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ABSTRACT

Through this thesis, I purse rigorous understanding of adversarial training in
multiclass classification problem which is now one of the most important tasks in
modern machine learning community. Especially, after the great success of deep
learning based algorithms, there have been a numerous demands to understand
the robustness of machine learning models after their training, especially since the
discovery that they exhibit a critical vulnerability to adversarial perturbations that
are imperceptible to humans was known. Since 2010 there have been numerous
papers regarding adversarial training in order to defend against such adversarial
attacks, and hence to obtain more robust machine learning models.

However, in spite of huge efforts devoted to in this field, until very recently no
rigorous mathematical understanding was achieved, to the author’s best knowl-
edge. Because of the lack of rigorous understanding regarding this problem, many
properties, or even the existence of such robust classifiers, is unveiled.

Since this problem has both interesting and important for both theoretical and
practical reasons, the ultimate goal of this thesis is not only to provide the mathemat-
ically rigorous foundation for the adversarial training in multiclass classification but
also to propose practical algorithms. Part of new algorithms we purse in this thesis
is guided by the new mathematical framework for adversarial training perspective
that we develop.

The contributions of this thesis can be summarized in the following three themes,
which we will develop in succeeding three chapters:

1. In chapter 3, Adversarial learning, Generalized barycenter problem and their con-
nection by multimarginal optimal transport, the adversarial training problem is
connected to multimarginal optimal transport problem. To obtain this beauti-
ful connection, the generalized (Wasserstein) barycenter problem which is
indeed the generalization of classical barycenter problem is introduced. Based
on that, various equivalent formulas are derived including a multimarginal

optimal transport formulation. Through these equivalent formulations we are
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able to prove that the adversarial training problem, especially, distributional-
perturbing adversarial training model, is equivalent to the generalized barycenter
problem and the associating multimarginal optimal transport problem. One
of advantages of these equivalences is that it allows to use many computa-
tional optimal transport tool to calculate the adversarial risk. We will leverage
such computational advantages in chapter 5.

. In chapter 4, On the existence of solutions to adversarial training in multiclass
classification, the mathematical understanding of three variant adversarial
training models is pursued. In particular, we show that the well-posedness of
adversarial training models. The existence of Borel measurable optimal ro-
bust classifiers is proved in the distributional-perturbing adversarial training
model. Furthermore, other two models also impose Borel measurable optimal
robust classifiers through the previous result. Lastly, a unifying perspective of
all three models is provided, through which we will see that the three models

are almost the same.

. In chapter 5, Two approaches for computing adversarial training problem based
on optimal transport frameworks, based on the theoretical understanding of
the previous two chapters, we propose two numerical implementations for
adversarial training. One employs the geometric structure of the generalized
barycenter problem in chapter 3 which suggests a way to count all possible
interactions efficiently. The other relies on a multimarginal optimal transport
formulation of the adversarial training problem, also developed in chapter 3,
which implicitly hints the idea of truncation. Numerical results on real data

sets obtained by these algorithms are also provided.



1 INTRODUCTION

This thesis is the attempt to provide a rigorous bridge between adversarial learn-
ing community and optimal transport community. The aim is to build up the
understanding of adversarial training model in classification via the lens of modern
optimal transport theory, especially so-called multimarginal optimal transport.

Modern machine learning models, in particular those generated with deep
learning, perform remarkably well, in many cases much better than humans, at
classifying data in a variety of challenging application fields like image recognition,
medical image reconstruction, and natural language processing. However, the
robustness of these learning models to data perturbations is a completely different
story. For example, in image recognition, it has been widely documented (e.g.,
Goodfellow et al. (2015) and Zhang et al. (2019); see Figure 1) that certain struc-
tured but human-imperceptible modifications of images at the pixel level can fool
an otherwise well-performing image classification model. These small data pertur-
bations, known as adversarial attacks, when deployed at scale can make a model’s
prediction accuracy drop substantially and in many cases collapse altogether. As
such, they are a significant obstacle to the deployment of machine learning systems
in security-critical applications, e.g. Biggio and Roli (2018). To defend against these
attacks, many researchers have investigated the problem of adversarial training,
i.e., training methods that produce models that are robust to attacks. In adversarial
training, one typically pits the adversary against the learner during the training
step, forcing the learner to select a model that is robust against attacks. Nonethe-
less, despite the attention that has been devoted to understanding these problems,
theoretically and algorithmically, there are still several important mathematical
questions surrounding them that have not been well understood.
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Figure 1.1: Top : Adversarial examples generated for GooglLeNet. (Left) is a
correctly predicted sample, (center) difference between correct image and (right)
adversarial example from Goodfellow et al. (2015).

Bottom : The car with a camouflage pattern is misdetected as a “cake” from Zhang
et al. (2019).

1.1 Generalized barycenter problem and

multimarginal optimal transport formulation

The first attempts Bhagoji et al. (2019); Pydi and Jog (2021a,b) to understand the
adversarial training problem are based on an somewhat accidental but intriguing
observation that the optimal adversarial risk in the binary classification with the
agnostic learning setting has the same form of an optimal transport problem which



is also known as “Strassen’s theorem”, equivalently known as the total-variation
distance on the space of probability measures. This is the first breakthrough to
reach some meaningful mathematical result on this field in a very general sense.
Also, through the equivalence of optimal transport problem they can explicitly
compute the adversarial risk. However, their achievements are not fully satisfactory.
Although those papers open a new door to explore this field, it is still mysterious
that what is really going on the coincidence of formula. In fact, no explanation
was provided about this coincidence. Because of this reason, no one truly under-
stands the meaning of the adversarial learning in some sense beyond this miracle
coincidence.

In chapter 3, base on Garcia Trillos et al. (2023), we generalize the adversarial
training problem to multiclass classification and prove the equivalence between this
problem and several fomulae written as multimarginal optimal transport problems.
In addition to these, we can provide the mathematical explanation regarding the
adversarial training problem, especially the geometric understanding regarding
the adversarial attack. The key object for all works is the generalized (Wasserstein)
barycenter problem which is the following:

inf_ {MDC) + Y Clw, i) : A= forallie y} .

AJH e HK ey

where 3, ..., uk are given positive measures and

Clu i) = _inf | clxx)dm(x,x)
T ETT (i i) Jo

which is classical optimal transport cost from p; to ;. The first main theorem is
that

Theorem 1.1. Under some assumptions on c(x,x"), we have

adversarial risk =1 —  inf {7\(%) + Z Cluy, i) : A=y forallie H} .

AL e K ey



This equivalence shows the nice interpretation of adversarial training problem,
especially from the adversary’s perspective because variables 11;’s are taken by
the adversary. Geometrically and intuitively, the adversary wants to make more
overlaps among 11;’s provided that the total transporting cost is not too big.

Once obtaining it, following the philosophy of classical barycenter problems,
one would attain an equivalent multimarginal optimal transport formulation of
the adversarial training model. Like classical barycenter problems, the generalized
barycenter problem has an equivalent multimarginal optimal transport (MOT)
formulation. To be precise, we use a stratified multimarginal optimal transport

problem to obtain an equivalent reformulation.

Theorem 1.2. Under some assumptions on c(x,x’), let Sx :={A C Y : A # (}. Given

A € Sk, define ca : XX — [0,00] as ca(x1,...,xx) = infyrex ) ;cn €lxi,x).
Consider the problem:

inf Cal(X1,...,xk) +1)dma(xy,...,x
{nA:AeSK}A;KJx ( Al k) ) Alx1 K)

s.t. Z Pigmmta =y foralli ey,

A€ESk (1)

where Py is the projection map Pi : (x1,...,xx) — xi, and Sx(i) :={A € Sx : i € A}
Then

infA(X) + ) Clpy, i) =inf ) J

(CA(Xl,. ..,XK) + 1)d7‘(A(X1,. . .,XK).
ieY A€ESk XK

In particular, if you solve this stratified multimargianl optimal transport problem,
then you can obtain the optimal adversarial attiacks [1;’s from 7 ’s. In this sense,
this formulation is the problem for the adversary.

Lastly, one would get a nice single MOT formulation. But, it is still not like
usual MOT problems because its cost function ¢, we call it a MOT cost function
to distinguish a given cost c, has a very special structure. Heuristically, a MOT

cost function is itself an optimization problem. So, we have a nested optimization



problem; first solve a local problem given K-many points and solve a global problem
by taking an optimal coupling which organizes the mass from ;s in a most efficient
way.

Theorem 1.3. Under some assumptions on c(x,x’), there is some MOT cost function ¢
such that

infA(X) + ) Cluy, i) = inf Jc(xl,...,xK)dﬂ(xl,...,xK).
XK

el (dy,..., 0
ey (H1, k)

One can regard the above formulae for the adversary’s problem. In words, if
the adversary solves one of the above three problems, then the optimal adversarial
attacks follow. A natural question is about the learner, or classifier. How can we
obtain a robust classifier? A very natural guess is to study the dual of the adversary’s
minimzation problems. Regarding the adversarial training as a two-players mini-
max game, it is an intuitive consequence that its dual is a problem for the learner.
Without the previous observations, however, this guess is not trivial at all. The
following results are about the learner’s problems.

Theorem 1.4. Let Cy, (X) be the set of bounded real-valued continuous functions over X.
Under some assumptions on c(x,x"), The dual of the generalized barycenter problem is

sup Z Jx L (xi)dpi(xi)

1, fKECH(X) ey

st.fi(x) >0, ) fi(x) <1, forall xe X, ie{l,..., Kl

ieY

where £§(x) := inf,{fi(x) + c(x, x")}. Also, there is no duality gap between primal and
dual problems.
The dual of the stratified MOT problem is

sup ZJ gi(xi)dpi(xi)

91,9k EC (X) yey JX

s.t. Z gi(xi) <1+calxy,...,xx) forall (xq,...,xx) € X, A € S,
icA



and there is no duality gap between primal and dual problems.
If f is a solution for the dual of the generalized barycenter problem, then it is a (optimal)
robust classifier.

Every detail will be described and formulated in chapter 3. We also need to
mention that to solve the first dual problem is not trivial because it lacks any
structure. Instead, one can detour through the second dual problem which has

more structures thanks to a specific constraints to obtain a robust classifier.

Theorem 1.5. Suppose that (11*, g*) is a solution pair for the generalized barycenter problem
and the dual of its MOT formulation. Let f* be defined as

fi(X):= sup {gi(x) —c(x,X])},
x€Espt(p)
foreachie Y.
If f* is Borel-measurable, then (f*, 1w*) is a saddle solution for the adversarial training
problem. In particular, £* is a robust classifier.

To summarize, using the generalized barycenter problem, the corresponding
MOT formulation and its duality, we can completely characterize a pair of solutions,
optimal adversarial attack and robust classifier, for the adversarial training model.
Furthermore, we can prove the existence of an optimal adversarial attack and

explain its geometry of the generalized barycenter problem.

1.2 The existence of robust classifier and unifying

perspective of adversarial models

The last theorem describes how to obtain a robust classifier. A problem is that,
although we have a very explicit transformation from an optimal dual potential g*
to f*, it is not trivial that such g* exists. If a cost function c is bounded and Lipschitz,
it is well known that there is an optimal g* which is also bounded and Lipschitz,



hence, so as *. But, most cost functions of interest are not either continuous nor
bounded. Thus, it is not clear whether an optimal dual potential g* exists.

Furthermore, even if such g* exists, it is even more unclear that f* obtained by the
above transformation is measurable in general. It is well-known that the supremum
of an uncountably large family of measurable functions is not measurable in general.
Hence, the statement imposes the precondition that “f* is measurable”. In fact, this
issue is common, because the transformation, known as c-transform in optimal
transport community, does not preserve the measurability.

In this sense, the existence of (Borel measurable) robust classifier is not straight-
forward, and this is the reason why, through this thesis, we choose agnostic setting,
in other words, the solution space is the set of all Borel measurable functions whose
values are between 0 and 1. For the adversarial attack, thanks to the semi-continuity
and uniform boundedness of the values of problem, we are able to use compactness
argument to guarantee the minimum and a minimizer easily.

A fundamental difficulty for obtaining a roubst classifier in adversarial training,
in contrast to standard training of learning models, is the fact that the adversary has
the power to alter the underlying data distribution. In particular, model training
becomes an implicit optimization problem over a space of measures, as a result, one
may be forced to leave the prototypical setting of equivalence classes of functions
defined over a single fixed measure space. In general, measurability issues become
more delicate for adversarial training problems at the moment of providing a
rigorous mathematical formulation for the problem. Due to these difficulties, there
are several subtle variations of the adversarial training model in the literature and it
has not been clear whether these models are fully equivalent. More worryingly, for
some models, even the existenice of optimal robust classifiers is unknown, essentially
due to convexity and compactness issues.

Let us emphasize that these issues arise even in what can be regarded as the
simplest possible setting of the agnostic learner, i.e. where the space of classifiers is
taken to be the set of all possible Borel measurable weak (probabilistic) classifiers.
While this setting is trivial in the absence of an adversary (there the optimal choice
for the learner is always the Bayes classifier), the structure of the problem is much



more subtle in the adversarial setting (in other words the analog of the Bayes
classifier is not fully understood). With an adversary, the training process can be
viewed as a two-player min-max game (learner versus adversary) Bose et al. (2020);
Meunier et al. (2021); Pydi and Jog (2021b); Balcan et al. (2023) and as a result,
the optimal strategies for the two players are far from obvious. By relaxing the
problem to the agnostic setting, one at least is working over a convex space, but
again measurability issues pose a problem for certain formulations of adversarial
training.

The existence of measurable “robust" solutions to optimization problems has
been a topic of interest not only in the context of adversarial training Pydi and
Jog (2021b); Frank and Niles-Weed (2022); Frank (2022); Awasthi et al. (2021a,b)
but also in the general distributionally robust optimization literature, e.g., Blanchet
and Murthy (2019). Previous studies of robust classifiers use the universal o-algebra
not only to formulate optimization problems rigorously, but also as a feasible
search space for robust classifiers. The proofs of these existence results rely on the
pointwise topology of a sequence of universally measurable sets, the weak topology
on the space of probability measures, and lower semi-continuity properties of R, ().
The (universal) measurability of a minimizer is then guaranteed immediately by
the definition of the universal o-algebra. We want to emphasize that all the works
Pydi and Jog (2021b); Frank and Niles-Weed (2022); Frank (2022); Awasthi et al.
(2021a,b) prove their results in the binary (K = 2) classification setting where X is
a subset of Euclidean space.

In light of the above considerations, the purpose of chapter 4, based on Gar-
cia Trillos et al. (2023a), of my thesis is twofold. On one hand, we provide rigorous
justification for the existence of Borel-measurable robust classifiers in the multiclass
classification setting for three different models of adversarial training. Notably, our
analysis includes a widely used model for which the existence of Borel classifiers
was not previously known and existence of solutions had only been guaranteed
when enlarging the original Borel o-algebra of the data space. On the other hand,
we develop a series of connections between the three mathematical models of ad-
versarial training discussed throughout the paper exploiting ideas from optimal



transportation and total variation minimization. By developing these connections,
we hope to present a unified formulation of adversarial training and highlight
the prospective advantages of using tools in computational optimal transport for
solving these problems in the agnostic-classifier setting (and perhaps beyond the
agnostic setting too). We also highlight, in concrete terms, the connection between
adversarial training and the direct regularization of learning models. To achieve
all the aforementioned goals, we expand and take advantage of chapter 3 as well
as of the work Bungert et al. (2023) exploring the connection between adversarial
training and perimeter minimization in the binary classification setting.

Two main results discussed in chapter 4 are the following:

Theorem 1.6. Under some assumptions on c(x,x"), there exists a (Borel) robust classi-
fier £*. Furthermore, there exists i* € P(Z) such that (f*, fi*) is a saddle point for the
adversarial training problem.

Theorem 1.7. For almost all ¢ > 0, there exists a Borel robust classifiers for three different

adversarial training models.

To summarize, based on optimal transport duality theorem, we can prove the
existence of Borel robust classifiers for three variants of adversarial training problem.
We want to emphasize that all the proofs does rely on the ingredients developed
in chapter 3. Based on that, an elementary but critical observation leads to the

unifying perspective for different adversarial training models.

1.3 More tractable numerics

The adversarial training problem is not just a toy example to understand something

abstract. Rather, practitioners in reality require its understanding and do something

based on it everyday. Therefore, a natural next question is how to compute it.
Although there are a lot of demands for computing several objects in the ad-

versarial training problem, for example an optimal adversarial attack, an optimal
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robust classifier and the optimal adversarial risk, until very recently there has been
no clear way, at least theoretically, for this purpose.

The purpose of chapter 5, based on Garcia Trillos et al. (2023b), is to suggest
more tractable algorithms to achieve such purpose: to compute everything we need
in this problem. We propose two different algorithms, exact solving and truncated
Sinkhorn iteration. Interestingly, thanks to various formulations of the adversarial
training problems developed in chapter 3, each of algorithms is based on different
theoretical backgrounds: exact solving relies on the generalized barycenter problem
and truncated Sinkhorn iteration does on the stratified MOT problem.

