/ga @3(362—2/2) dxy dm(y1, y2)
2

/<P (r1 —y1) dm(y1,y2) /5<Pg(ff2) dxo
Q

By

QD Pl y17y2)) dﬂ—(ylayz)

:o\
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- /Q (1 — 1) d(Prgm)(un) = (&0 % ) (1)

for all x; € Q3. O

We are now able to prove the feasibility of the cluster point (7, fi1) of the
sequence of regularized solutions for the non-regularized bilevel problem.

Lemma 3.33. Let (T, f41,n, Cn)nen C IM(Q) x M(Q1) x WHP(Q) be a sequence
of feasible points for the sequence of reqularized bilevel problems (BK,,)nen which
satisfies supp(p1.n) + B(0; A) C Qy for alln € N. If (7, p1) € M(Q) x M(Q4)
is a weak® cluster point of the sequence (T, 1 n)nen and ¢, — ca in WHP(Q)
as n — oo, then (mw, 1) is feasible for (BK), i.e., u1 € P(1) and w is optimal
for (K) with respect to the marginals i1 and ug as well as the cost function cq.

Proof. The properties of 1 can be shown with the same arguments as in the
proof of Theorem 3.5. Therefore, we consider this done.

As we have already seen in Lemma 3.30, 7 is feasible for (K) with respect
to yy and pg. Thus, it suffices to show its optimality w.r.t. ¢q. Let us recall the
target functionals of (K) and (K,,), namely

n Tn 2
Ke(m) = <7rac>C(Q)*,C(Q) and  Kg(m) = (Caﬂ)Lz(Qn) + 7"7T||L2(Q")7

respectively. We observe that
1. K., (mn) — K¢, (1), since ¢, — ¢q in C(2) and m, —* 7 in M(Q)5;
2. K, () = (cn,ﬁn)Lg(Q) for all n € N, since 7,, has the density 7,, on Q.

Given puy, pd, and cq, let 7 be an arbitrary optimal solution to (K), which
exists because of Lemma 3.3. Owing to Lemma 3.31, there exists a sequence
of nonnegative couplings (7 )nen with 7 € II(p1,,p49) for all n € N that
converges weakly* towards 7*. With the mollifier ¢,,, which we introduced in
Lemma 3.32, we define

T = p x4+ 0p >0

to receive that
/ 7 dAy = P10 * Lin + 0 || = Tln(:ul,n)
Q3

and
/m 72 AN = o G + 60|07 = T3 (1)
1

Hence, 7} is feasible for the regularized Kantorovich problem (K,,) with respect
to the marginals 77" (p1.,) and T3 (u9).
Let us recall that &,(c,,) is the trivial extension of ¢, to ™. Consequently,

Ke,(mn) = (cn, 7~rn)/:?(Q)

~ Tn |~ 2 n ~
< (Enlen)s ) p2gony + 7||7Tn||L2(m) = K¢, (c,)(Fn)

6This comes straight from the properties of the dual product, see the proof of Lemma A.5.
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for all n € N. Combining all of the above with the optimality of 7#* and 7,, for
(K) and (K,,), respectively, we receive that

Key (7)) < Key(m) = li_)m Ke, (mp) <lminf g . |(Fn) < Iminf g (7).

n

n—roo n—roo
(3.30)
It remains to show that
(i) limn%oo(gn(cn)aﬁ:)w(ﬂn) = <7T*7Cd>c(Q)*,C(Q) =Key(77),
(i) Timn oo B 175172 (0n) = 0.
Inserting (i) and (ii) into (3.30) reveals that
Koy () < Koy (m) < liminf K2, ) (77)
. ~ % Yn o~ 2 *
= 7}1_{{.10 ((5n(0n)7 7Tn)Lz(m) + ?”ﬂ-n”Lz(Q”)) = Keo(77)

and therefore K., (m) = K., (7*), which yields the proposed optimality of 7 for
(K).

Ad (i): By assumption and Lemma C.1, for any n € N, the support of the
coupling 7 (transporting p; , onto ©g) has a strictly positive distance to the
boundary of 2. Consequently, there exists a compact subset K C ) with strictly
positive distance to the boundary of Q and supp(w};) C K. The definition of 7
in conjunction with Fubini’s theorem then yields that

(gn(c’ﬂ)7 ﬁ;)LQ(Q") = gn(Cn)((Pn * 77:;) d)‘ + 5n 871(671) d)\
Qn Qn
[ | ened@onte —w) dedmi) 4 (@a)
QJQn

= e ) dedmi )
K JQNB(y;05)

with the remainder term
Ty = O0p En(cn) dX = (5n/ cndX — 0 / cqg dXA =0, (3.32)
Qn Q Q

owing to d, \, 0 and the uniform convergence ¢,, — ¢4 for n — co. Choosing n
large enough, we find that

supp(¢n (- —y)) C B(y;0,) CQ forally € K.
Using this and fm on(r —y) dz = 1 yields that

sup
yeK

/ cn(@)on (2 —y) dr—ca(y)
QNB(y;0n)

< sup/
yEK JB(y;0,)

<sup max_|cp(x) — ca(y)|
yEK x€B(y;0,)

|en(x) = ca(y)len(z —y) de
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< max|c,(z) — cqa(x)| + sup max_|eq(x) — ca(y)]
ze yEK z€B(y;0n)

As n — o0, the first summand in the last line of above’s estimate vanishes due
to the uniform convergence ¢, — ¢q in C'(Q2). Likewise, the second summand
vanishes, because according to the Heine-Cantor theorem the continuous func-
tion cq is actually uniform continuous on the compact set €2, i.e., for each ¢ > 0,
there exists some p > 0 so that

lca(x) —ca(y)] < e aslong as ||z —y| < p.

Consequently, for n large enough, ||z —y|| < pfor all z € B(y;0,) and ally € K
and thus

sup max |cq(z) — ca(y)] < e.
yEK x€B(y;0n)

Altogether, this shows that
/ en(@)on(z — +) de — cq,
QNB(y;0n)

which, in conjunction with the weak* convergence 7 —* 7* in M (K) and (3.31)
as well as (3.32), implies that

(gn(cn)7ﬁ2)L2(Q”) m <7T*acd>C(K)*,C(K) = <7T*7Cd>c(g)*,c(g)

as claimed.

Ad (ii): We first note that supp(¢,) C B} x B =: B,, and that

Qn:(Ql—‘rB{L)X(QQ—FBS):(QlXQQ)—F(BILXB;L):Q—FB,“

where B = B(0;6,) C R%, for i = 1,2. We then apply Theorem A.3 and
Lemma A.4 to estimate

Tn ||~ 12 2
7n||7rn||L2(Qn) < 77LH<P7L * 7T':LHLQ(Q") + T
2 2
< llenllze s, I llon@) +
2 2
= 'YnH(Pl,nH[ﬁ(B?)||§02,n||L2(Bg) + 7.

Obviously, 7, == 71,0227 — 0 as v,,8, \ 0. For i = 1,2, we use Holder’s
inequality to estimate that
Ci

|L°°(B?) = ‘pi,n(o) = 57?7

2 2
”‘pi,n”m(Bn) = (Sﬂi,n) dA; < H‘pi,n”Ll(Bn)H(Pim
i Br i
where C; := k; exp(—1) > 0, see Definition 3.12. Combining those estimates, we
observe that

- C.C
ﬁ””fznm(m) §7n71d2 +7rn =0 as 7% — 0,
2 5 5

see (3.26). This concludes the proof. O
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Now, if we presuppose the existence of a so-called recovery sequence, we
can show that the cluster point (7, f11) of the sequence of regularized solutions
(T, fi1,n)nen is optimal for the non-regularized bilevel Kantorovich problem:

Theorem 3.34. Let (7*, u}) be a solution to the bilevel problem (BK) that is
accompanied by a recovery sequence, i.e., a sequence (77, BT s ¢ nen C P(N) x
P(Q) x WEP(Q) such that

1. (75, 41, C3,) i feasible for (BK,,) for all n € N,

2' hm Supn%oo jn(’ﬁ;;vMT,n?C:,) S j(ﬂ-*al[{)

Then the weak® cluster point (7,[11) of the sequence of regularized solutions
(Tns B1.n)nen is also a solution to (BK).

Proof. Thanks to our preparatory work and the properties of the recovery se-
quence, the proof is fairly short. With a slight abuse of notation, we denote by
(7, i1,n)nen the subsequence that converges weakly* towards (7, fi1). Because
of the presupposed weak™ lower semicontinuity of the target functional, we have

. . — — 1 — p . . — — —
< hnn_l>loréf j(ﬂ'naﬂl,n) + 77||cn - Cd”Wl,p(Q) = hnn_ligf jn(ﬂ'naﬂl,nacn)'

Because of the optimality of (7, fi1 n, ¢n) for (BK,,), we observe that

J (7, fin) < Hminf o (T, i1 n, En) < Hmsup T (my, 1 0 07) < T (77, ).
n o0 n— oo
Thanks to Lemma 3.33, (7, fi1) is feasible and because of (7*, u})’s optimality
also optimal for (BK). O

Remark 3.35. In the context of the above result it is worth emphasizing that

1. the existence of a single recovery sequence implies the optimality of every
cluster point (according to the arguments given at the beginning of this
subchapter, several may exist) of the sequence of regularized solutions;

2. the notion of recovery sequences is closely related to the notion of I'-
convergence of functionals, since the former is essentially just a special
case of the latter.

o

The proof of Theorem 3.34 shows that the cluster point of the sequence
of regularized solutions must only provide feasibility for the non-regularized
bilevel problem; its optimality is almost completely (aside from the lower semi-
continuity of the objective function) ensured by the existence of the recovery
sequence. This indicates that requiring an optimum that is accompanied by a
recovery sequence is a strong assumption that may not be satisfied in general.

There are at least some cases where one can prove the existence of a recovery
sequence and, consequently, the optimality of cluster points of the sequence
of regularized solutions. A special case in which we can explicitly construct
a recovery sequence even in the infinite-dimensional case will be covered in
Subchapter 3.5.

First, however, we will convince ourselves in the following subchapter that
Assumption 3.29 on the support of the marginals is not very restrictive.
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3.4.1 Relaxation of the Assumption on the Support of the
Marginals

The purpose of this subchapter is to ensure that the conditions of Assumption
3.29 can always be satisfied and therefore are not a real constraint.

To recall, we assumed at the beginning of Subchapter 3.1 that there exists
some distance parameter A > 0 such that the extension domain

Q2 =02 x QF, where Q® = Q; 4+ B(0;A) for i = 1,2,

has a locally Lipschitz boundary. Moreover, the target functional J has an
extension J2: M(Q2) x M(QL) — RU {+oc} that is weak* lower semicontin-
uous, bounded ob bounded sets, and coincides with J for all measures m and
11 that are supported in Q or €, respectively, see (3.5).

We define the (trivial) extension of u$ to the domain Q2 by

p5(B) = u$(BNQy) forall B € B(Q2).

Moreover, let [¢?] € W1P(Q2) be an extension of [cq] to Q2 and denote by
c® the continuous representative of [¢*]. This extension and its continuous
representative exist, because Q and Q? have Lipschitz boundaries, see e.g. 1,
Theorems 5.24 & 6.3, Part IV], respectively.
Having defined the above auxiliary data, we now consider the regularized
relaxing bilevel Kantorovich problem
inf j«/A(ﬂ-MulaC) = jA(ﬂ',‘ul)—i— %HC_CAH%/LP(QA)

T,H1,C

st ce WHP(QR), i € (D), supp(u) + B(0;A) C QF,  (RBKY)
= (€5 08,)(Es(c), T (1), T3 (n5'))-

Remark 3.36. 1. Comparing (RBK‘;) with (BKg), we observe that (RBK‘;)
is defined on the larger domains Q2, Q5', and Q2 who have all the same
properties (i.e., non-emptiness, compactness, Lipschitz boundary of the
Cartesian product) as their counterparts from Subchapter 3.1. We there-
fore can and will use the results of Subchapters 3.1 — 3.4 in the upcoming
proofs.

2. Since €2y is closed, for any z € Q5 \ Qy there exists an open (w.r.t. Q%)
neighborhood N of x such that N N Qy = (. Consequently, u5(N) =
19 (0) = 0 so that x ¢ supp(p5'). Thus, supp(us') C €2 and supp(us') +
B(0; A) C Q5. Analogously, if j; € 9MM(Q) is feasible for (RBK‘E/), then
supp(p1)+B(0; A) € Q2. Hence, an analogous assumption to Assumption
3.29 would be satisfied in the context of (RBK?Y).

o

We are going to show that the relaxing regularized bilevel problem (RBKg)
admits a solution. First, however, we need the following lemma.

Lemma 3.37. Consider a sequence of marginals (j11,n)nen C M(QL) satisfying
both 1, —* p1 € M(QL) as n — oo and supp(u1.,) + B(0;A) C Q2 for all
n € N. Then p is nonnegative and supp(p1) + B(0; A) C QF, i.e., the set

{v e MQL): v >0, supp(v) + B(0;A) C O}

1s closed w.r.t. weak™ convergence.
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Proof. We first note that the nonnegativity of p; follows from the exact same
arguments as the nonnegativity of fi; in the proof of Theorem 3.26. Therefore,
we consider this done.

Moreover, for arbitrary n € N,

supp(p1,n) C QF\ (097 + B(0;A)) =: M. (3.33)

If the inclusion in (3.33) were not true, we could find x € supp(u1,,) C Qf as
well as a € 902 and b € B(0; A) such that x = a + b. In particular, b = = — a.
We would then define b := —b + aif with o :== (A= 1lbl)/2 > 0 and 7 being
some normalized outward pointing vector at the point a, which exists because
005 locally takes the form of the graph of a Lipschitz continuous function.
Obviously”, ||b]| < ||b]| + @ =1tz < A and = + b = a + oii ¢ Q2. Clearly, the
latter contradicts supp(p1.,) + B(0; A) C Q% so that (3.33) must be true.

We are now going to show that supp(u1) C M. We argue by contradiction
and assume that there exists a point € supp(u1) with = ¢ M. Being the
difference of a closed and an open set, M is closed. Hence, we can find a p > 0
such that B(x;p) N M = (). By definition of supp(u1), we find that

k=1 (B(z;rf2)) = p (B(x;e/2)) > 0.

Given m € N, Urysohn’s lemma guarantees the existence of a continuous
function ¢, : Qf — [0, 1] with

b = 1, on Qf N B(x;rf),
™10, on Q2 \ B(x;e/2 + Ym).

On the one hand, for all m € N, we apply the weak convergence py,, —* p1 to

find
/ PN P— / <z>mdmz/ b iy = &
o4 nTreo Qp B(w;r/2)

and therefore

/ Om Ay p > g for all n € N sufficiently large. (3.34)
ap
On the other hand, for all n € N,

¢m dpr,n, =0 for all m € N sufficiently large, (3.35)

of

because B(xz;r/24+1/m) N M = 0, if m > 2/p, and supp(p1,,) C M. Clearly, (3.34)
and (3.35) contradict each other. Therefore, it must hold that supp(pi) C M
and

supp(u1) + B(0;A) € M + B(0;A) C intQf ¢ Qf

as claimed. |

"Technically, x + be QlA could be true, if QIA is non-convex and has a notch. However, in
this case we can ensure the correctness of the argumentation by an additional scaling of the
direction 7.
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Theorem 3.38. Considering the above assumptions on the domains, the target
marginal, the cost function, and the target functional, for arbitrary v > 0 and
0 > 0, there exists at least one optimal solution to (RBKi).

Proof. Analogous to the proof of Theorem 3.26, we choose a point & € 2, and
set fi; == 0z € P(QF) to be the Dirac measure of & in Q2. By construction,

supp(jin) + B(0; A) = {&} + B(0; A) € QF,

i.e., feasibility of fi; for (RBK‘E{). We then again argue that the feasible set of
(RBKg) is non-empty and thus contains a minimizing sequence (7, (1,1, Cn)nen-
Regardless of the additional constraint on j ., this sequence is still bounded
and we can extract a subsequence (which we denote by the same symbol again)
such that

(Ts i) = (T, ) i MQ) xMQT) and ¢, — ¢ in WHP(QD)

as n — 0o. Lemma 3.37 then yields that ji; > 0 and supp(fi1) + B(0; A) C Q2.
With the usual arguments, we can then show that fi; € P(Q%) so that the
cluster point fi; is feasible for (RBK‘E,).

The rest of the proof of Theorem 3.26 then carries, independently of the
supports of ji; or uy , for any n € N, over to the case of (RBK‘E{). O

In the following, we are going to see that we can use the solutions of the
relaxing regularized bilevel Kantorovich problems (RBKg) to approximate so-
lutions to a bilevel problem that is very similar to (BK).

To this end, we once again choose sequences of regularization and smooth-
ing parameters (Y, )nen and (0, )nen, respectively, which satisfy the relation in
(3.26). As was the case in Subchapter 3.4 we denote, for n € N, the (possi-
bly nonunique) solution to (RBK‘EYT:L) by (@, [i1,n,Cn). By repeating the same
arguments, we can find a cluster point (7, fi;) € M(N2) x M(Q2) such that

(7_-[-77,7/11,71) - (7_1-7/11) in m(QA) X §);R(QlA)
and, moreover, that
Cn — & in WHP(QA).

Theorem 3.39. The cluster point (7,[11) is feasible for the relaxing bilevel
Kantorovich problem

inf jA(ﬂ—vﬂl)
™K1

st € B(QD), supp(un) + B(0;A) € QF, (RBK)
7 € argmin{ [,x ¢® df: 0 € I(py, pus), 6 > 0}.

Moreover, if there exists a solution (7*, u}) to the relaxing bilevel problem (RBK)
which is accompanied by a recovery sequence, i.e., a sequence (1}, [ Y nen C

IM(NA) x M(QL) x WEP(QA) such that
1. (7, 43, cr,) i feasible for (RBKESY:;) foralln e N,
2. lim SUPy, 00 jﬂyﬁ (W:w /f{,m C;) < jA(ﬂ—*v Mi)f

then (T, fi1) is optimal for (RBK).
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Proof. As was the case in Subchapter 3.4, we denote all variables and entities
only by the identifier n, if they depend on +, and/or §,,, see Remark 3.28.

The constraints of (RBK,,) ensure that supp(fi1.») + B(0; A) C Qf for all
n € N, and, by the construction of y5 at the beginning of this subchapter,
supp(us') + B(0; A) C Q3.

Because the sequence of relaxing regularized solutions (7, i1 n, Cn)nen 18
not only feasible for the sequence of problems (RBK,),en but also for the
sequence of problems (BK,,),en W.r.t. the domains Q2, Q2. and Q2 as well as
the data ¢® and p5, Lemma 3.33 yields that (7, fi1) is feasible for (BK) w.r.t.
the extended domains and data, i.e., fi; € B(Q%2) and 7 is both feasible for (K)
w.r.t. i; and p% and optimal w.r.t. ¢®. Moreover, Lemma 3.37 implies that
supp(fi1) + B(0; A) C Q% so that (7, fi1) is a feasible point for (RBK).

The proof of Theorem 3.34 directly translates into the setting of (RBK):
because of the weak* lower semicontinuity of 72, we find that

. _ 1
jA(ﬁ7ﬂ1> < lim inf jA(ﬂ.’ruMl,n) + 7||Cn - CAHzleI,p(QA)

= liminf T2 (T, fi1.n, Cn)-

n—00

Because of the optimality of (7, fi1,n, ¢,) for (RBK,,) and the properties of the
recovery sequence,

T2 (7, 1) < liminf T2 (T, fitn, Cn)
n—oo

< limsup T2 (7, 15, €) < T (7", 1),
n—oo

i.e., optimality of (7, fi1). O

It remains to argue that the problems (BK) and (RBK) are not only similar
but also, in some sense, equivalent.

Lemma 3.40. The bilevel Kantorovich problem (BK) is equivalent to the re-
laxing bilevel Kantorovich problem (RBK) in the sense that

—if ™ and p1 solve (BK), then their trivial extensions ™ and pf solve
(RBK) and

— if T and fiy solve (RBK), then their restrictions 7|op(q) and fi1|mq,) solve
(BK).

Proof. We first convince ourselves that there is a one-to-one correspondence
between the feasible sets of (BK) and (RBK). To this end, consider some
arbitrary p; € 9M(Q4) and its trivial extension which is defined by uf(B;) =
,qu(Bl n Ql) for all B1 S %(QlA)

On the one hand, given some coupling 6 € II(u1, u3) with > 0, we consider
its trivial extension §2(B) == §(B N Q) for all B € B(Q?). By construction,
62 > 0 and

04(B1 x Q5) = 0((B1 x Q5) N (21 x Q)
=0((B1N ) x (25 NQ)) = p1 (BN Q) = pi(By)

for all B; € B(Q5). Analogously, we find that 02 (Q x By) = p5(B,) for all
By € B(Q8), so that 64 € T(uf, us).
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On the other hand, given some coupling § € TI(u2, u2) with § > 0, we
consider its restriction 9~|m(9): B(Q) > B+ 6(B) € R,. By construction, for
i =1,2, supp(uf) C €;, see the arguments in the second part of Remark 3.36.
Lemma C.1 then ensures that

supp(f) C supp(ps) x supp(pg’) C Q1 x Qy = Q.
Because, for arbitrary By € 5(Q),
(Br x (25 \ Q) N supp() = 0,
Lemma B.18 yields that é(Bl x (24 \ Q2)) = 0 and we find that
Olon() (B1 x ) = 6(By1 x Q) = 6(By x Q8) = i (B1) = pa (By).

Analogously, 9~|m(9)(§21 x By) = pd(By) for all By € B(£y), so that é'gﬁ(Q) €
(p1, 1), This shows that there is a one-to-one correspondence between the
sets {0 € T1(p1, ud): 6 > 0} and {0 € T(u2, u5): 6 > 0} via the trivial extension
to Q2 and its inverse, the restriction to .

Moreover, given 6 € TI(u1, u$) and 02 € TI(u?, %), we observe that

/ cAdHA:/ cAdQA—I—/cAdHA:/cdd@,
QA QA\Q Q Q

because supp(#2) C 2 and ¢® was defined to coincide with cq on €, see its def-
inition at the beginning of this subchapter. This shows that if (7, 1) is feasible
for (BK), then (72, uf) is feasible for (RBK). Repeating the same argument for
(7, fi1) and its restriction (7|sn (), f1]om(q,)) then proves the claimed one-to-one
correspondence from the beginning of this proof.

Realizing that the values of the upper-level target functionals 7 and J2 co-
incide for each pair (7, 1) and (72, pf) as well as (7, fu) and (7o), 1 |m©1))
then establishes the assertion of the lemma.

To summarize, we have shown that Assumption 3.29 from Subchapter 3.4 is
by no means a limitation for the analysis performed there: we can always resort
to a similar problem on a larger domain that guarantees said assumption and
perform the approximation for that problem. In the end, we obtain a solution
to a problem that is actually equivalent to the non-regularized bilevel problem
and we even know how to convert the solutions into each other.

In the following subchapter, we will finally present a setting for which we
can guarantee the existence of a (trivial) recovery sequence and therefore the
approximation property we have seen in Theorem 3.34.

3.5 Existence of a Recovery Sequence for the
Bilevel Kantorovich Problem

As announced at the end of the previous subchapter, we now present a setting
in which we can guarantee the existence of an optimal solution for (BK) that is
accompanied by a recovery sequence, as has been assumed in Theorem 3.34.
We again consider the setting of Subchapter 3.4, i.e., we assume that we
are given suitably coupled vanishing sequences of regularization parameters and
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smoothing parameters, (v, )nen and (0, )nen, respectively, as well as a sequence
of regularized solutions (7, {1 n, ¢n)nen to the sequence of problems (BK%)nGN
which has the cluster point (7, fi1,cq) w.r.t. the right topologies.

Corollary 3.41. Assume that 0y = Qo and that u$ is absolutely continu-
ous w.r.t. Aa. Moreover, assume that (BK)’s cost function cq takes the form
ca(w1,m2) = ||lz1 — 22||”, for some p > 1, and that the objective J: IM(Q) x
M(Q1) > RU{+o0} is, in addition to its other properties, weak® continuous
w.r.t. .

Then, the cluster point (7, [11) is an optimum of the non-regularized bilevel
Kantorovich problem (BK).

Remark 3.42. There are a few points in the formulation of Corollary 3.41 that
need some additional notes.

— The assumption on the domains automatically implies that d; = do, A1 =
Az, as well as B(Q;) = B(Qa).

— A measure p is said to be absolutely continuous w.r.t. some other measure
v if it holds that p(B) = 0 for every measurable set B with v(B) = 0.

— The cost function cq is strictly convex, symmetric, and superlinear in the
sense of [76, p. 90].

The weak™ continuity of J w.r.t. 7 still allows the target functional to be
only (weak*) semicontinuous w.r.t. to its second variable.

o

Proof of Corollary 3.41. According to Theorem 3.5, there exists a solution of
(BK) which we denote by (7*, 7). Following the argumentation in Subchapter
3.4.1, we may assume that supp(uj) + B(0;A) C Q. [76, Theorem 2.44] in
combination with Lemma C.2 guarantees that 7* must be the unique optimal
transport plan between p and pg w.r.t. the cost cq. We define

(17 s cn) = (Hica) and 7= (€] 0 8n) (Enlca), Ty (1), 75" (15))

for all n € N. By construction, the sequence (7}, K3 s ¢ )nen is feasible for the
sequence of problems (BK% )neN-

Applying Lemma 3.33 to the sequence (7, 1 ,,,C;)nen, extracting a sub-
sequence (which we denote by the same symbol), and taking advantage of the
uniqueness of 7, we obtain that 7 —* 7" as n — co. The weak* continuity of
J w.r.t. 7 is then sufficient to show that (m;, 17 ,,, ¢}, )nen is an accompanying
recovery sequence for the optimum (7*, 7). Theorem 3.34 then establishes the
statement of the corollary. O

Remark 3.43. Inspecting the presented proofs of the lemmas and theorems
of the current chapter, we note that at no point there was a need to actually
choose a cost function other than the fixed cost ¢q. Even in the construction of
the recovery sequence in the above proof, it is sufficient to fix the cost function
to cq.

However, this will change in Part IT of this thesis. In Subchapter 4.5 of the
finite-dimensional case, we will see an example of a comparable but slightly more
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general setting than the one presented in Corollary 3.41, where we will indeed
need the cost function to be an optimization variable to prove the existence of
a recovery sequence.

It is therefore not unreasonable to assume that the ability to use the cost
function as an optimization variable may prove to be handy in other infinite-
dimensional examples, apart from the (trivial) setting of Corollary 3.41. o

We conclude the present part of this thesis by presenting two examples of
relevant applications, where the assumptions of Corollary 3.41 and the assump-
tions on the target functional from (3.3) — (3.5) are fulfilled. The first example
is the infinite-dimensional analogon of the transportation identification prob-
lem (TIP) which we motivated in Chapter 1 and which we will consider as our
numerical test case in Chapter 6.

Example 3.44. Consider the setting described in Corollary 3.41. Given p >
dy + da, p' = P/p—1, as well as some non-empty open set D C  that has a
locally Lipschitz boundary, an example for a weak™ continuous (w.r.t. the first
variable) target functional is given by the tracking-type target functional

JI(m, 1) = |7 = mally 1oy + |11 = /‘(11”97:(91)7

where mq € M(D) and p§ € M(Q) are given data.

That J indeed is weak® continuous, can be seen as follows. We know from [1,
Theorem 6.3] that W (D) embeds compactly in Cy(D). Conversely, Schauder’s
theorem for adjoint operators, see e.g. [50, Theorem 8.2-5], yields that

c

M(D) = (Co(D))" < (WyP(D))" = wt¥ (D).

Therefore, if m, —* 7 in M(D), then 7, — 7 in W~1P(D) along some subse-
quence (ny)ren. At the same time, m,, —* 7 in W~1?(D). Because the weak*
limit is unique, @ = w. If we apply this argument to an arbitrary subsequence
of (p)nen, Lemma D.5 guarantees that m, — 7 in W~"?" (D) and therefore
17n = allw 10 (py = 17 = Tally -1 (py a8 0 — 0.

To see that this already yields the weak™ continuity of J w.r.t. m, we observe
that restricting a sequence (7, )neny C M(Q) to M(D) is a (weak*) continuous
operation: if 7, —* 7 in M(Q?), we find for arbitrary ¢ € Cy(D) that

(Tnlom(D)s )om(D).C, (D) :/ ¢ dmn|om(p)
D
= /Qg(éf’) dmp, — /Qf‘:(éﬁ) dr = (7|a(p), ) (D).C, (D)

as n — 0o, where £(¢) denotes the trivial (continuous) extension of ¢ to €.
Note that this argument fails, if D is closed. In this case, ¢ € Cy(D) = C(D)
does in general not have a continuous extension to {2 that leaves the value of
the integral unchanged when transitioning to the larger domain. The sequence
defined by 7, = ¢, , where the sequence of points (2, )neny C 2\ D converges
to some x € D, provides an easy counterexample.

J’s boundedness on bounded sets and its weak® lower semicontinuity are
evident from the properties of the norms on M(€2;) and W% (D), see Lemma
D.4, and the compactness of the embedding of 9(D) into W~1#'(D).
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An extension of J to M(QA) x M(Q%) in the sense of Subchapter 3.1 is
given by

d,A
T2 () = |7 — 7Td||w—1,p’(D) + =y ||smmf)a

where /fli’A € M(QP) is the trivial extension of uf € M(Q;) to QL, see Sub-
chapter 3.4.1. J A is bounded on bounded sets and weak* lower semicontinuous
by the same reasons as J. That J2 indeed satisfies (3.5) can be seen by eval-
uating the (dual) norms on W12 (D) and 9(Q%), see [44, Section 4.1] for a
representation of the former.

Consequently, in this setting Corollary 3.41 guarantees that any cluster point
of the sequence of solutions to the regularized bilevel problems (BK‘E/) is a solu-
tion to the non-regularized bilevel problem (BK). O

The second example represents a class of optimization problems for which
the assumptions of Corollary 3.41 are already fulfilled by the very definition
of the problem and which at the same time represents a relevant example of
possible applications of (BK).

Example 3.45. Let Q, ¢ R% for d, € N, be a given compact domain such that
both Q = Q. x Q. as well as, for some A > 0, its extension Q+B(0; A) x B(0; A)
have locally Lipschitz boundaries that are negligible w.r.t. to the Lebesgue mea-
sure on R% xR . Moreover, assume that we are given a compact linear operator
G which maps M(€,) to some Banach space Y and assume that G has an ex-
tension G2 : M(Q2) — Y, where Q2 := Q, + B(0; A) denotes the extension of
the domain €, that is a linear compact operator and satisfies G® i = Guloma,)
for all € M(Q2) with supp(p) € Q.. Let p > 1 as well as v > 0 be given
parameters and consider the prior puq € PB(€,), which is absolutely continuous
w.r.t. the Lebesgue measure on R?, as well as the target data yq € Y. We then
consider the Wasserstein inverse problem

. 2
inf s1Gu = yally +vW,(p, pa)?