The common idea shared by two approaches is that in real data sets there might
not be many higher-order interactions. Regarding a data point of each class as a particle,
one is able to imagine that the adversary has more chance to fool the learner if
particles are close to each other. Then, the terminology interaction indicates how
these particles to interact with each other, or, how they are close to each other. If
we assume that two particles cannot interact with each other when the distance
between them is too large, larger than the given adversarial budget ¢ > 0, then the
adversary is not able to use them together to deceive the learner.

In this sense, one can reach the hypothesis that if each of classes are not so
close to each other, then there may not be many interactions so that computing
the optimal adversarial risk is not too hard. In particular, although higher-order
interactions are critical for the learner, it might be unlikely to confront them due to
weak interactions.

In other words, there is a combinatorial problem at the core of the adversarial
training problem: Which classes of points should be moved onto a single point and
where should that single point be placed? Naively, if there are K classes, each of
which has n points this leads to a total of (n + 1) — 1 possible classes of 1 to K
points to consider, and this quickly becomes infeasible for even moderately chosen
n and K. However, if the previous guess is indeed true, we avoid this overwhelming
number and somehow compute what we want.

Here, we state two algorithms: details will be discussed in chapter 5.
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Algorithm 1 Exact solving

Input: X: data set, u = (Hy,..., ux) : empirical distribution, ¢ : adversarial budget.
Construct C(e).
Construct the e-incidence matrix I, € {0, 1}X*¢(¢),
Solve LP.

Output: A= 3 cece) W (Clorc), i = 2 aescn) Zcec (o)W (C)Or(c) and
value = ZCGC(E) w*(C).

Algorithm 2 Truncated entropic regularization (Sinkhorn)

Input: X: data set,1 > 0: entropic parameter, L : trucation level, p = (uy,..., px) :
empirical distribution, ¢ : adversarial budget.
Initialization : A; =nlogp, foralli e Y.
while not converge do

M ()« nlog () —nlog (L acsy ) SR ()),

M(+) = nlog () = 10§ (X acspo SR ()):
end while
Compute 74 (xa) = exp (% (X ica Aj(xb)) exp <—% (14 CA(XA))> forall A €
Sk,
Output: {7 jacsy and value =} 5 cqr D xa(l+ca(xa))m(xa).

1.4 Organization

The remaining of my thesis is organized in this way.

In chapter 2, we will elaborate some preliminaries to state our problem rigor-
ously.

In chapter 3, we reformulate the adversarial training problem in terms of equiv-
alent formulae which are based on optimal transport theory. They include the
generalized (Wasserstein) barycenter problem, the stratified MOT problem, an-
other MOT problem and their dual problems.

In chapter 4, we will prove the existence of Borel measurable robust classifiers
for the adversarial training problem and provide the unifying perspective for its

variant models.
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In chapter 5, we will propose more tractable numerical implementations for
the adversarial training problem based on the theoretical results developed in the
previous two chapters.

Lastly, in chapter 6, we will finish this long for long, short for short journey with
the summary of my thesis and advance some of possible future works in this field.
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2 PRELIMINARIES

The setting of our problem will be a feature space (X,d) (a Polish space with
metric d) and a label space Y := {1, ..., K}, which will represent a set of K labels
for a given classification problem of interest. We denote by Z := X x Y the set of
input-to-output pairs and endow it with a Borel probability measure p € P(2),
representing a ground-truth data distribution. For convenience, we will often
describe the measure p in terms of its class probabilities p = (p, ..., px), where
each i is the positive Borel measure (not necessarily a probability measure) over
X defined according to:

Hi(A) = u(A x {i}),

for A € B(X), i.e., A is a Borel-measurable subset of X. Notice that the measures
Wi are, up to normalization factors, the conditional distributions of inputs/features
given the different output labels.

Typically, a (multiclass) classification rule in the above setting is simply a Borel
measurable map f : X — Y. In this paper, however, it will be convenient to expand
this notion slightly and interpret general classification rules as Borel measurable
maps from X into Ay := {(W)iey : 0 <uy <1, iy u; < 1}, the set of (up to nor-
malization constants) probability distributions over Y (see remark 2.1); oftentimes
these functions are known as soft-classifiers. For future reference, we denote by F
the set

F:={f: X — Ay : fis Borel measurable}. (2.1)

Given f € J and x € X, the vector f(x) = (fi(x), ..., fx(x)) will be interpreted as
the vector of probabilities over the label set Y that the classifier f assigns to the
input data point x. In practice, from one such f one can induce actual (hard) class
assignments to the different inputs x by selecting the coordinate in f(x) with largest
entry. The extended notion of classifier considered in this paper is actually routinely
used in practice as it fares well with the use of standard optimization techniques
(in particular, J is natural as it can be viewed as a convex relaxation of the space of

maps from X to Y).
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The goal in the standard (unrobust) classification problem is to find a classifier
f € J that gives accurate class assignments to inputs under the assumption that
data points are distributed according to the ground-truth distribution p. This aim

can be mathematically modeled as an optimization problem of the form:
inf R(f, u), (2.2)
where R(f, 1) is the risk of a classifier f relative to the data distribution .
R(f/ H) = E(X,Y)Nu[ﬂ(f(x)/ Y))]

The loss function ¢ : Ay x Y — R appearing in the definition of the risk can be
chosen in multiple reasonable ways, but here we restrict to the choice

lui)=1—w, (wi)eAyxYy,

which, in lieu of the fact that {(ej,1) is equal to 1if i # j and 0 if i = j (e; is the
extremal point of Ay with entry one in its j-th coordinate), will be referred to as the

0-1 loss. Note that under the 0-1 loss function the risk R(f, i) can be rewritten as

RO = 3 | (1) dua ().
ey /X

Remark 2.1. Given the structure of the 0-1 loss function considered here, we may replace

the set F with the set of those f € JF for which ) , f; = 1. Indeed, given f € F we can

always consider f € F defined according to fy, == fy, + (1 — Y oy f;) and f; = f; for

i # 1y to obtain a value of risk that is no greater than the one of the original f.

Moreover, one can observe that solutions to the risk minimization problem (2.2)
are the standard multiclass Bayes classifiers from statistical learning theory (e.g.,
see Bousquet et al. (2004); von Luxburg and Scholkopf (2011)). These classifiers
are characterized by the condition % . :(x) = 0 if Pixy).u(Y = iX = x) #

maxjey Pxv)~u(Y = jIX = x) for all 1, and it is always possible to select a Bayes
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classifier of the form fj ayes

measurable partition of X. In other words, there always exist hard classifiers that

(x) = (Tas(x),...,Taz(x)), where AJ,..., A} form a

solve the risk minimization problem (2.2).

By definition, a solution to (2.2) classifies clean data optimally; by clean data
here we mean data distributed according to the original distribution . However,
one should not expect the standard Bayes classifier to perform equally well when
inputs have been adversarially contaminated, and the goal in adversarial training
is precisely to create classifiers that are less susceptible to data corruption. One
possible way to enforce this type of robustness is to replace the objective function in
(2.2) with one that incorporates the actions of a well-defined adversary, and then
search for the classifier that minimizes the new notion of (adversarial) risk. This
adversarial risk can be defined in multiple ways, but two general ways stand out in
the literature and will be the emphasis of our discussion; we will refer to these two
alternatives as data-perturbing adversarial model and distribution-perturbing adversarial
model. As it turns out, there exist connections between the two (see Pydi and Jog
(2021b) for more details) and we will develop further connections shortly.

For the data-perturbing adversarial model we will consider the following two

versions:
RY := }gg R?(f) := }gg {Z Lc 7~<es};q(ax){l — fi(x)}dui(x)} , (2.3)
iey €
inf ¢ ) J sup {1— fi(i)}dui(x)} . (2.4)
fes { iey X xeB,(x)

Here B, (x) (B¢ (x), respectively) denotes an open (closed) ball with radius & cen-
tered at x. In both versions, the adversary can substitute any given input x with a X
that belongs to a small ball of radius € around the original x. In this setting, the
learner’s goal is to minimize the worst-loss that the adversary may induce by carry-
ing out one of their feasible actions. Although at the heuristic level the difference
between the two models is subtle (in the first model the adversary optimizes over

open balls and in the second over closed balls), at the mathematical level these two
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models can be quite different. For starters, the problem (2.4) is not well-formulated,
as it follows from a classical result in Luzin and Sierpifiski (1919), which discusses
that, in general, the function x — sup;, ¢E. (X){l —fi(X)} may not be Borel-measurable
when only the Borel-measurability of the function f; has been assumed. For this
reason, the integral with respect to p; in (2.4) (which is a Borel positive measure,
i.e., it is only defined over the Borel o-algebra) may not be defined for all f € F. In
(4.2.2) we provide a rigorous formulation of (2.4) (which at this stage should only
be interpreted informally). This reformulation will require the use of an extension
of the Borel o-algebra, known as the universal o-algebra, as well as an extension of
the measures p; to this enlarged o-algebra. Problem (2.3), on the other hand, is
already well formulated, as no measurability issues arise when taking the sup over
open balls. At a high level, this is a consequence of the fact that arbitrary unions of
open balls are open sets and thus Borel-measurable; see, for example, Remark 2.3
in Bungert et al. (2023). Regardless of which of the two models one adopts, and
putting aside for a moment the measurability issues mentioned above, it is unclear
whether it is possible to find minimizers for any of the problems (2.3) and (2.4)
within the family J.

The distributional-perturbing adversarial model is defined as a minimax problem
that can be described as follows: after the learner has chosen a classifier f € &,
an adversary selects a new data distribution n € P(2), and, by paying some cost
C(w, 1), attempts to make the risk R(f, i) be as large as possible. Precisely, we

consider the problem

Rbro = inf sup {R(f,pn)— C(m, 1)}, (2.5)
feT fep(2)

where C : P(Z) x P(Z) — [0, oo] has the form:

C(u,p):= inf JCZ(Z,Z)dﬂ(Z,Z),

el (1)

for some Borel measurable cost function cy : Z x Z — [0, 00]. Here and in the

remainder of the paper, we use TI(:, ) to represent the set of couplings between
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two positive measures over the same space; for example, IT(1, (1) denotes the set
of positive measures over Z x Z whose first and second marginals are p and 1,
respectively. Note that problem (2.5) is an instance of a distributionally robust
optimization (DRO) problem. Problem (2.5) is well-defined given that all its terms
are written as integrals of Borel measurable integrands against Borel measures.

In the remainder, we will assume that the cost ¢ : Z x Z — [0, co] has the form

c(x,X) ifyu=1
eo(zz) = 4 VX U =T (2.6)
00 otherwise,

for a lower semi-continuous function ¢ : X x X — [0, oo]. Note that when cy has

the above structure we can rewrite C(, fi) as

K
Clw, ) =) Clu, i),
i=1
where on the right-hand side we slightly abuse notation and use C(p, fi;) to repre-

sent
C(uy, i) = min Jc(x,i)dﬂ(x,%). (2.7)

TTETT (e, 11i)
Remark 2.2. Throughout my thesis, we use the convention that C(, [1;) = oo whenever

the set of couplings TT( s, () is empty. This is the case when w; and 1, have different total

masses.

A typical example of a cost ¢ that we will discuss in detail throughout this paper

is the cost function:

B B oo ifd(x,X) > ¢
c(x,X) =ce(x,X) := (2.8)
0 ifd(x,%x) <g,

where in the above ¢ is a positive parameter that can be interpreted as adversarial

budget.
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Example 2.3. Notice that in this case, the c-transform f¢ of a given function f takes the
form:

fe(x) = inf f(x').

x':d(x,x")<e

In this setting, (2.5) can be written as

inf sup R(f, ).
&7 Wa (i) <e

where Wy, (1, 1t) is the co-OT distance between p and (1 relative to the distance function:

d(x, %) ify=17,

00 otherwise.

d(z,z) =

Example 2.4. Let p > 0 and let c(x,X) be given by
/ !/ 1 /
c(x,x7) =P (x,x7) = —{d(x,x"))",

for some constant T > 0. For this choice of cost c, it is possible to show, through a formal
argument whose details we omit, that problem (2.5) can be written as

inf sup R(f, 1),
FeT m Wy (i <e

for some € > 0 and for W, (u, ) the p-OT distance between w and 1 relative to the distance
function & from Example 2.3. The relation between T and e is not explicit, but, qualitatively,

small values of T should correspond to small values of ¢.

Notice that in this case the c-transform f¢ of a given function f takes the form:

1
f¢(x) = inf f(x')+ —d(x,x')P.
x'eX T

If f is bounded below by a constant it follows that £ is always continuous (in the d metric)
regardless of the continuity properties of the original f.
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We introduce two notions that will be used throughout our analysis, called
c-transform and c-transform. Given a lower semi-continuous function f : X — R
we define

f(x) := inf {f(x’) +c(x/,x)}, (2.9)

x'eX

and given an upper semi-continuous function g : X — R we define

9°(x') = sup{g(x) — c(x’,x]}. (2.10)
xeX
They have an important role in optimal transport problems. More details will be
explained in section 4.6.
Through my thesis, we always impose some assumptions on the costc : X x X —
[0, oo] stated below.

Assumption 2.5. We assume that the cost ¢ : X x X — [0, o0] is a lower semi-continuous
and symmetric function satisfying c(x,x) = 0 for all x € X. We also assume the the
following compactness property holds: if {xnnen is a bounded sequence in (X, d) and
{xnInen is a sequence satisfying sup,, . c(xn, Xy, ) < 00, then {(xn, X}, ) Inen is precompact
in X x X (endowed with the product topology).

Remark 2.6. Notice that Assumption 2.5 implicitly requires bounded subsets of X to be

precompact.
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3 ADVERSARIAL LEARNING, GENERALIZED BARYCENTER
PROBLEM AND THEIR CONNECTION BY MULTIMARGINAL OPTIMAL

TRANSPORT

This chapter is based on Garcia Trillos et al. (2023) which is a joint work with
Nicolas Garcia Trillos and Matt Jacobs.

The main goal of this chapter is regarding (2.5). For a large family of functionals
Cin (2.5) we show that the adversarial problem (2.5) is equivalent to a multimarginal
optimal transport problem (MOT) of the form:

inf JC(Zl,...,ZK)dTE(Zl,...,ZK), (3.0.1)
el (1)
where c is a cost function discussed in detail throughout the paper and TTx (i) is a
space of couplings specified in section 3.1. As part of this equivalence, we explicitly
describe how to construct solutions to the original problem (2.5) from solutions to
the problem (3.0.1) and its dual, offering in this way new computational strategies
for solving problem (2.5). Since most algorithms for OT are primal-dual (i.e., they
simultaneously search for solutions to both the primal OT problem and its dual),
it is actually possible to construct a saddle solution (f*, u*) for (2.5) by running
one such OT algorithm. The equivalence between (2.5) and (3.0.1) that we study
here is an extension to the multi-class case of a series of recent results connecting
adversarial learning in binary classification with optimal transport: Bhagoji et al.
(2019); Nakkiran (2019); Pydi and Jog (2021a,b); Garcia Trillos and Murray (2022).
In order to establish the equivalence between (2.5) and (3.0.1), we develop
another interesting equivalent reformulation of (2.5) that reveals a rich geometric
structure of the original adversarial problem. This reformulation takes the form of

a generalized barycenter problem

inf_ A(X)+ ) Cluyi) stA>i,iey,

VTP ey
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which is a novel variant of the Wasserstein barycenter problems introduced in
Agueh and Carlier (2011a); Carlier and Ekeland (2010). In the classical Wasserstein
barycenter problem, given K probability measures py, ..., px defined over a Polish
space X and a cost ¢ : X x X — [0, oo}, one tries to find a probability measure p such
that the summed cost of transporting each of the p; onto p is as small as possible.
In our generalized problem, we try to find a nonnegative measure A (no longer
necessarily a probability measure) such that the total mass of A plus the summed
cost of transporting each p; (not necessarily having the same total mass) onto some
part of A is as small as possible. Here transporting a p; onto some part of A means
we want to find a measure [1; < A and transport ; to p; in the classical optimal
transport sense. This problem will be studied in detail in section 3.2. We prove
that these generalized barycenter problems can be written as appropriate MOT
problems, a result that is analogous to ones in Agueh and Carlier (2011a); Carlier
and Ekeland (2010) for standard Wasserstein barycenter problems.

From the equivalence with the generalized barycenter problem we will be able
to deduce that optimal adversarial attacks can always be obtained as suitable
barycenters of K or less points in the original training data set. Also, from this
reformulation we will be able to recognize the structure of the cost function ¢ in
(3.0.1): for the adversary to obtain their optimal strategy, they can actually localize
their problem to sets of K or fewer data points —see section 3.1. Other theoretical,
methodological, and computational implications of these reformulations will be
pursued in future work. See section 3.5 for a discussion on future directions for
research.

In contrast to many of the existing applications of OT to ML, it is worth empha-
sizing that in this work OT arises naturally in connection with a learning problem,
rather than as a particular way to address a certain machine learning task. For
the growing literature in multimarginal optimal transportation this paper offers
new examples of cost functions worthy of study. MOT is a rich topic that has
been developed over the years from theoretical and applied perspectives. After
the first mathematical analysis of general MOT problems in Gangbo and Swiech

(1998), there have been numerous subsequent papers establishing geometric and
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analytic results (e.g., Kim and Pass (2013); Pass (2015); Kitagawa and Pass (2015);
Chiappori et al. (2017)) for MOT problems. MOT problems have also been used
extensively in applications. For example, they appear in the so-called density func-
tional theory in physics Seidl et al. (2007); Buttazzo et al. (2012); Cotar et al. (2013);
Mendl and Lin (2013); Colombo et al. (2015), and in economics Ekeland (2005);
Chiappori et al. (2010); Carlier and Ekeland (2010). In the machine learning com-
munity, researchers have recently explored many interesting applications, including
generative adversarial networks(GANs) Choi et al. (2018); Cao et al. (2019) and
Wasserstein Barycenters Agueh and Carlier (2011a); Cuturi and Doucet (2014);
Benamou et al. (2015); Carlier et al. (2015); Srivastava et al. (2018); Delon and
Desolneux (2020), where MOTs are used. Recent works like Di Marino and Gerolin
(2020); Haasler et al. (2021) develop a connection between the Schrodinger bridge
problem and MOT. MOT problems have been extended to the unbalanced setting
—see Beier et al. (2021).

Outline of this chapter

In section 3.1, we introduce the generalized Wasserstein barycenter problem, which
can be interpreted as dual of (2.5), and define in detail the MOT problem (3.0.1).
In section 3.2, we study the aforementioned generalized Wasserstein barycenter
problem and prove its equivalence with 1) a stratified barycenter problem and
2) a first version of an MOT problem. In section 3.3 we discuss the equivalence
between (2.5) and (3.0.1) through the duality results in earlier sections. In section
3.4, we present a collection of examples and numerical experiments whose goal is to
illustrate the theory developed throughout the paper and provide further insights
into the geometric structure of adversarial learning in multiclass classification.

Finally, we wrap-up the chapter in section 3.5 by presenting some summary.
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3.1 The generalized barycenter problem and the MOT

problem

Recall the solution space I and the space of probability measures P(Z). For a given
pair (f, 1) € F x P(Z), we define the risk:

R ) 1= B g, lt(F(X), V)] = 3 | (1= f:fR)dia (%),
iey

which can be regarded as a bilinear functional R(-,-) : F x P(Z) — R,. For
convenience, we introduce the so-called classification power for a pair (f, 1) € F x
P(Z), which is defined by

B(f, i) := ZJ (X)L (X). (3.1.1)

i€y X

With these new definitions, problem (2.5) is immediately seen to be equivalent to

sup_inf {B(f, ) + C(u, L) (3.1.2)

feF HEP(Z

Moreover, if we denote by ]§:‘L the optimal value of (3.1.2), and by R}, the optimal
value of (2.5), we have the identity:

Rbro =1— Bl

We write 1 explicitly, although for the most part 1 can be thought of as being equal
to one.
The dual of (3.1.2) is obtained by swapping the sup and the inf:

inf sup{B(f, i) + C(p, 1)}. (3.1.3)

neP(z) feF

Notice that the value of (3.1.3) is always greater than or equal to the value of
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(3.1.2). Instead of attempting to invoke an abstract minimax theorem implying the
equality of these two quantities at this stage, we prefer to defer this discussion to
later sections where in fact we will prove that, under Assumption 2.5, there is no
duality gap in this problem. In what follows we focus on the dual problem (3.1.3)
and only return to problem (3.1.2), which is equivalent to the original adversarial
problem (2.5), in section 3.3. Notice, however, that the statement of Theorem 3.3
mentions the adversarial problem explicitly.
For fixed i, notice that

sup {B(f, 1) + C(p, 1)} = sup {Z Jx £ (X)dfi (%) + Cli, ﬁ)}
iey

: ) ~ d~ ~ : ~

Introducing a new variable A, a positive measure over X, we can rewrite the latter
sup as:

il;\lfA(DC) s.t. J g(x)d(A—m)(x) >0 forallg >0,i€Y;
X

the constraint in A can be simply written as A > p; for all i € Y. Combining the
above with the structure of the cost C(u, (1), we conclude that problem (3.1.3) is
equivalent to the generalized barycenter problem mentioned in the introduction:

Bl = inf_ {7\(36) + Z Clug, i) : A>pqforallie ‘3} , (3.1.4)

AH e HK ey

where we use the notation B}, for future reference; see Figure 3.1 for a pictorial

explanation.

Remark 3.1. It is straightforward to see from (3.1.3) that B}, is 1-homogeneous in p. That
is, if a > 0O, then B, = aBj.
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Figure 3.1: Picture for (3.1.4). w;’s are first moved to p;’s and A is chosen to cover
all {1;’s: it is the smallest positive measure which is larger than all 1i;’s.

The MOT problem
General MOT problems

Before providing the details of our MOT problem (3.0.1), it is worth introducing the
generic MOT problem first. Let 8y, ..., 8k be fixed spacesand letc: 8; X --- x 8x —
R U {4+00,—o0} be a cost function. For each 1 < k < K, let v € P(8«) be a
Borel probability measure. The MOT problem associated to the cost function
c and the measures vy, ..., vk is the following (possibly infinite dimensional) linear

optimization problem with K-marginal constraints:

inf N )J C(E,l,...,E,K)dﬂ((z_,l,-.-,E,K),

where

TM(vy, ..., vk) =={m e P(§ x --- x 8k), s.t., for every i, i-th marginal of 7w = v;}.
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MOTs are generalizations of the standard (two marginals) optimal transport (OT)
problems and their duals take the form:

K
sup {ZJ ;5 (&5)dv; 6))} (3.1.5)
bed@

where @ is the setof all d = (dq,...,dx) € ]_[) 1 L'(v;) such that

K
Z c(&,..., &), V(&,...,&k) €81 x -+ x 8k.

One of the most popular examples of MOT problems is connected to the Wasser-
stein Barycenter problem over P(X); see Ekeland (2005); Chiappori et al. (2010);
Agueh and Carlier (2011a). Let ¢ : X x X — R U {400, —oo} be a fixed pairwise cost
function. In the Wasserstein barycenter problem the goal is to find a solution v* to

the problem
inf ¥ C(v/,vi) where C(v,v;):= inf J c(x’,x)dm(x’,x).
v/ py el (v,vi) Jyexx

Such v* can be interpreted as an “average" or barycenter of the input measures
vi,...,Vk relative to the cost C. It can then be showed that the above Wasserstein

barycenter problem is equivalent to solving the following MOT problem

inf J c(xq,...,xx)dm(xq,...,Xx),
7€ (vy,.., Vi) J K
where
c(x1,...,xx) = inf c(x’,xi).
x'eX 4
iey

Indeed, let T be a minimizer of the above MOT problem. Defining v* = Ty,
where T(x,...,xk) = argmin_, Ziey c(x’,x;), i.e., defining v* as the pushforward

measure of 7t* with respect to the barycenter mapping T, one can recover a solution
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to the original barycenter problem. Conversely, one can use a Wasserstein barycenter
v* and couplings m; realizing the costs C(v*,v;) to build a solution to the MOT
problem; see more details in Agueh and Carlier (2011a).

From adversarial robustness to MOT

Now we are ready to state problem (3.0.1) precisely. For this, we will need to
modify the space Z and in particular add an extra element to it that will be denoted
by the symbol [7|. The marginals of the couplings in the desired MOT problem
will be probability measures over the set Z, := Z U {}. More precisely, letting P;
represent the projection onto the i-th coordinate, we consider the set:

1 1
Mg(u) == {71 € P(2X) : Py = Eu(- NnZ)+ 56@ forallie H} . (3.1.6)

Notice that in this set all K marginals are the same. Dividing by the factor 3, the
set TTx (i) is made to be consistent with the literature on multimarginal optimal
transport, where sets of couplings are typically assumed to be probability measures.

Let us now discuss the cost function for the desired MOT problem. For a given

tuple (z,...,zx) in Z¥, often denoted by Z in the sequel for convenience, we define
c(z1,...,2x) = BEZ, (3.1.7)

where iz is the positive measure (not necessarily a probability measure) defined

as:

ls.t. z1#M

Recall that B, _is equal to (3.1.4) (alternatively, equal to (3.1.3)) when p is equal to
Hz. In this sense, ¢(zy, ..., zx) of (3.1.7) is the value of the generalized barycenter
problem given {i> as the data distribution, or local generalized barycenter problem.

Remark 3.2. Notice that {iz is a probability measure if and only if no element in the tuple

Zis [.
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Following the literature of MOT, the dual of our MOT problem can be written as

K 1 1 K
i(zy)zdulzy) + = ] , 3.1.8
igg{;jmwzl)z u(z])+2j;¢](m} (318)
where
1 K
(D::{cb:(d)l,..., eHLl —u+ 5@ Z < B, vz‘ezf}.

(3.1.9)
We will later show that under Assumption 2.5 there is no duality gap between the
MOT problem and its dual (3.1.8) —see Corollary 3.28.
One of the main results of the paper is the following.

Theorem 3.3. Suppose that Assumption 2.5 holds. Let W be a finite positive measure over
Z. Then (3.1.3) is equivalent to the MOT problem (3.0.1) with set of couplings TTx (1)
defined as in (3.1.6), and cost function c defined as in (3.1.7). Specifically,

1

—B* = min Jc(zl, coozx)dm(ze, ..., zx).
el (1)

Furthermore, (3.1.2) = (3.1.3). In addition, from a solution pair (7*, d*) for the MOT

problem and its dual one can obtain a solution pair (f*, *) for (3.1.3) and its dual, i.e.

problem (3.1.2). The pair (f*, 1*) is also a saddle point for the original adversarial problem

(2.5).

One immediate consequence of Theorem 3.3 is that with the identity

one can compute R}, the optimal adversarial risk, by finding the optimal value of
the equivalent MOT problem. To find the latter, one could attempt to use one of the
off-the-shelf algorithms in computational optimal transport. Some algorithms to
solve generic MOTs that have been developed recently include the ones proposed
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in see Benamou et al. (2015, 2019); Lin et al. (2022); Tupitsa et al. (2020); Haasler
et al. (2021); Altschuler and Boix-Adsera (2021); Carlier (2022). Our numerical
results for a subsample of MNIST and CIFAR 10, shown in Figure 3.6, are obtained
using the algorithm discussed in Lin et al. (2022), also known as MOT Sinkhorn
algorithm; see subsection 3.4 for more details. We want to warn the reader, however,
that off-the-shelf MOT algorithms may suffer an excessive computational burden
when K goes beyond 4. For this reason, it is important to develop algorithms that
exploit the structure of our MOT problem, which, as we will discuss below, has the
structure of a generalized barycenter problem. An investigation on more specific
algorithms is left for future work.

The proof of Theorem 3.3 is presented throughout section 3.3; the expression for
(f*, 1*) in terms of (¢*, 7m*) is presented in Corollary 3.30. Given the definition of
the cost function ¢, Theorem 3.3 states that the adversarial problem localizes to data
sets consisting of K or less equally weighted points. More precisely, the problem
for the adversary reduces to first determining their actions when facing arbitrary
distributions supported on K or fewer data points, and then finding an optimal
grouping for the data in order to assemble their global strategy. The ghost element,
[, indicates when fewer than K points are being grouped by the adversary. We
highlight that it is not always (globally) optimal for the adversary to group together
points from all the K different classes whenever it is possible.

We emphasize that from the solution to the MOT and its dual, one can directly
obtain an optimal adversarial attack and an optimal classification rule for the
original adversarial problem. Note that problem (3.0.1) is a problem solved by the
adversary: ideally, the adversary wants to group together points (z;,...,zx) for
which there is a low classification power BY, _ (or alternatively large robust risk). On
the other hand, the dual of (3.0.1) can be interpreted as a maximization problem
solved by the learner. We formalize this novel connection in subsection 3.3: see
Corollary 3.30.

In order to prove Theorem 3.3, we will first obtain a series of equivalent re-
formulations of problem (3.1.4) which will reveal a rich geometric structure of
the adversarial problem and will facilitate the connection with the desired MOT
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problem. These equivalent formulations are of interest in their own right.

3.2 The generalized barycenter problem

We begin this section by proving that the generalized barycenter problem always
has at least one solution. In the following subsections we will then discuss a series
of equivalent problems to the generalized barycenter problem, their duals, and

some geometric properties of their solutions.

Proposition 3.4. Suppose that c is a lower semicontinuous cost satisfying the property
that for any compact set E C X there exists a compact set F C X such that forallx € E,x’ €
F,x" € X\ Fwe have c(x,x") < c(x,x"). Given finite positive measures , ..., g and ¢
as above, there exists at least one solution to problem (3.1.4).

Remark 3.5. If c is a cost that satisfies Assumption 2.5, then c satisfies the hypothesis of
Proposition 3.4.

Remark 3.6. Nearly identical arguments can be used to prove that the various reformu-
lations of (3.1.4) that we will consider throughout this section have minimizers. For this
reason, in what follows, we will simply assume the existence of minimizers without explicitly

proving their existence.

Proof. Using transportation plans to compute the cost C(p, fi;) in (3.1.4), we can
rewrite the problem in the following form

ZLC N c(x,x')dm(x,x’)}

iey

s.t. (X x E) < A(E), ;(E x X) =i (E) foralliey, VE C X Borel.

inf {?\(DC) +

Note that a feasible solution to this problem exists since we may choose A, 7, . .., g
suchthatA =) .y niandforall f € Co(XxX) [, o Fx, x)dmi(x,x") == [ f(x, x)dpi(x).
Also note that with these choices, the problem attains the value _;_y 1i(X).
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Let A™, nil, ..., 7t be a sequence of feasible solutions such that

t:= inf ?\(DC)—i—ZJ c(x,x")dmi(x,x")
AxX

AT e, TOK
iey

= lim A™(X) + ZJ c(x, x")dml (x, x').
XxX

n—ro0 4
iey

From our work above and the nonnegativity of the transport cost, A™(X) is uniformly
bounded by } ;. 1i(X). Furthermore, we may assume that for any Borel set E

[ amrmen =),
iey XxE
otherwise we could delete mass from A™ and attain a smaller value. Given some
e >0,letE. C Xbeacompactsetsuchthat} ;. ui(X\Ee) < €. LetF. bea compact
set such that forall x € E.,x’ € F. and x” € X\ Fe we have c(x,x’) < c(x,x”). If A™
gives more than € to X \ F. then some of this mass must be transported to E.. Since
the transportation cost would be cheaper if the excess mass was placed inside of F.
instead of X\ Fe, it follows that A™(X \ F¢) < e. Therefore, the A™ are a tight family.
The tightness of A™ and p, ..., ux implies that ', ..., ¢ are a tight family.
Therefore, we can extract a subsequence that converges weakly to a limit A*, 7tj, . . ., k.
From the lower semicontinuity of the cost, it follows that {A*, 7}, ..., 7k} is a mini-

mizer. ]

A first MOT reformulation of (3.2.1) and geometric consequences

In the rest of what follows, we shall let Sx denote the power set of Y except for the
empty set and for every i € Y welet Sx (i) ={A € Sk :1 € A}. We canreduce (3.1.4)
to a more concrete problem by partitioning A and each of p;’s properly, eliminating

the variables [1;’s from the optimization. We start with the following observation.

Lemma 3.7. Let wy,...,ux € [0,1] be such that max;—;, x W = 1. Then there exists a

collection of non-negative scalars {r A }aes, such that the following two conditions hold:
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1. ]. - ZAESK rA.
2. uy = ZAeSK(i) Taforalli=1,...,K.

Proof. Without loss of generality we can assume that the u; are arranged in increas-

ing order. That is,

Tk} = 1-— UK—1.
and o = O for all other sets. It is straightforward to check that the collection

{rataes, defined in this way satisfies the required conditions. O

Proposition 3.8. Problem (3.1.4) is equivalent to

inf Z {M\(x) + Z C(Aa, Hi,A)}

AAMiALEY,AES
{Aa nqatiey K}AGSK ieA

s.t. Z mia =W foralliey.

A€ESk (1)

(3.2.1)

Proof. We split the proof into two parts.
Step 1: Suppose that A, fi;, .. ., fi is feasible for problem (3.1.4). In particular,
A > fi; for all i. Let us denote by <&t the Radon-Nikodym derivative of fi; w.r.t.

A. Notice that ‘if;j
generality we can assume that for every x € spt(A) we have max;_;,_x %‘\i (x) =1,

for otherwise we could modify A and potentially reduce the energy in (3.1.4) while

< 1 because A dominates fi;. Moreover, without the loss of

maintaining the constraints.
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For each x € spt(A) we apply Lemma 3.7 with u;(x) = i (x) to obtain a
collection of scalars {ra (x)}acs, satisfying:

(1) T=2 acs, Talx).
(i) wilx) =2 acs, yTalx) foralli=1,..., k.