(WIP)
sit. poe P(),
where the distance between the variable 1 and the data pd is measured by the
Wasserstein p-distance.
To see that (WIP) exactly fits into the setting of (BK), we need to reformu-
late it a bit. For any u € PB(Q.), we find that

| el i< e,y = €.

where the constant C > 0 arises from the boundedness of the domain ..
Therefore, 1 € P,(€2), where the latter denotes the set of probability measures
with finite p-th moment. Using the definition of the Wasserstein p-distance, i.e.,

W (i1, 12) = min{ [ o= ol e @020 € Taa), 0> o}

QX Qe

for all pu1, 12 € P, (), see e.g. [68, Chapter 5], we see that (WIP) is equivalent
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to

) 1 2

inf 511G = vl + v [ o=yl dr
Q

st. pu1 € m(ﬂ*),
T € argmin {/ |z —yl|” do: 6 € I(u, pa), 0 > 0} ,
Q

which is a problem of the form (BK) with p; = p, u$ = pq, the cost function
ca(z —y) = ||z —y||”, and the target functional

1
J(m,p) = V<7T’Cd>c(9)*,0(ﬂ) + §||GM - ydlli-

The continuity of both the compact operator G and the norm on Y ensure that
J is weakly* continuous w.r.t. u. J is weak* continuous w.r.t. 7w, because by
definition the weak* convergence of the transport plans implies the convergence
of the dual pairing. The boundedness of J on bounded sets is due to the
boundedness of the dual pairing (7, ¢q) and the compactness of the operator G.
Again, an (obvious) extension of J to M(Q2) x M(QP) is given by

1
T2 (m, ) = V(T ca)oay c@a)y + §HGAM - de;

The boundedness of J2 on bounded sets and its weak* lower semicontinuity
follow from the same arguments as in the case of 7. That J A gatisfies the
property in (3.5) follows from the properties of both the dual pairing and the
operator G2.

Consequently, we can apply Corollary 3.41 to the above setting: if we con-
sider the regularized bilevel Kantorovich problem (BK‘E/) with J, cq, and ug
from above, we know that the sequence of regularized solutions has a (weak*)
cluster point that is a solution to the Wasserstein inverse problem (WIP).

Natural choices for the operator G include, for instance:

— Convolutions with a fixed mollifier p € C2°(R%), i.e.,
G: M) — LP(RE),  p o*pu.

The linearity of the (signed) integration, see Lemma B.12, shows that
it is a linear operator while we can prove its compactness analogously
to the proof of Theorem 3.26. An extension of G that satisfies all of the
presupposed properties is given by the (natural) extension G2 : IM(Q2) —
LP(R%), pu+ @ * p1, see Definition A.1.

— Solution operators of (elliptic) partial differential equations. With this
choice, (WIP) becomes an optimal control problem, where the control
u “lives” on the measure space PB(€2,). This particular case is, in more
detail, discussed in [44, Section 4].

O

In the next part of this thesis we will first derive the same results we found in
the present part but in a finite-dimensional setting. Furthermore, we will deal
with the differentiability of a regularized version of the dual of the regularized
transport problem and derive an implicit programming approach which we will
then implement and test numerically.



56

CHAPTER 3. THE BILEVEL KANTOROVICH PROBLEM



Part 11

The Finite-Dimensional
Case

o7






Chapter 4

Bilevel Optimization of the
Hitchcock Optimal
Transport Problem

We now leave the infinite-dimensional setting and enter finite-dimensional ter-
rain, which is of more application-oriented than theoretical interest. In partic-
ular, if we want to reproduce and solve the bilevel problem (BK) numerically
on a computer, we inevitably end up in the finite-dimensional case after a dis-
cretization of the variables.

The present chapter is organized analogously to Chapter 3. This should sim-
plify the comparison of the two scenarios and also show the (subtle) differences.

4.1 Problem Statement

Again, we start with a rigorous definition of the bilevel optimization problem
we are interested in. First, we define the lower-level Hitchcock problem and
then, based on this, formulate the bilevel optimization problem. We achieve the
former by deriving the Hitchcock problem from the Kantorovich problem from
Chapter 3.

To this end, we choose, for ny,no € N, the non-empty finite sets ; =
{1,...,n1} and Qo = {1,...,n2} and again abbreviate their Cartesian product
by Q = Q; x Qy. If we equip these sets with the discrete topology, then 4
and Qo are compact in R, § is compact in R?, as well as the Borel sigma
algebras B(€;), B(2), and B(Q) are just the power sets of Qy, g, as well as
Q, respectively.

According to Lemma B.15, we find that 9t(Q;) = R™, 9M(Q) = R™2, and
M(Q) =2 R™*"2. Moreover, because every subset of 2 (and as a consequence
the preimage of every function f: Q — R) is open w.r.t. the discrete topology,
we have that C'(Q2) & R™*"2,

Because of the above choice of the domains €21 and 5 and the resulting iso-
morphisms between the measure spaces and the finite-dimensional vector spaces,
we can always uniquely replace the marginals pq € M(Q1) and pg € M(Q3) by
vectors 1 € R™ and po € R™2, respectively, which we denote identically for

99
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simplicity. This has several consequences:

— Since, by Lemma B.15, [|u;|lon(q,) = lluill; for @ = 1,2, the marginals i
and pg are compatible if and only if the vectors 11 and ps are elementwise
nonnegative and

lpally =1 p1 =17 po = [|p2ll;,

where 1 denotes the vector in R™ or R (we use the same symbol for
both) whose components are all equal to 1. In the following, we will use
the term marginals indistinguishable for both the elements of the measure
spaces as well as their vector representations.

The set of transport plans (couplings) between py and o takes the form
H(Mhﬂ@) = {7'(' eR™XM2: 1 = M1, ﬂ-T]l = MQ}a

where the equality of the sets on the left-hand side and the right-hand side
of the equation is understood w.r.t. the isometric isomorphism between
M(QY) and R™>*"2. Again, we will use the term transport plan (coupling)
for both the measure on () as well as its matrix representation.

Consider some arbitrary cost function c: Q — R. Because we equipped 2
with the discrete topology, the function c is at the same time continuous,
B(02)-B(R)-measurable, and a simple function. Hence, we can express the
total cost of transportation realized by some transport plan = € 9M(2) by

/ cdm = E Ciy,in iy ia = (Ca 71-)F7
Q

(il,’ig)efz

where ¢ € R™"**"2 and 7 € R™*"2 denote the matrix representations of
the cost function ¢, which we will call cost matriz, and the transport plan
m, respectively.

Consequently, in the above setting, given the marginals p1 and po as well as
the cost matrix ¢ the Kantorovich problem (K) is equivalent to the problem

inf (m,¢)p ()
st. TER™MX™2 1l =y, T = po, ™ >0,

which is also known as the Hitchcock problem (of optimal transportation), see
e.g. [47] or [37], and plays a significant role in many fields including economics,
logistics, integrated circuit design, and image processing, see the references in
the introduction of this thesis.

Remark 4.1. In the situation of (H), we note the following:

— Contrary to the widely spread convention of denoting real matrices with
capital letters, we stick to the notation of Part I and denote the cost
matrices and (discrete) transport plans by the lowercase letters ¢ and m,
respectively.
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— As is the case with any other norm defined on an finite-dimensional vector
space, the Frobenius norm is equivalent to the 1-norm. Because of the
subadditivity of the square root,

HAHF = Z Azl,zz = Z \/ 21,12 21 izl = ”A”l
(i1,i2)EQ (i1,i2)€EQ (i1, 12)69

and, because of the Cauchy-Schwarz inequality,

HAH = ( bgnAzhw (21712)EQ;A)
H SgnAh 12 (11712)€Q||F||A||F - \/nan”A”F

for all A = <Ai17i2)(i1,i2)€ﬂ € Rmxnz,
(@]

We could content ourselves at this point with citing the existence result of the
Kantorovich problem (K) from Chapter 3 to show the existence of solutions to
the Hitchcock problem (H). However, this is not necessary since the Hitchcock
problem (H) is an optimization problem with a compact feasible set and a
continuous objective function and therefore takes its minimum and maximum.
This immediately gives us the following lemma:

Lemma 4.2. For every choice of compatible marginals py and ps and every cost
matriz ¢, the Hitchcock problem (H) possesses at least one optimal solution.

Similar to the infinite-dimensional case of Chapter 3, we will now formulate
the bilevel problem that will be of interest for the rest of this chapter.

To this end and for the rest of this chapter, we fix a target marginal ug € R™
with ud > 0 and 17 g = 1 as well as some matrix cq € R™*"2_ the cost matrix
of the Kantorovich problem. Given this data, the bilevel Hitchcock (optimal
transport) problem reads

ﬂl_IIILf \7(71-’ ,Ltl)
st. pp €R™, >0, 1Tpu =1, (BH)

e argmin{(&,cd)F: feRM>"2 >0, 0Ll =p, 071 ZMczi}

where J: R™*"2 x R™ — R is a lower semi-continuous target function which
is bounded on bounded sets, i.e., for all M > 0 it holds that

sup  J(m ) < 50
[[(7m, ) || <M

Remark 4.3. We could state the bilevel Hitchcock problem (BH) without ex-
plicitly specifying the constraints for s, i.e., g3 > 0 and 17y, = 1, as these
are implicitly implied by the constraints of (H). However, we prefer to specify
them anyway to rule out the possibility that the feasible set of (H) becomes
empty. o

Before we proceed to prove the existence of solutions to (BH), we first prove
the following lemma, which can be seen as the finite-dimensional counterpart of
Lemma 3.31 and will be useful throughout the entire subchapter.
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Lemma 4.4. Consider the marginals 1 € R™ and v € R™ with p,v > 0 and
1Tu =1Tv =1 as well as the coupling m € T (p,v) C R™*"2. If (ug)ren is
a given sequence of nonnegative marginals with 17, = 1 for all k € N and
wr — W for k — oo, then there exists a sequence of couplings (wx)ken with
7k € M(ug, v) for all k € N and m, — 7 for k — oo.

Proof. Although at this point we could simply refer to the proof of Lemma 3.31,
here we give a slightly simpler proof.

For every k € N, there exists a nonnegative optimal transport plan 8y €
TI(pag, pp) C R™ ™ between py and p with respect to the cost function

c(i,j)=l]i—j| foralli,je{l,...,n1}.
Let us, for k € N, define the coupling
oo 71 Qil’l lyiz
"= Z # for all (i1,i2) € Q.
1
1=1

Its nonnegativity comes straight from the nonnegativity of 7, 8, and u. Also,

no ni eihl no ni

i1 _ 11,02 __ k lio _ ki

(me)™ = Y m =3 =y att =) 0h =
io=1 =1 H ig=1 =1

and

ni ni 71—l,i2 ni n1

Tq\iz _ 11,92 __ i1,0 lyis __ io

(m, 1)* = T, = E T g 0" = E T2 =y
i1=1 =1 K i1=1 =1

for all (i1,i2) € £, i.e., m indeed is a coupling between py, and v.
One easily verifies that

ni

6 = diag(u) € (p,p) with Z c(i,7)0 =0

ij=1

is the unique optimal transport plan between p and itself. Because of ||6x]|; = 1
for all k € N, there exists a convergent subsequence (which we denote by the
same symbol) such that 6 — 6 € R"*™ as k — co. The stability theorem
from [68, Theorem 1.50] then ensures that 6 = 6 so that the whole sequence
converges to 6, see Lemma D.5.

Hence, it follows from the definition of 7, and the convergence ), — 0 that

n . il . n = . .
i s 1 11mk—>oo 9[1617 ﬂ.l,m B 1 ezl,lﬂl,zg B Q1,01 ri,ie i
D D

=1 H =1 K K
for all (i1,42) € Q, as claimed. O

The following proof is quite short and manages to use, besides above’s
lemma, only standard arguments.

Theorem 4.5. With the target marginal and the cost function given as above,
the bilevel Hitchcock problem (BH) possesses at least one optimal solution.
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Proof. As usual, we denote the feasible set of (BH) by F. The marginal ji; :=
(1,0,...,0)T € R™ is feasible for (BH). The feasible set of (H) w.r.t. fi; and
ug consists solely of the matrix # whose first row equals pd and who is zero
otherwise. Thereby, 7 is the unique solution to (H) and hence (7, fi1) € F # 0.

We are going to show that F is compact. Its boundedness comes straight
from the linear constraints of (H). To show that it is closed, consider a sequence
(mg, p1,x) C F with (mg, pa,x) — (7, 1) as k — oo. Passing to the limit in the
linear constraints on pp ; immediately yields that pu; > 0 and ]lTul =1. We
similarly obtain that 7 > 0, 71 = py, and 7' 1 = pd, i.e., feasibility of 7 for (H)
w.r.t. to the marginals y; and pd. To show its optimality w.r.t. cq, let 7 be
an arbitrary solution to (H) w.r.t. py, u3, and cq, which exists due to Lemma
4.2, Then, by Lemma 4.4, there exists a sequence of couplings (7})geny with
7k € H(p1 g, pg) and 73 — 7. The continuity of (H)’s target function then
yields that

(m,ca)p = lim (mp, ca)p < lim (7, ca)p = (77, Ca) s

i.e., the optimality of 7 for (H) w.r.t. py, g, and c¢q. Consequently, (7, u1) € F,
which proves the closedness and in turn the compactness of F.

The statement of the theorem then follows because (BH)’s target function
J is lower semicontinuous. O

If we compare (BH) with (BK), we are facing the exact same difficulties:

— (H) is a linear program (short: LP) and can therefore have more than one
optimal solution for a given pair of marginals p; and ps; this prevents us
from using the implicit programming approach which we will introduce in
Chapter 5.

— To compute the solution to the subproblems, one in general needs to use an
appropriate LP solver like, for example, the simplex method; the solution
is directly determinable only in a handful of special cases (e.g. one marginal
is a unit vector).

— Because of the curse of dimensionality, the number of unknowns for 7 is
roughly quadratic to the number of unknowns of u; and ps.

4.2 Quadratic Regularization of the Hitchcock
Problem

To overcome the mentioned difficulties, we sneak a peek at (K,) and copy the
idea of adding a quadratic regularization term to (H)’s target function. How-
ever, unlike in the infinite-dimensional case in Subchapter 3.2, there no need
to improve the regularity of the marginals and transport plans in the finite-
dimensional setting.

This approach then results in the (quadratically) reqularized Hitchcock prob-
lem:

inf (m,¢)p+ 2|7
st. mER™MX™ gl =y, w1 =pg, ™>0.
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In the above, py and po are arbitrary but compatible marginals, ¢ is an arbitrary
cost matrix, and v > 0 is an arbitrary regularization parameter.

The goal of this subchapter is to derive results for the regularized Hitchcock
problem (H,) similar to those we quoted in Subchapter 3.2. Even though we
have seen that, by the choice of domains 2; and €3, the Hitchcock problem is
just a special case of the Kantorovich problem (this is also true for the corre-
sponding bilevel problems), we do not simply quote the results but prove the
desired properties directly, because

1. the corresponding proofs in the finite-dimensional case are typically shorter
and less involved compared to the infinite-dimensional case;

2. the proof of the dual representation of the optimal transport plan in The-
orem 3.9 heavily relies on the properties of the integral w.r.t. the Lebesgue
measure; this becomes evident when comparing its results with Theorem
4.9 below: while the former requires the marginals to have a strictly pos-
itive lower bound for the dual representation to hold, the latter can be
stated without such an assumption.

Again, (H,)’s feasible set is compact and its target function is continuous
(and strictly convex). We therefore immediately have the following lemma:

Lemma 4.6. For each v > 0 and for every choice of compatible marginals
and py and every cost matriz ¢, the quadratically reqularized Hitchcock problem
(H,) possesses a unique solution.

We now aim to obtain a dual representation of the solution to (H.), which
will later be an essential ingredient for the construction of recovery sequences.
To achieve this, however, we must first set up (H.)’s optimality system.

Lemma 4.7. 7 € R"*" s the unique solution to (H,) if and only if there
exist dual variables a; € R™ and as € R™2 such that

7l =pq, m' 1= pg, >0, (4.1a)
cHym— a1 B ag >0, (4.1b)
(c+ym—a1 ® ag,m)p = 0. (4.1¢)

Remark 4.8. The operator &: R™ x R"2 — R™*" from Lemma 4.7 which is
defined by

U+ ... ULt Uy,
uUDv = (uil + ’Uiz)(ilﬂé)eﬂ = : :
Up, TV oo U + Uny
for all (u,v) € R™ x R™, refers to the outer sum of the vectors u and v.
A straightforward calculation shows that its adjoint operator &*: R™t*"2 —

R™ x R"2 is given by ®*(0) = (01,071): for all (u,v) € R™ x R"2 and
6 € R™*"2 it holds that

((u, U)’@*(e))]Rme”? = (@(u,v),G)F
= Z (uil + ’Uiz)eil,iz

(il,iQ)GSZ
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- Z (uil Z 911,12) + Z (Ui2 Z 91‘1,12>

i1 €EQ1 12€Q 12E€Q 11 €Q1
= (4, 01)gn, + (U,QT]l)
= ((u,v), (01,071))

Rm2
Rn1 xR™2

and therefore the claimed representation of @*.
Moreover, the nonnegative part and the nonpositive part of a matrix 6, which
we will need in Theorem 4.9, are defined by

max{0,011} ... max{0,01.,}
0y = (max{(),91‘171'2})(1-1,1-2)69 =
max{0,0,,1} ... max{0,0,, n,}
and
—min{0,0; 1} ... —min{0,0,,}
0_ = (— min{O, eil’iZ})(h,iz)EQ = . ,
—min{0,0,,1} ... —min{0,0,, n,}

respectively. Note that 0 =604 —60_ and || =604 +6_ for all € R™*"2. o

Proof of Lemma 4.7. By reshaping the matrices 71 € R"*"2 and ¢ € R"1*"2
into vectors @ € R™™ and ¢ € R™™ (stacking 7’s and ¢’s columns on top of
each other in order), respectively, (H,) is equivalent to the problem

. ST = =12
H}f 7TT0+ %H/]T”R"l"?

™

HVCC
st. 7 eRM"2 <A1>7?: (“1>7 7>0, (%)
A H2
where
1 ... 01 ... O 1 0
A= - N o o | e Rraxman:
0 1 0 1 0 1
and
1 1 0 0 0 0
o ... 01 ... 1 - .
A2 = . . . . ) . . . . N c Rngxnan.
: IR I 0o ... 0
O ... 00 ... 0O 1 ... 1

The vectorized problem (HYYEC) is a convex optimization problem in R™ "2,
Therefore, according to [53, pp. 382 — 384], 7 solves (HY*) if and only if there
exist A € R™"2 and v € R™ "2 such that

Ay - (M1 -
()7 () #=0

E+97— A+ (AT AJ)v=0,



66 CHAPTER 4. THE BILEVEL HITCHCOCK PROBLEM

A>0, AT7=0,

which is, after redefining v = (—ay, —a2)’ with a1 € R™ and ap € R"2,

equivalent to
A - H1 -
= 9 > 07
<A2> " (uz "=

a7 — (Al AJ) (g;)

2
<5+wf—(AlT A7) (g;)) 7=0.

If we convert the above system back to matrix notation, we obtain the system
from (4.1). O

v

0,

Using the optimality system from (4.1), we can now derive a similar dual
representation of the solution of (H,) to the one that we have already seen for
the regularized Kantorovich problem (K. ) in the infinite-dimensional case.

Theorem 4.9. 7 solves (H,) w.r.t. pi, pa, and ¢ if and only if there exist dual
variables cy € R™ and as € R™ such that

= %(al ®ag— )y, (4.2a)
no )
Z Tiyin = B foralliy=1,...,n4, (4.2b)
ia=1
ni )
Z Tivie = Mot forallisg =1,... ng. (4.2¢)
ir=1

Proof. If m solves (H,), then by Lemma 4.7 there exist a; € R™ and ay € R™
such that the system in (4.1) is satisfied. The complementary slackness condition
in (4.1¢c) together with the nonnegativity of 7 and ¢+ ym — oy @ ap from (4.1a)
and (4.1b), respectively, implies the following: On the one hand, if m;, ;, > 0,
then

1
Cirsio TV irsis — (1D 02)i 4, =0 = Ty, = ;((al ® 2)i1 iz — Cisia) 4 -

On the other hand, if m;, ;, = 0, then
Ciris — (1 B 2)i i, >0 = (a1 D )iy — Ciyip <0

and thus YTy ig = 0= ((Otl D Oég)il’i2 — 61'171'2)+. Because i1 € Q1 and iy € Q9
were arbitrary, all of the above implies (4.2a). (4.2b) and (4.2b) are just the
rephrased feasibility constraints from (4.1a).

Now, assume that 7 € R"t*"2 «y € R™, and ay € R™ satisfy the system
in (4.2). Because of (4.2b), (4.2c), and the (-)i-operator, 7 is feasible for
(H,). We abbreviate (H,)’s target function by f(r) = (7,¢)p + %||7r||2F and
consider an arbitrary feasible point 7. Because f: R™*"2 — R is convex and
differentiable with derivative f’(7) = ¢ + v, we find that

f@) = f(m) =2 fl(m7 —m) = (c+ym, & —m)p, (4.3)
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see e.g. [58, Theorem 3.8.1]. Taking advantage of 7’s feasibility and (a1 ® g —
¢)— > 0, we estimate that
(c+ym,@)p > (c+ (a1 ® az fc)+,7~r)F = (1 ® g —c)_,fr)F
:(C—FO[lEBO[Q—C,ﬁ)F (44)
= (o, AL)gms + (2, 1T F)grs = (g, 1 )rms + (02, fi2)ems,

Also, for all A € R™*"2 we find that (A1, A4 )r = (A4, A)p. Hence,

(c+ym,m)p = (c+ (a1 ® az —c)+,7r)F
=(c+ta®ar—cm)p (4.5)
= (a1, )R + (a2, ]lTT)Rm = (alaﬂl)ﬂ{m + (042#2)]1@712-

Plugging (4.4) and (4.5) into (4.3) then yields that f(7) > f(m) for all feasible
7, i.e., optimality of 7 for (H,). O

We can also characterize, similarly to the authors of [52], the dual problem
to (Hy):

Lemma 4.10. The (Lagrangian) dual problem to (H) is equivalent to

2
sup (a1, 1) g, + (02, fi2)gas — 5=l (a1 @ 2 — €)1,
o1, * K it " (HD,)

s.t. a; € R™ ay € R™.

For each v > 0, (HD.,) admits an optimal solution. If (a1, as) is a solution to
(HD,), then (a1+a, as—a), for arbitrary a € R, is also a solution with the same
optimal value. Moreover, there is no duality gap, i.e., inf (Hy) = sup (HD,).

Proof. The Lagrangian function £: R™*"2 x R™M*"2 x R™ x R™ — R corre-
sponding to (H,) is given by
v
‘C(Tra Aa P1, pQ) = (ﬂ-? C)F + §||7T||2F
— (A ) g + (o1, 7L = i) g, + (p2, ™" 1 — pig)gra,
see e.g. [53, p. 383]. The Lagrangian dual problem is then defined to be

sup inf L(m, A, p1, p2)-
0<)\E]Rn1><n2 TERM™1 X2

pLER™ , poeR™?

Setting (a1, az) == (—p1, —p2), this can be equivalently written as

sup <(a1, p1)gn, + (02, ph2)gn, + sup inf (¢ +7/2m — X — a1 @ as, 7T)F).
oy ER™, A>0 T
OQE]R"2
The inner unconstrained minimization problem is quadratic w.r.t. = and there-
fore solved by n* = %()\ + a1 ® as — ¢). Consequently, the Lagrangian dual
problem is equivalent to

1 2
g + (02, g — Inf oA ~ 7).
alseuRIgh’((al )+ (02 e, = b S+ a0 @ az = el
ag ER™2
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Again, the inner problem is solved by A* = (a1 ® as — ¢)— > 0 and takes
the optimal value %H(Oq @ oy — )4 ||, which shows the equivalence of the
Lagrangian dual problem to (HD.,).

The remaining statements in the formulation of the lemma are either trivial
or well-known results of finite-dimensional optimization, see e.g. [53, Strong

Duality Theorem, p. 393]. O

The property that the regularized Hitchcock problem (H.) admits a unique
solution, see Lemma 4.6, implicitly defines the solution operator

Syt RV X Mo = R™2 (¢, g, o) > (4.6)

where 7 is unique the solution to (H,) w.r.t. the marginals p; and o as well as
the cost matrix ¢ and where My is the set of compatible marginals, i.e.,

Mo = {(p1, pi2) €ER™ X R™: g, pp >0, 17y =17 g}

Similarly to the infinite-dimensional case, we can now replace the lower-level
Hitchcock problem in (BH) by the solution operator of its regularized counter-
part to receive, for a given regularization parameter v > 0, the reqularized (€
penalized) bilevel Hitchcock problem:

inf  Jy(m,pm,0) == T (m,m) + 55 lle — cal 7

T H1,C

st. ce Rn1Xn27 JGRS Rnla M1 > Oa ]]~T,u1 = 17 (BH"/)
™= 8’7(67/“[’17:[1’(21)'

In the above, 3 and cq are given as in (BH). We will show in the remainder of
this chapter that

— this problem admits a solution for any given regularization parameter
v > 0, see Subchapter 4.3.

— solutions to (BH,) can be used to approximate certain solutions of the
non-regularized bilevel problem (BH), given that there exists a solution
of the non-regularized bilevel problem that is accompanied by a recovery
sequence, see Subchapter 4.4.

— there exist at least some cases in which we can construct a recovery se-
quence directly, see Subchapter 4.5.

4.3 Existence of Solutions to the Regularized
Bilevel Hitchcock Problem

In contrast to the infinite-dimensional case, the existence proof of the regularized
bilevel problem is much simpler and almost identical to the non-regularized case.

Theorem 4.11. With the target marginal and the cost function given as in
(BH), for arbitrary «v > 0, there exists at least one optimal solution to (BH,).
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Proof. Let us again denote the feasible set of (BH.,) by F. It is straightforward
to see that F is non-empty: choose fi; = (1,0,...,0)T € R™ and ¢ € R™Mxn2
arbitrarily, then Lemma 4.6 yields the existence of a unique # = S, (¢, i1, u3)
and hence (7, ji1,¢) € F.

With the same arguments as in the proof of Theorem 4.5, we can then show
that F is compact. The assertion of the theorem then follows directly from 7, ’s

lower semicontinuity.
O

Remark 4.12. Comparing the proofs of Theorem 3.26 and Theorem 4.11, we
note that the latter is entirely based on standard arguments and also does not
require any preliminaries, as was the case in Subchapter 3.3.

This is essentially because we have shown in the above proof (more pre-
cisely, in the proof of Theorem 4.5) that the solution operator of the regularized
Hitchcock problem is continuous w.r.t. the first marginal and the cost function.

In contrast, the solution operator of the regularized Kantorovich problem is
not continuous with respect to the proper topology, see Example 3.18. We there-
fore had to rely on the compactness of the smoothing operators 7;: IMM(€;) —
L), i = 1,2, and had to prove that the solution operator S,: Cc(X) x
M (X1, Xo) — L?(X) is Hélder continuous, which led to the lengthy prelimi-
nary work. o

4.4 Approximation of Solutions to the Bilevel
Hitchcock Problem

This subchapter is devoted to showing that, under certain conditions, we can
find sequences of solutions to the regularized bilevel problems (BH.,) that con-
verge against solutions to the non-regularized bilevel problem (BH).

To that end, we consider an arbitrary vanishing sequence of regularization
parameters (Vi)ken N\ 0. Thanks to Theorem 4.11, we can find a sequence of
regularized solutions (7, fi1,k, Ck)ken to the sequence of problems (BH., )ien.
Note that this sequence need not be unique as the solution to the regularized
bilevel problems may not be unique. Nevertheless, each such sequence has at
least one cluster point:

For all k € N, the linear constraints of (BH,, ) yield that

=1 and |@llp < [l7ell, =17 e =1,

1kl < N1k

i.e., the boundedness of the sequence (7y, fi1,x)ken. Consequently, (7, f1,5) —
(7, f11) € R™M*"2 x R™ after possibly extracting a subsequence.

Furthermore, given an arbitrary fi; € R™ with i; > 0 and 17/i; = 1, we
consider the sequence of optimal transport plans defined via 7, == S, (ca, fi1, 1)
for k € N. By construction, the triple (7%, fi1, cq) is feasible for (BH,,) for all
k € N and, owing to (7, i1k, Ck)’s optimality,

1 .. S
T (T, i k) + %HEI@ — Cd||§r = Ty (T, B k5 Ck) < Ty (T, i1, €a) = T (T, )

Thus and because J is bounded on both of the bounded sets {(7g, fi1) }ren and
{(Tk, fir k) fren,

lex — call p < W2 (T Gy fin) — T (Trs fin ) ® < w2C,
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for some constant C' > 0. This shows that ¢ — ¢4 as k — oco. To summarize,
we have found a cluster point (7, i1, cq) € R™"*"2 x R™ x R™*"2 g0 that

(Tks 1,65 Ck) —— (T, i1, ca),
k—o0

after possibly extracting a subsequence that we denote by the same symbol.

Compared to the infinite-dimensional setting from Chapter 3, it takes much
less effort in the finite-dimensional setting to show the feasibility of the cluster
point (7, 1) for (BH). The proof follows the same reasoning as the proof of
Lemma 3.33, but is at the same time much less technical since we do not have to
deal with smoothed marginals and their properties. Besides, the main difficulty
has already been provided by the proof of Lemma 4.4.

Lemma 4.13. The cluster point (7, i1) of the sequence of reqularized solutions
(Tk, B1,k) ken 1 feasible for the non-regularized bilevel problem (BH), i.e., iy > 0
and 1" iy = 1 and 7 is an optimal coupling between i1 and p$ w.r.t. cq.

Proof. As before, the feasibility of fi; for (BH) is clear due to the linearity of
the corresponding constraints. That 7 is feasible for (H) w.r.t. to the marginals
ji1 and p§ follows directly from passing to the limit in the linear equations

Tl =p1y and T f1=pd forall keN.

Let 7 once again be an optimal solution to (H) w.r.t. fi1, p$, and cq.
By Lemma 4.4, there exists a sequence (7} )reny where, for all k € N, 7} is a
nonnegative coupling between fi; j and ug as well as T, — 1 as k — oo. In
particular, 7} is feasible for (H,,) w.r.t. the right marginals. The optimality of
7 for (H,) w.r.t. figk, u3, and ¢ then implies that

* < = N H Ik
(casm)p < (ea, ) = Yim (@) + Sl 7elly)
< lim (@6 7)p + ol ) = (carm
k—o0

ie., (ca,m), = (cq,7)p. Consequently, 7 is optimal for (H) w.r.t. fi1, ud, and
cq and the cluster point (7, fi1) therefore feasible for (BH). O

If we presuppose the existence of a recovery sequence, we can show that
the cluster point (7, fi1) of the sequence of regularized solutions (7, fi1 k) ken 1S
optimal for the non-regularized bilevel problem.