Notice that the functions 14 (-) can be constructed in a measurable way as it follows

from the proof of Lemma 3.7. For each A € S¢ we define the measure A5 as

dAa

) i=Tal¥),

and for A and i € A we define

A = AA.
See Figure 3.2 (a) for an illustration of the A5 ’s. From the above definitions and the
properties of the functions 1y we deduce

Y A = ) ra(x)dA(x) = dA(x)

A €Sk A€ESk

and

Y dmat)= 3 ral = By an(x) = i (x).

dA
AeSx(i AeSk(i

Now, let r; € T[( ui, fi;) bea coupling realizing the cost C(p, fi;), i.e., a minimizer
of (2.7), and use the disintegration theorem to write it as

dri(x, %) = dmrg (x|x) d i (%),

where d7; (%) is the conditional of x given X according to the joint distribution 7t}.

For each A € Sk and i € A we define the measure 71; o according to
drti A (x, %) = dri (x[%) dti,a (%)

Finally, we set p; A to be the first marginal of 7; .
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It is now straightforward to show that {A4, 1 A} is feasible for (3.2.1). Moreover,

Kk

AX)+ ) Clu i) = ) {M(DC) +) Cl, m)} :

i=1 A€ESy i€A

Step 2: Conversely, suppose that {Ax}a, {1tia}a is feasible for (3.2.1). Set A :=

2 Aes, M and for every ilet fii := ) 5.5, 1) Aa. Clearly we have A > fi; for all i.

Moreover, let 7ty o € I'(p A, Aa) realizing the cost C(Aa, i a). See (b) of Figure 3.2
to understand how p;  is transported to A4 . Finally, for each i we set

With these constructions it is now straightforward to show that

k
> {mx) +) Cl, m)} > AX) + ) Cl, )

A €Sk

i€eA

A3
L Ay

(a)

Figure 3.2: (a) : Illustration of a partition of A. (b) : Illustration of the transport
from py A’s to AA’s.
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I_",{LZ} Az A H1,413
p q h lJl,{l,Z} ”1,(1,2,3) IJ1,{1,3}
2 A1,33
Ha A{2,3}
Az

H351,2,3;

" Ha Hs,1,33

Figure 3.3: Picture for (3.2.1). Each of p; A’s is transported to Ax for all i € A.

Remark 3.9. Figure 3.3 illustrates the partitions for A and the w;’s. To keep notation from
getting too complicated, in the sequel we shall assume that w; a is defined for all i € Y and
A C Sy, however, note that if i ¢ A, then w; A plays no role in the optimization (3.2.1).

Suppose that for some A € Sx we fix a choice of p; o for all i € A. With the
i fixed, we can determine the corresponding optimal A}, = A% (1A, ..., Uk A)
by solving the classic Wasserstein barycenter problem. Indeed, the optimal choice

must be an element of
argmin Z C(AA, LiA)- (3.2.2)

Mo ieA
Note that here we do not need to consider the mass of A5, since the value of the
optimization problem will be +o0 if Ay does not have the same mass as all of the
wi A (orif the py o themselves do not all have the same mass).
It is well known that problem (3.2.2) can be reformulated as a multimarginal
optimal transport problem Agueh and Carlier (2011a); see also our subsection 3.1.
To thatend, given A C Y, defineca : XX — R

calX, ..., xx) = ingC c(x’,xi), (3.2.3)
x'e
icA
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and T : XK = X
Ta(x1,...,xx) := argmin Z c(x’,xi). (3.2.4)
XEX  iea
Remark 3.10. If argmin,, . > ;4 c(X',xi) is not unique, we can consider using an
additional selection procedure. For example, when X = R% we can still recover a unique
mapping by choosing T to be the element of argmin,,_. > ;A c(X’,x{) that is closest (in
the Euclidean distance) to the Euclidean barycenter I}TI D icA Xi

With the definition of c o, we can rewrite (3.2.2) as the multimarginal optimal
transport problem

1r}\fJ ) Calxy, ..., xk)dma (X1, ..., xk) s.t. Pigma = wa forallie A, (3.2.5)
A Jx
where P; is the projection map (x;,...,xx) — xi. Again, even though 7, is defined
over X¥, only the coordinates i where i € A play a role in the optimization problem.
Indeed, cx is independent of the other coordinates and we only have marginal
constraints for i € A.

Using (3.2.5) we can now eliminate A5 and all of the 1; o’s from problem (3.2.1)

and reformulate the optimization as the multimarginal problem

inf Calxy,...,x 1)dmal(xq,...,x
{ﬂA:AESK}A;KJDC ( A( ! K)+ ) A( ! K)

s.t. Z Piama = Hi forallie Y.

A€eSk(i)

(3.2.6)

The next two propositions formally prove the equivalence between (3.2.1) and
(3.2.6). They will also allow us to establish some important geometric properties of
optimal generalized barycenters.

Proposition 3.11. Let ¢ be a cost satisfying Assumption 2.5. Given measures Wy, ..., g,
let {mta}acs, be a feasible solution to (3.2.6). For each (xi,...,xx) € X* and A € Sy,
let fa(x1,...,xK) be a choice of element in Ta(x1,...xx), where we recall the definition of
Ta(xq,...,xk) from (3.2.4).



37

If for each A € Sy and i € A we set A = fasma and fiyp = PisTia, then (A, fi
A € Sk, 1 € A}is a feasible solution to (3.2.1) and

Z 7\A(:X:) +ZC(7\A, lli,A) < Z J (CA(Xl,...,XK) +1)d7’[A(X1,...,XK).

AESK icA AcSy I XX

Proof. Since ) s, (i) PisTa = Wi, it is automatic that 3, s ;) fli,a = wi- Since
pushforwards do not affect the total mass of a measure, so we also have fi; 5 (X) =
A (X) forall A € Sk and i € A. Hence, {AA, fiiAtAaesy,ica is a feasible solution to
(3.2.1).
For each A € Sk and i € A, choose @ia,Pia € Cp(X) that satisfy, for all
x,x" € X,
@i (x) —hia(x) <celx,x).

We can then compute

r

@un ()it (x5) — ”x Boa(x)dAn ()

Jox
=| @ia(xi)dfiialxi) — Kwi,A(fA(Xl,---,XK))dﬂA(XLm,XK)
Jx Jox

r r

< | @alxddioate) + | (clafala. . nd) = @uale) ) dmatx, ... xx)
JX JX

= KC(Xi/fA(Xlz---/XK))dﬂA(Xlz---/XK)-

Ux

ZJ @i (xi)dfiga(xi) —J Pia(x)dAA(X)

icA X X
<J Z c(xi, falxa, ..., xk))dma(x1, ..., xk)
XK ieA

:J CA(Xl,...,XK)dﬂA(Xl,...,XK),
:X:K

where we have used the definition of fa, Ta, and ca to obtain the last equality.
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Hence,

Z A (X ZJ @A (xi)dg A (xi) — J Yy (x")dAA (X))

A€ESK i€A
< Z J (CA(Xl,...,XK)+1)d7TA(X],...,XK).
L
AESK

Taking the supremum over all admissible choices of @; A, i A and exploiting the

dual formulation of optimal transport,

> Ral@)+ Y Clufiua) € 3 | (ealiue ) + 1)dmalen e x),

A€Sk ieA AeSy VX"
which is the desired result we want. ]

In the next proposition we will show that any feasible solution of problem (3.2.1)
induces a feasible solution of (3.2.6) with lesser or equal value. This will prove
the equivalence between problems (3.2.1) and (3.2.6) and will provide a powerful

geometric characterization of optimal generalized barycenters.

Proposition 3.12. Let c be a cost satisfying Assumption 2.5. Given measures i, ..., Ik,
let wi A, Aa be feasible solutions to problem (3.2.1). Let yia € M(X x X) be an optimal
plan for the transport of wi A to Aa with respect to the cost c. Let ya € M(XXT1) such that
forallie Aand g € Cp(X x X)

[ gbsxayatencox) = [ glxx)aviabe ).
CK+1 CK+1
If we define 7ia on X* such that for any h € Cy, (X*) we have

J h(X],...,XK)dﬂA(X],...,XK) :J h(Xl,...,XK)dYA(Xl,...,XK,X,),
xx rK+1
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then 7t is a feasible solution to (3.2.6) and
> | eataares x4 dfialxiecexid € - M)+ 3 Cls i)
AESK XK A€Sk icA

Therefore, (3.2.1) = (3.2.6).

Proof. We begin by noting that the marginal constraints on y are compatible in
the sense that for any g € C(X) and i € A we have

j 6(x')dyin (i, x') = J g(x')dAA(X').
X X

Thus, each y A is well-defined.
Using the definition of d7tx and then c,, it follows that

Z (CA(Xl,...,XK) +1)d77[A(X1,...,XK)
AESK‘JZX‘K
=y (calxi .., xk) +1)dyalx, ..., xx,X")
Jk+1
AESk
< 1 c(xi, x d X1, .., XK, X
Z o +Z i Ya(x1 K, X')
A€Sk ieA
= Z 1 + ZC Xi, X dylA(Xll )
xK+1
AESk i€EA
= > Aa(X)+ Clwia,An)
AESK

where the final equality follows from the fact that y; A is an optimal plan for the
transport of [ o to Aa. O

In addition to proving the equivalence between problems (3.2.1) and (3.2.6),
Proposition 3.11 and Proposition 3.12 have the following very important geometric

consequences.
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Corollary 3.13. Let c be a cost satisfying Assumption 2.5. Given measures [, ..., [ix,
let A be an optimal generalized barycenter and let {AaJaes, be a decomposition of A and
{Hi,Ataesy (1) a decomposition of each ; that are optimal for (3.2.1). Recalling (3.2.4), let
Ta(x1,...,xx) ==argmin_ o > A c(x,xi). If wedefine Ta = {Ta(x1,...,xx) : %1 €
spt(), ..., xk € spt(puk)tand T = UacyTa, then Ap(X) = Aa(Ta), A(X) = A(T) and
the optimal measures W in (3.1.4) can be assumed to satisfy 11 (X) = pni(T) as well.

In particular, if fa(x1,...,%xk) is a choice of element from Ta(xy,...,xx) for each

A € Sk and (xq,...,xk) € XX, then there exists an optimal barycenter ¢ such that

}\f(x) = }\f(F) where F = UAGSK U(xl,...XK)espt(ul)><~--><spt(uK) fA(Xl’ T ’XK)'

Remark 3.14. In the case where we have a tuple (x1,...,xx) € spt(p1) x - - x spt(pk)
such that ) ;A c(x,x;) = 4oo forall x € X, we set Ta(xq,...,xx) = 0.

Proof. From Proposition 3.12, we can use {Aa Jaes, and {lti ataes, ica to construct

measures {fia facs, with

Z J (calx1,...,xk) +1)dRA(x, ..., xk) < Z 7\A(x)+ZC(7\A, Hi,A)-
A€Sk xK A€Sk icA

(3.2.7)
From Proposition 3.11, we can then use 7t4 to construct decompositions AA} AESk

and {ﬂi,A}AESK,ieA SUCh that

Z A (X) + Z C(Aa, fiia) < Z J (calx1,...,xk) +1)dRa(x1, ..., xK).
AESK ieA AeSy VX"

(3.2.8)
Examining the proof of Proposition 3.12, it follows that the inequality in (3.2.7)
is strict if AA(X) > AA(Ta). In that case, combining (3.2.7) and (3.2.8) would
contradict the optimality of A. Therefore, Ax(Ta) = Aa(X). The final statements
follow from the constraints satisfied by the {i; and the construction in Proposition
3.11. O

When , ..., pux are supported on a finite set of points, Corollary 3.13 has the

following consequence.
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Corollary 3.15. If y, ..., ux are measures that are supported on a finite set of points and c
is a cost satisfying Assumption 2.5, then there exists a solution A to the optimal generalized
barycenter problem (3.1.4) that is supported on a finite set of points.

In particular, if each ; is supported on a set of n; points, then there exists an optimal

barycenter that is supported on at most }_, s [iea mi <25 [15, ni points.

Remark 3.16. Notice that the bound mentioned at the end of Corollary 3.15 is a worst case
bound. In practice, especially when data sets have a favourable geometric structure, the
optimal barycenter A may have a much sparser support. See section 3.4.

Proof. For each i € Y we can assume there exists a finite set X; C X such that p; is
supported on X;. For each A € S, let f4 : XX — X be a function such that

fa(xi, ..., xx) € Talx1,...,xx)

for all (xq,...,xk) € XK, where we recall the definition of Ta from (3.2.4). We can

now construct the set

F= U U {falx1, ..., xk)},

AESK (x1,xk)ETTE X4

which is necessarily finite. Indeed, if we setn; = [X;|, then Fhasatmost} , s, [lica T
elements. By Corollary 3.13, there exists an optimal barycenter supported on F

only. ]

A second MOT reformulation of (3.2.1)

Note that in problem (3.2.6) we need to find a distribution 75 for each A € Sk.
Hence, it is natural to wonder if we can reformulate problem (3.2.6) in such a way
that we only need to find a single distribution y. Here one must be careful, as
the previous formulations of the problem do not require the input distributions

Wi, ..., ux to have the same mass. As a result, if we try to work over a space of
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probability distributions whose marginals are ps, ..., uk, then we cannot recover
the full generality of (3.2.6).

To overcome this difficulty, we will define y over the slightly larger space (X x
[0, 1])¥. The extra coordinate will help us track the mass associated to each label i.
Define ¢ : (X x [0,1]) — Rby

E((Xllrl)l' sy (XK/TK))

= inf Y ma(calxy,...,xxk)+1) st ) ma=rt (3.2.9)
A€ESk

m:Sx—R .
AESK(l)

For each i € Y, let P; be the projection ((x1,11),..., (xk,Tk)) — xi. In what follows,
we use (X, T) to denote the tuple ((x1,11),..., (xx,Tk)). We then claim that problem
(3.2.6) is equivalent to

ian c(X,7)dy(X,7) s.t. Pig(ryy) = wiforallie Y. (3.2.10)
Y J(xx[01)K

Proposition 3.17. Problems (3.2.6) and (3.2.10) are equivalent, and thus (3.2.10) is also
equivalent to (3.1.3), (3.1.4) and (3.2.1).

Proof. Given a feasible solution 7y, ..., my to problem (3.2.6), define y such that
for every continuous and bounded function f: (X x [0,1])* — R we have

FROVEN = 3 | (il boxalKD)dmabe . x)

J(DCX[O,l])K Acs, Y%K

where xa (1) = 1if 1 € A and zero otherwise. We can then check that vy is feasible
for (3.2.10), since for any function g : X — R

J rigx)dy(%,7) = Y J g(xi)dma (x4, ..., Xx)
(Xx[0,1])K

K
Aesy (i) VX

:J g(xi)dui(xi),
x
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where the final equality uses the fact that } , s ;) Pis7a = 1.
Next, we observe that forany A € Sk and a tuple of the form ((x1,xa (1)), ..., (xx, XA (K) ))
we have

c((x,xa (D), (x, xa(K))) < calxy, ... xk) + 1.

Therefore,

| emmaEn < Y| (ealrnd £ 1) dmale 0
(Xx[0,1])K

K
A€Sk X

Conversely, suppose that vy is a feasible solution to (3.2.10). Given a tuple (X, ¥),
let

=

ma (X, F) € argmin Z ma(ca(xy,...,xk) +1) st Z ma = Ti.
m:Sk—R Aesy AESk (i)

Given A € Sk define ma such that for any continuous and bounded function
h: X* — R we have

J h(xl,...,xK)drcA(xl,...,xK):J h(xt, ..., x)ma (X, F)dy (X, 7).
XK (Xx10,11)K

We can then check that for any continuous and bounded function g : X — R

> | stodmatu o = | reg(x)dy (%, 7
(Xx[0,1])K

K
AeSy (i)Y

:J g(xi)mi(xq),
X

where we have used the fact that }_, s, ;) ma (X, T) = 71 in the first equality. Thus,
our construction gives us a feasible solution to (3.2.6). Evaluating the objective in
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(3.2.6) we see that
Z J (CA(Xl,...,XK)+1)d7tA(X1,...,XK)
| S ma® Plealu, .., x) + 1)dy(E, 7
(Xx[01DK
| &%, dy (%, 7)
(Xx[01DK

where the final equality uses the definition of ¢ and our choice of ma (X, ¥). Thus,
the two problems have the same optimal value and any feasible solution to one
problem can be easily converted into a feasible solution to the other. O

Localization

In this section we show that the cost function ¢ in problem (3.2.10) is equal to B},
for a measure [t that depends on the arguments of c. This result can be interpreted
as a localization property for problem (3.1.4) (and hence for problem (3.1.3) as

well). Compare with the discussion after Theorem 3.3.