Theorem 4.14. Let (7*,u3) be a solution to the bilevel problem (BH) that
is accompanied by a recovery sequence, i.e., a Sequence (Wzaﬂik,CZ)keN C
R7™1%n2 x R™M x R™M*"2 gych that

1. (7}, 1] g i) 18 feasible for (BH,, ) for all k € N,

2. i supy o0 T (T4 23 k) < T (2, ).

Then, the cluster point (T, fi1) of the sequence of regularized solutions (Tx, i1,k ) keN
is also a solution to (BH).
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Proof. This proof is just a brazen copy of the proof of Theorem 3.34 in the
infinite-dimensional case:

With a slight abuse of notation, we denote by (7, fi1,k)ken the subsequence
that converges towards (7, fi1 ). Because of the presupposed lower semicontinuity
of the target function,

J (7, fin) < liminf 7 (7, fir 1)
1
< 1ikrgior;f.7(7_fk,ﬁ1,k) + %Hék - CdHQF = likfggf T (Thes 11,k Crc)-
Because of the optimality of (7, fi1,%, ¢x) for (BH,,),
j(ﬁﬁjl) < likrginf ‘7’Yk (ﬁ—hﬂl,hék) < limsup J"/k (Wltvui,k7clt) < j(ﬂ*ﬁflk)'
o k—s o0

Thanks to Lemma 4.13, (7, [i1) is feasible for (BH) and, because of (7%, u})’s
optimality, also optimal. O

Similar to the infinite-dimensional case, we want to emphasize that

1. the existence of a recovery sequence implies the optimality of every cluster
point of the sequence (Ty, fi1 i, Ck ) ken (since there may be more than one);

2. the assumption of finding an optimum that is accompanied by a recovery
sequence is relatively strong and may be not satisfied in the general case.
Nevertheless, we are able to explicitly construct a recovery sequence in a
setting that is slightly more general than what was described in Corollary
3.41. This will be the topic of the following subchapter.

4.5 Existence of a Recovery Sequence for the
Bilevel Hitchcock Problem

As already indicated in the previous subchapter, the purpose of the present
subchapter is to explicitly construct a recovery sequence in the following setting:

Assumption 4.15. For the entire subchapter, we assume that ny > ny > 2
and that (BH)’s cost matrix cq € R™ ™2 takes the form (cq)i, s, = |i1 — i2|”
with p > 1 for all (i1,i2) € Q ={1,...,n1} x {1,...,n2}. Moreover, we assume
that there exists a solution to (BH), namely (7*, u7), in a way that there exists
a monotone assignment function j*: Q; — Qg with j%(1) =1 and

. >0, ifiy = j"(i1),
7Ti1,i2 _ er - ek (4'7)
_Oa if 12 75] (Zl)a

for all (il,ig) €.

Remark 4.16. 1. If n; = 1 or ny = 1, then the Hitchcock problem (H)
would possess only trivial solutions. Consequently, the regularization ap-
proach would be pointless and the bilevel problem (BH) would also be of
no interest. Further, the assumption ny > ny serves to avoid additional
case distinctions in the subsequent analysis. One can always consider the
reverse case by exploiting the symmetry of the optimal transport problem,
see Lemma C.2.
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2. In particular the case p = 1 often leads to nonunique solutions of the
Hitchcock problem!, making the arguments from the proof of Corollary
3.41, which relies heavily on the uniqueness of the optimal transport plan,
invalid.

3. Hlustratively, the condition in (4.7) states that 7* shall be a sparse matrix
whose nonzero entries are subject to a monotonic ordering. This is related
to Brenier’s theorem in the infinite-dimensional case, see e.g. [76, Theorem
2.12 (ii)], which states that (under certain conditions on the data) there
exists an optimal transport plan which is supported on the graph of a
monotone function.

4. The assumption that j*(1) = 1 is only for convenience. The arguments in
this subchapter apply even without this normalization, but additional case
distinctions would then have to be made, which would make the following
(already nontrivial) calculations even more opaque.

o

In contrast to the infinite-dimensional case, we will now exploit the fact that
the cost variable is an optimization variable of (BH,). The main advantage
is that this allows us to construct a recovery sequence where the transporta-
tion plans and first marginals are constant. We do so by simply hiding the
~v-dependent parts in the cost variable, as the proof of the following lemma
shows.

Lemma 4.17. If there exists a vector b € R™ satisfying the system

biy = bjw(iyy < (Ca)iy.in — (Ca)iy = (in) (4.8)

for all iy € Qq and ia € Qo \ {j*(41)}, then there exists a recovery sequence
(s M3 ks Ch)keN accompanying the solution (m*,uy) in the sense of Theorem

4.1.

Proof. Given the vanishing sequence of regularization parameters (yg)gen from
Subchapter 4.4 as well as c¢q and 7 from Assumption 4.15, we define ¢} =
cqg — Mt € RM*"2 Moreover, we set ap := b and define a; € R™ by

ail = —aé*(“) +(ca)iy,j=(iy) for allip € Q.

By construction, o and as satisfy

adt + o " = (ca)iy ey = (€E)ir e i) + VETG, j=(i1)
ol + 0 = by, — bje(iy) + (Ca)iyj=(ir) < (Ch)irsia

for all iy € @y and 2 € Q2 \ {j*(41)}, where we used (4.8) for the inequalities.

We then define )
= — (1 ®ag — )+
Yk

1Imagine having a bookshelf with four compartments, where the first three compartments
are each occupied by a book, and wanting to free the first compartment. If we measure
the effort in metric costs, i.e., we are solely interested in the total distance covered when
rearranging the books, then it makes no difference whether we move each book one position
to the right or whether we place the first book directly in the last shelf and leave the others
untouched.
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By construction, 7}, = 7* for all k¥ € N. In light of Theorem 4.9, 7 is the unique
optimal solution of (H,,) w.r.t. the marginals ] and 3 and the cost cf. Thus,
(s 147 > ) with pg = pi is feasible for (BH,,) for all k € N.

Because the sequence (m, 17 ;) is constant and because of ¢j, — cq, it holds
that

. . . 1 .
limsup T, (mf, 1f k) = lim T(w%,15) + 5 —|ci = eallp = T (7", ).
k—o0 k—oo 2

Hence, (7, it} 1., ¢) is a recovery sequence in the sense of Theorem 4.14. O

We now aim to reformulate the system from (4.8) to make it more handable.
To this end, we need the following definitions.

Definition 4.18. For m,n € N with n > m > 2, consider a monotone assign-
ment function j: {1,...,m} — {1,...,n} with j(1) = 1 and some cost matrix
¢ € R™*™ We define the corresponding reduced system matriz by

Eja)
A= : c R(m(nfl))xn’
Ej(m)
where, for I € {1,...,n},
-1
Er=le ... e ...ep—1 | € R(nfl)xn.
-1
In the above, ey, ..., e,—1 denote the unit vectors of R*~!. Moreover, we define

the reduced cost vector corresponding to j and ¢ by

_ _ _ _ T
(Cl,l} T i)y s Cpgnmt T (1))
c= : e (=1,

_ _ _ _ T
(Cmat, = Comjtm)s + - s Tyt = Cmj(m))

=t e {1,...,n}\ {i(i1)}, i1 € {1,...,m}, it holds that

where for Ij ,...,07

<<t

Remark 4.19. By construction, the reduced cost vector ¢ associated with some
assignment function j and cost matrix ¢ satisfies

Ciyis — Cij(i1)s if iy < j(i1),

Cliy—1)(n—1)4iz —  _ _ P i (4-9)
(==t {Cz'mﬂ = Ciyj(in), 1f 2 > j(i1),

foralli; € {1,...,m} and i € {1,...,n — 1}. o

Let A* and c¢* be the reduced system matrix and the reduced cost vector
corresponding to j* and cq, respectively. We then find that the system from (4.8)
is equivalent to A*b < ¢*. Our strategy for proving the existence of a vector
b* € R™ that satisfies A*b* < ¢* and therefore (4.8) includes the following
induction argument:
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We start from the (simplest possible) assignment function jo (with Ag and
co being the associated reduced system matrix and reduced cost function, re-
spectively), show that the system Agb < ¢y has a solution by, see Example 4.22,
and then prove that small (but significant) changes in the assignment function
do not affect the solvability of the corresponding linear inequality system, see
Lemma 4.23 and Lemma 4.24. This is then sufficient to show that, after multiple
applications of the aforementioned lemmas, the system A*b < ¢* also admits a
solution b*, see Theorem 4.25.

For the outlined chain of arguments, the following version of Farka’s lemma
will be useful, as it provides the lever with which we can prove the existence of
solutions for a system Ab < c.

Lemma 4.20 ([53, p. 34]). For m,n € N, some matriz A € R™*", as well as

a vector ¢ € R™, there exists a solution b € R™ to the linear inequality system
Ab < c if and only if for all d > 0 with ATd = 0 it holds that d"c > 0.

Shortly, we will give an example to illustrate the inductive argument that
we mentioned above. First, however, we will prove the following lemma, which
will be used several times in the remainder of this subchapter.

Lemma 4.21. For m,n € N and p > 1, consider the cost matriz defined by
Ciyip = |i1 —i2|? for all iy € {1,...,m} and iz € {1,...,n}. Further, fix some
N e{1,...,n}. Then it holds that

Cli, —C1,N < C2iy, —Co N <" <X Cmyisg — Cm,N (4.10)
for alliz € {1,...,N — 1} and
Cli, —CI,N = C24, —C2N = " > Cmiy — Cm,N (4.11)

forallio € {N+1,...,n}.

Proof. Let p > 1 and abbreviate f(z) = |z — i2|? — |x — N|°. Then, f is
differentiable with f'(z) = p(sgn(z — iz)|z — i2|*~* — sgn(z — N)|z — N|°71)
and, by the mean value theorem, f(z)— f(a) = f'(§)(z —a) for all z,a € R and
some & € (a, x).

Now, let i3 € {1,...,N — 1} and iy € {1,...,m — 1} be arbitrary. Then
there exists some £ € (i1,41 + 1) such that

Ciy+1,i5 — Ciy+1,N — (Eil,iz - Eil,N)
= f(ir +1) = f(ir)
= f'(&) = p(sgn(€ — ia)|€ — ia|”~" —sgn(& — N)[E = N|P7H).

Ifi; € {1,...,i3 — 1}, then £ < i; + 1 < is < N and consequently
Cirt1,in — Cin 41N — (Ciryip — i) = p(N = €)P7 = (i2 — €)P71) >0,

where the estimate holds because the mapping x + 2! is increasing for non-
negative values of x and 0 < ip — & < N —&. If iy € {ia,...,N — 1}, then
1o <ip < & aswell as € < i3 +1 < N and consequently

Cii+41,is — Cii+1,N — (Eil,ig -, n) =p(lE— QP |6 — N|p_1) > 0.
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Ifi; € {N,...,m — 1}, then £ > 43 > N > iy and consequently
Ciyt1is — Cirt1N — (Giyin — Gy ) = p((€ —i2)? ™" = (€= N)P71) >0,

again because of monotonicity and £ —ia > £ — N > 0. This proves (4.10). The
proof of (4.11) is analogous.

The case of p = 1 can be proven with the same distinction of cases w.r.t. iy,
but without using the mean value theorem. O

Example 4.22. For m,n € N with n > m > 2 and p > 1, we consider the cost
matrix given by ¢;, 4, = |iy —i2|?, for all 41 € {1,...,m} and iz € {1,...,n} as
well as the monotone assignment function jo(1) = --- = jo(m) = 1, the latter
of which corresponds to a matrix of the form

o = ERan’

Pm 0 ... 0

with p1,...,pm > 0. The definition of the reduced system matrix Ay from
Definition 4.18 implies that dy € R™"~1) solves AJ dy = 0 if and only if

-1 ... -1 -1 ... -1 -1 ... -1
1 ... 0 1 ... 0 1 ... 0
. . . |ldo=0
0 1 0 1 0 1
1 0 1 0 1 0
— : do =0
0 1 0 1 0 1

Consequently, AJ dy = 0 if and only if

Z déil*l)(nfl)HQ =0 forallioe{l,...,n—1}

i1=1

Now, if dy > 0, then the above implies that dyg = 0 and thus dgco =0, with ¢g
being the reduced cost vector corresponding to jo and ¢. Lemma 4.20 therefore
ensures that there exists a solution by € R™ to the system Agb < ¢g.

We now want to prove the same property for the system A;b < c¢;, where
A; and ¢; are associated to the assignment function j; (and to the cost matrix
¢) with

)= =jim—1)=1 and ji(m) =2,
i.e., j1 corresponds to a matrix m; € R™*™ which looks very similar to mq:
P1 0 0 ... 0
T = :
Pm-1 0 O 0
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Obviously, 7 results from 7y by shifting the nonzero element in m’s last row

one column to the right.
We observe that d; € R™™~1 solves A d; = 0 if and only if

-1 ... ... =1 -1 ... ... -1 1 0 ... O
1 0 0 1 0 0 -1 -1
0 1 0 0 1 0 0 1 0 dy =0
0 O 1 0 O 1 0 0 1
1 0 0 1 0 0 -1 -1
0 1 0 0 1 0 0 1 0
<— di =0
0o 0 ... 1 0 0 ... 1 0 O 1

Consequently, A] d; = 0 if and only if
1

m—1 n—1
di _ Z _d§z171)(n71)+1 + Z dgmfl)(nfl)JriQ

i1=2 iz=1
and
Z dgilfl)(nil)ﬂé =0 forallis €{2,...,n—1}.
i1=1

Now, if d; > 0, then the above implies that
dnTDOmDYE g forall iy € {1,...,m}and is € {2,...,n—1}.  (4.12)

Thus,
m—1
d% _ Z 7d§11—1)(n—1)+1 + d(lm—l)(n—l)-&-l. (413)

i11=2

Using (4.12), (4.13), and ¢} = ¢12 — ¢1 = 1 > 0, we are able to estimate the
scalar product of d; and ¢; by

m—1
d;rcl :d%01+ Zdgll—1)(71,—1)+1C§11—1)(n—1)+1
i1=2

+ dgm—1)(n—1)+18§m—1)(n—1)+1

m—1
. (i1=1)(n=1)+1 d(ilfl)(n71)+1
_ile{zIP.l.gn—l}cl Z !
11=2
+dgm—1)(n—1)+1c§m—1)(n—1)+1

> ( min Cgil_l)(n_1)+1 +c§m—1)(n—1)+1)
ihe{2,...,m—1}
m—1

. Z d§i171)(n71)+1.

i1=2
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We use Remark 4.19 and Lemma 4.21 (with N =1 and i3 = 2) to see that

(i1—1)(n—1)+1 (m—1)(n—1)+1 _
‘1

+c =Ciy2—Ciy1— (Em,Q - 5m,1) >0
for all i; € {2,...,m—1}. Consequently, d| ¢c; > 0. Again, Lemma 4.20 ensures
the existence of some vector by € R"™ with 4161 < ¢1. O

The above example demonstrates two properties that are important for the
analysis of this subchapter:

1. the solvability of the system Ab < ¢ does not depend on the actual value of
the nonzero entries of the matrix 7, but only on their positions (encoded
by j) within the matrix;

2. if we are given a monotone assignment function j whose corresponding
linear system Ab < ¢ admits a solution, we can increase j(m) and the
resulting system will still admit a solution. This observation is made
rigorous in the following lemma.

Lemma 4.23. Let m,n € N with n > m > 2 be given and consider the cost
matriz ¢ from Example 4.22. For p € {0,1}, consider the monotone assign-
ment functions j,: {1,...,m} — {1,...,n} and denote their associated reduced
system matrices and reduced cost vectors by A, and cp, respectively.

Assume that jo(1) = 1 as well as N = jo(m) < n and, moreover, that
Jil{a,...m—1y = Jol{1,....m—1} as well as ji(m) = jo(m) + 1.

Then, if the system Agb < co has a solution, so does the system A1b < c.

Proof. We have already examined the case N = 1 in the previous example.
Therefore, we assume that N > 2. Given d; € R™"=D  an arbitrary non-
negative solution of A] d = 0, we then define the vector dy € R™™~1 via

d(()il—l)(n—l)+i2

dgi1_1)(n—1)+N—1 " dgil—l)(n—l)JrN’ if iy ¢ jg "(N), ia = N — 1,
=10, ifdy =N,
dgil—l)(n—l)-ﬁ-iz, else,

(4.14)

for all i1 € {1,...,m} and ix € {1,...,n — 1}. We will show in the following
that Ag)rd() =0.
By construction, dg > 0 and

n—1 n—1
ST afr e o N e o all iy ¢ gt (V). (4.15)
i2=1 ig=1

The structure of the reduced system matrices 4,, p € {0, 1}, yields that
(4a) = Y e

i1 gp(ir)<l

n—1
D S S

i1 jp(i1)=liz=1

+ Y dgneend

i1 gp(i1)>1
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for all [ € {1,...,n}. Using the definition of j;, we observe that

{i1: Jo(in) <1} ={ix: ja(in) <1},
{’ill j()(il) = l} = {ili jl(il) = l}, foralll € {17 ..., N — 1}. (417)
{ili ]0(’&1) > l} = {ili ]1(21) > l},

If 1 € {1,...,N — 2}, then jo *(I) N jo *(N) = 0. Hence, we use (4.14) — (4.17)
to find that

(Agdo)r =y dir D

i1 g1(in) <l

n—1

4 Z Z _dgil—l)(”—1)+iz

il B j1 (7,1):[ i2:1

+ >0 dTII — (aTay) = o,

27 : jl(i1)>l

where the last equality follows from the assumption on d;. Moreover, we find
that ({i1: jo(i1) < N—1}U{i1: jo(i1) = N—1}) Njg "(N) = @ and {i1: jo(i1) >
N —1} = {i1: jo(i) > N} = jy (), because jy is monotone and N = jo(m).
Similarly to before, we use (4.16) and (4.17) for [ = N — 1 together with the
definition of dy to obtain that

(Ag do)n—1 = 3 gl hee N
i1: J1(41)<N—1

n—1
+ Z Z gD
i1: j1(41)=N—1142=1
+ Z d§i171)(n71)+N71 _ (A;rdl)N_l —o.

i1 j1(i)>N—1

By the properties of jg, it holds that {1,...,m} = {i1: jo(i1) < N} Ujal(N)
and therefore {i1: jo(i1) > N} = (. Thus, for | = N, we calculate that
(Ag do)v
_ Z (dgi171)(n71)+1v71 . dgilq)(nq)ﬂv)
gy (N)
n_l . .
+ Z Z 7dg11—1)(n—1)+12
i1€55 H(N) 12=1
— N N Z (d§i171)(n71)+N71 n dgilfl)(nfl)JrN)
i1€{2,..mP\{jg 1 (V)}

4 Z d(lil—l)(n—1)+N+ Z 7d§i1—1)(n—1)+N
i1€55 L (N) i1€55 1 (N)

+ Z Z _d§i1*1)(n71)+i2

i1€j5 (N) 12€{1,..,n—1}\{N}
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:div_1+d{v+ Z d(lil_l)(n_l)+N_1+u+U,
i1€{2,...mN\{jg ()}
where
u = Z dgirl)(nleN n Z d§i171)(”*1)+N
i1€42,...mI\{dg H(N)} i1€55 H(N)
_ Zd(lil—l)(n—1)+N+d§m—1)(n—1)+N
i1=2
and
V= Z _d§i171)(n71)+N + Z Z _dgilfl)(nfl)Jriz
i1€55 1 () i1€5g (N) i2€{L,...,n—1}\{N}
n—1 n—1
_ Z Z _dgil—l)(n—l)-&-ig I Z _d(lm—l)(n—l)-&-ig.
ia=1

i1€4q (N)\{m} 2=1
Further, we take a close look at the system A d; = 0 to find that
Z dgil—l)(n—l)-&-N—l tuto
i €{2mi\{g T (M)}

< 3

ine{2,..,mP\{jg ' (N)}

n—1
_ gD DN Z ngill)(n1)+i2>

i1€55 T (N)\{m} 2=1

m n—1
_ (Z S dg’”‘”("‘”*”)

i1=2 ip=1

—dN "t —ay.

i1 —1)(n—1)+N—1
_g{n=D=1)

Consequently, (AJdo)y = 0. Moreover, because of {iy: jo(i1) < N + 1}
{1,...,m}, we immediately receive that (choosing I = N 4+ 1 in (4.16))

m
(A dO N+1 Z d(()ll D(n=1)+N _ =0

1,11

and, for l € {N +2,...,n},

A dO Zdzl 1)(n—1)+1—-1

i1=1

m

Z dgilfl)(nfl)ﬂfl —0
=1

which again can be justified by a close look at the system A{d; = 0. To

summarize all of the above, we have shown that AJ dy = 0.
Let us now assume that the system Agb < ¢g has a solution. Then, by

Lemma 4.20, dj ¢o > 0. A comparison of ¢y with ¢, see their representations
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from (4.9), yields that

Cg’ilfl)(nfl)*Fiz

0, ifiy e {1,...,m —1},
_ Lin=D)(n=1)+iz (4.18)

= Cy + 2(6m7N_Em,N+1)7 ifilzm, io =N,
E’m,N - Em,N-‘rl) else.
For all 41 € {1,...,m — 1} and iy = N, this yields that

(i-D)(n—1)+N _ _ _
1 = Ciy,N+1 = Ciy jo(i1)»

whereas ( P~
m—1)(n—1)+N _ _
cq = Cm,N = Cm,N+1-

Moreover, for i ¢ jo'(N) and iy = N — 1,

(i1—1)(n—1)+N—-1 _ _ _
1 = Ciy,N = Ciy jo(i1)-

This, together with the definition of dy, see (4.14), and (4.18) leads to
lecl — d(—)rCO
_ Z dgil—l)(n—l)-&-N (Cgil—l)(n—1)+N _ Cgil—l)(n—1)+N—1)
o ' (N)
n Z dgil71)(n71)+NC§i171)(n71)+N
i1€jg L (N)\{m}

+ dgm—l)(n—l)—&-ig (Cgm—l)(n—1)+ig o c(()m—l)(n—l)+i2)

i2€{l,...,n—1}\{N}
+ dgm—l)(n—1)+N Cgm—l)(n—l)—i-N

=dy (e1,N+1 — C1,N)
+ Z dgilfl)(nfl)ﬂv (Ciy,N4+1 = Ciy )

n—1
+ Z dgm_l)(n_l)—i_iz (ém,N - Em,N+1)~

iz=1
(4.19)
The equation (A d) n41 = O reveals that
m—1 ) n—1 )
dN _ Z _dgufl)(nfl)JrN + Z dgmfl)(nfl)er > 0. (420)
i1=2 ip=1

Adding dyY (EmyN — 5m,N+1) —dyV (Em,N - 5m,N+1) to the right-hand side of the
equation in (4.19) and using the relation in (4.20), one finds that

T T N/~ ~ - _
di c1 —dyco =dY (Ci,N+1 — C1,N + Cm,N — Cm,N41)
m—1
i1—1)(n—1)+N /— _ _ _
+ E dﬁ 1= =) (Ciy,N+1 — Ciy N + Coo,N — Cm,N+1)

i1=2
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m—1
> Z dgh_l)(n_lHN (Ciy,N4+1 = Ciy, N — (Cm,N+1 — Cm,N)) =0,
=2

where the last estimate stems from the nonnegativity of d; and an application
of Lemma 4.21 (for i3 = N + 1). Consequently, d ¢; > dJ co > 0 which, owing
to Lemma 4.20, completes the proof. O

The just proven lemma states that, for a given matrix, we can always “ad-
vance” the nonzero entry of its last row by one column without sacrificing the
solvability of the associated linear inequality system. We will see in the next
lemma that we can, in the same sense, “move up” nonzero entries of the rows
above.

Lemma 4.24. Let m,n € N with n > m > 3 be given and consider the cost
matriz ¢ from Example 4.22. For p € {0,1}, consider the monotone assign-
ment functions jp: {1,...,m} = {1,...,n} and denote their associated reduced
system matrices and reduced cost vectors by A, and cp, respectively.

Assume that jo(1) = 1 as well as N = jo(m) > 2. Abbreviate I =
max{iy: i1 ¢ jo ' (N)} and assume that I > 1 as well as jo(I) = N — 1 and,
moreover, that jil(1,....my\{ry = Jol{1,...mpqry and j1(I) = N = jo(I) + 1.

Then, if the system Agb < cg has a solution, so does the system A1b < c.

Proof. Assume that the system Agb < ¢y,

biy = bjo(in) < Ciryio — Ciyjoin)> 41 €{1,...,m},di2 € {1,...,n} \ {jo(i1)},
has a solution. Then the subsystem

bi, = bjoin) < Ciryis = Ciy o), 01 €41,..., I}, do € {1,...,n} \ {jo(i1)},

has the same solution. Applying Lemma 4.23 to the restriction jo|g
obtain that the system

I}» we

.....

biz_bjl(il) < Ciyyip—Ciygi(in) U1 € {1,..., 1}, ia € {1,...,n}\{/1(i1)}, (4.21)

with j1l¢1,...1—13 = Jol{1,...1—13 and ji1 (1) = jo(I) +1 = N, admits at least one
solution &’ € R™. We then define the vector b; € R™ by

) b if 1o < N
b= Ve i ) P (4.22)
Vi, — (¢ri, — er,N — (Cmyiy — Cm,N)), if iz > N,

for all ix € {1,...,n}.

On the one hand, let 41 € {1,...,1 — 1} and i5 € {1,...,n} \ {j1(é1)} be
arbitrary. By construction of j;, we find that j;(i1) < N. If iy < N, because of
(4.21) and (4.22),

blf) - bjll(“) = bég - b;@(il) < Ciyip — Eihjl(il)'
If io > N, we additionally apply (4.11) to receive
b2 — 0] = b — (era, — Ern — (Cmiy — Emy)) = Vi

/ / = =
< by = b5,6) < Cinvio — Ciy i (i) -
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On the other hand, let i; € {I,...,m} be arbitrary. Then, j;(i;) = j1({) = N.
For ig € {1,...,N — 1},

io j1(i1) _ 7 / ~ _
by — by = big - bjl(I) < Cri, —CILN
< Ciyyiz — Ciy,N = Ciy iy — éil;jl(i1)7

where the second estimate holds because of (4.10). If is > N, we use (4.11) to
find that

bz — b = b b, ) — (i — E1N — (Ema — Em))
<¢Cri, —CI,N — (51,1‘2 —¢r,N — (Cmyin — Em,N))

= Cmis — Cm,N < Ciyis — Ciy ,N = Ciy iy — Ciy jy(i1)-
Thus, we have shown that for alli; € {1,...,m}andallis € {1,...,n}\{71(¢1)},

b — b)) < g

11,02 Eihjl(il)’
or equivalently, A1b; < ¢; as claimed. O

The following result elaborates on the inductive argument we mentioned
earlier and which allows us to prove the existence of solutions to systems Ab < ¢
that correspond to (almost) arbitrary monotone assignment functions j.

Theorem 4.25. Let m,n € N with n > m > 2 be given and consider the
cost matriz ¢ from Example 4.22. Consider the monotone assignment function
j:A{1,...,m} = {1,...,n} with j(1) = 1 and denote its associated reduced
system matriz and reduced cost vector by A and c, respectively.

Then, there exists a solution b € R™ to the system Ab < c.

Proof. In Example 4.22, we have shown that the system Agb < ¢y belonging
to the monotone assignment function jo: {1,...,m} — {1,...,n} defined by
jo(1) = -+ = jo(m) = 1 admits a solution.

If m = 2, applying Lemma 4.23 a total of j(2) — 1 times, starting from the
system Agb < ¢g, yields the claim.

If m = 3, we alternately apply Lemma 4.23 and Lemma 4.24 a total of
j4(3) — 1 and j(2) — 1 times, respectively, starting with the former at the system
Apb < ¢g. This yields the claim.

The procedure for the case m = 3 describes a method by which we can
prove the assertion for all other cases where m > 3: beginning with the system
Agb < ¢g, we apply Lemma 4.23 and then, if necessary, Lemma 4.24 up to m — 2
times to the resulting system. We repeat this process a total of j(m) — 2 times
to prove the claim. O

Applying Theorem 4.25 to the solution from Assumption 4.15 finally yields
the desired approximation result.

Corollary 4.26. Consider the solution (7*, ui) from Assumption 4.15 and the
vanishing sequence of regularization parameters (Vi)ren \« 0 and the sequence
of solutions (7y, i¥, ¢k )ren to the regularized bilevel problems from Subchapter
4.4. Then, every cluster point (7, fi1) of that sequence is a solution to (BH).
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Proof. The existence of a cluster point (7, fi1) was discussed at the beginning
of Subchapter 4.4. By Theorem 4.25, there exists a solution b* € R"2 to the
system A*b < c¢*, where A* and c¢* denote the reduced system matrix and
the reduced cost vector associated with the monotone assignment function j*,
respectively. By definition of A* and c*, this shows that b* satisfies the system
from (4.8), which in turn yields the existence of a recovery sequence (7}, 1 1, ¢;)
accompanying the solution (7*, uf), see Lemma 4.17. The claim of the corollary
then follows from Theorem 4.14. O

We conclude this chapter with a comparison of the approximation results of
the infinite-dimensional case of Part I and the finite-dimensional case of Part
11

— In both cases, if we presuppose the existence of a solution of the non-
regularized bilevel problem that is accompanied by a recovery sequence, we
can show that solutions of the regularized bilevel problems converge (w.r.t.
the proper topology) towards solutions of the non-regularized bilevel prob-
lems. In other words, we can approximate certain solutions of the non-
regularized problems arbitrarily accurately. However, since we do not need
to smooth the marginals in the finite-dimensional case of Part II, a single
regularization parameter is sufficient in this case.

— If we compare the scenarios for which we can prove the existence of a
recovery sequence, we find that the scenario described in Corollary 3.41 is
slightly less general than the one from Assumption 4.15:

— In Corollary 3.41, we assume that the domains of the marginals coin-
cide, while in Assumption 4.15 both of the domains can be sets with
an arbitrary (finite) number of points.

— The parameter p defining the cost function in Corollary 3.41 is re-
stricted to p > 1, while in Assumption 4.15 we also include the case
p=1

— In contrast to the infinite-dimensional case, there are no additional
assumptions on the objective function in the finite-dimensional case,
other than its lower semi-continuity and boundedness on bounded
sets, which is required anyway for the approximation results of both
cases.

— The proof of the existence of a recovery sequence in Corollary 3.41 re-
lies heavily on the uniqueness of the optimal transport plan, whereas
the recovery sequence in Assumption 4.15 can be constructed without
this property. This, however, goes along with the fact that the latter
proof is considerably more complex than in the infinite-dimensional
case.
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Chapter 5

Towards Implicit
Programming

Implicit programming (IP) is an approach to the numerical treatment of op-
timization problems whose constraints include some sort of defining relation
between some input variable (often called “control”) and some output vari-
able (often called “state”), such as solution operators of variational inequalities,
complementarity systems, or, like in the case of the bilevel Hitchcock problem,
(non-)linear optimization problems. Evolving from the implicit programming
problem, an optimization problem whose constraints are implicitly defined by
the problem’s solution itself, see e.g. [36] or [35], the IP approach is frequently
applied in the context of (but not limited to) mathematical programming with
equilibrium constraints (MPECs), see e.g. [54], [60], [46], or [59].

The IP approach typically consists of replacing the control-to-state relation
from the problems constraints by the corresponding solution mapping (often
called “control-to-state mapping”), which then can be plugged directly into the
upper-level target functional, leading to a (possibly unconstrained) optimiza-
tion problem with fewer optimization variables. Given sufficient smoothness of
the target functional, one can then employ (typically nonsmooth) optimization
methods to solve the original optimization problem. This, however, generally
requires that

1. the solution operator is single-valued (i.e., in particular not set-valued),
since the higher-order objective functional typically operates only on single
elements and not on sets;

2. the solution mapping itself must satisfy some notion of differentiability.

We already tried to indicate in Subchapter 4.1 that both of the above re-
quirements are not satisfied in the context of the bilevel Hitchcock problem: In
general, the solution of the Hitchcock problem is not unique. Therefore, we can
neither find a single-valued solution operator nor differentiate it in a sense that
would be useful for our purposes.

How we can still put the IP approach into practice in the context of the
bilevel Hitchcock problem will be the topic of the present chapter.

85
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5.1 Regularization of the Dual Problem of the
Regularized Hitchcock Problem

We have mentioned at several points in this thesis that we would like to use the
implicit programming approach to solve the bilevel Hitchcock problem (BH).
As noted in the introduction of this chapter, the Hitchcock problem itself is not
necessarily uniquely solvable, ruling out the existence of a single-valued solution
operator.

For this and other reasons, we have introduced the quadratic regularization
of the Hitchcock problem in Chapter 4, which guarantees the uniqueness of the
optimal solution and therefore implicitly defines a solution operator. However,
as can be seen in Theorem 4.9, the dual variables o; and «ay corresponding to
a solution 7 of (H,) are not unique for two reasons: First, because of the outer
sum of the dual variables, namely a; & as, one can constantly shift the dual
variables in the opposite direction, i.e., consider (a; + a,as — a) for a € R, and
this will not affect the system in (4.2), and second, the ( - ) -operator provides
the potential for arbitrary deviations of the expression oy @ o — ¢ where it is
negative.

We therefore consider an additional regularization of the dual problem (HD.,)
corresponding to the solution of (H,). Given 7,e > 0, some cost matrix
¢ € R™*"2 ag well as the (arbitrary) marginals p; and pe, we consider the
regularized dual problem of the regularized Hitchcock problem:

asuap (a1, 1) gn, + (a2, f12)gns
1,02 2 2 2
g ll(e1 ® az — )¢ — § (laallgn, + a2z ) (HD3)

st. ap € R™, ay € R™2,

Without having to do extensive preliminary work, we immediately arrive at the
following result.

Lemma 5.1. For any v, > 0, the reqularized dual problem (HD%) admits a
unique solution. Moreover, its first-order necessary and sufficient condition is
given by

(a1 D ag —¢) 1 +year = yu,

* (5.1)
(a1 D ag —¢) 1+ yeaz = yus.

Proof. 1t is straightforward to show that the negative of (HDS)’s target function
is strongly convex. According to [58, Proposition 3.10.8], it therefore has a
unique global minimizer, which is at the same time the unique global maximizer
of (HDS).

Because the mapping f: R 3 x — max{0,z}? € R is differentiable and has
the derivative f'(z) = 2max{0,x}, the term

1 1 & & ; ; 2
*a”(al ®as—o)y|p = Ty Y > max{0,ai! +ay — ¢}

i1=112=1

is differentiable and has the partial derivatives

1 & ) . )
- Z max{0, 0} + i — ¢, 4, } (w.r.t. af')

ia=1
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and
ni

—— Z max{0,aj' +af — ¢y, b (w.r.t. ab?)
i1=1
This in turn shows that (HDZ)’s objective function is differentiable w.r.t. oy and
as. Thus, its unique maximizer can be equally characterized by the first-order
conditions

na

1 , . .
pit—— Z(off +a — Cimé).~. —eal' =0 foralli;=1,...,m
in=1
and
ny
uy — — Z (o' +af? — cil,iz)Jr —eaz =0 forallip=1,...,n9,
=1
which are equivalent to (5.1). O

Remark 5.2. Note that the marginals p; and s need not be compatible for
the regularized dual problem to admit a unique solution. In fact, p; and us
do not even need to be marginals, since the regularized dual problem allows
for vectors of arbitrary sign. Lemma 5.1 therefore implies the existence of the
solution operator of (HDY),

.7:%8: R™ x R™ — R™ x Rng, (ul,u2) — (Oél,()ég)

with (a1, ag) being the unique solution to the system in (5.1) w.r.t. p; and po.
In particular, the solutions of (5.1) are in general no longer the dual variables
to the marginals p1 and po, which is why we will define a regularized marginal-
to-transport-plan mapping in Subchapter 5.2.

We immediately observe that the operator F, . is bijective: injectivity fol-
lows from the unique solvability of the system in (5.1); surjectivity holds since
one can simply evaluate the left-hand side of the equations in (5.1) to com-
pute the corresponding marginals. As a consequence, there exists the inverse
operator

1 1
f{;(ahag) = (;(al Doy —c) 1+eay, ;(oq ®ag—c)il —|—5a2) (5.2)

and this inverse operator is continuous. o

Remark 5.3. In the context of (HDS), we further would like to mention the
following:

— As was the case with the solution operator S, from Subchapter 4.2, one
could also include the cost matrix in the formulation of the solution oper-
ator from Remark 5.2, i.e., one could consider the operator

]:'%5: R™*72 x R™ x R™ — R™ X R™, (¢, p1, po) — (a1, a2)

with being (a1, az) the unique solution of (HDS) w.r.t. 1, po, and ¢ in
order to account for the cost matrix being an optimization variable as well.
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However, the focus of this chapter lies on realizing the IP approach for the
(regularized) bilevel Hitchcock problem. The cost function served mainly
as a tool for the approximation result of Subchapter 4.4 and had (from our
viewpoint) no other significant effect on the analysis. Thus, for simplicity,
we refrain from including it in the analysis of the present chapter.

~ While the regularization approach in (HDS) corresponds to a standard
Tikhonov regularization of the dual problem (HD., ), another approach to
promote uniqueness of the dual variables would be to consider approxi-
mations of the mapping x — max{0, 2z} by means of the smooth, strictly
increasing, and strictly convex functions

1
iR = Roo, fol@) =5 +5Va7 ¢

or
LSE.: R — Ry, LSE.(z) :=elog(1+ exp(z/:)),

where log refers to the natural logarithm and LSE is short for “log-sum-
exp”, see e.g. [12, Example 3.1.5], or any other approximation of z —
max{0, z} having the same properties.

Substituting the (- )4+ operator in the objective function of (HD,) by the
element-wise application of one of the above functions would then lead to
regularized problems with similar properties as (HD?) but smooth first-
order optimality systems. The resulting optimality systems would, just
like (5.1), contain nonlinear terms but would not, in contrast to (5.1),
benefit from the sparsity induced by the (- )4 operator.

We will see below that the induced sparsity is indeed very useful to calcu-
late derivatives of the regularized dual problem.

o

In the remainder of this subchapter, we will analyze the differentiability
properties of the solution operator of the regularized dual problem. We start
by showing that the operator is Lipschitz continuous and therefore, according
to Rademacher’s theorem, differentiable almost everywhere on its domain.

Lemma 5.4. The solution operator F., . is globally Lipschitz continuous.

Proof. The inverse operator F_- L from (5.2) is continuous and piecewise linear
with n; - no segments, where the slopes are bounded (from below) by a single
constant. This implies that its inverse, F, ¢, is also continuous and piecewise
linear and that the slope of each of its segments is bounded (from above) by the
inverse of this constant. Thus, F . must be Lipschitz continuous. O

Consequently, according to Rademacher’s theorem, F, . is differentiable al-
most everywhere in R™ x R™2. To be able to make qualitative statements about
the points where F, . is differentiable and moreover to be able to characterize
its derivative in these points, we start with the characterization of its directional
derivative.
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Proposition 5.5. Let (u1, u2) € R™ xR™ be an arbitrary point and abbreviate
(o1, ) = Fye(p1, p2). Then, the solution operator F. . is directionally dif-
ferentiable in each direction (h1,h2) € R™ x R"2 and the directional derivative
]-:’Y,E((ul,ug); (h1,h2)) is given by the unique point (n1,m2) € R™ x R that
solves the system

max’ (a1 @ g — ¢;m D n2) 1+ ven = vhy,

, . (5.3)
max’ (a1 @ g — ¢;n1 S n2) 1+ yens = vha,
where
0, if x <0,
max’(z;y) = ¢ max{0,y}, ifz =0, (5.4)
Y, if x>0,

is the directional derivative of the mapping R 3 x — max{0,z} € Ry at some
point x € R in the direction y € R. In (5.3), this directional derivative is
understood to be applied entry-wise to the matrices ay & ae — ¢ and 171 B2, i.€.,
max’(a; B as —¢;m B 1) € RM "2,

Proof. Givent > 0, we consider the point (ay ¢, a2 ¢) = .7-'%5((#1, w2)+t(hq, hg))
Then, the difference quotient

Q1 — Q1 Q¢ — OéQ) _ '7:%6((,“1»#2) + t(hh h2)) - fw,e(m,m)

(nl,t;nQ,t) = ( ¢ ) n n

is bounded, since

H (771,157 772,t)| Rn1 xR72

< Lz, Mo, p2) + 80, ho) = (i1, 2|
- t

Rn Rn:
IXRT L]:%E H(hla h2)||R"1 xRn2

by Lemma 5.4. Consequently, if we consider an arbitrary vanishing sequence
tr \¢ 0, the sequence (914,724, )ken is bounded and therefore contains some
convergent subsequence which we denote by (11,1, 72,1)ien and which converges
to some point (771, 72)-

Subtracting the system (5.1) w.r.t. (a1, az) from the system (5.1) w.r.t.
(11, 21) == (a1, 024,), we observe that the difference quotient satisfies the
equations

(a1 @ag;—c)y — (a1 @ag —c)y) 1
t

.
((al,l Dag;—0)t — (a1 ®ag — c)+) 1
t

+veni, = vha,
(5.5)

+ yena, = vho,

for all [ € N.

Owing to the continuity of the solution operator, see Lemma 5.4, it holds that
(o1, a0,) — (a1, a2) and in particular (aq;, @2;) = (a1, a2) + (71, 72) + o(tr).
Thus, the Hadamard differentiability of the mapping « — max{0, z}, see Lemma
D.7, implies that

(ail,l + a?,l - ci17i2)+ - (O‘Zf + O‘? - ci1,i2>+
12

1y i A1y ot
— max'(af' +a5’ —ciy iy 7y +10y)
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for each (i1,i2) € Q as | — oo. We can therefore pass to the limit in (5.5) to
arrive at

max’' (a1 ® ag — ;71 D i2) 1+ vei = vha, (5:6)

max’ (a1 ® ag — ¢; 71 D ﬁg)T]l + yeng = vha. )
In the following, we are going to convince ourselves that (7;,72) is the only
possible solution of the above system. If this is the case, then Lemma D.5 en-
sures the convergence of the whole sequence (11 ¢,,72.,) — (71,72). Moreover,
because the sequence (t;)ren Was arbitrary, we then find that

lim Fre((p1, p2) + t(ha, ha)) — Fry e(pi, p2)
t\.0 t

= l. = (1.7
t{%(nl,ta 772,t) (Tha 772)a

which proves the claim.
In order to show that the system in (5.6) admits a unique solution, we
abbreviate X := R" x R™ and define the operator F': X — X by

(uy,u2) — (max’(oq @D as —c;uy B ug) 1+ yeuq,
max’ (a1 ® ap — ¢;up Dug) 1+ 'YEUQ).
We are going to prove that F is
(i) strongly monotone, i.e., there exists some ¢ > 0 such that
(Fu— Fv,u—v)y > cllu— v||§( for all u,v € X

(i) coercive, i.e.,
lim (Fu, u)x

lullx—oo  [ull x

(iii) hemicontinuous, i.e., the function
t— (F(u+tv),w)y
is continuous on [0, 1] for all u,v,w € X.

If (i) — (iii) are established, then the Minty-Browder theorem, see e.g. [67, Satz
1.5], ensures that the equation Fu = b admits a unique solution for any right-
hand side b € R™ x R™. Choosing b = v(hq, ha) then yields the claim.

Ad (i): A paper-and-pencil aided calculation shows that
(Fu— Fv,u—v)y
= (max’(a1 8 a2 — ¢;u1® uz) — max’ (a1 B o — ¢; V1B v2), ur B Uz — V1B UQ)F

2 2
R™1 + ||u2 - UZH]RM)

+ e (flur — o1
2
> vellu — vl

where the estimate follows from a distinction of cases w.r.t. the sign of a; g —c
and (a4 —by)(a—b) >0 for all a,b € R.

Ad (ii): Similar to (i), we find that

(Fu,u)y = (max'(ay & o — c;ug @ u2), uy @ug)F + 75|\u||§(
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2
> yellullx

and therefore
(Fu,u) 5

—_ > ~el|lul| y = oo.
lullx—=oe [ullx —  lullx— I

Ad (iii): The mapping : x — max{0,z} is Lipschitz continuous with Lips-
chitz constant equal to 1 and is directionally differentiable at every point and
in every direction. Thus,

Imax’(z; 2) — max’(z; )|

1
= }{% ¥| max{0,x + tz} — max{0,z + ty}| < |z — y|

for all ¥,z € R, i.e., the mapping y — max’(x;y) is Lipschitz continuous with
the same Lipschitz constant. Consequently, the mapping ¢t — F(u + tv) is
continuous on all of R. O

Remark 5.6. With the same arguments as in Remark 5.2, we see that the
mapping

(h1,he) = F., (1, p2); (ha, he))
is bijective: it is injective, because the solution to (5.3) is unique; it is surjec-
tive, because any given directional derivative (71,72) can be realized by some

direction (hq, ho) that can be computed by simply evaluating the left-hand side
of (5.3). o

In order to characterize the points where JF, . is not only directionally but
(totally) differentiable, we need the following definition.

Definition 5.7. Given some point u = (p1,p2) € R™ x R with (a1, az) =
Fy e(p1, p2), we define the sets

Q+(u) = { E Q: 0411 + a2 Ciyyin > 0},
Q() ([L) = { E QO Oézll + a — Ciyig = 0},
—(p) = {(i1,12) € Q: ol +ak — iy <0}
We call the sets Q4 (1), Qo(n), and Q_ () active set, biactive set, and inactive

set, respectively. Note that @ = Q4 (u) U Qo(u) U Q_(u).

The following result characterizes the points at which F, . is (totally) dif-
ferentiable.

Proposition 5.8. The solution operator of the regularized dual problem, F .,
is (totally) differentiable at the point p = (p1,u2) € R™ x R if and only if
Qo(p) = 0.

Proof. Following [22, p. 30], F,’s Lipschitz continuity is sufficient for the
equivalence of F, . being differentiable in p and the mapping F7 _(y; -) be-
ing linear. It therefore suffices to show that F! _(u; -) is linear if and only if
QO = QQ([L) = @

To this end, assume that Qg = #. We consider arbitrary directions g, h €
R™ x R™ and denote their corresponding directional derivatives by (61, 62) =
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Fl (5 9) and (n1,m2) = F. _(u; h). According to Proposition 5.5, (61,62) and

Ve
(m,1n2) satisfy the systems

max’(ag ® ag — ¢; 01 ® 02) 1+ e = vg1,
max/ (a1 & az — ¢;61 @ 02) 1 + 7205 = s,

and

max’ (o @ ag — ;1 B 1) 1+ vem = vh,
max’(o; @ ag — ;11 B 1) 1+ veny = vha,

respectively. Adding those two systems of equations while multiplying the first
system with some A\ € R, we arrive at

()\max’(al ®ag — ;01 D 0) + max’(a; D ag —c;n1 D 7]2)) 1
+ye(M1 +m1) = v(Ag1 + ha),
(Amax'(a1 ® az — ¢; 01 @ 3) + max'(og ® ag — c;m @ 772))T]l
+ve(A02 + 1m2) = y(Ag2 + ha).
(5.7)

Because (2 is a disjoint union of Q4 (1), 2o, and Q_ (1) and because by assump-
tion Qg = 0, it holds that

z, if (ilaiQ) € Q+(/L),

max’ (ol + o — ¢, iy 2) =
(1 + 05"~ €ivoi 1) {0, if (i1,12) € Q- (1),

i.e., the mapping max’(a' + o — Ciy.ip; +) 18 linear for all (i1,42) € Q. Thus,
we may rewrite the system in (5.7) as
max’(al Dag—c; (N1 +m1) B (N2 + 772)) 1+ ve(M01 +m1) = v(Ag1 + h1),
T
max’ (a1 ® ag — ¢; (M1 +1m1) B (M2 4+ 1m2)) L+ ve(A0a + 12) = v(Ag2 + ha).

Proposition 5.5 then implies that
F (3 g+ h) = (01 + 11, M + m2) = AF., (13 9) + F, o (u; b)),

i.e., linearity of 77 _(1; - ).
To show the opposite implication, let us assume that there exists some
(I1,12) € Qo. Let us further assume that F! _(u; -) is linear. In this case,

max’(al @as—c; (01 +m) D (02 + ’172)) 1

/ , (5.8)
= (max (1 ®ag —¢; 01 ®02) + max' (a1 ®as — ¢;m @772)) 1

for all (61,02), (n1,m2) € Rg(F, (s +)). To derive a contradiction, we choose
(61,02), (71,72) € Rg(f’ (w5 - )) in a way that

v,€

16 462 =1 and 01 + 6% = 0 for all iy € Qy with iy # I,

2. 4+ k2 =1 and A" + 72 =0 for all iy € Oy with iy # Io.
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The two linear systems 1. and 2. consist of ny linearly independent equations
with n1 4+ ne unknowns each. Thus both systems have at least one solution in
R™ x R">. In Remark 5.6, we already noted that F., o(y; - ) is bijective. There-
fore, we can indeed find directions g and h that realize the claimed directional
derivatives (61,602) and (7)1, 72).

By construction and because of (I1,I2) € Qg, the left-hand side of the I;-th
equation of the system (5.8) evaluates to

no
> max'(a1' +af — er i (0 +02) + (A1 +05°))
i2:1

= max{0, (0" +03?) + (" +3*)} =0

whereas the right-hand side of the same equation evaluates to

na
(I i hI N (I ] ~T N

E max (af +a —cr a0t + 9;2) + max (0411 +ag —cn Mt + 77?)

io=1

= maX{O, é{l + é?} + max{O,ﬁ{l + 7752} =-1

contradicting (5.8) and therefore the linearity of the mapping F. _(u; ). It
follows that }",’Y’E(u; - ) cannot be linear and hence the assertion of the proposi-
tion. O

Remark 5.9. One can prove an analogous result in the infinite-dimensional
case, i.e., one can show that the regularization of the dual problem of the regu-
larized Kantorovich problem given in [52, Section 2.3] is directionally differen-
tiable at any point and in any direction and we can characterize the points at
which the solution operator is Gateaux differentiable.

However, due to the lack of compactness, the proofs in this case are (unsur-
prisingly) more complicated, and the analysis of further differentiability prop-
erties is beyond the scope of this thesis and is the subject of future research. ©

Now that we have characterized the points at which the solution operator
is differentiable, we are now able to calculate the derivative at those points. To
this end, we need the following definition:

Definition 5.10. Let A C Q be some arbitrary index set. We then define
— the characteristic matriz x(A) € R™*"2 of the index set A by

1, if (il,ig) € A,

5.9
0, else; (5.9)

X(A)i17i2 = {

— the matrix N (A) € N(()n1+n2)x(nl+n2) corresponding to A by

_ (diag(x(A)1) X(A)
N(A) = ( 0 et 1)>. (5.10)

Proposition 5.11. If F, . is (totally) differentiable at the point p = (1, p2) €
R™ x R"2, then its (total) derivative is given by

Fl o) =y (N (24 (1) +7B)

Herein, E denotes the identity matriz of R(m+n2)x(nitn2)
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Remark 5.12. Note that, in the formulation of the above proposition, we have
tacitly identified the space R™ x R™2 with the space R™* ™2, Formally correct,
the derivative would be
_ -1
Fre(w) =9~ oy (N(Q4 (1) +7eE) o,
where
P R™ x R™ 5 R™H2 (y,p) (Z) ,

is a linear isometric isomorphism between R™* x R™2 and R™* "2 and where the

matrix (N (Qp(p)) + 'yaE)_l is identified with an automorphism on R"™* 72,
However, here and in the following, we refrain from explicitly including ¢ and
1~ for the sake of simplicity. o

Proof of Proposition 5.11. We begin with abbreviating Q4 = Q4 (u). Let h =
(h1,h2) € R™ x R™ be an arbitrary direction and consider the corresponding
directional derivative (n1,m2) = F, _(p; k). By Proposition 5.5, the directional
derivative satisfies

max’(ay @ az — ¢;m S 12) 1+ yem = vhy,

max’(a1 Dag—c;m D 772)T1l + yena = vha,
where again (a1, a2) = F, (1). Applying Proposition 5.8, the above system is
equivalent to

> (i +nR) +ent =k forall iy € O,
ig: (il,i2)€Q+

S ) +yenf = vk forall iz € Q.
i1: (i1 ,i2) €y

Comparing this with the definition of the matrix x(Q4) from (5.9), we can
rewrite this equivalently as

diag (x(Q4) L)m + x(24) 12 +yem = vl
diag (x(24) 1) 12 + x(Q4+) 1 + yenz = Yho.
Plugging in the definition from (5.10) then yields that

(M(924) +2E) (Z;) =~ (Z;) . (5.11)

The matrix N (€) is by construction nonnegative, symmetric, and diago-
nally dominant, i.e., it satisfies

N Q) 2 > N Q) = > N Q)
ke{l,...,n1+n2}, ke{l,...,n1+n2},
k#l k#l
forall I =1,...,n1 + ny. Such matrices are known to be positive semidefinite,

see e.g. Gershgorin’s circle theorem. Consequently, the matrix N (2,) +~eF is
positive definite, thus invertible, and we can solve equation (5.11) via

(m) — Y (N(Qy) +7eE) (Z;) .

12
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In light of Remark 5.12, this shows that 7, . is Gateaux differentiable at u
and that its Gateaux derivative is (N (Q4) + ’y&E)il. However, since F, .
was assumed to be (totally) differentiable, the Gateaux derivative and (total)
derivative coincide. O

Now that we have precisely characterized the points in which the solution
operator is differentiable and have a representation of its derivative we concern
ourselves, in a next step, with the points of non-differentiability.

Because F, . is globally Lipschitz continuous, at each of those points we can
find at least a generalized Jacobian in Clarke’s sense, see [22, Proposition 2.6.2].
For this reason, we have the following definition.

Definition 5.13 ([74, Definition 2.1] and [22, Definition 2.6.1]). Given m,n €
N, let f: R™ — R™ be a locally Lipschitz continuous function. By Rademacher’s
theorem, f is differentiable almost everywhere on R™. We denote the set of
points at which f is differentiable by Dy C R™.

We call the set

Opf(x) = {klim f'(z): (zk)ken C Dy, x — x as k — oo} (5.12)

the Bouligand subdifferential of f at the point z € R™. It relates to Clarke’s
generalized Jacobian of f at x via the definition

9f(z) = co(0n f(x)),

where co(M) denotes the convex hull of some set M. For every point € R™, the
Bouligand subdifferential dp f(z) is a nonempty and compact subset of R™>*™
see e.g. [27, Proposition 4.3.1].

In the following, we aim to characterize the Bouligand subdifferential of F, .,
the solution operator of the regularized dual problem (HD?Y) First, however,
we need the following lemma which provides a useful property of convergent
sequences of F, .’s derivatives.

Lemma 5.14. Let p = (u1, p2) € R™ X R™ be an arbitrary point and consider
a sequence of points (p1k,p2k)ken C Dr . with py = (1, p2k) — p as
k — oco. Then F. () — G € R(tn2)x(mitn2) i and only if there exists
some K € N such that

1. Qy (k) = Q4 (ki) and
2. F () = G = y(N (2 (k) +72B)
forallk > K.

Proof. For all k € N, we abbreviate Q% := Q. (y11,). In order to show the forward
implication, let F! _(ur) — G as k — oo. By Proposition 5.11, F. _(ux) =
Y(N(QE) + ’ysE)71 for each k € N. By definition, the entries of each of the
matrices N (QF) € N(mHm2)x(mtne) gre hounded by

0< (M(QY))

i1 is < max{ny,ne} for all (i1,i2) € Q.
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We can therefore find a convergent subsequence (A (Qlj}))l en C (V(@r)), N

and some matrix H € N{ 72X (11412) 4 hat N(Q) — H as | — oco. Since
this is a convergence of integer matrices, there must exist some L € N such that
N(@QF) = H forall | > L.

The definitions in (5.10) and (5.9) then imply that X(Qﬁf) = X(Q’f) and in
turn Qﬁf = Qﬁ'_L, respectively, for all [ > L.

This already yields the desired representation of the limit G, since

. . —1
G = lim F () = lim F () = 7(N(Q4F) +72E) .

The convergence of the entire sequence (N (Qﬁ_)) keN and followingly the claim
of the lemma then follows from the uniqueness of the limit

H=N(@Q")=7G"" —1cE

and Lemma D.5.
The reverse implication is trivial and therefore omitted. O

In the following theorem we derive a more convenient description of the
Bouligand subdifferential at the points where F,, . is not differentiable. However,
we first need the following definition that greatly simplifies the notation of that
description.

Definition 5.15. Let A, B C  be given index sets. We say that A has an
outer structure w.r.t. B, if

- AcC Band

— there exist vectors vy € R™ and vo € R™ in a way that vil + véQ > 0 for
all (i1,i2) € A and v;' + v3? < 0 for all (i1,42) € B\ A.

We will often shorten the above notation by simply writing (v; @ vs) 4 > 0 and
(v1 © v2)B\A-

Remark 5.16. The number and geometry of sets that have an outer structure
w.r.t. some set B critically depends on the structure of B itself. Even if 4 has
an outer structure w.r.t. B C B’, A generally does not need to have an outer
structure w.r.t. B’ because introducing a larger set also imposes more constraints
on the set A.

It is indeed nontrivial to determine whether a given set has an outer structure
w.r.t. some other set. However, independently of the B, both the empty set and
B itself have an outer structure w.r.t. B (simply choose (v1,v2) to be (—1,0)
and (1,0), respectively). Moreover, if 4 has an outer structure w.r.t. B, then
also B\ A has an outer structure w.r.t. B. o

Theorem 5.17. Let p = (p1, pu2) ¢ Dr,. be a point at which F, . is not dif-
ferentiable and abbreviate Q4 = Q. () and Qo := Qo(p). Then, the Bouligand
subdifferential of F . at p is given by

aB]: ,E (,U')

_ 5.13
= {'y(/\/'(QJr UA) + ’YEE) . A has an outer structure w.r.t. QO} . ( )
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Proof. On the one hand, let G € dpF, (1) be arbitrary. Then, there exists a
sequence of points (ur)ken C D, . such that y, — p and F! (ux) — G as
k — co. We abbreviate Q% = Q. (ug), Q% = Q_(uy) and Qf = Qq(u,) for all
k € N. By Lemma 5.14, there exists an index K; € N for which

G=~N(Qf) + ’76E)71 and QF =0

for all k > K. Moreover, we have seen in Lemma 5.4 that F, . is (Lipschitz-)
continuous. Hence,

(ark, 2k) = Fye(pn) —— Fre(p) = (o, a2)
k—o0
and, owing to the continuity of the ®-operator,

(Oél,k (&) Qg — C)“’Q ;:o:) (Oél D ag — c)il,iQ for all (il,ig) e Q.

Since (a1 & a2 — ¢)iy 4, > 0 for all (i1,42) € Q4 and (1 ® a2 — ¢4y 4, < O for
all (i1,i2) € Q_, one can find another index K, € N such that Q; C Q% and
Q_ C QF for all k > K. In particular, if we set K := max{K1, K5}, then

0, c0f 0 cof and G=~(N(QE)+eE) " (5.14)
Let us abbreviate A := Qf \ Q. Because of (5.14) and
QUQUa =0=0fUak

(remember that yx is a point of differentiability and therefore QE = ), we find
that A C Q. This together with Qg \ A = Qo \ QF C QF yields that

((al,K —a1) @ (ag,x — 012))1-1)1-2 = ((041,1( Dagxg —c)— (1 ®ag — C))

{> 0 if (i1,is) € A,

01,12

<0 if (il,ig) (S Qo\A,
which shows that
G=y(N(QF) + msE)_1 =y(N(Qp UA) + 'ysE)_l

is an element of the set on the right-hand side of (5.13) for A C Qg and (vy,v2) =
(Oél,K — Q1,02 K — 042)~

On the other hand, let A have an outer structure w.r.t. y. Then there exist
(v1,v2) € R™ x R" with (v; © v2)4 > 0 as well as (v1 @ v2)g\a < 0. We
abbreviate G == (N (24 U.A) + veE)~! and show that there exists a sequence
of points (ux)ken C D, that satisfies yy, — p and F () — G as k — oo,
ie., G € O0pFy(1). To this end, we define

1
= i - e (0,
2||v1 @ vall (Il,Izl)qelgiuﬂf‘(al ®az=In.n| € (0.00)

and consider the sequence of points (a1 i, a2 k)keny C R™ x R™ defined by

)
(a1 1, o) = (o1, 0) + E(vl,vz) for all k € N. (5.15)
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Obviously,
(a1,k,00) — (a1, 02) = Fy ()

as k — oo and, following Remark 5.2, this is also true for the sequence of
corresponding marginals:

p = F Ha g, aop) = Folar, a0) = p

as k — oo.
The construction in (5.15) yields that

(1 h @ Qg — )iy iy = (O] + 05 — iy 3y) + %(U? + vy?)
> (ad + ok — ¢y 4,)

—ﬁ min(, ryeo, (1 © az — )1, 1, >0,
S(vit +vi?) > 0, if (i1,12) € A,

S (v} +v2) <0, if (i1,42) € Qo \ A,
< (O/f + a? — Ciyia)

1.
+ﬂ min(r,,1,)eQ- 7(041 ®az — 6)11712 <0,

if (i1,i2) € Oy,

if (il,ig) eQ_,

ie.,
>0, if (il,ig) S Q+ UA,

<0, if (iy,i2) € Q- U (Q0 \ A), (5.16)

(kD a2k = Ciy iy {

for all kK € N.
Because of (5.16), we find that Q% = Q (uz) = Q4 UAand OF == Q_(u) =
Q_ U (20 \ A) independently of k. Also,

QR Uk =0, uQ U =0,
i.e., Qo(ur) = 0. Thus, Proposition 5.8 and Proposition 5.11 imply that
kh—>n<>1<> Fre(pir)

= lim (N (QE) +7€E)71 =v(N(Q1 UA) +7€E)71 =G.