Lemma3.18. LetXq,..., X € X, andlet0 < 7,...,T < 1. Thenc((X41,71),..., (Xk,Tx))
defined in (3.2.9) is equal to BY,, where

/}i = Z 7‘16(*1,1].
ieY
Proof. To prove this claim we first notice that by Proposition 3.17 B} is equal to

ian c(x,¥)dy(x,7),
Y J(xx 01K

where 7 is in the constraint set of problem (3.2.10). For a feasible vy, notice that vy

must concentrate on the set {(X,T) : x; = Xi,1 € Y}. Applying the disintegration
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theorem to 'y, we can rewrite the objective function evaluated at y as
J E((illrl)l"'l(iKITK))d’}/T(‘rll"'I‘rK)I
[0,1]K
where 7y, is a positive measure over [0, 1]* satisfying the constraints:
J Tid’]/r(Tl,...,TK) :f’i, Vlzl,,K (3211)
[0,1]

It is clear that the map associating a feasible vy to a v, satisfying (3.2.11) is onto,
and thus, we can rewrite BE as

azinfj (Fm)s s (R 7)) e (T T
Yr [0,1]K

:ian inf ){ Z mA(l—I—cA(il,...,ch))}dyr(rl,...,rK)

Yr Jio1k {mataeG(ry,..., AcSy

Yr {mala€G

=inf inf J { Z ma(ry,...,Tx) - (1+CA(721,...,72K))} dy.(ri,...,mx)
1% L acs

= inf ian {ZmA(rl,...,rK)-(1+CA(7<1,...,72K))}dyr(rl,...,rK).
[0,1]K

G
{MmaA}la€G Vr AcSk

In the above, the set G(1y, ..., 1K) is the set of {ma}acs, satisfying the constraints
in (3.2.9) for the specific tuple ((%1,71),..., (Xx,Tx)), while G is the set of {ma}a
where each m, is a functions with inputs 1y, ..., ¢ satisfying {ma (r1,...,7)}a €
G(Tl, .. .,TK).

We can now write the term

J . { Z ma(ry,..., T - (1+CA(7~<1,---,7~<k))}dVr(Tl,---,TK)
U5 L aes

= Z mA,y(l‘f—CA()Zl,...,)’Zk)),
A€ESk
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where we define
mA,‘yT = JmA(rll s /rk)d’YT(rll s ,T'K).

Notice that

Z MA,y, = Z J ma(ry, ..., m)dye(ry,. .., Tk)

AESK (1) A€Sk(1)

Z mA T T | dy(rn i)

Conversely, notice that given a collection of functions T satisfying the constraint
in (3.2.9) for the tuple (X1, 71), ..., (Xx, Fk), it is straightforward to find y, such that

Ma = ma,, for all A. It now follows that

:iprmA(1+CA(7~<1/---;Xk)) cl(xa, 1), ., (R, Tx)),
ma
A
as we wanted to prove. O]

Dual Problems

In this section we discuss the dual problems of the different formulations of the

generalized barycenter problem studied in section 3.2.1.

Proposition 3.19. The dual problems to (3.1.4), (3.2.6), and (3.2.10) can be written as

sup ZJ 5 (x¢) dpi (xq)
M feE€C ) 1ey (3.2.12)
s.t. fi(x) >0, Zf <1, forallx e X,ieY,

iey
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sup ZJ gi(xi)dpi(xi)
91,9k ECp (X) ey VX (3 2 13)

s.t. Z gi(xi) <1+calxi,...,xx) forall (xq,...,xc) € XX, A € Sy,
ieA
and

sup Z J hi(xi) dpi (i)

Ny, hkECH(X) joyg ¥ X

s.t. Z rihi(xi) < ¢(x,7) forall (X,7) € (X x [0,1])%,

iey

(3.2.14)

respectively.

Letfy,...,fx; g1,...,9x; i, ..., hy befeasible solutions to problems (3.2.12), (3.2.13),
and (3.2.14) respectively. Problems (3.2.13) and (3.2.14) have the same feasible set
and hence are identical. Furthermore, g{ = f{ is a feasible solution to (3.2.13) and
f{ = max{gs, 0}° is a feasible solution to (3.2.12), hence the optimization of (3.2.13) can
be restricted to nonnegative g; that satisfy g = g$¢. In particular, (3.2.12), (3.2.13), and
(3.2.14) all have the same optimal value.

Proof. The derivation of the dual problems is standard.

To see the equivalence between problems (3.2.13) and (3.2.14), fixsome hy, ..., hg
that are feasible for (3.2.14) and choose some B € Sx and (x4,...,xx) € X* such
that cg(x1,...,xk) < oo. Choose

m* € argmin Z ma(l4+ca(xy,...,xx)) st Z ma = xg(1),
m:Sx—R A€ESk AcSk (i)

where xg(i) = 1if i € B and zero otherwise. Note that the choice ma = 1 if
A = B and ma = 0 otherwise is feasible for the above optimization. Therefore, the
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optimality of m* implies that

T+cp(xy..xk) = ) ma(l+calx,. ., xx))
AESK

=¢((x,x8 (1)), ..., (xi, x8(k)))
> ZTihi(Xi)

iey
= Zhi(xi)-

ieB

Thus, we see that the h; are feasible for (3.2.13) since B and (x4,...,xx) were
arbitrary.

Conversely, fix some gy, ..., gk that are feasible for (3.2.13) and some (X, T) €
(X x [0,1])¥. Choose

n* € argmin Z ma(l+ca(xq,...,xx)) s.t. Z ma =1y,
m:Sx—R A€ESk

and observe that

D mgilx) =) gilb) ) mi
)

iey iey AESK(i

= Z nx Z gi(xi)

AESk ieA

< ) nall+ealx, ..., xx))
AESK

=¢((x1,11), .-+, (xx, T6)),

where we used the feasibility of the g;. Thus, the g; are feasible for (3.2.14). Since
both problems are optimizing the same functional over the same constraint set, we
see that (3.2.13) and (3.2.14) are identical.

Now suppose that fy,...,fx and g,..., gk are feasible solutions to problems
(3.2.12) and (3.2.13) respectively and define g{ = f{ and f{ = max{gi, 0}°. Given
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A €Sk, Xq,...,x¢ € XX, and r > 0 we can choose x, such that

D clxexi) STHCAlX, XK.
i€A

Then we see that

D gilx) <D Fxe) + el i) KT HT+calx, .., xx).
A icA
Letting r — 0, we see that the g; are feasible for (3.2.13). Hence, the optimal value
of (3.2.13) cannot lie strictly below the optimal value of (3.2.12).
It remains to verify the feasibility of the f{. We begin by showing thatif gy, ..., gk

are feasible for (3.2.13) then max{g,0},..., max{gy, 0} are also feasible. Fix A € S¢
and (xq,...,xk) € XX. Let A’ ={i € A : gi(xi) > 0}. We then see that

> max{gi(xi),0}= Y gilxi) < 1+carlxi, ..., xk) <1+ calxy, ..., xx)

ieA icA’
where the final inequality follows from the definition of c4 and the fact that A’ C A.

Now we are ready to verify the feasibility of the ;. Clearly f{(x) > Osince c(x,x) =0
forall x € X. Given x € X, fix r > 0 and for each i € Y, choose x; » € X such that

(max{gu 0}) ( ) max(gl(xl 1‘) 0) - C(Xi,rz X) + .
We then have

Z max{gl, O}C Z maX{91 X4, T‘) O} (Xl rr X ) +T

iey iey
g 1 +r+ Cy (Xl,r/ oo /Xk,T) - Z C(Xi,rlx)
iey
where the final inequality follows from the feasibility of max{gi, 0}. Now from the
definition of cy, the last line is bounded above by 1 + 1. Sending r — 0 we are done.

Notice that the above arguments prove that whenever gj, ..., gk are feasible
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for (3.2.13), then max{gy, 0}¢, ..., max{gy, 0}°¢ are also feasible for (3.2.13). Since
u < ue for any function u: X — R, it follows that

>

iey X

ix)dus(0) < Y | max{gy, 0% (x)dalx).

i€y
Since we showed that max{g;, 0} was feasible for (3.2.12), it follows that (3.2.13)
cannot attain a larger value than (3.2.12). Hence, we have shown that (3.2.13) and
(3.2.12) have the same optimal value. O

We now want to show that the dual problems attain the same values as the
original primal problems. We begin with a minimax lemma for the following partial

optimal transport problem.

Lemma 3.20. Suppose that c is a bounded Lipschitz cost that satisfies the hypotheses of
Proposition 3.4. If B C M(X) is a weakly compact and convex set, then given measures
W, ..., Uk, € M(X), let we have the following minimax formula

min Z Clupi, vi)

P, vi€B,vi<p 4
icy

= max min iXdiX— iX/dX/
@i Pi€CH(X) pEB = Lc(p( ) }'L( ) ll)( ) p( )

st @i(x) —i(x) <clx,x),Pi(x’) > 0.

Proof. Using the dual formulation of optimal transport, we can write

Clu, vi) = sup  Jilvi, @, i) st @i(x) —bi(x') <c(x,x').
i Pied,

where

Ti(ve, o1 b0) = J 01 (0)dpss (x) — s (x)dvi (x),

X
and @ = {(@i, i) € Cp(X) x Cp(X) : @i(x) —Wi(x") < clx,x') forall x,x" € X}
For each @i,; € Cp(X) fixed, the mapping (p, vi) — Ji(vi, @i, i) is linear and

lower semicontinuous with respect to the weak convergence of measures. For any
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p, Vi fixed, the mapping (@i, Vi) — Ji(Vvi, @i, 1) is linear and upper semicontinu-
ous with respect to strong convergence in Cy, (X). Since the constraint sets v; < p

and @, are convex, we are in a situation where Sion’s minimax theorem applies.

Therefore,
min _ sup E Jilvi, @i, P1) = sup min _ E Jilvi, @i,
prvie /Vl\p(p lble(Dc IGH (Pllb e(l) P, Vi E Vl\ .
Since

min 3 e i) = 3 || @ilx)dm 0 — max(u (), 0)p(x),

Vi
'L\ . 1613

we have

min ZC i, Vi) = sup min J @i(x)dui(x) — max(Pi(x'),0)dp(x’).

p,vi€B, vlép PipieD, peB iey 7

If we replace @i by ¥§ and ; by max(;, 0)°¢ then the value of the problem can
only improve. Since we assume that c is bounded and Lipschitz, it follows that
P¢ and P§€ are bounded and Lipschitz. Thus, we can restrict the supremum to a
compact subset of @, where \; > 0. Thus, the supremum is actually attained by

some pair (7, %) € O, with i > 0, ] = (p7)° and (i) = . m

Using Lemma 3.20 we can prove that there is no duality gap for bounded and
Lipschitz costs. We will then show that there is no duality gap for general costs by

approximation.

Proposition 3.21. Given measures W, ..., i and a bounded Lipschitz cost c satisfying
the assumptions in Proposition 3.4, suppose that A, fu, ..., fix are optimal solutions to
(3.1.4). If o7, ¥F € Cy(X) are the optimal Kantorovich potentials for the partial transport
of wi to A (c.f Lemma 3.20), then @7, ..., @k are optimal solutions to problem (3.2.13),
V3, ..., Vg are optimal solutions to (3.2.12), and the values of (3.2.12)-(3.2.14) are equal
to (3.1.4). In other words, there is no duality gap.
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Proof. If we fix some convex weakly compact subset B C M(X) containing A, then it
follows from Lemma 3.20 and the optimality of A that there exists @}, such that

X)+ Y Cluy, i) = min p(X +ZJ x)dpi(x) — i (x)dp(x), (3.2.15)
iey iy
Wi(x) = 0,and (@3)°(x") = ¥i(x), (WI)¢(x) = @i (x)foralll < i< Kandx,x’ € X.

If there exists x" € X such that } ;. Pi(x') > 1, then we can make the right hand
side of (3.2.15) smaller than the left hand side by choosing p = Mdy/ for some
sufficiently large value of M. Hence, it follows that } ;. Wi (x) < 1 everywhere.
Thus, the 1} are feasible solutions to problem (3.2.12) and, by Proposition 3.19
(P7)¢ = @7 are feasible solutions to (3.2.13). Finally, if we choose p = 0, it follows

1

that

(3.14) =AMX)+ Y Clw, i) < ) @f(x)dpi(x) < (3.2.13) = (32.12) < (3.1.4)

icy iey

where the second last equality follows from Proposition 3.19 and the last inequality
holds trivially by duality. Therefore, we can infer that there is no duality gap. [

Proposition 3.22. Given measures v, ..., Wk, if ¢ is a cost that satisfies Assumption 2.5,
then problems (3.2.12)-(3.2.14) all have the same value as (3.1.4).

Remark 3.23. Note that we do not claim that the supremums in (3.2.12)-(3.2.14) are
attained.

Proof. Letn : [0,00) — [0, 00) be a smooth strictly increasing function such that
n(x) =xforx < 1andn(x) < 2forall x € [0,00). For eachj € Z,, define

6) (X/X,) = lnf C(th{) +jd(X,X1) +jd(XIIX1)/
(x1,x])€XXX
and c¢;(x,x') := )n( ) It then follows that c; is a bounded Lipschitz cost that

satisfies the assumptlons of Proposition 3.4. Since c is lower semicontinuous it is

straightforward to check that c; converges to ¢ pointwise everywhere.
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Let «; and 3; denote the optimal values of Problems (3.1.4) and (3.2.13) respec-
tively with cost c;. From Proposition 3.21 we know that o; = f3;. Let ¢, 3 denote
the optimal values of Problems (3.1.4) and (3.2.13) respectively with the original
cost c. Since we already know that 3 < «, our goal is to show that o« < f3.

Exploiting the fact that c; is increasing with respect to j, if g%", e, 91;2 is a feasible
solution to (3.2.13) for the cost c;,, then it is also a feasible solution to (3.2.13) for c.
Therefore, lim;_, o, 35 < B.

On the other hand, let N and {i, ..., fi} be optimal solutions to (3.1.4) with
the cost c;. Let 7} be the optimal transport plan between p; and fi. Arguing as
in Proposition 3.4, it follows that NV and 7t are tight with respect to j. Thus, there
exists a subsequence (that we do not relabel) such that M converges weakly to some

A and 7 converges weakly to some 7t;. Fix some jo and note that for all j > j,
+ZJ cj(x,x")dr (x,x') = +ZJ cj, (x,x") A7 (x, x).
iey ieY

Therefore,
liminf o5 > —i—ZJ ¢, (x, x")drri (x, x").

]—>OO
iey

Taking a supremum over jj, it follows that

liminf o > A( +ZJ c(x,x")dmi(x,x") > «.

j—00
iey

Thus, « < liminfj_,,, o = liminf;_,,, 3; = 3. Thanks to Proposition 3.19, it follows
that (3.1.4) and (3.2.12)-(3.2.14), all have the same optimal value. O

3.3 Proof of Theorem 3.3

In this section, we prove Theorem 3.3 and return to the adversarial problem (2.5).
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Theorem 3.3: upper bound

First we show that

1
—B* < inf Seee, d P .
71w ”EI&(H)L}f c(z1 zx )d7t(z4 zk)

To see this, recall that B}, is, according to Proposition 3.17, equal to

inf J c(X, T)dy(X,7¥) s.t. Pig(ryy) =y forallie Y.
YEV W J(xx[0,1])K

Here and in what follows we use Y, to denote the set of positive measures satisfying
Pis(riy) =i forallie{1,..., K}
Let 7t € Tl (), and for given Z = (z,...,zx) € Z¥, let vz € Yy be a solution

for problem (3.2.10) (when p = Hiz). We define a measure vy as follows:
| mwnavgn=] (] w ) ante,m
(2% [0,1])K 2K \J(xx[0,1])k

for every test function h: (X x [0,1))% — R.
We check thaty € T, .. Indeed, for any test function g : X — R we have:

J reg(x)dy (%, 7) = J (j rig(x)dvs(X, ?)) dr(za, ..., 2x)
(Xx[0,1])K ZK (Xx[0,1])K

1
— EJ . Z g(xj)]lij:i dﬂ(Zl,...,ZK)
25 \im#a
1

— 57 | gbdun),



Let us now compute the cost associated to this y:

r
j SR, )y (%, 7) = (J 8%, Pdv(E, ﬂ)
(Xx[01])K .JZf (Xx[0,1])K

]
_ *

= Jax Bﬁzdﬂ(zl,. . .,ZK)
]

= c(zy,...,zx)dn(zq,...,2K).
JzK

Combining the above with Remark 3.1, we conclude that

1
—B* =B% = inf J c(x,7)dy(X,7¥) < inf
21 H 2171FL er%u (X% [0,1]) ( ) Y ) = ek (1

Theorem 3.3: lower bound

Now, it is sufficient to show

1
inf c(zy,..., dmt(zq, ..., < —B7.
o K(H)J (21, z)dn(z, . 2] < 57 By

First, observe that for any ¢ € ® we have:

K 1 1 X
ZJ d)j(zj)zdu(zj)‘f’izcbj(ﬂ)
j=1 v XxY j=1

K

™
*R
Nl

—ZJ (Z By 1)+ 3 5(7)) 3o,

i€y j=1 j=1

For each i € Y, define

)dm(Z).