Comparing this with the definition of the Bouligand subdifferential shows that
G € 0pFy (1) as claimed. O

Remark 5.18. In light of Theorem 5.17, we want to mention the following:

— We can always obtain at least two elements of dp.F,, . by choosing the sets
A1 = Qo and As = 0, see Remark 5.16.

— The theorem does not provide a description of dpF., () for p € Dr, _,
i.e., for points at which F, . is differentiable. Even though, in this case,
Qo = 0 (by Proposition 5.8) implies that A = ) is the only subset of g
and therefore that the right-hand side of (5.13) reduces to

[YN(Q1) +9eE) T} = {F, ()}
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we only find that
{7 ()} € 9B(n), (5.17)

since, in general, a stronger notion of differentiability, e.g. strict differen-
tiability or continuous differentiability, see [27, Proposition 4.3.4] or [74,
Proposition 2.2], respectively, is required for the Bouligand subdifferential
to be a singleton.

In fact, in [27, Exercise 4.3.3], the authors give an example of a one-
dimensional function that is differentiable but not strictly (and there-
fore not continuously) differentiable at the point 0, and which has a non-
singleton Bouligand subdifferential at this point.

Nevertheless, the inclusion from (5.17) guarantees that we can even at
differentiable points find an element of the Bouligand subdifferential by
computing the corresponding derivative. This will prove useful in Chapter
6, where a nonsmooth optimization algorithm based on the Bouligand
subdifferential will be applied.

O

In the following subchapter, we take the IP approach one step further by con-
catenating the solution operator of the regularized dual problem with a map that
is motivated by the first-order system (4.2). This way we obtain a regularized
marginal-to-transport-plan mapping for which we can compute subgradients in
a convenient way.

5.2 The Regularized Marginal-to-Transport-Plan
Mapping

To progress with the IP approach, we are going to use the results from the
previous subchapter to obtain a mapping from the marginals to a unique optimal
transport plan that entails certain differentiability properties.

For this purpose, given v > 0 and some cost matrix ¢ € R™*"2 let us
consider the dual-variable-to-transport-plan mapping

1
Py R™M X R"™ — R™X"2 (v1,09) — —(v1 ®vg — ) 4.
v

For any given point (v1,vy) € R™ xR™ Theorem 4.9 guarantees that the trans-
port plan defined by 7 := P, (v1,v2) uniquely solves the regularized Hitchcock
problem (H,) w.r.t. the marginals 71 and 7 "1 as well as the cost c. This, in
turn, implies that v; and vs indeed are the dual variables to m, justifying the
name of the above mapping.

Given the mapping P., we now define the reqularized marginal-to-transport-
plan mapping by Sy =P, o Fy ¢, i.e.,

1
8%52 R™ x R™ — Rnlxnz, ([Ll,y,g) — ;(O&l D o — C)+,

where (a1, az) € R™ xR™ denotes the solution to the regularized dual problem
in (HD@) The symbol we have chosen for the regularized marginal-to-transport-
plan mapping already hints at the fact that we want to treat this mapping as the
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solution operator we need to realize the IP approach for the bilevel Hitchcock
problem. The principal idea of this construction is the following:

As we indicated at the beginning of Chapter 5, we would like to replace the
Hitchcock problem in the constraints of (BH) by a solution operator with certain
differentiability properties. Unfortunately, the explicit description of the opti-
mal regularized transport plan from Theorem 4.9 depends on the (nonunique)
dual variables, which can lead to problems when trying to compute derivatives.

For this reason, we make a detour via the regularization of the dual problem
given in Subchapter 5.1. We have studied its differentiability properties to the
extent that we can deduce the same differentiability properties of the regularized
marginal-to-transport plan mapping in the present subchapter.

Moreover, the authors of [52] proved that a standard Tikhonov regularization
approach can be used to approximate solutions of the regularized Kantorovich
problem sufficiently well. Since we adopted the same approach for the regu-
larization of the finite-dimensional dual problem in Subchapter (5.1), we can
assume that when the regularization vanishes, the regularized transport plans
can also be approximated to an arbitrary precision.

We therefore expect that, owing to the Tikhonov regularization, the regular-
ized marginal-to-transport-plan mapping not only behaves well numerically, but
also allows the use of standard nonsmooth optimization techniques to compute
the regularized transport plans. More on this topic can be found in Chapter 6.

The next theorem shows that the regularized marginals-on-transport-plan
mapping inherits all relevant properties of the solution operator of the regular-
ized dual problem from Subchapter 5.1. First, however, we need the following
definition.

Definition 5.19. Let some subset A C Q) be given. We then define the mask
by

0, else.

H(A): ™72 5 R M ({M it (i, ) € A’)
(il,ig)GQ

Simply put, H(A) manipulates a matrix by setting those entries whose indices
belong to 2\ A to 0. It corresponds to entrywise multiplication with the char-
acteristic matrix x(A) from (5.9), i.e.,

H(A)(M) = (X(A)il77:2Mi1;i2>(z‘171'2)eﬂ :

Theorem 5.20. The regularized marginal-to-transport-plan mapping has the
following properties:

1. 8, is (globally) Lipschitz continuous.

2. 8y is differentiable almost everywhere on R™ x R™2. We denote the
corresponding set of differentiable points by Ds. ..

3. S, is Hadamard differentiable and its directional derivative at some point
= (u1, u2) € R™ xR"2 in the direction h = (hy, ha) € R™ xR"2 is given
by

1
S e(ush) = ;maxl(al D az —cm D) € RM™,

where (a1, a2) = Fy (1) and (m,m2) = f,’y’a(u; h).
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4. Sy is differentiable at the point p € R™ x R™ if and only if Qo(p) =0,
in particular, Ds, . =D, .

5. If Sy is (totally) differentiable at some point p € R™ x R"?, then its
(total) derivative is given by

S (1) = H(Qp (1) 0 ® 0 (N (e (1) +72E)

where the matriz (N(Q+(u)) + ’ysE)fl again is understood as a linear
automorphism on R™ x R™2, see Remark 5.12.

6. The Bouligand subdifferential of S, . at some point y ¢ Ds. . with Q. =
Q4 (p) and Qo = Qo) is given by

8387,5 (U)

{H(Q+UA)O@O(N(Q+UA)+,Y€E)1: A has an outer }

structure w.r.t. Qg

In particular, if G € 0S8, (1) then there exists some G = YN (4 U
A) + st)_l € OpFy (1) such that

G:%H(SMUA)OGBOG',

where A is the subset of Q that realizes G.

Proof. Ad 1.: Let (vi,v2), (w1,w2) € R™ x R™ be arbitrary. Because the
mapping (-)+: R 3 2 — max{0,2} € Ry is (globally) Lipschitz continuous
with Lipschitz constant equal to 1, it holds that

(07 + 05 = €iria) 4 — (W) + w5 = ciy i) 4| < oy —wp + 05 —wy

for all (iy,i2) € 2. Therefore and because (a; — by )? < (a—b)? for all a,b € R,

2 1 2
[P~ (v1,v2) = Pry(wr, w2)||7 = ?H(m ©v2—c)r — (w1 Dw2 —c)¢||x
1 2
< ?H(m —wi) @ (v2 — wo)l 7
2max{ni,ny} 2 2
< T’(Hvl — w1 |gn, + [Jv2 — wallgn,)

= L3 [I(v1,v2) = (w1, w2)[[Zns sers

see Remark 4.1. Thus, P, is (globally) Lipschitz continuous with Lipschitz
constant Lp_ = v~ 'y/2max{ny,ny} > 0. Being the composition of (globally)
Lipschitz continuous mappings, see Lemma 5.4, the mapping S,, . itself is (glob-
ally) Lipschitz continuous.

Ad 2.: Follows from I. and Rademacher’s theorem.

Ad 8.: Given arbitrary points v = (v1,v2) and directions h = (hy, ha), we
compute P,’s directional derivative by

(P (vs 1))

11,12
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- 1 ‘m ((Uil + thlil) + (,Uéz + th?) - Ci17i2) - (Uil + v;z - Ci17i2)+
N0 t
1 . , , .

- ;max' (vil + 09t — ¢ b + h?)

+

for all (i1,i2) € Q, i.e.,
! (- 1 / .
P (v;h) = ;max (v1 B vy —c; hy @ ha).

Both P, and F, . are (globally) Lipschitz continuous and directionally differen-
tiable everywhere and in every direction. Thus, according to Lemma D.7, both
P, and F, . are Hadamard differentiable. We can therefore use the chain rule
for Hadamard differentiable mappings from [70, Proposition 3.6] to conclude
that S, . itself is Hadamard differentiable and has the directional derivative

S (s h) = PL(Fye(p); Fry o (ps b))

L
= ;max (1 © ag —c;m D n2),

as claimed.

Ad 4.: Following the same rationale as in the proof of Proposition 5.8, it is
sufficient to show the equivalence

Qo(p) =0 <= h— S (u;h) is linear.

On the one hand, if Qq(u) = @, then (5.4) implies that

1
S&a(ﬂ% h) = amaxl(al @ agy —c;n D)

1 ({n? i f (in,42) € m,)
¥ 0 if (i1,i2) € Q_, (inia)E6d

for all directions i € R™ x R"2 with (11,72) = F, _(p; h). Because the mapping
h w F. (u;h) is linear, see the proof of Proposition 5.8, the mapping h
S’ (5 h) is linear w.r.t. to h.

On the other hand, assume that h + S’ _(u; h) is linear and let h € R™ xR"2

be arbitrary. By linearity,

0= S’/)’,E(/"L; h) + S'/y,s(,u; *h)

(it +n%?) + (07 + 6%) if (i1,12) € Q. (1),
=~ Qmax{0,nf* + 95} + max{0,07 + 05} it (in,2) € Do (),
0 if (i,2) € Q_(p),

where (1,m2) = F,, .(p; h) and (01,02) = F., .(; —h). This implies that
nt 4+ <0 and 09 +602 <0 (5.18)

for all (i1,172) € Qo(p). However, it is easy to construct a direction h whose cor-
responding directional derivative (71, 72) = JF, . (u1; h) satisfies 7' +1)y> = 1, see



5.2. REG. MARGINAL-TO-TRANSPORT-PLAN MAPPING 103

e.g. the proof of Proposition 5.8. This directly contradicts (5.18). Consequently,
there can be no (i1,42) € Qo(p) and therefore Qo(u) = 0.

Ad 5.: This property is more or less just a corollary to Proposition 5.11.
Because of 4. and Proposition 5.8, S, is differentiable in p if and only if
F, e is differentiable in y. Therefore, given some arbitrary h € R"*"2 and
(o) = 4 (s ), we rewrite

m @ =&(F, (s h) = (&0 F () (h).
4

Taking into account that Qo(u) = 0, we derive from (5.4) and Definition 5.19
that

S (k) = %(H(m(u)) om0 F, (1) (h),

which is linear and bounded w.r.t. h. Repeating the same reasoning as in the
end of the proof of Proposition 5.11, this shows that

;1) = MR (1)) 0 ® 0 (1)

= H(2 (1) 0 ® o (N (Q () +7eE) .

Ad 6.: “C’: Let G € OpSy(1) be given. By definition, there exists a
sequence of differentiable points (ug)ren with pr — p and Si,,s(ﬂk) — G as
k — oo.

Analogous to the proof of Lemma 5.14, one can find both a subsequence
(k1)ien and an index L € N such that Q. (ux,) = Q4 (pr,, ) for all I > L. Hence,

G= kILH;O S'/y,s(/ik) = llinolo S'/y,s(:u‘kz)
= ll_iglonHMkz)) 0@ o (N(2 (k) +7€)_1

= (e (k) © @ © (N (2 (1)) +76)

The rest of the proof can be taken almost word for word from the first part of
the proof of Theorem 5.17.

“2”: Conversely, if A has an outer structure w.r.t. g, then the second part
of the proof of Theorem 5.17 reveals the existence of a sequence of differentiable
points (px)keny which satisfy Q4 (ux) = Q4 UA for all £ € N and pp — p as
k — oo. Thus,

OpSye(p) 3 lim S (1)
= lim H( () 0 @ 0 (N (2 (1) +72)
=H(QrUA) odo (N(Q4 UA) —1—75)_1.
O

Remark 5.21. As in the case of the solution operator of the regularized dual
problem (see Remark 5.18), we note the following:

— We can always find at least two elements of 9pS, . by choosing the sets

Al :Q)and .AQ :Qo.
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— Theorem 5.20 does not yield a description of S, .’s Bouligand subdifferen-
tial at points where it is differentiable. However, the derivative is always
contained in the Bouligand subdifferential.

e}

To summarize the findings of the current subchapter, Theorem 5.20 ensures
that the marginal-to-transport-plan mapping is suitable for the IP approach in
the sense of the beginning of Chapter 5. In particular,

- &, ¢ is single-valued by construction;

— S, satisfies a (fairly distinct) notion of differentiability: at almost every
point it allows to compute a (total) derivative, and where it does not, we
have at least a manageable characterization of its Bouligand subdifferential
at hand.

Consequently, all that remains is to replace the lower-level problem of (BH)
with the regularized marginal-to-transport-plan mapping we have just analyzed,
i.e., apply the IP approach to the bilevel Hitchcock problem. This will be the
topic of the next subchapter.

5.3 Application of the Implicit Programming
Approach to the Regularized Bilevel Hitch-
cock Problem

In this last subchapter of Chapter 5, we finally want to apply the implicit
programming approach, which we discussed at the beginning of Chapter 5, to
the case of the bilevel Hitchcock problem.

To this end, let us recall the bilevel Hitchcock problem

inf  J(m, p1)

™1

st pup € R™, g >0, ]lTul =1,

S argmin{(@,cd)F: fcR™m>"2 >0, 01 =pq, 071 = pd }
(BH)
In the above, as usual, J: R"*"2 x R™ — R is a given lower-semicontinuous
and bounded target function, u$ € R"2, with ug > 0 and 17 pud = 1, is some
fixed target marginal, and ¢qg € R""2 is a cost matrix describing the cost of
transportation, see Subchapter 4.1.
We then apply the IP approach to the bilevel problem (BH) by consider-
ing, for given regularization parameters v,e > 0, the twice regularized bilevel
Hitchcock problem

inf  J(m,u1)

1

st. € Rn17 H1 = 0, 1T/’(‘1 =1, (BH’E‘/)
™= Sy e(, p3)-

This problem is similar to (BH,), the quadratic regularization of (BH) from
Chapter 4, but differs in two major aspects:
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1. The operator replacing the lower-level Hitchcock problem is no longer the
solution operator of (H,) but the regularized marginal-to-transport-plan
mapping w.r.t. the cost matrix cq from Subchapter 5.2.

2. We no longer consider the cost function as an optimization variable. We
have already briefly commented on this in Subchapter 4.2, but we repeat
the arguments once again and, on this occasion, add an additional one:

— The only purpose for which we introduced the cost matrix as an
optimization variable in the first place was that it allowed for the
explicit construction of a recovery sequence in Subchapter 4.5. Now
that we are, in this chapter, mainly interested in the implementation
of the TP Approach, there is no use for it anymore.

— Omitting the cost function greatly simplifies the notation not only in
this section but also in Chapter 6.

— Especially with respect to the implementation of the IP approach
in Chapter 6, we benefit from neglecting the cost function, since this
means that none of the optimization variables are subject to the curse
of dimensionality anymore. Assuming a certain structure of the cost
matrix cq, €.g. (¢d)iy i, = |i1 — i2|? for some p > 1, the entries of
the matrix %(al @ ag — ¢)+ can be computed and stored efficiently,
allowing the algorithm to potentially handle large problems without
much effort.

If we replace the optimization variable 7 in (BHS) with the regularized
marginal-to-transport-plan mapping S, ., we obtain the reduced bilevel prob-

lem ) .
1}31f Fre(pn) = T (Sye(p1, 13), 1)

RBZ
st u € R™ u >0, ]lT/,Ll =1. ( ’Y)

The above problem is no longer a bilevel problem, but instead a nonsmooth
optimization problem with linear constraints. Depending on the properties of
J, we can then attempt to solve this problem using nonsmooth optimization
techniques such as subgradient descent, bundle methods, or gradient sampling
methods, see e.g. [5], [4], [14] and the references therein.

In the next chapter, we propose a nonsmooth trust region method for the
solution of (RBY) that is based on the Clarke subdifferential. To this end, we
must first convince ourselves that, assuming that J is sufficient smooth, f, . is
indeed Lipschitz continuous and that we can compute Clarke subgradients at
each point.

Proposition 5.22. Let J € CH(R™*"2 x R™) be continuously differentiable
and denote its derivatives w.r.t. the first variable by V.7 and its derivative
w.r.t. the second variable by V,, J, i.e.,

jl(ﬂ'yﬂl) = (vﬂj(ﬂvﬂl)vquj(ﬂ-,ﬂl))'

Then, fy. is locally Lipschitz continuous and differentiable almost everywhere
on R™ . Moreover, for any uy € R™ and any A that has an outer structure
w.r.t. Qo(p1, 1g), an element of the Clarke subdifferential of f, . at w1 is given
by

g1 =1+ YV, T (Sye(pi1, 13), 1) € Ofye(pa),
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where (p1,p2) € R™ x R™ is the unique solution of the linear system

(N (s (a1, 13) U A) +72E) (D _ ( ]\%ﬂﬂ)
with
M o= H(Qy (i1, 12) UA) VT (Sye(pa, 1) )

Proof. According to [22, Corollary 2.2.1], J is strictly differentiable as well as
locally Lipschitz continuous at every point and its strict derivative and total
derivative coincide. This, together with S, .’s Lipschitz continuity from Sub-
chapter 5.2 and Rademacher’s theorem yields the first claim.

To prove the second claim, we consider the operator

Gyt R™ X R™ — R™MX™2 x R™ . (ug, p2) (S%E(ul,ug),ul).
J’s (Clarke) subdifferential satisfies
0F (m, ) ={T"(m, 1)} = { (V2T (7, 1), Vyu, T (7, 1)) },
see e.g. [22, Proposition 2.2.4], and G, ’s (Clarke) subdifferential is given by
0Gy e (p1, p2) = (085, (p1, 112), (B xny s Oy xnz) )
where E,, xn, denotes the identity matrix of R™*™ and 0,,x», denotes the

zero matrix of R"*"2, Therefore, for all u = (u1, p2) € R™ xR™2, the chain rule
for subdifferentials, see e.g. [22, Theorem 2.6.6], implies the set-valued equation

8(]06‘7 8)(,u)
=0T (Gre(n)) 0 0G
= (Vx ( (1)), VMJ( (1)) © (08y.c(1), (Enyxny Onyxns) )
= VT (G e (1)) 08,6 (1) + (VT (G () 1, 07).

(5.19)

Now, consider some arbitrary G € 0S8, () C 0S,(p). If we interpret
VaJ (G (1)) to be a linear operator from R™*"2 to R and G to be a lin-
ear operator from R™ x R™2 to R™*"2  their composition is a linear operator
from R™ x R™ to R and we can test it with some (u,v) € R™ x R™ to obtain
that

Ve (G e (1)) Glut,0) = (Va T (Gre(p), Glu, )
= (G"V2T (Gr e () (u

)]R"l XR72)

where G* is the adjoint to G, which takes a linear operator from R™**"2 to R
(i.e., a matrix) and turns it into a linear operator on R™ x R"™2 (i.e., a pair
of column vectors). Therefore, (5.19) implies that for each G € 95S, (1) an
element of O(J o G ¢)(p) is given

9= G VT (Gre() + (Vi T (Goe(w) " 07) (5.20)
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Let G from above be fixed and abbreviate Q4 = Qy(u). Furthermore, let
A C Qo(p) be the set that realizes G, i.e.,

G=H(Q UA) oo (N(Q UA) +7¢E) ",

see Theorem 5.20. For the computation of the subgradient g we shall now find
a representation of the adjoint of G.

If Ae L(Y,Z) and B € L(X,Y) are arbitrary linear operators between the
Banach spaces X, Y, and Z, then

(Ao B)2", x) xu x = (2%, (A0 B)T) 4. 4
= (A", Br)y. y = (B" 0 A")2", 2) x.

for all z € X and 2* € Z* and therefore (A o B)* = B* o A*. Applying this to
G, yields that

G = (MR (p)UA) +72E) ) 0 a" o H(Q4 (1) UA) .

Taking a look at the definition of A/ in (5.10), we observe that the matrix
N(Q4(n) UA) +~eF is symmetric. Consequently, its inverse is symmetric and
we obtain that

(V@1 () U A) +WEE)‘1)*
— (N () UA) +72E) ) = (W (Qu () UA) +7eB)

The adjoint of the @-operator, which we already identified in Remark 4.8, is
given by @*(0) = (01,07) € R™ x R" for all § € R™*"2. Moreover, it is
easy to see that the mask H (24 U.A) from Definition 5.19 is self-adjoint (as a
operator on matrices): for any two matrices 8, € R™*"2 it holds that

(HOQeUA0.) = > 050Gy = (0, H(Q4 UAX) .

(i17i2)€Q+UA

Altogether, this implies that we can compute the subgradient from (5.20) by

9= (N(Q () UA) +7eE) (M1, M 1)+ (V,, T (Gre () 07,

where

M = H(Q (1) U A) VT (G o () € R

and the inverse of N (Q4(u) U A) + veF is again understood to be a linear
automorphism on R™ x R™2, see Remark 5.12.

The assertion then follows from the restriction of J o G . to the set R™ x
{ug} so that g; corresponds to the first component of the subgradient g €
R™ x R"2, O

In the next and last chapter of this thesis, we will first set up a non-smooth
trust region method for solving the reduced bilevel problem and then apply it
to the transportation identification problem, which is a special case of (BH).
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Chapter 6

Implementation of the
Implicit Programming
Approach for the
Regularized Bilevel
Problem

In the last chapter of this thesis, we propose an algorithm for the solution of
the reduced bilevel problems (RB%). Having found a description of a subset
of the Clarke subdifferential of the reduced target function f, . in the previous
chapter, we can use this to apply a nonsmooth optimization algorithm.

6.1 A Nonsmooth Trust Region Method for the
Solution of Constrained Problems

In [21], the authors propose a nonsmooth trust region method for the solution
of general nonsmooth optimization problems,

zign]gn f(a), (NP)

where f: R™ — R, for n € N, is a nonsmooth but locally Lipschitz continuous
target function. Being locally Lipschitz continuous, f bears (Clarke) subgradi-
ents at every point € R", see e.g. [22, Proposition 2.1.2], which can be used
in conjunction with an approximation of f’s Hessian to set up an ordinary trust
region method with quadratic subproblems.

However, to avoid convergence to nonsmooth nonstationary points, the trust
region method relies on the construction of a model function ¢: R™ x Ry x R™.
In some sense, this model function is designed to provide first-order information
in a neighborhood of the current iterate and also to ensure stationarity of cluster
points of the algorithm, see [21, Assumption 2.4]. If the ordinary trust region
method converges to a nonsmooth point and if the trust region radius degen-
erates, the authors use the model function ¢ to define a modified trust region

109



110 CHAPTER 6. IMPLEM. OF THE IMPL. PROG. APPROACH

subproblem that includes the neighborhood information of the model function
to show either that the current iterate is stationary or to escape the sphere of
influence of the current iterate.

Although there are various strategies to construct such a function ¢, and the
construction also may depend on the differentiability properties of the objective
function f, constructions of ¢ at some given point typically involve (subsets
of) the Clarke subdifferential at that point or an approximation of the Clarke
subdifferential in a neighborhood of that point, see e.g. [21, Section 3] and the
references therein.

Details on the implementation and other important aspects that would be
too technical at this point can be found in the referenced paper. We only provide
the proposed method for reference:

Algorithm 6.1 (Nonsmooth Trust Region Algorithm).
1: Initialization: Choose constants
Apin >0, 0<m<m<l, 0<B<l<f, O0<v<l,

an initial value xg € R", and an initial trust region radius Ay > Ap,. Set
k<« 0.
2: for k=0,1,2,... do

3:  hoose a subgradient g € 0f(xx) and a symmetric matrix Hy € RET.
4: if [|gg||[gn = 0 then
5: Stop: x, is (Clarke) stationary, i.e., 0 € df(zy).
6: else
T if Ak > Amin then
8: Compute an (inexact) solution dj, of the trust region subproblem
inf - q(d) = f(zx) + (gr; d)gn + $d" Hyd (6.1)
st |dllge < A, '
that satisfies the generalized Cauchy decrease condition
14 . Ik ||rn
Fx) — auldi) 2 gl minf Ay, 2= Y 6 )
([ H [l
9: Compute the quality indicator
_ fla) = flae + di)
flan) — ai(dy)
10: else
11: Compute an (inexact) solution dj of the modified trust region sub-

problem
i%f @r(d) = f(zr) + ¢(zp, Ap;d) + 1 dTHyd (63)
st |ldllge < Ak, '

that satisfies the modified generalized Cauchy decrease condition

- v . '(/)(xk’Ak)
F(on) = () 2 GG M) min{ A, T, (64)
where
(T, Ag) = — min  ¢(z, A;d) > 0.

lldllgn <1
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12: Compute the modified quality indicator
flog) — flog +di) .
= A Y(wr, Ak) > [|gkllpe Ak,
o= F(on) — () (o ) > ol
0, if (xr, Ak) < ||gk|lgn Ak
13: end if
14: Update: Set
gy = 1R if pp <m
1 T + di, otherwise,
and
B1Ap, if pr. < m1,
Apy1 = { max{Anin, Ar}, if m < pr <,
maX{Amina BQAk}a if Pk > 12-
Set k< k+ 1.
15:  end if
16: end for

Essentially, there are two reasons that prevent us from applying Algorithm
6.1 unchanged to the reduced bilevel problem (RBS):

L. Unlike the reduced bilevel problem (RBS), the nonsmooth problem (NP)
is unconstrained and Algorithm 6.1 does not consider (linear) constraints.
We therefore need to make sure that the nonsmooth trust region method
respects the given constraints. This will not only affect the formulations
of the trust region subproblems in Step 8 and Step 11 of the algorithm
but also on the Cauchy decrease conditions in (6.2) and (6.4).

Another approach would be to turn the regularized bilevel problem into a
nonsmooth unconstrained problem by adding a penalization term to the
target functional, which ensures that in the limit the marginal p satisfies
the linear constraints. This, however, would require the introduction of
another regularization term and regularization parameter, so we rather
choose to modify the algorithm as described above.

2. Being an unconstrained optimization problem, a local minimum of (NP)
must satisfy 0 € 9f(x), see e.g. [22, Proposition 2.3.2]. Therefore, it
makes sense to choose this as a stationarity criterion in Step 5 of the
above algorithm.

In the case of (RBS), however, this stationarity must not be satisfied.
We therefore have to find and incorporate a notion of stationarity that
respects the constraints of the problem in (RBS). This will not only affect
the termination criterion in Step 4 of the algorithm but also the Cauchy
decrease conditions in (6.2) and (6.4).

In the following, we will be intentionally sparing with details on the changes
we make to the algorithm and will only explain the most necessary points. This
is mainly because the convergence analysis with the changes we make is pretty
much along the lines of the convergence analysis from the original paper and,
moreover, providing detailed proofs is beyond the scope of this thesis and subject
to future research.
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We begin with the discussion of the second of above’s points and consider a
different notion of stationarity.

Definition 6.2. Consider the constrained nonsmooth optimization problem

ir;f f(zx)

(CNP)
st. x€C,

where f: R" — R, for n € N, is a locally Lipschitz continuous target function
and C C R"” is a closed convex set.

We call a point & € R™ first-order stationary for the constrained optimization
problem (CNP), if it satisfies the (generalized) variational inequality

fe(@;2z—x) >0 forall zeC.

In the above variational inequality, f°(u;v) denotes the generalized directional
derivative of f at u € R™ in the direction v € R", see e.g. [22, Section 2.1].

That the stationarity condition from the above definition is a natural choice
for our purposes, is shown in the following lemma.

Lemma 6.3. Let z* € C be a local minimum of (CNP). Then, z* is first-order
stationary in the sense of Definition 6.2.

Proof. Let z € C be arbitrary. Then, for ¢ € (0,1) sufficiently small, the point
x* +t(z — 2*) € C is included in the neighborhood of local optimality of z*.
Consequently,

fla* +1(z —2%)) — f(a¥)

0 < liminf
t\0 t
t(z —2%)) —
< limsupf(y+ (- )) 1) = fo(z*; 2z — x¥),
0

where the last equality is just the definition of the generalized directional deriva-
tive. O

Remark 6.4. 1. That the above notion of stationarity is a reasonable gen-
eralization of the first-order stationarity considered in [21], can be seen
as follows. Being locally Lipschitz continuous, f is differentiable almost
everywhere on R". If we assume that Z is a point of strict differentiability,
see [22, p. 30], then the gradient of f at Z exists and

V@) (2 —2)=f(z;2—7) >0 forall z€C,

which is just the well-known wariational inequality of nonlinear optimiza-
tion, see e.g. [34, p. 13]. Moreover, if 0 € 9f(Z), then by the very definition
of the Clarke subdifferential it holds that

f(Z2—-2) > (0,2 —Z)g. =0 forall zeC,

i.e., vanishing subgradients are sufficient for first-order stationarity in the
sense of Definition 6.2.
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2. The reduced bilevel problem (RB?Y) from Subchapter 5.3 is a problem of
the form (CNP): its target function f, . is locally Lipschitz continuous,
see Proposition 5.22, and (RB¢)’s feasible set

CRB::{geRm:sz, 1T§=1}

is a closed and convex subset of R™. Note that Cgrp is just the standard
simplex of R™.
o

Along with the new notion of stationarity, we also need to define measures
with which we can measure the degree of stationarity at a given point.

Definition 6.5. In the setting of (CNP), let Z € C, g € 9f(Z), and R > 0 be
given. We define a stationarity measure by

Or(Z,g) = — d) > 0. (6.5)

min g,
z4deC, |\d\|§R(g
Moreover, if we are given a model function ¢: R™ x Ry x R" in the sense of
[21, Assumption 2.4] and some trust region radius A > 0, we define a modified
stationarity measure by

7, A) = — i z,A;d) > 0. 6.6
Un(eA) = min o(zAid) (66)

Remark 6.6. Definition 6.5 gives rise to several remarks:

1. The stationarity measures from (6.5) and (6.6) are (obvious) generaliza-
tions of the stationarity measures that were used in [21] to the setting of
(CNP). If we consider R =1 and C = R", we obtain that

on(a.9) =~ (o7 ) = ol and vr(o. &) = - min o(z, i)

which are just the stationarity measures used in [21].

2. The reason we included the radius R in the definition of the stationarity
measures lies in the structure of the feasible set of (RBS). Consider some
arbitrary point fi; in the standard simplex. If d € R™ is given such that
1 + d € Crp, then

1=1"(u+d) =1"f +1"d and j, +de[0,1]
or equivalently
1"d=0 and de€[—f,1— ) C[-1,1],

where we understand the inclusions d € [a, b] for a,b € R™ elementwise,
ie., d; € [a;,b;] for alli = 1,...,n;. This shows that the linear constraints
of (RBY) already imply that ||d||, < 1 and therefore ||d||, < /n1lld| .,
with the constant on the right-hand side arising from the equality of norms

on R™. Consequently, if we set R := ,/n1, then the (nonlinear) norm
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constraints in the definition of (6.5) and (6.6) are superfluous and we
obtain that

0z(fi1,9) =— min (g,d) and ~(fi;,A) = — min i1, A;d).
rlA1,9) =~ mn  (5,d) YR(ALA) == min  ¢(fin, 4; d)

Thus, the calculation of the stationarity measure (which is necessary after
each successful iteration and for every modified iteration) reduces to solv-
ing a linear problem, which benefits both the numerical implementation
and the performance of the trust region method.

However, we must be careful to take the radius R into account in the
further implementation of the algorithm, see e.g. the modified Cauchy
decrease conditions below.

3. Obviously,

0R(jag):7 g d) Zf(ga(D) =0

min g
z+decC, ||| <R
and the same estimate for the modified stationarity measure follows from
the presupposed positive homogeneity of the model function ¢, see [21,
Assumption 2.4].

4. Assume that the stationarity measure from (6.5) vanishes, i.e., Og(Z,g) =
0. Then, by the definition of the Clarke subdifferential it holds that
0= i g,d) <  inf °(7;d).
i+deré1,1|\rii\|§R(g )< i+deg,1\|d||§Rf (d)

Now, for arbitrary z € C, we find that z; := (1 — t)Z + tz € C and that
Izt — Z|| =tz — Z|| < R for all t € (0,1) small enough. Consequently,

0< %fo(a?;zt —I) = f°(z;2 — )

because of the positive homogeneity of the generalized directional deriva-
tive, see e.g. [22, Proposition 2.1.1]. This shows that 0z (Z, §) = 0 indeed
implies that z is first-order stationary in the sense of Definition 6.2, pro-
viding another rationale for the usefulness of the stationarity measure from
(6.5).

However, we cannot as easily show the same property for the modified
stationarity measure from (6.6) as it critically depends on the construction
of ¢. We therefore assume the corresponding property to be given, see [21,
Assumption 2.4].

o

To ensure that, during the iteration, we do not violate the feasibility of the
sequence of iterates (xj)ren, C C, it must hold in each iteration k € Ny that
Tkr1 = x + di € C, which effectively imposes a constraint on the descent
direction dy,.

We have already seen this constraint in the definition of the stationarity
measures and we also include it in the quadratic subproblems, i.e., we consider
the constrained trust region subproblem

inf  qx(d)

st. zp+del, ||d|g. <Ak, (@)
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with gr being defined as in (6.1), and the modified constrained trust region
subproblem
inf (jk(d) ~
d (Qr)
st. zp+del, ||d|g. < Ax,

with g being defined as in (6.3). By construction any (inexact) solution dj, of
(Qr) or (Q) guarantees that the feasibility of 41 is retained.

Since we have, compared to (6.1) and (6.3), restricted the feasible set of the
trust region subproblems in (Qj) and (Qy.), this of course affects the descent
directions dj and dg, respectively, and in turn the expected reduction of the
target value at the next iterate. As a consequence, we might not be able to
find an (inexact) solution of (Q) or (Qy) that satisfies the Cauchy decrease
conditions from (6.2) or (6.4), respectively.

For this reason we apply the following changes in the spirit of [25, Part III]
to the generalized Cauchy decrease conditions used in Algorithm 6.1:

— In the case (Qy), we consider the constrained Cauchy decrease condition

v
—qx(dg) > =0 ) i {R7A y S
f(@k) — ai(dy) > 5 r(Zk, gi) min & Rl He e
— In the case of (Qy), we consider the modified constrained Cauchy decrease
condition

flxr) — qr(dy) > LlDR(xk,Ak)min{R, Ay,

Yr(xk, Ag)
> = 7} (6.8)

R H|gnxn

In the context of the constrained Cauchy decrease conditions from (6.7) and
(6.8), we can prove a result similar to that from [21, Lemma 2.8] which, like the
latter, forms the basis for the convergence analysis of the trust region method:

Lemma 6.7. Let x, € C, gx € Of(xx), Hy € R™™", and Ap > 0 be given.
Denote the global minimizers of (Qi) and (Q) by di and dj, respectively.
Then, di, and dj satisfy (6.7) and (6.8), respectively, for every v < 1.

Proof. The following proof is an adaption of the proof of [64, Lemma 3.2] to our
setting. We only present the proof for J}'; and (6.8), since the proof for dj and
(6.7) is completely analogous.

To begin with, we consider the minimization problem associated with the
stationarity measure, i.e.,

ergé}ﬁdHSRQﬁ(a?k,Ak,d) = —¢r(@k, A).

Owing to the presupposed lower semicontinuity of ¢ w.r.t. d, see Assumption
6.9 below, and the compactness of the feasible set, this problem admits at least
one global minimizer which we denote by di. The optimality of df for (Q)
implies that

~ Tk - 1
Flax) = n(di) > f(zx) = n(d) > =@(ar, Agi d) = 5| Hillgocr [l (6.9)
for all d € R™ with x4, +d € C and ||d||g. < Ag. On the one hand, if

¢R(mk7 Ak‘) = _¢(:’vk7 Ak" dk) Z ||dk||[%m ||Hk| Rnxn min{la AkR_1}7
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then we set d := min{1, AR~ '}d) € (C —x1) N B(0; Ay,), insert this into (6.9),
and use the positive homogeneity of d — ¢(zk, Ax;d) to obtain that

Flan) = el d;)
. _ ~ 1, . _ ~
> —min{L, AcR™ }é(an, Aridy) — 5 (min{L AR )| Hilgoco |

1 . _ 1 .
2 ilf}R(l‘k,Ak)mln{l,AkR 1} = ﬁl/)R(Ik,Ak) mln{R,Ak}.

On the other hand, if

Gr (ke Ak) = = (2, A dy) < ||dil[fn | Hillgn min{1, AyR™'},
we insert d = —(b(xk,Ak;&2)||czk|\ﬂg3||HkHﬂ;}mczk € (C — xx) N B(0; Ag) into
(6.9), which yields that
. ¢k, Mg di)? 1 P(ar, Ay dy)? | -
fak) = e(dy) =2 —— = I Hkllgnsn == > lldi &
e[| | H [l g il [| Hre [l
_ 1 r(rs,An)? 1 Yr(ak Ak)?
2 || l|@n | Hillgnson — 2 B2 Hillgnxn
To summarize,
- 1 . Yr(Tk, Ak)
- d* > - 7A { aA 77}7
f(or) — Gr(dy) > 2R1/)R(=’Uk k) ming R, Ay RIH|

which is exactly the modified constrained Cauchy-decrease condition from (6.8)
with v = 1. Because the right-hand side is nonnegative, the estimate holds for
every other value of v < 1. O

Remark 6.8. Lemma 6.7 is meaningful for three reasons. First, it shows that
the constrained Cauchy decrease conditions that we defined in (6.7) and (6.8)
are compatible with the constrained trust region subproblems (Qy) and (Q),
respectively, in the sense that the former give reasonable estimates of the descent
of the objective function that we can achieve with the directions we get from
the latter.

Second, it lays the foundation for the convergence analysis of the trust region
algorithm from Algorithm 6.10. As mentioned earlier, this convergence analysis
is in large part parallel to the convergence analysis in [21] and is therefore
omitted.

Third, the proof provides us with a descent direction that satisfies the mod-
ified constrained Cauchy decrease condition. Thus, instead of solving the mod-
ified trust region subproblem directly (which, depending on the choice of the
model function ¢, may not be possible at all, see subsection 6.2), we can resort
to the vector d from the proof as an inexact solution. o

One last change we need to make to Algorithm 6.1 in order to apply it
to the constrained nonsmooth problem (CNP) concerns the calculation of the
modified quality indicator pg. In Step 12 of Algorithm 6.1, we observe that
pr is computed in dependence of the ratio of the subgradient’s norm and the
starionarity measure of the modified subproblem. As we have already seen in
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Remark 6.6, 6 is the obvious generalization of ||gi||g~ to the case of (CNP). If
this is taken into account when calculating the modified quality indicator, one
obtains the definition

Pr = f(?ga):k_) i(g:(;li_k;lk)’ if Yr(zr, Ar) > Or(zr, gr) Ak,

0, if Yr(xk, Ar) < Or(xk, gr) Ak

We conclude this subchapter by presenting the method that arises when
introducing all of the previously mentioned modifications to the method from
Algorithm 6.1. First, however, we need to specify the assumptions on the model
function ¢, which

— are the obvious generalizations of the assumptions on the model function
made in [21, Assumption 2.4];

— form the basis for the convergence analysis (the latter of which we do not
present in this thesis, as already announced).

Assumption 6.9. We assume that we are given a model function ¢: R™ xR x
R™ with the following properties

1. for every (z,A) € R™ x Ry, the mapping d — ¢(x,A;d) is positively
homogeneous and lower semicontinuous;

2. given x € C, A > 0, and R > 0, the stationarity measure ¢z has the
following property: if there is a sequence (zy, Ag)ren C C x R such that

T — T, A — 0, and l/}R(l‘k,Ak) — 0,
then z is first-order stationary for the problem (CNP);
3. if there is a sequence (zx, Ag)ren C C X Ry such that

T — T, Ak — 0, and lim ’L/)R(ajk,Ak) > 0,
k—o0

then
flar +d) — f(or) — ¢(xr, Ax; d)

limsup sup <0.
k—oo  m+deC, Ay
deB(0;A%)

Given the above properties of the model function, we consider the following
nonsmooth trust region method for the solution of problems of the type (CNP):

Algorithm 6.10 (Constrained Nonsmooth Trust Region Algorithm).
1: Initialization: Choose constants

R ALin >0, O0<m<n<l, 0<pf<l<f, 0O0<v<l,

an initial value zg € R™, and an initial trust region radius Ay > Apnin. Set
k<« 0.
2: for k=0,1,2,... do
3:  Choose a subgradient g € df(z) and a symmetric matrix Hjy € RET.
4:  if Or(zk, gx) = 0 then
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Stop: xy, is first-order stationary in the sense of Definition 6.2.

5:
6: else
7 if Ap > Anin then
8: Compute an (inexact) solution dj, of the constrained trust region
subproblem
i%f ar(d) = f(zr) + (g, )rn + 3dT Hid Q)
k
st. zp+deCl, ||dg. < Ag
that satisfies the constrained Cauchy decrease condition
v . Or(zk, gr)
) 2 2o, g min R, g, R0 L
fxx) — qr(dy) > o R(Tk, gr) ming R, Ay, Rl He
9: Compute the quality indicator
. f(ar) — foe + di)
f(@r) — qi(dr)
10: else R
11: Compute an (inexact) solution dj, of the modified constrained trust
region subproblem
igf Gi(d) = f(zg) + ¢k, Ap;d) + 3 dT Hid (@)
st. xp+del, ||d|g. < Ag, *
that satisfies the modified constrained Cauchy decrease condition
s v . Yr(zK, Ak)
— qx(dg) > =— A R Ay, ————= 8.
f(xr) — q(dy) > 2R¢R($k, k)mln{ : k’RIIHkIIRm}
12: Compute the modified quality indicator
flow) — flog +dy) .
e , Af YRk, Ag) > Or(Tk, gK) Ak,
o= Fwo) - ) (o B) = On(as )
0, if Yr(zK, Ak) < Or(zk, gr) Ak
13: end if
14: Update: Set
S Tg, if pp, <m
* Tk + dg, if px > n1,
and
BiAy, if pr. <,
Apgr = ¢ max{Apin, Ag},  if m < pr <o,
maX{AminvﬁQAk)}7 if Pk > N2-
Set k + k + 1.
15:  end if
16: end for

Now that we have defined a method for solving constrained nonsmooth prob-
lems, we of course want to apply it (successfully) to the reduced bilevel problem.
This will be the topic of the next subchapter and includes, in particular, the
choice of a model function which serves as the basis for the modified trust region

subproblems.
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6.2 Construction of a Model Function for the
Reduced Bilevel Problem

Before we can actually present the results of the application of the constrained
nonsmooth trust region method from Algorithm 6.10 to the reduced bilevel
problem (RB:), we must first contemplate the choice of a model function in
this particular case.

If we look closely at the method described in Algorithm 6.10, we observe
that the modified trust region subproblem, and hence the (in advance) chosen
model function, come into play after the trust region radius degenerates because
the method makes no (significant) progress. This can, among other reasons, be
caused by

— a bad choice of the current subgradient: if the current iterate’s subd-
ifferential contains the zero element, then the current iterate is already
first-order stationary, see Remark 6.4. However, if the subdifferential ad-
ditionally contains other elements, it is in general not guaranteed that
in Step 3 of Algorithm 6.10 the zero element is chosen to be the current
iterate’s subgradient which would then terminate the iteration in Step 5.
This would then lead to the stationarity of the current iteration not being
detected, leading to a degeneration of the trust region radius.

— insufficient neighborhood information: in [21, Lemma 3.4], the authors
show that an unfavorable combination of parameters can cause the trust
region method from Algorithm 6.1 to converge to a nonstationary and
nonoptimal point, even in the case of a piecewise affine and convex ob-
jective function and having information about the entire Clarke subdif-
ferential at each point. The authors attribute this behavior to a lack
of information about the subgradients in a neighborhood of each current
iterate.

A possible solution to both of the above (and potentially other) problems is
to include information about the (Clarke) subdifferential of adjacent points of
the current iterate in the calculation of both the descent direction and the
stationarity measure.

For this very reason, in the case of the reduced bilevel problem (RBS), we
define the collective Bouligand subdifferential that unifies all Bouligand subdif-
ferentials of the regularized marginal-to-transport-plan mapping in a ball around
a given point.

Definition 6.11. Given ~,e > 0, some point g € R™ x R"2 and some radius
A > 0, we define the collective Bouligand subdifferential of the regularized
marginal-to-transport-plan mapping S, . by

g(,u, A) = U 333%5(5).
£eB(1;A)
By construction, 9pS,.c(1) C G(p, A).

The collective Bouligand subdifferential can easily become huge if not un-
countable and it is currently unclear whether it is possible to obtain a com-
putable description of its elements. We can, however, show the following ap-
proximation result:
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Lemma 6.12. Let p € R™ x R™ be arbitrary. If (uk, Ax) — (u,0), then

sup inf |G = H| g1 xgoe graxnay — 0
GEG (i, Ar) HEOBSy < (1)

as k — oo.

Proof. To begin with, we abbreviate (a1, as) = Sy(n). For all € > 0, if we
choose k € N large enough, then

||€ - /’I/H]Rnl xRn2 S Ak + ||:u’k - MH]R"J xRz <€

for all £ € B(ux; Ag). The solution operator of the regularized dual problem,
Fy.e, is (Lipschitz) continuous, see Lemma 5.4. Thus, if (i1,42) € Q4(n) or
(i1,12) € Q_(u), then choosing k large enough always yields that

(071 D ay — C)il,iz >0 or (ONél D ag — C)il,iz <0,

respectively, for all (&1,a2) = Sy c(§) with £ € B(ur; Ag). Consequently, we
can find some K € N such that, for all £ > K|,

Qi () €Q(8), () CQ(§), and Qo(£) CQo(p) (6.10)

for all £ € B(ur; Ax). Note that the last inclusion in (6.10) directly follows
from the former ones and the disjointness of the sets Q4 (), Qo(&), and Q_(&).
Similarly,

Q4(6)\ 24 (1) € Qolp),  Q-(E)\ Q- (1) € Q) (6.11)

for each such k£ and &.

Now, let k > K be fixed and consider an arbitrary point £ € B(uy; Ag) with
(41,a2) = S,..(€) and an arbitrary subgradient G € 9pS., .(£). If we manage
to show that G € dpS, - (1), then the definition of G(u, A) would yield that
G(pr, Ar) C 0Sy,(1) and thus

sup inf |G = H|| @ xgra grxnay = 0
GEG(pr,Ax) HEIBS e (1) (R xRz R )

for all k > K, which would prove the claim.
In order to show that indeed G € 0pS, (1), we first note that, by Theorem
5.20, there exist A C (&) and (71, 02) € R™ x R™ with

(171 ©® 52)/( >0 and (’l~)1 EB@Q)QO(Q\A <0
such that
G =H(Q () UA) oo (N(24 (&) UA) +7¢E) .

Because of (6.10) and (6.11), we may rewrite

with
A= (2(O)\ 2 (w) UA C Qlp).
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We now set

min(, r,)ea, (ua_ (e (@1 & &z — o), 1|
max{1, max(s, r,)eq, ua_ (e (01 © 02)1, 1| }

1
)\125- € (0,00)

to define (v, v2) == (G1 — a1+ A1, Ga —ag+ AU3) € R™ xR"2. By construction,
v vy = (a1 D g —c) — (a1 Dag —c) + A1 O D2).

From this reformulation, we can deduce on the one hand, again applying (6.11),
that

(V1 B v2)a, ()4 () = (@1 @ G2 — o )\ () + M1 B V2)a, )\ (1)

2 (1 @ a2 — a, (©)\04 (0
1

_= i 3 B dig — >0
2 (i eiiBiun_ o8 @ 42— In.n

and on the other hand (remember that A C Qy(€) C Qo(p)) that
(v1 ®v2) 1 = AN01 D 02) 5 > 0.
Hence, to summarize, (v1 @ va) 4 > 0. Analogously,
(V1 ® v2)ay(una ) <0 and  (v1 B v2)g )4 <O
Because of Q4 (1) N Q(1) = 0, one finds that

Qo (1) \ A= Q1) \ ((24+(6)\ 24(n) UA)
= Qo(p) \ (2O UA) = (1) NQ-(€)) U ((8) \ A)

Hence,
(01 ® v2)0y (A = (V1 B V2) (00 () N2 () (0 (N A) < O

and consequently
G =H(Q (1) UA) oo (N(Q () UA) +7eE) " € pS, (),

see Theorem 5.20. Given our previous considerations, this concludes the proof.
O

We have thus shown that the collective Bouligand subdifferential G(u, A)
satisfies the assumption on the approximation of the Bouligand subdifferential
from [21, Assumption 4.1]. For this reason, it seems reasonable to adopt the
construction of the model function in the cited paper, and we therefore define
the model function we are going to utilize in the case of the reduced bilevel
problem (RB) by

¢(M1?A7d) = sup (pG + v”lj(,ﬂ?l‘j’l)?d)R"l’ (612)
GEG((p1,19), A)
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where 7 := S, (11, 149) and, for any G € G(u, A), the vector pe (which we oc-
casionally call adjoint state) is given by the first component of G*V 7 (7, u1) €
R™ x R™, see Proposition 5.22.

Attention. Whether our particular choice of the model function in (6.12)
satisfies the properties from Assumption 6.9 is the subject of ongoing re-
search. Therefore, from this point on, we cannot make any qualified pre-
dictions about the convergence of the sequence of iterates (or subsequences
thereof) generated by the method from Algorithm 6.1.

Nevertheless, since the authors of [21] have demonstrated the convergence
of their method for a very similar model function in a comparable scenario
and since the numerical results we present in the upcoming subchapter tend
to point in the right direction, we nevertheless use the model function from
(6.12) to be finally able to numerically test the results of this thesis.

Finally, we have everything at hand to implement the constrained nons-
mooth trust region method from Algorithm 6.10 and to apply it to the reduced
bilevel problem (RBS). Details of the implementation and the discussion of
the numerical results are the subject of the next and at the same time last
subchapter.

6.3 A Transportation Identification Problem to
Test the Constrained Nonsmooth Trust Re-
gion Method

In the last subchapter of this thesis, we present a certain instance of the bilevel
Hitchcock problem (BH), which is intended to serve as a test problem for the
constrained nonsmooth trust region method from Algorithm 6.10.

Suppose there is an (unknown) source marginal puf € R™ and a (known)
target marginal ug € R™2, both of which satisfy u},ud > 0 as well as 17} =
1" ud =1, and that the cost of transportation between the domains Q; and
is given by a cost matrix ¢q € R™*"2. By Lemma 4.2, there exists (at least
one) optimal transport plan 7* which describes the transportation between u}
and pg. Let us assume that we can (possibly inaccurately) observe both the
source marginal x] and the optimal transportation plan 7*, however, restricted
to subdomains D; C €3 and D C £, respectively. Denote the observations
made on the subdomains by ¢ and 74.

Then, the tracking-type target function, which is given by the function

e X " 1 A 2
J: R x R™M 5 Ry, J(mm) = §||7T*7Td||2p+§”#1*llc11”[,la

with weighting parameter A > 0 and

M|, = Z M}, aswellas o], = Z v
(i1,i2)€D i1EDy

for all matrices M € R™**™2 as well as all vectors v € R™, respectively, measures
the distance between a point (7, 111) and the observed point (74, 1£{). Obviously,
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J is continuous w.r.t. m and g and thus satisfies the assumptions on the ob-
jective function of the bilevel Hitchcock problem (BH). Inserting this target
function into the bilevel problem then yields the transportation identification
problem

inf dm = mal} + 3 — ],

st. opp €R™, g >0, 1Ty =1,
mEe argmin{(@,cd)F: feRM*™2 >0, 01l =y, 071 = M(Qi}7
(TIP)
which seeks to find a source marginal p; and an optimal transport plan ,
transporting ; onto g, in a way that the distance between (p;,7) and the
observed variables (74, 1) is minimized. In other words, by solving (TIP), we
try to reconstruct a transportation process where we know the target marginal
and the cost function, but can only partially observe the source marginal and
the transport plan.

The benefits of this type of problem are obvious: if we consider a weighting
parameter A > 0, the observation domains D; = Q1 and D = Q, as well as the
observations p{ = p} and mq = 7*, then the unique solution of (TIP) is given
by the point (7%, ui) which realizes the target value J(7*, u7) = 0. By choosing
1} and 7* in advance, this allows us to evaluate the performance of the method
from Algorithm 6.10 by means of a nontrivial bilevel problem whose solution is
already known.

If we, however, choose proper subsets D C £ and D C  or add an error €
to the observation, i.e., if we consider u§ = uf + € and m7q = 7 + ¢, this allows
us to introduce incomplete information or uncertainty to the transportation
identification problem (TIP).

More advanced problems for testing both the constrained nonsmooth trust
region method from Algorithm 6.10 and the results of Part II will be the subject
of future research and publications.

A quick calculation shows that the tracking-type target function [ is con-
tinuously differentiable as has the derivatives

Ved (mm) =H(D)(r —ma) and VT (m, p1) = AH(D1)(p1 — i)

In the above, H (D) is the mask from Definition 5.19 and #(D; ) is an analogously
defined operator operating on vectors instead of matrices, i.e.,

H(Dy): R™ 5 R™, v ({00 if iy € Dy,
0, else, ‘
i1 €0

for any subset Dy C €.

We follow the approach from Subchapter 5.3 and replace, given a pair of
regularization parameters v, > 0, the lower-level Hitchcock problem in the
formulation of (TIP) by the regularized marginal-to-transport-plan mapping
from Subchapter 5.2 to arrive at the problem

inf .
1,511 f'y, (Ml)

TIPS
st. p €Crp={{€R™: (>0, 17¢ =1}, (TIP5)
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which is a problem of the form (RBY) with target function

1 A
Freln) = Sl1S5.c 1) = mall, + 5 s — 13,

and thus treatable with the constrained nonsmooth trust region method which
we described in Algorithm 6.10.

In the following, we will first briefly discuss important details of the imple-
mentation of the trust region method and then present the results of a number
of different tests that we carried out in the setting of the transportation identi-
fication problem (TTPZ).

6.3.1 Details on the Implementation of the Constrained
Nonsmooth Trust Region Method

We implement the constrained nonsmooth trust region method from Algorithm
6.10 in MATLAB® R2023a'. In the following, we explain details of the im-
plementation that are not immediately apparent from the description of the
algorithm or that require further explanation.

Attention. Since it was, within the scope of this thesis, our primary goal to
obtain first numerical results to validate the proposed trust region method
and the results obtained in the previous parts, the implementation strategies
presented here should be taken with a grain of salt.

It still subject of ongoing research how to optimally choose the subgradients
in the modified and nonmodified case and how to reliably find solutions to the
constrained trust region subproblems that not only satisfy the constrained
Cauchy decrease conditions but also realize a substantial reduction of the
target function and the stationarity measures.

Therefore, our implementation approaches should not be considered as so-
phisticated and reliable strategies, but merely as heuristics.

Step 3: Choice of the subgradient and the symmetric matriz.

Proposition 5.22 provides instructions on how to compute (Clarke) subgradients
for a given iterate pq ;. For a fixed pair of regularization parameters v, > 0,
we first apply a standard semismooth Newton method, see e.g. [52, Section 3.2],
to compute the associated transport plan 7, = Sy’g(ul,k,ug) w.r.t. the cost
matrix cq.

In every iteration k, we choose the set Ay = ), which has an outer structure
w.r.t. the biactive set Qo(p1,13), see Remark 5.16. With this choice, we
construct the matrix

Mk = H(Q-Q—(/J/l,kv/’['g) U Ak)vﬂj(ﬂ-kvl’éLk)
= H (s (1,105 19)) VT (T, pi1 ) = H(Q4-(pa,k, 13) N D) (703, — ma),

then use the MATLAB® function “mldivide” to compute the unique solution

IMATLAB is a registered trademark of The MathWorks, Inc. See mathworks.com/
trademarks for a list of additional trademarks.
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(p1.ks P2,1c) € R™ X R™ to the linear system

d P1 LM,
W) +a28) (2) = ()
and receive a subgradient for the current iteration by setting

gk =P+ Vi I (T, 1) = prg + ANH(D1) (g — p). (6.13)

We feel the urge to note that there may be a more sophisticated way to select
the set Ay. However, this is subject to future research and will not be discussed
in the scope of this thesis.

In each iteration k, we choose the matrix H} to be an approximation of the
Hessian of f ., which we compute via a BFGS update using the subgradient
gr and the initial matrix Hy = E,, xn,, the identity matrix of R™*"1. Even
though we have no theoretical evidence that this approach increases the numer-
ical performance, we reset the BFGS update to the identity matrix in every
10th successful iteration or when the norm of the matrix outgrows a certain
threshold.

Step 4: Calculation of the stationarity measure.

We fix the parameter R = (/n;. This way, the calculation of the stationarity
measure 6 reduces to finding a solution dj to the linear program

min (g, @)
st. deR™, yp+de CrB,

which we efficiently solve by employing the MATLAB® function “linprog”.

Of course, after computing the stationarity measure, we do not test whether
it is exactly zero, but whether it is close to zero, i.e., we choose a tolerance
0 < TOL « 1 and evaluate the expression 0g(u1k,9x) < TOL in order to
obtain a numerically meaningful termination criterion.

Step 8: Computation of an inexact solution to (Qg).

The strategy we describe below for finding an inexact solution to the constrained
trust region subproblem (Qj) was inspired by the projected gradient methods
that are discussed in [25, Chapter 12].

We consider both the linearized subproblem

irn}f Fprk) + (gr, d)gn,
st. deR™, pp+deCrp,

whose solution is given by d, from Step 4 above, and the “classical” trust region
subproblem

inf - gr(d) = f(1k) + (9r, Dgns + 3d" Hyd

st. deR™, ||d|lgn < A,

which does not include the linear constraints of (Qy) and for which we compute
an (inexact) solution dj, via the well-known dogleg method.

We then compute the convex combination between dj, and the metric pro-
jection? of dj, onto the shifted standard simplex Crp — 1,5 that minimizes gj.

2To calculate the metric projection onto the linear constraints, we use the method described
in [20] and the MATLAB® function “projsplx” provided by the authors of that paper.
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By construction, this convex combination is feasible for (Qg) and finding it is a
quadratic problem, which can be solved with a simple case-by-case analysis.

Even though, at the current time, we have no theoretical evidence to support
this claim, the descent direction we obtain from this approach seems to always
satisfy the constrained Cauchy decrease condition (6.7) with v = 1.

Step 11: Calculation of the modified stationarity measure.

With the choice of the parameter R from above, the computation of the modified
stationarity measure reduces to solving the problem

mdin A1k, Ar; d)
st. deR™, puyp+deCrp,

which is, because of

Ops Apsd) = sup  (pa + AH(D1) ek — ), d) g,
GeG((p1,k:19),Ak)

see its definition in (6.12), equivalent to the problem

min &
&,d
st. £€R, deR™, ,uLk-‘rdECRB,

(pc + XH(D1)(p g — ), d) g, <€ for all G € G((pa, 1), Ar),

which is a problem with linear objective function and (possibly uncountably
many) linear inequality constraints. Instead of solving the above problem ex-
actly (which, depending on the structure of G, might not even be possible), we
compute a solution of the linear approximating problem

¢
st. £€eR, deR™, ui+deCpp, (6.14)

(pG + )\ﬁ(Dl)(,uLk — u‘f),d)Rm <¢ forall Ge G,

where G C G((p1,k, #9), Ag) is an approximation that contains up to 10(n +ns)
different subgradients of the collective Bouligand subdifferential.

To construct the approximation Q, we explore the ni + ny sphere around
the center point (u1 1, #g) with radius Ay in every (positive and negative) unit
direction of R™ ™72, For each of these 2(nj + na) points on the sphere around
(p1 .k, 13), we calculate (if possible) multiple unique subgradients, see the in-
structions given in Proposition 5.22.

Although there are many more points on the sphere and inside the ball that
could be generated in a similar way, we limit ourselves to the points generated as
described above, since each point requires the calculation of the corresponding
regularized transport plan, i.e., in particular the application of the semismooth
Newton method from Step 3. The effort to estimate the modified stationar-
ity measure with the approximation of the collective Bouligand subdifferential
described above is already a multiple of that of the unmodified one and each
additional point contributes to extending the runtime of the method.