55
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It is thus clear from the above computation and definition that

K K
1 1 1

g Jxxy ol (Zi)idu(lj) 5 Z $;(A) = Z Lc ¢1(Xi)§dui(xi)- (3.3.1)

j=1 j=1 iey

Our goal is now to show that {1; : i € Y} is feasible for problem (3.2.13) (working

with the normalized measure .-y1). We start with a preliminary lemma and an

example illustrating the strategy behind the proof of this fact. The precise statement

appears in Proposition 3.25 below.

Lemma 3.24. Given (zy,...,zx) € 2K, let A ={j € Y : z; # [\}. Suppose that for each
j € Azj=(xj,j). Then, for each ¢ € @,

CA. (33.2)

=

+

=

K
> (7)<
j=1

Proof. Since ¢ € @, it suffices to show that

where
K

~ 1 1 1
hz= > Ko = > Ko = > KO-

ls.t. z1#A JEA JEA

For simplicity, assume that A ={1,...,S}. By Lemma 3.18,

1 1

E)I SRR (XS/ E)/ (XS—H/O)/ SRR (XK/ O))/

where we can pick xs.1, ..., Xk arbitrarily. Let ma = % and ma, =0for A’ #A. It
is easy to check that such m is feasible for (3.2.9) since ry = % forl1 <s < Sand
r; =0forj ¢ A. So, (3.2.9) implies

1 1

)/' vy (XS/ _)r (XS+1IO)I' vy (XK/O)) <

K K +

E((Xll CA.

A=
A=
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The conclusion follows. O]

We now present specific examples which illustrate why {1; : i € Y} is feasible
for (3.2.13), that is, we need to show that for any (xi,...,xx) € X* and for any
A € Sx we have

Let K = 4 and suppose that A = {1, 2, 3}. Expanding the \;’s we get:

P1(x1) 4+ Pa(x2) + a(xs) Z Zd); Xi, 1 +BZ¢]

or, after a rearrangement of the summands:

We can bound the first line above using (3.3.2):

1 1

b1(x1, 1) + da(x2,2) + ds3(x3,3) + da(A) < 1T oA

The same argument holds for the second, third and fourth lines. For the last line,
notice that ¢(f}, ..., 1) = 0. Hence, the last line is bounded above by 0 and we can
now deduce that

P1(x1) +Pa(x2) +P3(xz) <1+ ca.

The above situation becomes less trivial if |A| is much smaller than K. To illus-

trate, let K = 9 and suppose that A = {1, 2}. Rearranging the ¢;’s as above we will



58

not be able to obtain the desired upper bound since the total number of ¢;([1)’s
available is in this case K|A| = 18 while the required number of ¢;(/1)’s in the
analogous arrangement as above would be at least K(K — |A|) = 63. To overcome
this problem, we need to rearrange the ¢;’s further in order to reduce the required
number of ¢;([1)’s and deduce from this refined analysis the desired upper bound.

First of all, construct a 9 x 9 arrangement in the following way: for the k-th
row in the arrangement, let the k-th and the (k + 1)-th elements be ¢y (x;,1) and
Pr+1(x2,2), respectively, and let the remaining elements be “empty". Note that here
k and k + 1 are considered modulo 9; for example, 10 =1 mod 9, and an empty
element means literally no element. We merge rows in the following way: merge
together the 1-st, the 3-rd, the 5-th and the 7-th rows, i.e. replace empty elements
for none-empty ones coming from other rows; likewise, merge together the 2-nd,
the 4-th, the 6-th and the 8-th rows; finally, keep the 9-th row as is. By the above
construction, the 1-st, the 3-rd, the 5-th and the 7-th rows share no common ¢j. Let
0; denote an empty element at the j-th coordinate. The resulting arrangement can
be written as:

$1(x1, 1), da(x2,2), b3(x1,1), Palxz, 2), ds(x1, 1), bs(x2,2), dr(x1, 1), hs(xz,2), Do,
®11 d)Z(XlI 1)/ ¢3(X21 2)/ ¢4(X1/ 1)/ d)S(XZI 2)/ ¢6(X1/ 1)/ ¢7(X2/ 2)/ CDS(Xl/ 1)/ ¢9(X2/ 2)/
d)l (XZI 2)/ ®2/ 03/ ®4/ ®5/ ®6/ ®71 ®81 4)9 (Xll 1)/

with the first row representing the merge of rows 1-3-5-7, the second row repre-
senting the merge of rows 2-4-6-8, and the last row representing row 9.

Notice that the above arrangement contains all ¢;(xs,s)’s. Furthermore, the
number of (); for each 1 < j < 9 is exactly 1. Filling ();'s with ¢;(f1)’s, and using the
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fact that the number of ¢;(/1)’s for each 1 < j < 9is 2, it follows that
4

Pi(x1) +a(x2) = Z (baj—1(x1,1) + daj(x2,2)) + do(A)
j=1

+ () + (doj(x1,1) 4+ Poj11(x2,2))

M-

)

1
8
+d1(x2,2) + ) P5(A) + bolxa, 1)

j=2
+ Zd)j (A
i=1

Observe that for (zi,...,zx) = ((x1,1), (x2,2),..., (x1,1), (x2,2), A1), iz = 5 (x1,1) T
58 (x,2)- Factoring out the 4 (see Remark 3.1) and applying (3.3.2), what we obtain
is
: 4 4
D (d2-100,1) + 2y (x2,2)) + do() < B, < g + ea.
j=1
Similarly, the second and third lines can be bounded by % + %cA and % + %c A,

respectively. Since Z?:l d;(A) <0, it follows that

P1(x1) +Pa(x2) <14+ ca.

The above two situations help us illustrate the general strategy for proving that
the resulting 1; are feasible: the idea is to arrange summands appropriately so
that we can utilize Lemma 3.24 in the most effective way possible. In the following
proposition we state precisely our aim and prove it by such strategy.

Proposition 3.25. Let (¢p1,...,dk) € © be a feasible dual potential. For eachi € Y, define

K
= Z dxq,1 +Zc|)] ), xi€X.
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Then {\; : 1 € Y} is feasible for (3.2.13).
Proof. Fix K and A € Sx. Without loss of generality, assume that A ={1,...,S}. We
need to show that
Z Pi(xi) <1+ca. (3.3.3)
i€A
K, let

First, suppose K is divisible by S. Foreach1 <s <Sand1 <j <

ifs+j—1#0 mod S

) (s+j—1 mod S)
(s,j) =
ifs+j—1=0 mod S.

S

Rearranging the sum of the \’s, it follows that

Note that foreach 1 <s < S, {u(s,j) : 1 <j

X’U.S]

HI\/]x
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Since Zf ~, 0;(A) <0, itis deduced that

s K K
D ix) =) ) dilxuisipuls,i)) +S ) bi(A)
: =

proving the desired inequality in the first case.
Now suppose that K is not divisible by S. Foreach1 < s < Sandeach1 < k <K,
let
(s+k—1 modK) ifs+k—1#0 mod K

K ifs+k—1=0 mod K.

v(s, k) :=

Construct a K x K arrangement in the following way: for each 1 < s < S we set
the v(s, k)-th element to be ¢, s x)(xs, s), and we set the remaining elements to be
empty. We use (); to denote an empty element at the j-th coordinate. Note that
the k-th row has ¢y (1,x)(x1,1), ..., Oy(s k) (xs,S) as non-empty elements, which are
placed from the v(1, k)-th coordinate to the v(S, k)-th coordinate, while it has (K—S)
many empty elements. For example, the 3-rd row is

(Z)l/ 02/ ¢3(X1/ 1)/ ceey (I)S+2(XS, S)/ ®S+3/ ey QK-

We split this case into two further subcases.

First, assume that |§| = 1. In this case, we have K(K — S) < KS. For each
1 < k < K, collect all the ¢;(f1)’s such that j ¢ Ay :={v(1,k),...,Vv(S, k)}. Notice
that for fixed j, the number of k’s such that j ¢ Ay is exactly K—S since all ¢;(xs, s)’s
are contained in this arrangement and | §| = 1. In other words, the total number of

(; is smaller than the total number of ¢;(/1). From the above and an application of
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(3.3.2), we deduce that
K s K
D il =Y (X dusrlee s+ Y b5(R)) + @S —K) Y 5
ieA k=1 = s=1 A i1
K
1 1
< Z (E + ECA)
k=1
=1 + CA,

proving the desired inequality in this case.

Finally, assume that |£] > 1. Here the idea is to merge L%j-many rows to
a single row. We do this in the following way: for each 1 < s < S, we merge
together the s-th row, the (S + s)-th row, ..., and the ((L | — 1)8 + s)-th row, to
obtain a single row which will be re-indexed by s. In the original arrangement,
since the ((m — 1)S + s)-th row has &, (s (m—1)s+1)(X1,1), ..., ®v(sms)(xs,S) as non-
empty elements, the rows that get merged share no common ¢;. We keep the last
(K — [§]S)-many rows in the original arrangement the same, and for convenience
we let the indices of these rows be unchanged. After this procedure, we obtain
S-many merged rows and (K — | §]S)-many remaining original rows. Now, it is
necessary to count, for every fixed j, the total number of empty elements (J); in
this new arrangement. If the number of );’s was smaller than or equal to S for all
1 <j < K, we would be done since the number of ¢;(/1) is S for each j, whence it
would be possible to replace the ();’s with ¢;(f1)’s. We show that this is indeed the
case.

For each merged row, its non-empty elements are

Gus (X1, 1), .00, bugs,s)(xs,S), -0, ¢v(s,(L§J_1)3+1)(X1/ 1),..., d)v(s,Lng)(Xs,S)-

Observe that for each merged row, the index j of §); varies from v(s, | ]S + 1)
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). The definition of v(s, k) yields that
K K
v(s, LgJS—i—l) = L§JS+sif1 <s<K— L§JS, (3.34)
K K . K
v(s,ngs—i—l):L§J5+S—K1fK—L§JS—I—1<s<S (3.3.5)
v(s,K) =Kifs =1, (3.3.6)
v(s,K)=s—1if2<s<S. (3.3.7)

To count the total number of §);’s in the merged rows, let’s consider the following

sub-cases.

(1)

(ii)

(iii)

(iv)

[£]S+1<j<K:By(334),if1 <s<K—[%]S, then the s-th row has §;
for [§]S+s <j < K. Also, by (3.35) and (33.7),if K— [§|S+1 <s <SS,

then no merged row has such ;. Hence, the number of §; is j — |5 |S.

S <j < |§]S: It follows from (3.3.4) and (3.3.5) that either v(s, [£]S +1) >
[ £]Sorv(s, [§]S+1) < S. Similarly, it follows from (3.3.6) and (3.3.7) that
either v(s,K) > [%j S or v(s, K) < S. Since the index j of (); of the s-th merged

row varies from v(s, [ £]S + 1) to v(s, K), the number of §; is 0.

S—(K—|%§]S)+1<j<S—1:By(33.5)and (3.3.7),if S— (K—[§]S)+1 <
j < S —1, then (); appears from the (j + 1)-st merged row to the S-th merged

row. Hence, the number of () is S —j.
1<j<S—(K—[%]S): Similar to (iii), if 1 < j < S— (K— [§]S), then 0
appears from the (j + 1)-st merged row to the S-th merged row. Hence, the

number of 0); is K — [ §S.
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To summarize, in the merged rows

j—[§]S  for [§¥]S+1<j<K,
0 forS<] [JS
S—j for S — [JS )+1<ji<S—1,

the number of (); = (3.3.8)

Now, it remains to count the total number of §); in the last (K — [ £]S)-many re-
maining original rows. In this part, each row has only S-many non-empty elements.
Recall that we still use the same index k for these remaining rows. Precisely, for

[ £]S 41 < k <K, the k-th row has

by (X1, 1), dyioi) (x2,2), ..., dyuis i) (xs, S).

Recall that Ay = {v(1,k),...,v(S,k)}. To count the total number of (;’s in the
original rows, let’s consider the following sub-cases.

(i) [§]S+1<j<K :If1<j+1—k < S, by the definition of v(s, k), then
j € Ax. In other words, each k-th row has Q)j for k > j. Hence, the number of
(Z)j is K — ]

(ii) S<j < L%J S : From the definition of v(s, k) and the range of k, we deduce
thatif [£]S+1 <k <K, thenv(1,k) > | §]S and v(S, k) < S. In other words,
0; for S <j < | %S appears in every row. Hence, the number of (); is K— [ £ |S.

(iii) S—(K—[§]S)+1<j < S—1:Since |§]S+1 <k <K,ifv(S, k) = S+k—K < j,
then j ¢ Ay. This yields that if L%JS +1 < k < K— S +j, then the k-th row
has ();. Hence, the number of () is K — | £ |S — S +j.

(iv) 1<j<S—(K—[%]S):Sincev(S, [§]S+1) =S — (K—[£]S),if1 <
S—(K—[§]S)and [§]S+1 <k <K, thenj € Ay. Hence, thenumberof@
is 0.
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To summarize, in the remaining original rows

K—]j for [§]S+1<j<K
the number of (); = K—15]s forS<J 1518,
") K- [%)S—S+j forS— —L%J +1<j<s—1,
0 for 1 < S—(K—[%]9)
(3.3.9)

Combining (3.3.8) with (3.3.9), the total number of (); is always exactly equal to
K — | §]S which is always less than S. This allows us to replace every (); with a
$; (). Accordingly, using  &;(/1) < 0, we deduce that

Zlbi(xi)g Z (Z (bv (s,j) st + Z d)l )

i€eA merged rows 1#v(s,j)

+ Z (Zd)\)s) Xs,8) + Z du(A )

remaining rows 1#v(s,j)

Let’s focus on the first summation over merged rows. Notice that there are | §|S
many non-empty elements and the set of arguments of such non-empty elements is
{(Xll 1)/ SRR (XS/ S)} Thus/

x\m.x
—

S
Factoring out | §] and applying (3.3.2), we obtain
LS LS
Z(bVS] Xs, S + Z d)l \LSTJ‘FLS—JCA
1£v(s,j)

On the other hand, for the second summation over remaining rows, there are S

many non-empty elements. Thus,

KIH

e L
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(3.3.2) immediately implies

+1c
KA

Al

Z d)V(S,jJ(XSIS) + Z d)l(@) <
(sj) 1#v(s,j)

Note that the number of merged rows is S and the number of remaining original

rows is K — | £ |S, respectively. Combining all arguments, we can infer that

S e < SIS IS KIS K-S

c c
: K K “TTx tTTx
iEA
=1 +Ca,
obtaining the desired inequality in the last remaining case. O

In summary, we have proved that fora given ¢ = (¢1,..., dk) € @, itsassociated
(P1,...,¥k) (which satisties (3.3.1)) is feasible for (3.2.13). Consequently, this
leads to

(3.1.8) < 21—1(3.2.13) (3.3.10)

In turn, by the equivalence between (3.2.13) and (3.1.4) by Proposition 3.22, this

automatically implies that
1
1.8) < —=BJ.
(3.1.8) < 1 B},
Finally, combining with Corollary 3.28 below (which establishes that under As-
sumption 2.5 there is no duality gap for the MOT problem (3.0.1)) we obtain the

desired inequality relating the minimum value for the MOT problem and Bj,.

Returning to the adversarial problem (2.5)

We begin by establishing that, under Assumption 2.5, the cost ¢ is lower semi-

continuous with respect to a suitable notion of convergence.
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Proposition 3.26. Let Z,. = Z U{[} on which [ is considered as an isolated point. Let d
be defined according to:

d(x,x’) ifi=1,
d(z,z2') :={ oo ifi# i orz=fandz" € Z(vice-versa),

0 ifz=2z"= 1\

Define dy on ZX by

de((z1,...,2k), (21,.-.,2¢)) = max d(zi, z}).

Recall

where Wz is defined as

1 K
ﬁi = E Z 62,1'
ls.t. z1#A

Under Assumption 2.5, ¢ is lower semi-continuous on (ZX, EK).
Remark 3.27. Note that (ZX, HK) is still a Polish space.

Proof. Suppose z" = (zT,...,zg) converges to Z = (zy,...,zx) in (Zf,ak). Without
loss of generality, assume that z,...,z; = [1forall1 <L < K. If L =K, the claim
would be trivial and so we can focus on the case L < K. By the definition of EK,
without loss of generality we can further assume that z7, ...,z = A for all n, and
likewise, for each L + 1 < j < K, we can assume that =1 for all n, for otherwise
the convergence would not hold due to the definition of dk.