Again, we efficiently solve the approximating linear problem from (6.14) by
using the MATLAB® function “linprog” and we denote the solution by dj.
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Even though this is not obvious from the description of the method in Algo-
rithm 6.10, just as in [21, Remark 2.13], we implement a modified termination
criterion by evaluating g (u1,k, Ax) < TOL.

Step 11: Computation of an inexact solution to (Qk)

Similar to step 4, we do not attempt to solve the modified subproblem exactly
(which may not be possible due to the structure of G), but instead use the
direction dj, from the approximation of the stationarity measure ¥ r above and
scale it to obtain an admissible descent direction. To do this, we stick to the
proof of Lemma 6.7 and construct the inexact solution of (Q,) the same way as
the direction d in the mentioned proof.

Despite the fact that latter is based on the exact solution of the modified
stationarity measure and we only rely on an approximate solution, in our numer-
ical tests, we virtually always obtain descent directions that satisfy the modified
Cauchy descent condition with v = 1.

Step 14: Update of the variables.

If the trust region method from Algorithm 6.10 consecutively generates a large
number of successful steps, the trust region radius can, according to the update
rule in Step 14, grow dramatically. Therefore, if the iteration approaches a first-
order stationary point, it usually requires a large number of null steps until the
trust region radius adjusts to the neighborhood of local stationarity and until
the solution of the constrained subproblem (Qj) realizes a sufficient reduction
of the objective function again.

To limit the number of (unnecessary) null steps, we therefore define an upper
bound for the trust region radius by setting Apnax = /71 and considering the
modified update rule

B1Ak, if p, < 1,
Agt1 = { max{Anyin, Ar}, if m < pr < 2, (6.15)
min{max{Amin, B2Ak}, Amax }, if pr > 12

Since the structure of the linear constraints in (Qy) and (Q,) implies an upper
bound on the norm of the search direction anyway, this modified update rule
also makes sense from a theoretical point of view.

6.3.2 Presentation & Discussion of the Numerical Results

We now present the results of two different numerical examples with which we
test our implementation of the constrained nonsmooth trust region method from
Algorithm 6.10.

For both of the numerical examples, we set B = Ayax = /01 to simplify
the calculation of the stationarity measures and to reduce the number of unsuc-
cessful iterations, see Section 6.3.1. We choose the remaining parameters of the
trust region method according to Table 6.1. For the initial values, we always
choose

pio=ny'l, Ag=1, and Hy= E, xn,,

the latter of which being the identity matrix of R™*"™1,

Transportation identification on the entire domain
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Apin | m | m2 | B1 | B2 | v
1079 101]09]|05|15]|1

Table 6.1: Choice of the parameters for our test of the constrained nonsmooth trust region
method from Algorithm 6.10.

For our first example, we set n; = ny = 20 and consider the cost matrix that is
given by (ca)i,.i, = |i1 —i2|? for all (i1,42) € . Using the MATLAB® function
“sprand”, we (pseudo-)randomly generate a source marginal ui € R?° and a
target marginal pg € R2°, both of which are to a large extent sparse (roughly
75% of their entries are equal to 0). Applying the MATLAB® function “linprog”,
we then calculate the (unique) optimal transport plan 7* between the marginals
wi and pd w.r.t. the cost cq.

We moreover set the weight A = 1 and consider the observation domains
D; = Q) and D = Q as well as the observations ,u‘li = uj and Mg = 7.
This setup corresponds to the attempt of reconstructing the source marginal
17 and the optimal transport plan 7* from exact observations on the entire
domain. Although this optimization problem is a (from an analytical point of
view) trivial exercise, it is well suited as a first test for the trust region method.
We generate eight independent instances of this problem, i.e., eight different
tuples (u%, g, 7*), and combine them with different choices of regularization
parameters v = ¢, ranging between 10° and 10~°.

To begin with, we would like to point out that graphs that have the same
color across the pictures below correspond to the same instance. Therefore, if
we, for example, refer to the “red instance”, we actually refer to the instance
that corresponds to the red graphs in the pictures.

Figure 6.1 shows the history of the stationarity measure for these eight in-
stances for different choices of regularization parameters v = €. We observe
that, for the majority of instances, after about 30 to 70 iterations (including
successful steps as well as null steps), stationarity is achieved within a tolerance
of less than 1075, It is noteworthy that the method failed to achieve this toler-
ance in four cases (black instance for v = ¢ = 1073; red and dark blue instance
for v = ¢ = 107%; purple instance for v = ¢ = 1077). Plateaus with con-
stant values of the stationarity measures correspond to periods of unsuccessful
iterations.

Figure 6.2 shows the history of target function values, i.e., the sum of the
squared residuals of the method’s output zi; and the corresponding transport
plan @ = S, < (fi1, 13). The target function is bounded from below by 0 and its
optimal value of 0 can only be realized by the unique point pj. With a conser-
vative choice of regularization parameters, see Figure 6.2a—c, the reduction of
the objective function and thereby the quality of the approximation of uj and
7* is rather poor. However, for smaller choices of regularization parameters,
see Figure 6.2d-f, we observe that (after a few globalization steps) the method
achieves a significant reduction of the stationarity measure in a few steps before
taking a large number of iterations to drive the stationarity measure towards
zero. For v = ¢ = 1075, Figure 6.2f shows that each instance is solved after
at most 30 iterations with a (squared) residual of less than 1075. For several
instances, this accuracy is even below 107 if not close to 10~8.

A comparison of the final iteration number of the eight instances across all
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Figure 6.3: Comparison of the final iteration number of the eight instances for different values
of the regularization parameters. The termination tolerance was chosen to be 1076. A value
of 150 indicates that the method failed to converge in that particular test. The dotted line
corresponds to the average iteration number with the non-convergent cases excluded.

choices of the regularization parameters v = ¢ is shown in Figure 6.3. We
observe that the average iteration number (dotted line) initially rises when de-
creasing the regularization parameters v = ¢ from 10° to 1072, but subsequently
falls when decreasing the regularization parameters further beyond 1072, For
values smaller than 10~7, the method terminates in the very first iteration, as
the matrices used during the semismooth Newton method become singular and
the method returns infeasible solutions. It can be seen that the number of iter-
ation steps is subject to a large variance and that some instances (e.g. the dark
blue and the purple one) tend to require more iterations than other instances
(e.g. the light blue one) across the majority of the tests.

Figure 6.4 shows, for a single instance, the evolution of the sparsity pattern
of the transport plan 7 associated to the output fi; of the method. The pictures
show that the sparsity pattern of 7, which is induced by the ( - )-operator in the
definition of the regularized marginal-to-transport-plan mapping, see Subchap-
ter 5.2, in a sense “converges”’ to the sparsity pattern of the optimal transport
plan 7*. This approximation of the sparsity pattern is, however, only an outer
approximation, meaning that the sparsity pattern of the approximation 7 always
contains points that do not belong to the sparsity pattern of 7*.

To conclude this numerical example, we would like to briefly discuss the us-
age of the modified trust region subproblem and the corresponding stationarity
measure. Table 6.2 shows the cases (in parenthesis) in which the modified sta-
tionarity measure or the modified subproblem was used. Excluding the cases,
where the method failed to converge, we count a total of 29 of modified itera-
tions. Among all of the executed tests, we essentially observed four distinctive
behaviors. The following list is sorted according to the frequency of occurrence
of those cases.

1. The modified subproblem is not used during the iteration: this case ac-
counts for the majority of tests carried out.

2. The modified subproblem and the modified stationarity measure were only
used a few times during the iteration and each time led to a significant
reduction of the stationarity measure: we observed this behavior, for ex-
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Figure 6.4: Comparison of the sparsity pattern of the optimal transport plan 7#* (red points)
with the sparsity pattern of the transport plan @ = Sy - (fi1, ug) (light blue points) correspond-
ing to the method’s output fi1 of the trust region method for different values of regularization
parameters. The data presented in this figure corresponds to the purple instance. For regu-
larization parameters smaller than 10~2, the sparsity pattern remains unchanged.

mstance\| = | 109 [ 1071 [ 1072 [ 10=3 | 10~* [ 10 [ 1075 [ 1077 |

black 14 65 61(1) 00 91(2) 55 41 30
orange | 3 | 70 | 51 | 40 | 62 | 42 |33(1) | 35(1)
yellow 3 36 70 91 59(1) 54 45 23
purple 4 42 56 47 40 61 58 | oo(c0)
green 3 30 82 62 59 52 32 38(1)
light blue 12 40 65 32 48 37 30 15
red 4 | 40 | 64 | 71 |oo(c0) | 31 |38(1) | 55(14)
darkblue | 12 | 67 | 52 |86(4)| oo |833)| 34 | 33

Table 6.2: Summary of the final iteration numbers as presented in Figure 6.3. Values in paren-
thesis show the number of iterations in which either the modified stationarity measure was
computed (and the iteration stopped subsequently) or the modified subproblem was solved.
A value of oo indicates that the method failed to converge in this particular case.
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ample, in the test of the black instance for y =& = 1072 or v = ¢ = 1074,

3. Once the trust region radius falls below the threshold value Ap;,, the
modified subproblem exclusively generates null steps and the trust region
radius degenerates: this case occurred twice in the executed tests (red
instance for ¥ = ¢ = 10~* and purple instance for v = ¢ = 1077, the
former of which can be inspected in Figure 6.1e).

The behavior described in the first two cases is very favorable. Each nonmod-
ified iteration is inexpensive and requires, besides a number of matrix-vector
multiplications and distinctions of cases, only the solution of one nonlinear and
two linear systems of equations as well as the solution of a linear program. In
contrast, each iteration of the modified subproblem requires a multiple of the
effort of a nonmodified iteration, because

— for every point & € B(uik;Ax) that we choose from the ball around
the current iterate, we need to compute the corresponding transport plan
e = Sy (€, 1g), which requires the application of the semismooth Newton
method; depending on the size of the biactive set, i.e., the number of
elements in Qo(&, 1), this occurs up to 2(ny + ng) times per modified
iterate;

— the computation of each subgradient requires to solve a (sparse but high-
dimensional) linear system.

In particular, the behavior of the second case is exactly what we had hoped to
achieve with the choice of the model function ¢ in Subsection 6.2: if possible,
the modified model should not be used, but if it cannot be avoided due to the
problem structure, then it should only contribute a few iterations (being, in
some sense, a “safeguard”).

The behavior described in the last case is obviously not ideal. However, it is
at this stage not clear whether it is provoked by an inadequate approximation
of the collective Bouligand subdifferential in Step 11, by a too inaccurate solu-
tion of the modified subproblem (Qy), or by an unfavorable choice of the model
function ¢. It could also be attributed to an impractical choice of the termina-
tion tolerance, because the graphs in Figure 6.2 show that there is usually no
significant reduction of the target function after the 30th iteration, even if the
iteration is continued. It is the subject of future research, how this particular
behavior of the method can be avoided.

Transportation identification on a part of the domain

For our second example, we set n; = ny = 50 and consider the same cost matrix
as before, i.e., (ca)i, i, = |i1 — 12| for all (i1,i2) € Q. Just as in the previous
test, we generate a test instance by pseudorandomly drawing a source marginal
wi as well as a target marginal u$ and by calculating the corresponding (unique)
optimal transport plan 7* afterwards. Using this instance, we now investigate
the effect of different choices of observation domains on the result of the trust
region method. In all of the subsequent tests, we choose the regularization
parameters v = ¢ = 107% in order to achieve a close approximation of the
optimal solution. We set the stationarity tolerance to 10~% and, initially, fix the
weighting parameter \ = 1.
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Figure 6.5: Left-hand picture: Comparison of the source marginal i} (red bars) with the trust
region method’s output fi1 (blue bars). Right-hand picture: Comparison of the sparsity pat-
tern of the optimal transport plan 7* (red squares) with the sparsity pattern of the calculated
transport plan @ = Sy «(fi1, #3) (blue squares).

Note that while the value of the 38th entry of p] is in the order of 10~° and therefore barely
visible in the left-hand picture, one can see the corresponding nonzero entry in the right-hand
picture.

As a reference, we first solve the transportation identification on the entire
domain, i.e., we consider the observation domains Dy = 7 and D = ). The
trust region method terminated after 58 iterations (of which 33 were success-
ful) with an objective value (sum of squared residuals) of about 5-1075. A
comparison of the method’s output fi; with the source marginal pj as well as a
comparison of the sparsity patterns of 7 =S, -(fi1, 1) and 7* can be found in
Figure 6.5. The left-hand picture shows that the source marginal pj was indeed
approximated very well with the element-wise deviation of ji; from pj being
less than 2-1073. The right-hand picture shows that the sparsity pattern of 7*
was recovered to a large extend.

To test the trust region method on proper subsets of the domains, we consider
observation domains that result from gradually “punching” certain points out
of the domains 21 and 2. To be more precise, we define the observation domain
D} C € to be the equal to Q;, but with every fifth index removed, i.e.,

Di =04\ {5,10,...,50}.

We construct the observation domain D! C Q similarly, but instead of removing
single indices, we remove every fifth row and every fifth column, i.e.,

D' = Q\ {{5} x Q2,0 x {5}, {10} x Qa, x {10}, ... }.

We then construct D? by removing every fifth index of D} and construct D?
by removing every fifth row and every fifth column from D'. Repeating this
construction over and over again, we obtain sequences of observation domains

QM ODIoDI>... and QDOD'>D?> ...

With each repetition, the observation domains become more sparse while a
certain number of points is retained. For each repetition k = 1,2, ..., we define
the observations to be u{ = ,uﬂD;f and 74 == 7*| px.
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of the observation domains D¥ (gray bars). (d) — (f): Comparison of the sparsity pattern of
7* (red squares) with the sparsity pattern of & (blue squares) for different instances of the
observation domain D* (gray squares).

In Figure 6.6, we see both the shape of the resulting observation domains for
the first three repetitions as well as the results of the trust region method when
applying it to the given data. We observe, and this is exactly what we would
have expected, that the method’s output ii; approximates the source marginal
w3 still very well, but only for the indices that lie in the observation domain.
On the complement of the observation domain, the difference between pj and
i1 can be quite large, see e.g. i1 = 30 in Figure 6.6a or iy = 22 in Figure
6.6b and Figure 6.6c. Although most of the nonzero entries of 7 lie in the
complement of D', D? and D3, see figures 6.6d — 6.6f, yet the transport plan 7
cannot completely avoid the observation domains, since some points of uj lie in
all shown observation domains and fi; closely approximates pj at these points
(remember that the mapping of the marginals onto the regularized transport
plan is continuous).

Table 6.3 shows some relevant data that we collected after the trust re-
gion method terminated. As expected, the realized target function value falls
as the observation domains become more sparse whereas the residual, i.e.,
Hir =7l + 3l — 143l rises due to the loss of information about the
source marginal yj and the optimal transport plan 7*. At the transition from
Di & D* to D} & D5, the target function value increases again. We attribute
this to the subgradients becoming increasingly sparse and the stationarity tol-
erance therefore being reached earlier, in this case after only 6 iterations.

To conclude this experiment, we choose the observation domain D; to be
the last third of 2; and the observation domain D to be a diagonal strip shifted
to the higher end of ;. Figure 6.7 shows the effect of different choices of the
weighting parameter A on the reconstruction of i and 7* and Table 6.4 shows
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’ Observ. dom. \ Stat. measure \ Target val. \ Iter. count \ Resid. ‘
Di & D* 7.4710-107° | 5.2670 - 1074 65 2.0537 - 102
D? & D? 6.1495-1075 | 5.2617-10~* 45 2.3373 - 1072
D} & D? 7.0698 - 10~° | 5.9076 - 10~ 16 2.9190 - 102
D} & D* 5.6165-107° | 5.9499 - 10~8 24 3.8291 - 102
D} & D? 1.5872-107° | 4.3354-1073 6 6.8572 - 102

Table 6.3: End of iteration data for the first pairs of observation domains. Residual refers
to the sum of the squared residual of fi1 to pj and 7 to w*, i.e., J(7, 1) for D = Q and
Dy = Q.

the corresponding output data.

While for A = 1 (see Figure 6.7a) the reconstruction of i (on Dy) is very
accurate, this changes when the influence of the weighting parameter on the
objective function is reduced, see Figure 6.7b & Figure 6.7c. In the complement
of the observation domain D;, we observe little to no reconstruction of the
source marginal.

As the weighting parameter that controls the influence of ;11 on the target
function decreases, the influence of 7 on the target function increases. We would
therefore expect the accuracy with which pj is approximated to decrease and
the accuracy of the approximation of 7* to increase. However, we make the
following, rather counterintuitive observation: For A = 1, the approximation
of both ui and 7* appears to be very good, but as the weighting parameter A
decreases, the quality of both approximations decreases.

A possible explanation for this behavior would be that, for A = 1, the prox-
imity of fiy to ui (see Figure 6.7d) together with the (Lipschitz) continuity of
the marginal-to-transport-plan mapping S, . force the corresponding transport
plan 7 to be close to 7*, leading to good approximations and small target values.
Reducing the weighting parameter A\, however, significantly reduces the quality
of the approximation of pj on the observation domain, thus (again by continuity
of the marginal-to-transport-plan mapping) leading to a poor approximation of
",

Further, reducing the weighting parameter A significantly reduces the num-
ber of iterations required to achieve a certain stationarity tolerance, see Table
6.4. This is, however, not a surprise given the construction of the subgradients
from (6.13): in the calculation of g, the derivative of J w.r.t. p; is weighted
with lambda and this weighting is directly transferred to the calculation of
the (positively homogeneous) stationarity measure, which results in reaching
stationarity after fewer iterations. This certainly contributes to the poor ap-
proximation of both 7* and uJ as discussed above.

Moreover, when performing tests with instances other than the one we have
just discussed or with observation domains other than those shown in the figures,
we encountered another type of behavior of the trust region method that we did
not encounter in the previous numerical example: during the iteration, the trust
region method periodically switches between the nonmodified and the modified
subproblems and stationarity measures, while realizing only an insignificant
decrease of both the target function and the stationarity measures. Although
this behavior is not inconsistent with a possible convergence result (a small
decrease of the objective function was achieved in each step), it is, similar to
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with the sparsity pattern of 7 (blue squares) for different values of the weighting parameter.

The gray areas represent the domains D1 C €1 and D C Q2.

’ A \ Stat. measure \ Target val. \ Iter. count Resid.
10° 7.0115-10% | 5.2670-10~° 68 2.2509 - 102
1071 | 4.7459-107° | 1.3738 - 102 54 5.9141-1072
1072 | 8.0479-107° | 1.3291-1072 60 5.8373 - 1072
1073 | 9.4643-1075 | 1.3772-1072 4 6.8351 - 1072
10~* | 1.0745-107° | 1.3760-10~2 4 6.8500 - 102
107° | 1.0181-107% | 1.3759-102 4 6.8516 - 1072

Table 6.4: End of iteration data for different values of the weighting parameter A. Residual
refers to the sum of the squared residual of fi; to pf and 7 to 7*, i.e., J (7, fi1) for D = Q
and D1 = Ql.

the third case mentioned in the previous experiment, far from ideal.

Discussion & final remarks

The two numerical experiments show that the constrained nonsmooth trust
region method from Algorithm 6.10 produces accurate and reasonable results
when it is applied in the context of the transportation identification problem
(TIP). In most tests, the modified subproblem and the modified stationarity
measure are not needed to obtain results with high accuracy (in terms of squared
residuals or stationarity). In many cases, the modified subproblem was only
invoked a handful of times to achieve a stationarity of below than 1076.
However, we cannot deny that the presence of test cases where the modified
subproblem and the modified stationarity measure were heavily used and where
the trust region method did not converge within our limit of 200 iterations (and
probably never would have done). Up to this point of time, we cannot say what
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exactly triggers these cases and how we can circumvent them to make the trust
region method more robust.

What we can say with certainty, however, is that our implementation leaves
room for improvement and further research:

— The descent directions that we obtained in our experiments virtually al-
ways satisfied the corresponding constrained Cauchy decrease conditions
in (6.7) and (6.8). While this may be sufficient to prove convergence re-
sults, this is not enough to guarantee a certain rate of convergence. We
do not know how we can (ideally with little effort) obtain solutions to
the subproblems that guarantee to realize a substantial reduction of the
objective function and the stationarity measure.

— In our implementation, we have not accounted for mass matrices, i.e., we
have not considered the effect of different mesh sizes on the individual
steps of the iteration, so that the performance of our implementation of
the trust region method strongly depends on the size of the marginals. In
particular, the value of the stationarity measure tends to increase as the
number of variables increases, and it becomes less likely that the method
converges if the stationarity tolerance is fixed to e.g. 10~°. For this reason,
we had to significantly increase the stationarity tolerance in the second
experiment to ensure convergence of the method.

— A more sophisticated description of the Bouligand subdifferential could
pave the way for a computable approximation of the subdifferential around
the current iterate, see e.g. [21, Section 5.2], where this was realized for an
optimal control problem which is constrained by a variational inequality.
A better description would yield the advantage to not be dependent of a
(possibly bad) heuristic to compute a large enough set of subgradients. If
this, however, proves to be impossible, a way to improve the approximation
of the collective Bouligand subdifferential nevertheless would be to replace
the rather static choice of points around the current iterate by a more
sophisticated heuristic that would, for example, choose the next point
depending on how close the subgradients of different points were together.

— In all our numerical tests, we have never observed a case in which any
combination of the regularization parameters v and ¢ would not have
converged, i.e., by slightly changing the regularization parameters, the
method always provided a result within the specified tolerances. This ob-
servation leaves room for the implementation of a path-following heuristic,
i.e., an automatic control and adjustment of the regularization parameters
during the runtime of the trust region method.

— During the numerical test, we observed that the semismooth Newton
method repeatedly failed to converge, when choosing both regularization
parameters below 104, and thus leading to inaccurate transport plans.
However, since small regularization parameters provided the most accu-
rate results, see Figure 6.2, it would certainly be worth investing more
work to improve this point and, for example, choose a different regulariza-
tion parameter £ = ®() that is a function of v and tuned in a way that
the product vé does not go towards 0 too quickly.
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Appendix A

On the Convolution of
Marginals With Mollifiers

We use the first chapter of the appendix, to investigate the properties of the
convolution of a measure with a mollifier. Let d € N and some compact subset
X C R? be given. We start by recalling the definition of the convolution of a
regular Borel measure with a mollifier.

Definition A.1. Let p € 9MM(X) with p > 0 be a nonnegative regular Borel
measure and let s, given some § > 0, be a mollifier in the sense of Definition
3.12, ie., @5 € C°(R?) such that supp(ps) = B(0;6), ¢s > 0, and [p, 5 do =
1. Then, the convolution (of p with ¢s) is defined by

(s * p)(x) = /X ws(x —y) du(y) for all x € RY.

Remark A.2. One could generalize the above definition by allowing arbitrary
measures on R? and arbitrary measurable functions, see e.g. [69, Definition 14.4].

However, as we are about to see, the convolution of a regular Borel measure
with a mollifier has some advantageous properties. Hence, we restrict ourselves
to the setting given in Definition A.1. o

Theorem A.3. Let p be a nonnegative reqular Borel measure and ps be a
mollifier. Then, the convolution @s * pn: RY — R, is a smooth, measurable,
nonnegative, bounded, and compactly supported function whose support satisfies

supp(ps * 1) C B(0;0) + X.

Proof. To begin with, the nonnegativity and the boundedness of the mollifier
as well as the nonnegativity of the measure directly yield that

0 < (5 * ) (2) < lleslloollpllonx) < o0

for all 2 € R%, so that s * 1 indeed is a finite, nonnegative, and bounded
function on RY.
To see that the convolution is continuous, let zp € R? and € > 0 be arbitrary.
Since p is (inner) regular, there is a compact subset K C X with
€

HENK) < ol

xiii
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We then calculate
(95 % 1) (2) — (05 * 1) (o) < /X s — y) — ps(zo — )| duu(y)
< / 2s(x — 9)| + 950 — 9)] duly)
X\K
+ /K los(x —y) — @s(xo —y)| duly)
&
<3 +/ ls(x —y) — @s(xo — y)| du(y) .
K

Because the mapping (z,y) — @s(x — y) is continuous on the compact set
B(zg;1) x K, the Heine-Cantor theorem ensures its uniform continuity. That
is, there exists some p € (0,1) such that

lps(x —y) — @s(T — )| < ()

as long as (z,y), (Z,9) € B(zo;1) x K and |[(z,y) — (2,9)| < p. For any
x € B(xzo; p), we find that ||(z,y) — (x0,y)|| = ||z — 0| < p and thus

los(x —y) — ps(xo —y)| < for all y € K.

€
2u(K)
Together with the above, we conclude that

9

9~ ¢

(s % ) (2) = (05 % 1) (w0)| < 5 +
for all x € B(zo;p). Since ¢ > 0 and zy € R? were arbitrary, the convolution
s * p is a continuous (and hence measurable) function.

Next, we are going to convince ourselves that ¢ * p is a smooth function
on all of R%. To this end, let o € R? be an arbitrary point and j € {1,...,d}
an arbitrary index. We denote the j-th standard unit vector of R? by e; and
compute the j-th partial derivative of the convolution to be equal to

(s * p)(wo + hej) — (s * p)(2o)

0 .
8753-(% * ) (zo) = lim

h—0 h
b (A1)
_ i [ Po@o t+hes —y) — ps(zo —y) duly).
h—0 Jx h
For arbitrary y € X, the differentiability of s implies that
. po(wo +hej —y) —ps(xo—y) _ 0
1 _ =—— —_ .
lim 5 oz, ps(zo — y)
Thus, the integrand in (A.1) converges pointwisely to %g@g(l’o — +) and is,

independently of xg, y and h, bounded by

ps(zo+hej —y) —ws(@o—y)| . l@o+he; —y) — (o -yl _
h — s h - Hes»



XV

where L,, > 0 denotes the Lipschitz constant of ¢5. Consequently, we apply
Lebesgue’s dominated convergence theorem to receive

aij(% * 1) (z0) = /X aij%(xo —y) du(y) = <g§5 * M) ()

J

for all zo € RY. Thanks to our former considerations, we know that % * (1S
J
a continuous function on R% and so is a%j(gog % (). Since j was arbitrary, the

convolution is (totally) differentiable with derivative

D(cpg*u):(g—‘;f*u gfj*u) (A.2)

and thus s * 4 € C1(RY). Using the relation in (A.2), an induction argument
can be applied to arrive at @5 * p € C*®(R%),

It remains to show the statement concerning the support of s * u. To
this end, choose an arbitrary point z € R? with z ¢ supp(ps) + supp(u). Be-
cause supp(ps) and supp(p) are both closed and bounded sets and because the
Minkowski addition preserves closedness!, we can find an open neighborhood
U. C R? of z that is disjoint to supp(ys) + supp(u). Hence, for any z € U.,

Z#x+y forall x € supp(ps), y € supp(p),

or equivalently,
z—y ¢ supp(ps) for all y € supp(p).

Thereby,

(s = [

vs(Z—y) duly) = / vs(Z —y) du(y) =0
X

supp(u)

for all Z € U,. This implies z ¢ supp(gps * 1) and, therefore,

supp(ps * i) C supp(ps) + supp(p) C B(x;6) + X

as claimed.

In particular, since supp(ps) C B(0;d) and supp(p) C X are compact sets
and the Minkowski addition preserves compactness, we receive that ¢s * yu €
C=(R?). O

A quick calculation shows that we can bound the LP norm of the convolution:
Lemma A.4. Forp € [1,00) as well as p and @5 as in Definition A.1,
s % ll gty < 10512 oy Iilomy
and equation holds for p = 1.

Proof. For p > 1, we apply Minkowski’s integral inequality to estimate

N
llos * pill Lo ey = (/ ‘/ es(x—y) du(y) dw)
Re |JX

11n fact, even if one of these sets were unbounded, the closedness is still preserved.
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< /X (/Rd lps(z —y) [P dfﬂ); du(y)

-/ (/ s )" dm) au(y) = lpsll o 505 elom
x \JB(0y)

In the case p = 1, the equation is due to Fubini’s theorem. O

We now consider a monotonously vanishing sequence of radii d,, ~\, 0 and the
corresponding sequence of scaled mollifiers (¢, )neny C C°(R?) with ¢, > ()
supp(¢n) C B(0;0,), and [p. ¢, dv = 1 for all n € N. Abbreviate X,

X + B(0;0,,).

In the following, we convince ourselves that the sequence of convolutions
(pn*p)nen converges weakly™* towards p, if we interpret the former as a sequence
of density functions of measures.

Lemma A.5. Let 0 < p € M(X) be a nonnegative regular Borel measure.
Then,

/ v(pn * ) dA o (1, vlx)eox)-0x) fordlve C(RY).
Xn n—oo

Moreover, if (tin)nen C (X)), with p, > 0 for all n € N, is a sequence of
nonnegative reqular Borel measures that converges weakly” towards some p €

M(X), then
/ O(Pn * ) dA P (10X )ox) o) for allv € C(R%).
XTL n oo

Proof. To prove the first part, we once again apply Fubini’s theorem to obtain
that

/Xnu(@n*/l) ) = / v(x)/ ol — 1) duly) di
// z)on(z —y) drdu(y)
//Rd 2)@n(y — ) dz du(y)

(1, (v * Wn)|X> X)*,C(X)

In the above, @, (x) = @, (—x) denotes the reflection of ,,, which inherits the
same properties. It is broadly known that the convolution (of functions) satisfies
v* @, — vin C(RY) as n — oo, see e.g. [48, Theorem 1.3.2]. In particular,
(v* @n)|lx — v|x in C(X). Since, according to the Riesz-Markov theorem,
p € M(X) can be identified? with a continuous functional on C'(X), we obtain
that

/Xnv(@n*u) d\ — (VX ) o (x)-,0(x)-

2To ease notation, we refrain from explicitly stating the isometric isomorphism that maps
M(X) onto C(X)*. A reference on this topic can be found in, e.g. [31].
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The proof to the second part is analogous. Again by Fubini’s theorem,
[ v un) A= s (05 @) x) e )
Xn

and because of

|<:U'na (v @n)|X>c(X)*,C(X) - <M,U|X>c(x)*,c(x)}

< ||Mn||m(X)||(U * Pn)lx — U|XHC(X) + |<M - va>c(x)*,0(x)

and the boundedness of the sequence (py,)nen, this directly shows that

/ Vlpn # pn) dA—— (s vIx) o x)- 0x);

n
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Appendix B

On the Theory of Measure
& Integration

Definition B.1. Given measurable spaces (X1, %) and (X2, 22), we define the
product o-algebra of Ay and A on X7 x X5 by

Ql1 & Q[Q =0 ({.P;l(Az) 14Z S Q[Z', 1= 1,2}) .

Here, o denotes the o-operator (which generates the smallest o-algebra that
contains the set M) and P;: X7 x Xo — X; as usual denotes the projection
map (x1,T2) — ;.