By Lemma 3.18 we have

czl,,...,z¢) =B;_ = inf > maea¥yy .. xg) +1),  (33.11)

m:Sx—R
AC{L+1,...,K}

where the min ranges over all {ma}aciii1,. k) such that 3, s yn 1. MA =
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Vi=L+1,...,K
We now claim that for every A C{L +1,...,K},

1
KI

CA(Xr41,.-.,xx) < Hminfca(xfq,...,xg).
n—oo

Indeed, if the right hand side is equal to 400, then there is nothing to prove. If the

right hand side is finite, we may then find a sequence {X"},,cy such that

lim inf Z c(X™,xi{") =liminfca(x{' 4, ..., xg) < o0.
n—oo A4 n—oo

iceA
By the compactness property in Assumption 2.5 it follows that up to subsequence
(not relabeled) we have that {X"},,cy converges toward a point X € X. Combining

with the lower semi-continuity of c, we deduce that

CA(XL+1/ v /XK) < Z C(ilxi) < h_rl;rl)g.}f CA(XEJrl/ v /XE)/
icA
as we wanted to show.
Returning to (3.3.11), we can find for each n € N a collection of feasible

-----

lim inf > mA (ca(f iy, XR) +1) = liminfe(z}, ..., 28).
AC{L+1,..K}

Using the Heine-Borel theorem in Euclidean space, we can assume without the loss

of generality that for every A, m}; converges to some ma as n — oco. The resulting

collection of m is feasible for the problem defining ¢(z,, ..., zx) and thus, using

the lower semicontinuity of c established earlier, we deduce:

c(z,...z) < Y ma(ca(xiy, .- x%) +1) <liminfe(z], ..., z%).
AC{L+1,...,K}
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Corollary 3.28. (Duality of MOT) Under Assumption 2.5,

inf J c(z1,...,zx)d7m(zq,...,2K)
el (u) Jz K

K 1 1 X
=sup {ZLX%’ ¢j(zj)§du(lj) + > Zd%‘(ﬂ)}-

Pe@ | =1
Furthermore, a minimizer 1" exists, hence the infimum is indeed the minimum.

Proof. From Proposition 3.26 it follows that the cost function ¢(z, ..., zx) is lower
semi-continuous on (ZX, dy), which is a Polish space. Applying Theorem 1.3 in
Villani (2003), which is stated for the usual optimal transport, but that can be
generalized to the MOT setting, we obtain the desired duality. The existence of
a minimizer 7* follows from the lower semi-continuity of ¢(zy,...,zx) and the

compactness of Tk (p). O
Corollary 3.29. Under Assumption 2.5, (3.1.2)=(3.1.3).
Proof. By the upper bound from section 3.3 we have

1
ﬁBz < 7rGIII_II}I;]T(IH) JC(Zl,. . .,ZK)dT((Z1,. . .,ZK).

On the other hand, from (3.3.10) and Corollary 3.28 we have

. 1 1.
nerﬂg(lu)JC(Z“'"’ZK)dﬂ(Zl"“’ZK) = (3.1.8) < ﬁ(3.2.13) < ﬁBu'

Combining these two inequalities we conclude that all the above terms must be
equal. In particular, (3.2.13) = B},. Finally, by Proposition 3.19 we know that
(3.2.13) = (3.2.12) = (3.1.2). In particular, (3.1.3) = B}, = (3.1.2). O

Corollary 3.30. Suppose that Assumption 2.5 holds and that (7*, $*) is a solution pair
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for the MOT problem and its dual. Define * and [1* according to:

K K
fi(X) == sup ){max{z ¢;(x,1)+Z¢;(@),o} —c(x,z)}
j=1 j=1

xEspt( g

and for any test function h on X,

[ naw ) = j {th( \dfig, (% )}dw @),

where ﬁ;i is the i-th marginal of 1%, an optimal adversarial attack which achieves ¢(zy, . . ., zx)

given Z = (zi,...,zx). Suppose f* is measurable. Then (f*, ") is a saddle for problem
(2.5).

Remark 3.31. Here, we do not claim that £* is in general measurable. However, if either c
is continuous or W is an empirical measure with a finite support, then f* can be shown to be
measurable. See Remark 5.5 and Remark 5.11 in Villani (2009).

Notice that the supremum in the definition of f;, is only taken over spt(y).

Proof. We will show that (f*, 1*) is a saddle point for problem (3.1.3). More explic-
itly, we show that for any f € J and for any 1,

B(f, 1) + Clw, 1*) < B(f*, 1) + Clu, 1) < B(f*, 1) + C(w, 1. (3.3.12)

First we compute B(f*, i*) + C(p, n*). Notice that
K

LC £ (%) (%) + Y Cluag, 1Y)

1 i=1

{J £1(X1)dAG (X1) +C(u1A,?\A)}

Z
icA
{J Zf*TA +cA(z))dn;;(>z)},

I\/]x

B(f, 1) + Clw, 1) =

,ﬂ
I

mM EM
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where A%, and 7}, correspond to [1*. By the construction of f{ and (2.10),

K
Zf* Ta(X Zsup {max {Z d;(x', 1) + Z d)ﬁ[ﬂ),O} — c(x’,TA(%))}

ieA ieA X

K
= max{ sup {Z (D> ;) + D d(A) —calxf:ie A)} ,o}
x!{i€eA . X
< max{sup{l+ca(x{:i€A)—calx{:i€ A)},0}
<1

7

where the third inequality follows from (3.3.3). Hence,
B(F, W) + Clw ) < ) J (1+ ca(R)) dry (%)
Aesy VXK
:J c(z1,...,zx)dT" (21, ...,2K)
2K
=By

On the other hand, the definition of f; implies that for any x; in the support of

we have

K K
f1(x0) = ) b7 (xi, D)+ ) d7(A) — cX, xi). (3.3.13)
j=1 j=1
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Using 3 acs, (i) Mi,a = Wi and (3.3.13), the optimality of ¢* implies that

B(f*, ") + Cp, 1 Z Z { P (fr (%) + C(%izxi))dﬂi*(%izxi)}
AeSy icA XXX
. K K
> ) Z{ ( d>;‘(xi,i)+Z¢;(@))dn’:(a,xi)}
AcSgicA (VXXX 5 j=1
. K K
= > Z{ (Zcb;(xi,i)+Z¢;ﬂ(@))dul/\(xl)}
AcSkica X 521 j=1
K

K
|, #stzautz) + 3 as(m
j=1

j=1

B,

Here 7} denotes an optimal coupling between ; and pf which correspond to 7} ’s.
From the above we infer that
B(f*, ) + Clu, ) = B},
Now we can prove (3.3.12). The first inequality of (3.3.12) is straightforward,
since the definition of B}, in (3.1.4) and the optimality of u* imply that

B(f, 1) + Clw, 1*) < sup{B(f, ) + C(p, p*)} = By, = B(f*, p*) + Cw, 1*).
feF
For the second inequality of (3.3.12), let arbitrary p be fixed and 7t; € T'(f, pi)

be an optimal coupling for each i € Y. Then,

BP0+ Cliu i) = | RIRIGEG) + Y Clio )

icy VX icy

= ZJxXx (5 (X) + c(x,X)) d7mi (x, X).

iey
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Applying (3.3.13) yields that

K
B(f*, 1) + Clp, 1) > ZLC ) (Z b5 (x, 1) + Z¢;(@)> d7 (x, %)

=B(f", 1) + C(p, 1)

Therefore, (f*, 1*) is a saddle point for (3.1.3), hence for (3.1.2) and (2.5) also.
O

Remark 3.32. Many recent papers have tried to analyze adversarial learning from a game-
theoretic perspective Bose et al. (2020); Meunier et al. (2021); Pydi and Jog (2021b).
This approach is natural: the learner aims at maximizing the classification power B}, while
the adversary aims at maximizing the loss R, (hence to minimize B},): this is a standard
zero-sum game. Our main results thus provide a way to build Nash equilibria for the
adversarial problem using a series of equivalent formulations taking the form of generalized
barycenter problems or MOTs.

Corollary 3.33. Let 7t* be a solution of the MOT problem (3.0.1) and let F : ZX — ZX be
defined according to

F(le s /ZK) = (Z()‘(l)/ v /ZO‘(K))I

for o 1Y = Y a permutation. Then any convex combination of Fyr* and m* is also a
solution.

Proof. This follows immediately from the fact that the cost function c is invariant

under permutations and the fact that all marginals of 7t* are the same. O
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3.4 Examples and Numerical experiments

Through this section, the cost c is as in Example 2.3. This cost has been widely used
in adversarial learning literature and distributional robust optimization literature.
Examples in this section illuminate how our general framework of generalized
barycenter and MOT finds applications in practice.

Recovery of the binary case

Consider the binary case K = 2. Our goal is to show that our results recover the
result in Garcia Trillos and Murray (2022).

Let z1, 2z, € Z.. If both z; and z, are [, then ¢(z;,2,) = 0. If only one of them is
[, then the cost is % Finally, consider the case where z;,z, # [. First assume that

i1 = 1, = 1. In that case,
- 1 1
Hz = §5m,l) + §5m,1)-

Since only class 1 is represented in this configuration, there is no meaningful

adversarial attack in this case, and thus,

*

Hz
Assume now thati; = 1 and 1, = 2. In that case,

~ 1 1 1 1

Uz = Eﬁl + Eﬁz = 55(X1,1) + Eé(xﬂ)’

and the adversary can attack meaningfully if and only if d(x;,%,) < 2¢. Thus,

*
Hz

)3 ifd(x,x2) < 2,
1 ifd(x, %) > 2e.



75

To summarize,

if il % iz and d(Xl,Xz) < 28,
if i1 =1 or d(xq,x2) > 2¢,

c(z1,20) =
(21, 22) if exactly one of z;’s is [,

ifZ1 :Zzzﬂ.

O NI, = NI

In Garcia Trillos and Murray (2022), it is proved that

te(z1, 1y .
B:l = inf J (COS (Zl ZZ) + >d7’[(Zl,Z2),
"ael (k) Joxz 2

where
0 if il 7£ iz and d(Xl,Xz) < 28,

1 ifi; =1 or d(xq, %) > 2.

cost, (z1,22) = {

In other words, in the binary case, it is unnecessary to introduce the element . To
illustrate this point, assume for simplicity that 1 = 1. Notice that every 7t € I'(p, p)
induces a 7t € TT,(u) as follows:

1 5 1
J ©(z1,22)dm(z1, 22) == —J ©(z1,22)d7 (21, 22) + =@ (L, A1),
2 X 2o 2 Joxz 2

where ¢ : Z, x Z, — R is an arbitrary test function. The cost associated to the
induced Tt is:

(Costg(zl,zz) +1

ZJ c(z1,22)dm(z1, 22) :J 2
2 X T Z

c(z1,22)d7(z1,22) = J

ZXZ

)dﬁ(zl,zz).

X Z

On the other hand, let 7w be a solution for the MOT problem (3.0.1) (such
a solution exists thanks to Proposition 3.28). Thanks to Corollary 3.33, we can
assume without loss of generality that

(A x A') =7n(A’ x A),
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for all A, A’ measurable subsets of Z.. We now define 7t according to:
J ¢(z1,22)d7t(z1, 22) == ZJ ¢(z1,22)d7i(z1, 25)
ZXZ ZXZ

+ J @ (z1,z1)dn(z4, 20) + J P (22, 20)dm(z4, 22),
Zx{A} {AIxZ

for test functions ¢ : Z x Z — R. It follows that 7t € I'(u, u). Moreover, from the

above formula and the expressions for the cost ¢ we get

coste(z1,20) + 1\ . J
d7t(z1,z0) =
JZXZ < 2 ) v 2xZ

¢(z1,22)d7t(21, 25) = 2J c(z1,22)d7(z1, 25).
Zoy X Zoe
The above computations show that our results indeed recover those from Garcia
Trillos and Murray (2022) for the binary case.

Toy example: three points distribution

Let’s assume that K = 3 and u is such that

i = W1dy,, Ho = Widy,, Hz = w35><3,

for three points x;, x5, X3 in Euclidean space. Without loss of generality, assume
further that w; > wy > w3 > 0and }_w; = 1. Let ¢ > 0 be given and consider
the cost from Example 2.3 with d as the Euclidean distance (for simplicity). We
will explicitly construct an optimal robust classifier and an optimal adversarial
attack for this problem. Even in this simple scenario, one can observe non-trivial
situations.

Since for every [1; such that W, (w;0y,, i) < € we have

B (Xi,C)

J ()i (1) =j (e dit (1),
X

where B(x,1) = {x’ : d(x,x’) < 1}, we can assume without loss of generality
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that spt(f1;) C B(x, €). Notice that it is sufficient to consider f € J restricted to
B(x1, €) UB(xa, €) UB(xs, €) (in fact, problem (2.5) can not disambiguate the values
of f outside of this set). We consider 4 non-trivial configurations and one trivial
one. Figure 3.4 below illustrates how the adversary perturbs the original data
distribution in each of the non-trivial cases.

Case 1. d(xi,x;) > 2¢e forall 1 <1i#j < 3. This is a trivial case. We claim that
for any p; such that Wi (widx,, i) < & ((Lg(xy,e)r LB(xse)r LB(xae))r (H1, H2, H3)) 1S
a saddle point for (2.5). This is straightforward, since spt(ft;) N spt(it;) = 0, and
thus it can be deduced that (14 g
learner. It is easy to check that By, = 1 in this case.

15 (x,¢)) is @ dominant strategy for the

(x1,€)7 x2,€)!

Case 2. There is some X such that d(X,x;) < e foralll < 1 < 3. We claim
that ((1,0,0), (w1dx, wydx, w3dx)) is a saddle point. First, wiéy is feas1ble for all
1 <1< 3,sincex € B(xy,¢) for all i. Now, given (w1dx, wydx, w3dx), the best
strategy for the learner is to choose class 1 deterministically for all points, since
w1 = wy > wsz. On the other hand, given (1,0, 0), any adversarial attack yields the
same classification power. From this we conclude that ((1,0,0), (w10x, w20%x, W30%))
is indeed a saddle point. Notice that B}, = w; in this case.

Case 3. Two points are close to each other while the other point is far from
them. For simplicity, we only consider the case d(x;,x2) < 2¢, d(x1,x3) > 2¢ and

X1+X2

d(xz,x3) > 2¢. The other cases are treated similarly. Let X;, = , and define

f = (I8 (e UB(xae)r O LT (xse)) @aNd 1 = (W18x,,, W2dx,,, H3) for arbltrary 1z with
W (3, w3dy,) < €. We Clalm that (1?, 1) is a saddle point. For any (f;, f2, f3) € F we

have

Bu(f,ﬁ)ZLﬂ( Jor8s, (x )+Lf2( Jwabs, (x )+fo3(x)da3(x)

= w1 f1(X12) + wafa(X12) +J f3(x)s(x)
X
< w1+ w;

= Jx]lB (x1,€)UB (x2,€) wléxlz( ) +J

0w26X12( ) J 1@(){3,5)‘1"13(7()'
X X
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On the other hand, given (15, o) B(xye)r 0 15 (xs,¢)), fOr any (i1, o, 1s),

Buﬁiu):=J nguhduggbddﬁux)+J‘
X

0ia(x) + | T, (v
X X

= W1 + W3

— B, (f, 1)

where the second equality follows from the assumption on the configuration of
points. The above computations imply the claim. In this case B}, = w; + ws.

Case 4. d(xi,%;) < 2¢ for any x,x; but B(xy, &) N B(xa, &) N B(xs, €) = ). Note
that when K = 2, d(x1,x,) < 2¢ if and only if B(x;, €) N B(xy, €) # 0. However, when
K > 3, these cases are not equivalent anymore. There are two subcases to consider
depending on the magnitudes of the weights (w1, w,, ws).

Case 4 - (i) wy < wy + ws. In this case, we can find some «; € [0, w;] for all
1 <1 < 3such that

X] = Wy — Xy, 0 = W3 — oz and oz = Wy — .
Precisely,

x w1 + Wy — Wws Wy + W3z — Wy
1= =

: and“_w3+w1—w2

2 ’ 2 — 2 ’ 3 — 2 .

Note that for all i, «; > 0 since w; < w; + ws. Let X1z € B(xy,¢) N B(xy, €),
X135 € B(x1,€) N B(xs, €) and Xp3 € B(xy, €) N B(xs,¢). Construct the following
measures

R w1+ w-r — w w; — Wy +w
W = (Ocléy12 + (w1 — 061)5%3) = (( - 22 3)5@ + : 22 3)5%3)’
R Wy + w3 — w Wy — W3 + W
Ho == (0625@3 + (wy — 0‘2)6%2) - (( : 23 : V055 + : 23 1 )6%2)’
R W3+ W —w w3 — Wi +w
W3 ‘= (0(36y13 + ((Dg, — 0(3)6Y23) = (( 2 21 2)6Y13 + ( & 21 2)6723)’

Observe that at each X;;, 1; and {1; put the same mass: it is natural since, otherwise,
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the learner will choose a class which puts more mass at X;j. So, this gives a hint
about what would be the best adversarial attack. The adversary gathers classes as
much as possible and distributes them as uniform as possible.