Lemma B.2. Consider arbitrary measurable spaces (X1,201) and (X2,22) and
A1 -B(R)- and A2-B(R)-measurable functions fi1: X1 — R and fo: Xo — R,
respectively. Then, for any continuous function g: R x R — R, the function
go(fi1,f2): X1 x Xo = R is an (1 ® As)-B(R)-measurable function.

Proof. The function g is continuous on R x R. Hence, it is (B(R) @ B(R))-B(R)-
measurable. It suffices to show the (21 ® 2s)-(B(R) @ B(R))-measurability of
the mapping (f1 X f2)(z,y) = (f1(z), f2(x)). For this purpose, we choose some
element B of the generator of B(R) ® B(R), i.e., B € {m; '(A): A € B(R), i =
1,2}, where 7; is the projection from R X R onto the i-th component. Without
loss of generality, we assume that B € {r;'(A): A € B(R)}. Then, B=A xR
with some A € B(R) and we calculate

(fi x f2) 71 (B) = {(z1,22): (f1(21), fa(a2)) € A X R}
= i1 (A) x X = Pl (f 1 (A).

Since fi is A;-B(R)-measurable, this is some element of the generator of 2; @2y
and thus an element of the latter, which implies the desired measurability. [

Corollary B.3. Given non-empty and compact Fuclidean sets X1 and X5 as
well as functions f; € L?(X1) and fo € L*(Xs), the functions (f1®f2)(x1,22) ==
fi(z1) + fo(ze) and (fi ® f2)(z1,22) = fi(x1)f2(x2) (both defined A-a.e. on
X1 % X3) are elements of L*(X; x X).

Proof. By definition of L?(X;), the function f; is B(X;)-B(R)-measurable.
Both mappings (r1,72) — r1 + 12 and (s1, S2) — s152 are continuous on R x R.

Xix
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Hence, by Lemma B.2, f; & f2 and f; ® fo are measurable. We set X = X; x X5
and A := A\; ® Ay. Due to Fubini’s theorem,

1519 Pliaco = [ 1619 ax
2 2
= [ 1A [ 1RP dadh = 1A 1l < .
X1 X,
and, additionally using the Cauchy-Schwarz inequality,

2
1f1 & fallz2cx)

Z/ |f1® fo* dX

X

=/ I @ |fo]? d/\+2/ f1® fa dX
X X

<1l [ AP a4 [ IRE D20l €l
1 2
= 1 Xalllfill T2 cxy) + Xl 2l T2 xp) + 20Xl Xallfr © Fall 2 x) < 00
since X7 and X5 are bounded. O]

Remark B.4. For the rest of this chapter, (X,2() will be an arbitrary measur-
able space. o

Definition B.5. A signed measure on (X,2) is a set function p: A — R that
satisfies

L p(@) =0,

2. w(UnZy An) = >0 1(Ay) for all sequences of pairwise disjoint sets
{An}nEN c L

Remark B.6. According to the above definition, a signed measure p is a func-
tion which maps elements of 2 to the real numbers and never takes the values
+00. However, there are authors who allow the extended real or complex num-
bers as choices for a signed measure’s codomain. As this is not required for our
purposes, we will not follow this approach. o

Definition B.7. We define the variation measure of a signed measure p by
|11 (A) = sup {Z |u(A)]: A; € 2 disjoint, A= | J Al}
IS €N

= sup A)l: AD Aq,..., A, € A disjoint, n € N
> lu j
i=1

for all A € 2.

Lemma B.8. The variation measure |u| of a finite signed measure p is indeed
a measure on (X, 2A), i.e.,

1. |pl: A — [0, 0],



polel

2. |u|(0) =0, and for countably many disjoint A; € 2 we have
|l (Uz‘h) = |ul(A).
i€N ieN
Furthermore, it holds that
3. |u| is a finite measure,
4o if >0, then |u| = p.
Proof. Ad 1.: This property is clear from the definition of the variation measure.

Ad 2.: |u|(0) = 0 follows from u(@)) = 0. To show the c-additivity, let
(A;)ien C 2 be an arbitrary sequence of disjoint sets.

Ad “<”: Let By, ..., By, € U be disjoint with By, ..., By, C ey Ai- Then,
because of B; = B; N J;cy Ai = U;eny Bj N Ai and the o additivity of g,

(ymoa)|-5

ieN j=1

m

> luB)l=)
j=1

S (BN A

i€EN

< ZZ [u(B; N Aj)l

j=1ieN

= ZZ (B N A;)| < Z |1l (A7),

€N j=1 €N

j=1

since (B1NA4;),...,(BnNA;) C A; are disjoint. Taking the supremum over all
disjoint partitions By,. .., By C [J;en Ai yields the claim.
Ad “>”": We first show that, for arbitrary M € N,

M
saa = Y4 < (U 41 ). (B.1)
=1 1€N

Given i € {1,..., M}, choose arbitrary disjoint sets Bi,..., Bfm C A;. Then,
the sets

M
Bi,...,BL . ... B, By | JAic A
i=1 i€N

are disjoint and therefore

M mg

SO u(B] < I (U A)

i=1 j=1 i€N
If we take, for each i = 1,..., M, the supremum over all disjoint partitions, we

arrive at (B.1). The claim then follows by passing to the limit M — oo (sps is
monotonically increasing and bounded, thus convergent).

Ad 3.: If the sigma algebra 2l contains only finitely many elements, then
the finiteness of |u| follows trivially from the finiteness of p. Otherwise, assume
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that |u|(X) = co. The definition of the variation measure and the finiteness of
w imply the existence of a disjoint partition 4; U...U A, = X with

n

D (A > 2(p(X)] +1). (B.2)

i=1

At least two of the sets Aj,..., A, are non-empty, otherwise (B.2) would be
violated. We choose one of the non-empty sets A;. If |u(A;)] > [u(X)| + 1, we
set A:= A; and A = X \ A; otherwise. By construction,

(A > [p(X)[ +1 > 1.

If we set B := X \ A, we find that

lu(B)] = [(X) — p(A)] > [p(A)] — [u(X)]| > 1.

The additivity of |u| then implies that

oo = [pl(X) = [ul(A) + |ul(B),

i.e., either |u|(A) = oo or |u|(B) = co. If |u|(A) = oo, then we set Ey := B
(otherwise E; := B) and repeat the above argument for the set A (otherwise B)
to receive a set Eo. This approach yields a sequence of disjoint sets (E;);cny with
|n(E;)| > 1 for all i € N. In particular, the series Y .-, u(E;) cannot converge,
which is a contradiction to

> wE;) = u(U Ei) eR.
i=1 i=1
Consequently, it must hold that |u|(X) < co.
Ad /.. Let A € 2 be an arbitrary measurable set. By assumption, p is a

positive measure. Together with u’s o-additivity, we immediately obtain that

n

> heta0] = Y- utd) = (U 4:) = e

=1

for any disjoint partition Ay, As,... of A. Thus,

|l (A) = sup{u(A): Ay, Ay A=A ne N} = u(A).

i=1
O

The following lemma summarizes a number of general results in measure
theory that revolve around the so-called Jordan decomposition of signed mea-
sures.

Lemma B.9 ([31, Kapitel VII]). For a signed measure yp there are finite mea-
sures u and p~ on (X,2A), which together we call the Jordan decomposition
of 1, such that

1opt,u >0,
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2. p=pt—p",
S |ul=p*+p,

4. ut L pu=, i.e., there is a disjoint decomposition of X = AU B with A, B €
% and it (4) = 0 = i~ (B),

5. the Jordan decomposition is unique (except for p null sets).
We sometimes call u* the nonnegative part and u~ the nonpositive part of p.

Definition B.10. Let u be a signed measure with Jordan decomposition p =
put —p~. For an A-B(R)-measurable function f: X — R, we define the (signed)
integral of f with respect to the signed measure p by

/deuz/xfdf—/xfd_u,

whenever at least one of the Lebesgue integrals on the right hand side is finite.
We say an 2-B(R)-measurable function f is u-integrable if |fX f d,u| < 00,
or equivalently | [y f du®| < oo.

Lemma B.11. Given a signed measure pi: %A — R and a p-integrable function
f: X = R. It holds that

1 [y xa dp = p(A), for all A e,
2. f is p*-integrable.

If g: X — R is another p-integrable function and o, 3 € R, it also holds that
3. [yaf +Bgdu=a [y fdu+p [y g du.

Proof. These properties follow immediately from the definition of the (signed)
integral and the respective properties of the Lebesgue integral. O

Lemma B.12. The (signed) integration of a function is linear w.r.t. the mea-
sure, i.e., for any two signed measures i, p2: A — R as well as any p1- and
wa-integrable function f: X — R, it holds that

/ [ d(oapr + asps) =a1/ [ dpa —|—a2/ [ dps
X X X

for all ay, s € R. Moreover, this directly implies that [ is (11 + aops)-
integrable.

Proof. First, it is easy to verify that every linear combination of signed measures
is a signed measure again. Second, for all A € 2, we find that

/ xa d(apn + azpz) = (a1p1 + aspz)(A)
X

= a1 (4) + agpe(A) = aq /

XA dp +a2/ X4 dpg,
X

X
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i.e., the claim is valid for characteristic functions. We now consider an arbitrary
nonnegative simple function u = Z?:l aixa, with a; € R and A; € A for
i=1,...,n. Then, by linearity of the integrand, see Lemma B.11,

/ u d(oqpy + agpz) = Zai/ Xa; dlarpr + azps)
X P X
= Q1 Zai/ XA, A1 4o Zai/ XA, diiz
i=1 X i=1 X

:al/ ud,u1+oz2/ u dus,
X X

i.e., the claim is valid for simple functions. We note that the above equation
also implies that

/ u d(onpy + aspie) ™ —/ w d(aqpg + agpp)”
X X

—a1</udui~'/ud,ul_>+oz1</ud#;'/udu2_).
b'e b'e b'e X

Now, let f: X — R be a ;- and po-integrable function. Set f¥(z) :=
max(f(x),0) and f~(z) := —min(f(z),0) for all z € X. Then f* and f~ are
nonnegative and pi- and po-integrable functions on (X, %) with f = f+ — f~.
There exists a sequence of nonnegative simple functions (uy,)nen with u, — fT
pointwisely and 0 < wu,, < up,4+1 for all n € N. Applying Beppo Levi’s lemma
and (B.3), we obtain that

(B.3)

[ 1% dtesp + azpa)
X
= / fHd(arp + azpa)® —/ [T d(aipn + aspz)”
X X

= lim Up d(aqpg + agpp)t — 1i_>m / Up d(agpy + aope)”
n o X

n—roo X

= lim <a1/ Up, d,uf +a2/ Up, duﬁ)
— lim (oq/ Up, dpty +a2/ Up, du;)

ar [ dui s [ £ dt—an [ 5 duf o [ 1 aud
X X X X

:al/ f+ d/,L1+O[2/ f+ d,LLQ
X X

Due to (aqper + aope)™ L (aqpr + aopa) ™, there exists a partition X = PUN
with (aqp1+asps)™(N) = 0 and (aqp +aspe) ™ (P) = 0, see Lemma B.9. Then
xpfT is p1- and ps-integrable and it holds that ypu, /' xpfT pointwisely.
Therefore,

a1/ xeft dum +Oz2/ xpft dus
X X
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=m (/ xpft duf —/ xpft dm)
X X
T ( [ oxestdus = [ xest du2>
X X

= lim oy (/ XPUn d,uff/ X PUn dul_)

+ lim ap (/ XPUn d,uéIr —/ XPUn du;)
= lim (/ XpPun d(arpn + aopig)™ —/ XPUn d(a1p + azuz)‘)
= / xpfT d(arp + aopz)t */ xpfT dlaip + agp)”

X X

:/ xpf T d(arp + azpz),
X

where the convergence follows from Beppo Levi’s lemma again. Analogously,
we obtain the same relation for xnf* and hence

/f+ d(a1/~t1-5-012/i2)2041/fJr du1+a2/f+ dps .
X X X

We use the same argumentation for the negative part f~ to ultimately arrive
at

/ [ d(aipn + azps)
X

:/ fHd(ayn +02M2)*/ [~ d(aipn + azpz)
X X

:al(/)(f+du1_/)(f_d’u1>+a2</xf+duz_/)(f_duz>

zoq/ fdu1—|—a2/ fdus .
X X
O

Lemma B.13. Let p: A — R be a finite signed measure and f: X — R be an
w-integrable function. Denote the total variation of p by |u|. Then it holds that

’/deu‘S/XIfl dlul.

Proof. Given the Jordan decomposition of p, namely pF, = : A — R, we know
that p*,u= >0 and |pu| = p™ + p~. Then,

‘/xfd“’:‘/xﬁ d’”‘/xf‘ W—/Xﬁ du‘+/Xf‘ du"

g/Xf+du++/Xf* du++/Xf+d;f+/Xf* du*:/x\fldlul,

because all of the integrals fX f*dut, fX f* du~ are nonnegative and Lemma
B.12. O
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We recall the definition of the space M(X) from Chapter 2:

Definition B.14. We denote the set of signed measures pu: B(X) — R whose
total variation measure || is an (inner and outer) regular measure by 9(X).
We call those measures (signed) reqular Borel measures. 9(X) is a Banach
space w.r.t. the total variation norm

1tllomxy = [1/(X),
see e.g. [2, Theorem 6.21].

Lemma B.15. Let X = {x1,...,2,}, n €N, be an arbitrary finite set and let
A be the discrete o-algebra on X (i.e., A is defined to be the power set of X ).
Then, (M(X),]|- llon(x)) is isometric isomorphic to R™ ]+ 11)-

Proof. Let p € M(X) and A > A =J
Then p’s additivity implies that

w(Use) = Eute) (B.4)

el i€l

ser i with I C {1,...,n} be arbitrary.

i.e., u(A) is uniquely determined by {pu(z;)}icr. Hence, the mapping ¢: R™ —
M(X) defined via

élar, ... an) =p with u(0) =0 and pu(z;) =a; forall i =1,...,n,

is one-to-one and a homomorphism. Moreover, (B.4) shows that ¢ is an isometry,

since
n n

16(a) oy = 11l (X) = D nlxa)l = Y las| = |lall;,

=1 i=1

for all @ = (ay,...,a,)" € R™. O
Theorem B.16. Let X C R be compact. Then, it holds that L*(X) < M(X).

Proof. Consider the operator
v LNX) = M(X), «(f)(B) ::/ fdx\ feL'YX), BeB(X),
B

with A being the Lebesgue measure on the measurable space (X ,B(X )) Note
that A is finite on X, because X is bounded. We first convince ourselves that ¢
is well-defined.

Let f € L'(X) be fixed but arbitrary. By construction, +(f)(#) = 0. For
every B € B(X), we find that

@) =] [ xof < [ olif i< [ 15 a =1l < .

where we used Lemma B.13, the monotonicity of integration, and the nonnega-
tivity of the Lebesgue measure. Hence, ¢(f): B(X) — R is a finite set function.

To see that ¢(f) is o-additive, we first assume w.l.o.g. that f is nonnegative
almost everywhere. Otherwise, the following argument can be made separately
for its positive and negative parts. We then consider a sequence (B;);en of
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disjoint measurable sets B; € B(X). Because B(X) is a o-algebra, (J;cy Bi €
B(X).

n(Us)= [ o= [uens [ S0 o

1€N ienN i ieN
2
25 [ xmsin=3 [ ran=Y un,
ieN X ieN ¥ Bi iEN
where we used the disjointness of the sets By, Ba, ... for (1) and the monotone

convergence theorem together with the nonnegativity and measurability of the
functions xp, f, xB, f,... for (2). Altogether, this shows that «(f) is a finite
(signed) Borel measure on (X, B(X)).

Because X is a compact subset of R?, it is Polish. Ulam’s theorem, see
e.g. [31, Satz VIIL.1.16], then ensures that ¢(f) € 9M(X) so that ¢ indeed is
well-defined.

The linearity of ¢ follows trivially from the linearity of the Lebesgue integral.
Moreover, we observe that

L(f)(B):/Bf+ i\ —/Bf_ d\ for all B € B(X).

Both integrals on the right-hand side are nonnegative. Therefore, the uniqueness
of the Jordan decomposition, see Lemma B.9 5., implies that

+ = 1 L B = _
() (B) = /B frdh and (o)) (B) /B f- dx

for all B € B(X). Using this and Lemma B.9 3.,

el = 1OIX) = [ o are [ foan= [ 11 ax= Pl

shows that the linear operator ¢ is bounded and therefore continuous.

To convince ourselves that ¢ is injective, let fi, fo € L1(X) with f; # f2 be
given. Then, there exists a subset £ C X with A(E) > 0 such that (f1—f2)(z) >
0 forall z € F or (f1 — f2)(z) < 0 for all z € E. The subset E is measurable,
because it is the preimage of (0,00) € B(R) or (—o0,0) € B(R) w.r.t. the
B(X)-B(R)-measurable function f; — fa. Therefore, E € B(X) and

(FE) — e f2)(E) = i(fs — 2)(E) = [E fi—fadA 20

so that ¢(f1)(E) 2 «(f2)(FE), in particular ¢(f1) # ¢(f2).

To finally establish that ¢ is an embedding, it remains to show that ¢ is an
open map between L'(X) and its image ¢«(L'(X)) C 9MM(X). Let O C L*(X)
be open and p € ¢(O) be arbitrary. Then, there must exist some f € O with
= t(f) and, because of O’s openness, a radius 6 > 0 such that B(f;d) C O.
For every v € B(u;8) C (L*(X)) there exists some g € L'(X) such that
v=1(g) and || — V|lgy(x) < 0. We immediately receive that

1 = gl = /X =gl A = 1i(f = () = 1 — Vllgnx) < 6.
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ie., g € B(f;0) C O and thus v = 1(g) € +(O). Because v was arbitrary, this
shows that B(u;d) C ¢(O) and, because p was arbitrary, that +(O) is an open
set in L1(X). Therefore, . maps open sets onto open sets, i.e., ¢ is an open map.
This concludes the proof. O

Lemma B.17. For X C R? compact, some regular Borel measure p € 9M(X),
and some measurable set B € B(X), there exists a sequence of nonnegative
continuous (and thus measurable) functions (ve)en,0 on X such that

/ved,u = w(B) as e \0.
b's

Proof. Denote by put and p~ the Jordan decomposition of u € 9M(X), see
Lemma B.9. By Ulam’s theorem, ™ and p~ are regular Borel measures (see,
e.g. [31, Folgerung VIII.2.22]). Hence, for € > 0 arbitrary, there exist both a
compact set KT C X and an open set UT C X such that K™ ¢ B C U" and

pt(B) —e < pt(KT) <p™(B) < p™(UF) < p™(B) +e.

Analogously, there exist both a compact set K~ C X and an open set U~ C X
such that the above estimates hold for u~. We define K = KT UK~ C B
and U :== UT NU~ D B and notice, by Urysohn’s lemma, that there exists a
continuous (and bounded) function ve: X — [0,1] with v.(z) =1 for all z € K
and ve(x) =0 for all x € X \ U. Hence,

pt(B) —e < p*(K) = / Xk dp*
X

S/ ve dp™*

X

S/ xu dpt = pt(U) < pt(B) +e,
X

and we find a similar estimate for ;~. By definition of the (signed) integral,

‘/ Ve du—u(B)’ < ’/ ve dp™ —u*(B)’ + ‘/ ve dp” —p~ (B)| <2 — 0,
X b'e X
as € \( 0, which gives the desired result. O

Lemma B.18. Let X C R? be compact and p € M(X) be a nonnegative
(signed) regular Borel measure. For any B € B(X) with B Nsupp(u) = 0, it
holds that p(B) = 0.

Proof. Let B € B(X) be such that B Nsupp(u) = 0. Because u is nonnegative
and (inner) regular, for every € > 0 there exists a compact set K C B such that
w(K) > pu(B) —e. Since K is a subset of B, we have that K Nsupp(u) = 0 and
thus for any = € K, by definition of supp(u), there exists an open neighborhood
N, € B(X) of x such that u(N,) = 0. Because K is compact, the open cover
Usex N2 O K admits a finite (possibly non-disjoint) subcover N, U---UN, D
K, where N € N and z1,...,z5y € K. Consequently,

0=p(Nay) + -+ u(Na,) = p(Ngy U+ UNgy) > p(K) = p(B) —¢

i.e., u(B) € [0,e]. Because € > 0 was arbitrary, this yields that u(B) =0. O



Appendix C

On the Theory of Optimal
Transport

Lemma C.1. Given the measurable spaces (X1,21) and (X2,2z2) as well as

a nonnegative coupling m € (w1, ua) between the nonnegative marginals py €
M(X1) and py € M(Xs3). Then, it holds that

supp(m) C supp(p1) X supp(p2).

Proof. We argue by contradiction and assume the contrary, i.e., we assume that
there exists some = € supp(7) \ (supp(u1) X supp(p2)). Since both supp(p1) and
supp(uz) are closed, so is their product supp(p1) x supp(ue) and hence there
exists a radius p > 0 such that B(z;p) N (supp(u1) X supp(uz)) = 0.

Then, there must exist a radius p > 0 such that

B(z;p) N (supp(p1) x X2) =0 and/or B(z;p) N (X1 x supp(pz)) = 0.

If this were not the case, then we would find the points y, € B(w; %) N
(supp(ul) X Xg) as well as z, € B(x; %) N (X1 X supp(ug)) for every n € N.
As n approaches infinity, y, — = as well as z,, — x and the closedness of both
supp(p1) X Xo and X7 X supp(us) would imply that

x € (supp(p) x Xa) N (X1 x supp(p2)) = supp(p1) x supp(p2),

contrary to our initial assumption.
Now, if B(z;p) N (supp(u1) X X2) = 0, then because 7 is a nonnegative
coupling between p1 and po,
pi(X1) = m(X1 x Xz) > 7((supp(p1) x X2) U B(z; p))
= 7((supp(p1) x X2)) + m(B(z;p))
=y (supp(p1)) + 7 (B(x; p)) = pa(X1) +7(B(x; p))

and consequently 7(B(x;p)) = 0, which contradicts z € supp(r). If B(z;p) N
(X 1 X supp(ug)) = (), we argue analogously to derive the same contradiction. [J

Lemma C.2. Consider some measurable space (X, B(X)). If m € I(py, ) is
an optimal transport plan between the marginals py € M(X) and py € M(X)

XXix



XXX APPENDIX C. ON THE THEORY OF OPTIMAL TRANSPORT

w.r.t. the B(X)-B(R)-measurable and symmetric cost function c: X x X - R,
then there exists an optimal transport plan ' € TI(ug, 1) between ps and py
w.r.t. ¢ which satisfies

’iT/(BQ X Bl) = ’/T(Bl X BQ) fOT all By, By € %(X) (Cl)

Proof. Because the system B(X) x B(X) is a generator of the sigma algebra
B(X x X) that is closed under finite intersections and because 7 is a finite mea-
sure, the relation in (C.1) is actually the definition of the measure 7', see e.g. [31,
Theorem I1.5.6]. Furthermore, we directly obtain that «" € II(ug2, p1). Conse-
quently, there is a one-to-one correspondence between IT(p1, po) and TI(uz, p1).

For each n € N, we choose a disjoint partition By, ..., By, € B(X)\ {0} of
X! and symmetric simple functions

kn
Cn = Z ¢ xp,xp, withc =c! eRforalli,j=1,...,k,, (C.2)

4,j=1

in a way that the sequence (¢,)nen approximates the symmetric function ¢
uniformly. With this choice, the definition of the Lebesgue integral together
with (C.1) and (C.2) yields that

/X c(x1,x2) dm(xy,22)

= lim cn(x1,x2) dr(x1, 29)
n—oo X

n n
= lim g I 7(B; x B;) = lim E Jdi 7' (B; x B;
n—s 00 mn ( 7 J) s 00 n ( J 1)
i,j=1 t,5=1

= lim cn(wo,mq) dr’(wo, 1) :/ c(xo, 1) dr' (22, 1),

n=0 JXox X, X

i.e., m and 7’ have the same target values in their respective Kantorovich prob-
lems. This is sufficient to conclude that uniqueness of the optimal transport
plan between s and p; implies the uniqueness of the optimal transport plan
between p; and us with respect to the cost c. O

INote that {Bi,..., By, } x {Bi1,..., By, } is a disjoint partition of X x X.



Appendix D

On Functional Analysis

Lemma D.1. Suppose that (X, || ) and (Y, ||+ ||y) are normed vector spaces
over R (or C). Denote their (topological) dual spaces by (X*,|-||yx.) and
(Y*, || - ly«) with the usual definitions

flz
Wl = sup [£(@)] = sup L&)
reX, reX, ”‘THX

lz]l <1 x#0
and l9(v)|
gly
lglly« = sup |g(y)| = sup -
€y, yey, y||Y

y
llylly <1 y#0
On X XY and X* XY™, we define the norms

Y*}a

respectively. With the above definitions, the spaces (X XY, ||« ||y y) and (X* x
Y*, ||+ |l x«xy~) become Banach spaces (the proof is left to the reader).
Then, the mapping

J: X*xY* =5 (X xY)*, (J(f,9)(x,y) = f(z)+9(y)

is an isometric isomorphism. Hence, (X x Y)* =2 X* x Y*.

1@ Pl x ey = lzllx + lylly  and [1(f,9)llx- cy- = max{|[f]l x-, llg]

Remark D.2. Note that the above result only provides an isometric isomor-
phism between the spaces ((X x Y)*, |- ||(Xxy)*) and (X* X Y*, ||+l xuxys )
where

Wllceyy = sup bz, y)|
(z,y)EX XY,
(@l x xy <1

and

[(fs D sy = max{[| fll x, lglly-}-

If we equip the latter space with any of the norms
1
19, = (1% +lgl5) 7, el 00),

there cannot exist an isometric isomorphism between the above spaces. This is
due to the fact that the norms on R? are equivalent but not equal. Nevertheless,
the spaces are still isomorphic. o

XXX1
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Proof of Lemma D.1. We first convince ourselves that J is well defined. For
arbitrary f € X* and g € Y*, the mapping J(f,g) is obviously linear w.r.t. =
and y. Furthermore,

[(J(f:9) (@ y)| < [f(@)] +]9(y)]
< Ml 2l + llglly«ylly
< max{|| f{|x-, [lglly« (@, 9) Ly wy-

Thus J(f,g) is a bounded linear operator and therefore continuous so that J is
well defined.

Clearly, J is linear w.r.t. f and g and

[T Dl (xxyvy- = sup [f(@)+g(y)

H(I,y)\lnyél

< osup f(@)]+ g(v)]
@)l x v <1

< osup [fllx-

”(w’y)‘lxxygl

< max{|[f]| x-,

ol x +llglly-lylly

vt osup izl +lylly

(I’y)”Xxygl

lg]

= ||(fvg)HX*><Y*a

so that J is bounded and thus continuous on X* x Y*. To show the converse es-
timate, we assume without loss of generality that || f|| . = max{|| f||x..,[lglly~}-
Then, because of g(0) = 0,

1T Dl xxyy- = sup |f(@) +g(y)]
129l x oy <1

> sup[f(x) +9(0)
1.0 1 oy <1

= sup 1If(%)\ = [Ifllx- =1

(f7g>||X*><Y*a

which, together with the previous estimate, implies that [|J(f,9)[l(xxy) =
I(f,9)ll x+xy=> i-e., J is an isometry. Furthermore, this means that J must also
be injective, because J(f1, 1) = J(f2,g2) implies

0= [IJ(f1,91) = J(f2, 02) | x vy = I (f1 = Fas 91 = 92) | (v )
=[|(f1 = for 91 — 92) [ x o xy -
=|lf1 - f2||X* + llg1 — 92|

that is, fi = f2 and g1 = g2 for all (f1,91), (f2,92) € X* x Y*. It remains to
show the surjectivity of J. However, we see this immediately because

JTH (X xY) = X xY*, (7N (R)(2,y) = (h(z,0),h(0,y))

Yo

is the inverse function to J. O
Lemma D.3 (A Scaled Young’s inequality). For any two real numbers a,b € R
and any positive scalar p > 0 it holds that

1 b?
ab< o+ 202 < pa? + =
2 2p p
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Proof. By binomial expansion,

b\, b2
0< pa) = pa* — 2ab+ —.
<\F N p

Hence,
2

1 b
ab < BaQ—&——bz SpaQ—i——.
2 2p p

O

Lemma D.4. Let (X, | - | ) be a Banach space and denote by X* its topological
dual space. Then the norm on X* is weak™ lower semi-continuous.

Proof. The norm on X* is defined by

. ) ‘<x*7x>x*,X’
oo = sup Lo X
0#zeX =] x
Accordingly,
lz*]| -zl x > |<x*,x)X*7X| forallz € X, 2% € X™. (D.1)

Now, consider a sequence (z)nen in X* that is weakly* convergent to some
element ¥ € X*, ie., (2},2) v« x = (T, )y« x @8 n — 00. By (D.1),

(@ 2) e x| = liminf (@, ) . | < o]y Hminfag |y for all z € X,
which implies

’<E*vm>X*,X|

Hxllx - lnnig ”xn”X or all

and therefore
2 - < liminflz] ..

which corresponds to the lower semi-continuity of the dual norm. O

Lemma D.5 (Lemma ohne Namen). Let (X,d) be a metric space. If (xp)nen

and x € X are a sequence and a point, respectively, such that any subsequence

(Zn, )ken possesses another subsequence (xnkl )ieN with T, l—) z in X, then
—00

T, —— x in X.

n— oo

Proof. We argue by contradiction and assume that x, 4 x as n — oo. This,
however, provides us with some ¢ > 0 and some subsequence (ng)ren such that
d(xy,,,x) > € for all k € N. This subsequence cannot possess a subsequence
convergent to x which is a contradiction to the assumptions. Therefore, it must
hold that x,, =+ x in X as n — oco. O]

Definition D.6. We say that a mapping f: X — Y between the Banach spaces
X and Y is Hadamard differentiable at a point x € X, if

Flash) = fim JET) = @)

b
h—h, t
t—0
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for each direction h € X, see e.g. [70, Definition 2.2]. Note that, in the above,
f'(z; h) denotes the usual directional derivative

Flosh) ot £ D)~ @)

t—0 t

ey.

Lemma D.7. Let f: X — Y be a mapping between the Banach spaces X
and Y that is directionally differentiable at a point x € X in each direction
h € X. If, in addition, f is (locally) Lipschitz continuous, then f is Hadamard
differentiable at x.

Proof. Consider arbitrary sequences (hy)neny C X and (t,)neny C R with h,, —
h and ¢, — 0 as n — co. We denote f’s Lipschitz constant at x by Ly, > 0.
Then, for n € N large enough, it holds that

H flz+ tn;ln) - [(@) — f'(x;h)
n Y
< H @t tahn) = flet+tah)|| H f@ttah) = F@) iy
tn v ty Y
< Lyttt [ IO g
n Y

Thus, f is Hadamard differentiable at x. O
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