Let Aij = Aji == B(xi,€) N B(x;, ) and A; = B(xi,¢) \ (Aij UAik). One can
observe that since d(x,%;) < 2¢ for any x;,x; but B(xy, £) N B(xy, £) N B(x3,¢) =0,
B(x,€) = Ai;UA(UA; for each i. Here U denotes a disjoint union. Also, since
Woo (Hi, widy,) < ¢, it must be the case that Ay Nspt(fi) = 0 if k # 1,j. For each
1 <1 < 3, construct the following weak partition:

ifx € Ai/
if x € Aij/
if x ¢ B(xy, €).

O N =

fis a weak partition since B(xi, &) = AijUAxUA; and B(x1, €)NB(x2, £)NB(x3, €) = 0.
We claim that (1?, 1) is a saddle point. Note that a straightforward computation
yields B, (f,{i) = 1.

Given (M1, Ha, 1), for any (fy, f, f3) € F,

Bu(f, i) = | fulddiulx) + | Bbdiale) + | fiix)dis(
X X X
= (O ) + (RO () + (P22 ()
(B2 O ) 4 (L2 ) + (2R g ()
= (D) (1 (1) + i) + (202 () + ()
(20 (6 () + 3 23))
w1 + Wy — W3 w1 + W3z — Wy Wy + W3 — Wwq
e R e R
1
=)

where the second to last inequality follows from the fact that }_f;(x) < 1 and the
last equality follows from the fact that ) w; = 1. Given (1?1, %\2, 1/“\3), on the other
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hand/ for any (ﬁl/ '12/ ﬁ?))

B.(f,[) = LC fL(x) i () + Jx F(x)dia(x) + LC £ (x)dfis(x)

~ M(A) F a(A) | ml(A) + Bs(As) | B2(Azs) + Ha(Ags)
B 2 * 2 * 2

+ 1 (Aq) + 12 (Az) + H3(As).

Note that since W (1L, widy,) < ¢, spt(pi) N A; = 0 for any [1; and for any i # j. To
minimize the above, the adversary should put spt(1i;) € Ay U Ay for all i. Also, at
the minimum, it must be the case that 11;(A;) = [1;(A4;), otherwise the adversary
would be able decrease the classification power further. Combining all arguments,
we can deduce

= o (A) +1a(An)  (Ar) +5(As) | B2(As) + Hs(As) 1
B,(f, ) > Ha ( 12)‘;H2( 12)+M1( 13)‘2FH3( 13)+H2( 23)42‘%( 23)25,

which verifies the claim. In this case, B}, = %

In fact, it is unavoidable to introduce weak partitions f € F. Let f = (1, 1r,, 1f,)
be any strong partition, i.e. F{UFUF; = UB(xi, €). We will show that for any [,
(f, 1) cannot be a saddle point. Assume that B(x1, &) C Fy. Since d(x;,x2) < 2¢
and d(x;,x3) < 2¢, it must be the case that F; N B(xy, €) # ) and F; N B(xs, €) # 0.
These facts yield that optimal 1, and s for the adversary must satisfy spt(,) C
F1NB(xy, £) and spt(fi3) € F1NB(xs, €). This configuration gives a classifying power
w; since the learner can only detect class 1 perfectly and always misclassifies others.

However, given any such ({1, 12, 13), the learner has an incentive to modify
a classifying rule. Let F{ := F; \ (spt(i2) U spt(iz)), F; := F, U spt(iz) and F} ==
F3 U spt(ps). Then, this classifying rule perfectly classifies. Precisely, there exists a
deviation for the learner, f’ = (1, 1, L§;), such that

1= B(f//ﬁ) > B(f/ﬁ) = Ww1.

Assume that B(xy, &) € Fy. Since (F;,Fy, F3) is a partition, it must be the case
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that either F, N B(xy, €) # 0 or F3 N B(xy, €) # 0. Without loss of generality, assume
the former case only. The other cases are analogous. F, N B(x1,€) #0 yields that
an optimal [; for the adversary must satisfy spt(1;) C F,. Then, a corresponding
classifying power is at most w, + w3 since the learner always misclassifies class 1.

However, given any such ({1, {12, [13), the learner has an incentive to modify a
classifying rule again. Let F] := F; U spt(u1), F; := F2 \ spt(it1) and F; := F5. Similar
as above, letting f' = (T, Ly, ]lFé), such that

1=B(f, 1) > w2 + w3 > B(f, 11).

Therefore, any strong partition f = (1r,, Lf,, 1,) cannot sustain a saddle point in
this case.

We want to emphasize that the same reasoning still holds for other cases. In
other words, even this simple discrete measures, it is necessary to extend strong
partition to weak partition in order to achieve the minimax value.

Case 4 - (ii) wy > wy + ws. In this case, no matter how the adversary perturbs
the distribution, there will always be an excess mass from class 1 that won't be
matched to other classes. Motivated by this observation, let k = w; — (w, +w3) > 0
and consider the following measures (1, [z, [13):

W = w26¥12 + w36Y]3 + K6X]I
Wy = wzéflzl

Hs = W3dx,,.

ﬁlz ﬁZ/ I/:LB)) isa
[ wq

) =

Consider (T}, 5, f5) = (1,0,0). We claim that (f,fi) = ((f;, 2, f3),(
saddle point. Note that a straightforward computation yields Bu(l?,
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For any (f;, fy,f3) € &,

Bu(r, i) = |

£1(x) i (x) + J
X

£5(x) iz (x) +J f3(x) dfis(x)
X

x

= wof1(X12) + wsf1(X13) + kf1(x1) + wafa(X12) + wsfs(X13)
= W (f1(X12) + fa(X12)) + w3 (f1(X13) + f3(X13)) + kf1(x1)
< Wy + w3+ K

= W1.

On the other hand, for any feasible (111, 1, [3),
Bu(Ti) = | fiodia b+ | Biodiatd | fixdis = o
X X X

The claim follows. In this case, Bl = ws. Here, w; > %, since w; > w, + w3 and
> wj = 1. In the case that w; = w;, + w3, both Case 4 -(i) and Case 4 -(ii) provide
B = 7, which shows the consistency.

We now show that the adversary has no incentive to use the point X,3, in contrast
to what happens in Case 4 -(i). Fix a smalln > 0, and suppose that the adversary
moves 1 mass from each of w8, and w30y, to the point X,3, respectively. Construct

COI'I'QSpOI’ldiI’Ig measures:

g‘l = (U)Q _n)5Y12 + (w?) _n)6¥13 + K/6X1/
ﬁz - TISYB + (wz _n)6Y121
B3 = (w3 —1N)8x;; + Ny

where k' = w; — (w; + w3 — 21) = k + 2n. We show that it can not be a solution
to the adversarial problem by showing that the learner can select a strategy f for
which

Bu({ B > wi.
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Indeed, we can select f := (15 (xp,e)7 0 Lo\ B(xy,e))- It follows that

BT, = |

£ (x) i (x) +j
X

£ (x)dia(x) + J % (x)dis (x)
X X

=(w,—m)+ (wz—m)+ k' +n=wi+ 1> ws.

Notice that while the geometry of points x;,x,, x3 in case 4 -(i) and case 4 -(ii)
is the same, the geometries of the corresponding optimal adversarial attacks are
determined by the full distribution p and not just by the geometry of its support.
In fact, the optimal adversarial attacks p and the optimal barycenter measure A
depend on not only the geometry of the support of u but also the magnitudes of its

marginals, p;’s.

Numerical Experiments

In this section we illustrate our theoretical results numerically. We obtain robust
classifiers for synthetic data sets and compute optimal adversarial risks for two
popular real data sets: MNIST and CIFAR.

From the perspective of numeric, our aim is to solve the MOT problem (3.0.1)
and its dual for an empirical measure p whose support consists of n data points. We
use Sinkhorn algorithm for concreteness. Introduced in Cuturi (2013), Sinkhorn
algorithm has been one of the central algorithmic tools in computational optimal
transport in the past decade. This algorithm, originally introduced in the context
of standard (2-marginal) optimal transport problems, was extended to MOTs in
Benamou et al. (2015, 2019). Works that study the computational complexity of
generic MOT problems include: Lin et al. (2022); Tupitsa et al. (2020); Haasler et al.
(2021); Carlier (2022). In particular, Lin et al. (2022) and Tupitsa et al. (2020) prove
the complexity of MOT Sinkhorn algorithm to be O(K*n¥e~2) and O(K3nX+1e1),
respectively, where € is the error tolerance.

In our first illustration, we consider a data set (x1,y1),... (xn,yn) in R? x {1,2,3}
obtained by sampling y; uniformly from {1, 2, 3} and then x; from a certain Gaussian
distribution with parameters depending on the outcome of y;. We consider the cost
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Case 2 Case 3
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Figure 3.4: Illustrations of the adversarial attacks in all cases from section 3.4.
Weights on arrows indicate the amount of mass the adversary moves to a perturbed
point. X’s are the support of Ain (3.1.4). One observes that the support of A depends
on both the geometry of data distributions and their magnitudes.

¢ = ¢, from Example 2.3 with d the Euclidean distance in R? and different values
of . In Figure 3.5 we show the labels assigned to the data by the (approximate)
robust classifier, which we computed using Corollary 3.30 for the dual potentials
¢; generated by the MOT Sinkhorn algorithm.

In our second illustration, we use the mutlimarginal version of Sinkhorn algo-
rithm to compute the adversarial risk R}, (i.e. the optimal value of (2.5)) for pan
empirical measure supported on a subset of either the CIFAR or MNIST data sets.
In both cases we consider samples belonging to one of four possible classes in order
to decrease the computational complexity of the problem. We use the cost ¢ from
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Figure 3.5: Three Gaussians in R%. One can observe that as ¢ grows the robust
classifying rule becomes simpler, as expected.

Example 2.3 for different values of € and two choices of d: the Euclidean distance
? and the (> distance. The results are shown in Figure 3.6. We can observe that
for the CIFAR data set the two distance functions behave similarly: while not the
same, the plots exhibit a similar qualitative behavior. For the MNIST data set, on

the other hand, the situation is markedly different: in contrast to the plot for the >
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(i) CIFAR (2, 3, 5 and 7) £? norm (i) CIFAR (2, 3, 5 and 7) £* norm

—e— =0.0125 —— =0.0125
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Adversarial risk
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(iii) MNIST(1, 4, 6 and 9) £2 norm (iv) MNIST(1, 4, 6 and 9) £* norm
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Adversarial risk
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Figure 3.6: Adversarial risks (2.5) computed using the multimarginal Sinkhorn
algorithm. 1 is the entropic regularization parameter of the Sinkhorn algorithm.
The maximum adversarial risk in all cases is 0.75 because we consider 4 classes
and an equal number of points in each class. Due to the entropic penalty, the
multimarginal Sinkhorn algorithm always gives an upper bound for the optimal
classification power B, hence gives a lower bound for the adversarial risk R},.

distance, the adversarial risk with (> distance varies dramatically as ¢ grows. This
observation is consistent with the findings in Pydi and Jog (2021a) for the binary
case.

We emphasize that Figure 3.6 only provides approximations of the true adver-
sarial risk R Indeed, recall that R}, = 1-— B Approximating B}, using the MOT
Sinkhorn algorithm will always produce an upper bound for B}, since the regulariza-
tion term effectively restricts the solution space of (3.0.1). Thus, the multimarginal

Sinkhorn algorithm always yields a lower bound for the true R},. Of course, one can
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always compute a tighter lower bound by reducing the regularization parameter n
at the expense of increasing the computational burden.

As way of conclusion for this section we provide pointers to the literature
discussing the computational complexity of the Wasserstein barycenter problem;
Wasserstein barycenter problems are specific instances in the MOT family. On the
one hand, Altschuler and Boix-Adsera (2022) prove certain computational hardness
of the barycenter problem in the dimension of the feature space (here X). On the
other hand, Altschuler and Boix-Adsera (2021) present an algorithm that can get
an approximate solution of the optimal barycenter in polynomial time for a fixed
dimension of the feature space. While our MOT is not the standard barycenter
problem, it is still a generalized version thereof, and thus, it is reasonable to expect
that the structure of our problem can be used in the design of algorithms that
perform better than off-the-shelf MOT solvers. We leave this task for future work.

3.5 Summary

In this chapter we have discussed a series of equivalent formulations of adversarial
problems in the context of multiclass classification. These formulations take the
form of problems in optimal transport, specifically, multimarginal optimal transport
and (generalized) Wasserstein barycenter problem. Besides providing a novel
connection between apparently unrelated fields, we have also discussed a series of
theoretical and computational implications emanating from these equivalences. In
what follows we briefly expand this discussion, while at the same time provide a

few perspectives on future work.
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4  ON THE EXISTENCE OF SOLUTIONS TO ADVERSARIAL

TRAINING IN MULTICLASS CLASSIFICATION

This chapter is based on Garcia Trillos et al. (2023a) which is a joint work with
Nicolas Garcia Trillos and Matt Jacobs.

4.1 Outline of this chapter

This chapter is organized as follows. In section 4.2, we introduce the main results of
this chapter. In section 4.3 we lay down the main mathematical tools for analyzing
the DRO model. Part of these tools come directly from chapter 3, while others
are developed here. In section 4.4 we prove our main results: first, we prove the
existence of solutions for the DRO model; then we prove that solutions to the
DRO model are solutions to the closed-ball model; finally, we relate the closed-ball
model with the open-ball model. Lastly, in section 4.5 we wrap up the chapter by

summarizing it.

4.2 Main results

Our first main theorem discusses the existence of (Borel) solutions for problem
(2.5) under Assumption 2.5 on the cost c.

Theorem 4.1. Suppose that c : X x X — [0, oo] satisfies Assumption 2.5. Then there exists
a (Borel) solution f* of (2.5). Furthermore, there exists fi* € P(Z) such that (f*, fi*) is
a saddle point for (2.5). In other words, the following holds: for any i € P(Z) and any
f € J we have

R(f, 1) — Clw, ) < R(F, 1) — Cw, 1) < R(F, 1°) — Cp, 1*). (4.2.1)

When the cost function c is regular enough or when p is an empirical measure,

we can reduce the problem of finding a solution f* of (2.5) to the problem of solving



89

the dual of a generalized barycenter problem or the dual of a multimarginal optimal
transport problem. These connections were first put forward in our earlier work
Garcia Trillos et al. (2023) and will be discussed again in section 4.3, concretely in
Proposition 4.19. Unfortunately, when the cost is only lower semi-continuous (e.g.,
for c = c. asin (2.8)) and when p is an arbitrary Borel probability measure, we can
not directly use the content of Proposition 4.19 to guarantee the existence of (Borel)
solutions f*. One possible way around this issue is to consider an approximation
argument where, instead of working directly with the cost ¢, we work with smoother
approximations c,, to ¢ for which we can use some of our previous theory. Ata
high level, we can thus reduce finding solutions for the DRO problem (2.5) to that
for an MOT or a generalized barycenter (or sequences thereof).

Remark 4.2. When the cost ¢ has the form c. in (2.8), Assumption 2.5 reduces to the
requirement that bounded subsets in X are precompact, which we are anyway assuming
in Assumption 2.5, according to remark 2.6. This is the case for Euclidean space or for a
smooth manifold of finite dimension endowed with its geodesic distance.

In order to discuss the existence of solutions to the problem (2.4) we actually
first need to modify the problem and define it properly. To do this, we first introduce

the universal o-algebra of the space X.

Definition 4.3 (Definition 2.2 in Nishiura (2008)). Let B(X) be the Borel o-algebra over
X and let M(X) be the set of all signed o-finite Borel measures over X. For each v € M(X),

let £ (X) be the completion of B(X) with respect to v. The universal o-algebra of X is
defined as

UX) = [] Lv(X).
veM(X)
We will use P(2) to denote the set of probability measures vy over Z for which y; is a
universal positive measure (i.e., it is defined over U(X)) forall i € Y. For a given probability
measure W € P(Z) we will denote by W its universal extension, which we will interpret as

A x i) ==, (A), TForallA € U(X),
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where 1; is the extension of w; to W(X). Finally, we will use U(2Z) to denote the set of all
f = (f1, ..., fx) for which each f; is universally measurable.

Remark 4.4. If (X, d) = (R™, || - ||), then U(X) is the set of all Lebesgue measurable sets;
see Theorem 4.2 in Nishiura (2008). So, any Lebesgue-measurable function is universally
measurable and vice-versa.

Having introduced the above notions, we can reformulate problem (2.4) as:

R, = inf R, (f) := inf {

feF fed

> J sup {1— fd%)}dﬁi(x)} . (4.2.2)
1iey VX X€Be(x)

Although the difference with (2.4) is subtle (in (2.4) we use p; whereas in (4.2.2)
we use [1;), problem (4.2.2) is actually well-defined. Indeed, combining Lemma
4.2 in Pydi and Jog (2021b) with Corollary 7.42.1 in Bertsekas and Shreve (1996),
originally from Luzin and Sierpiniski (1919), it follows that for any Borel measurable
fi the function x +— sup_ eﬁg(x){l — fi(X)} is universally measurable and thus the
integrals on the right hand side of (4.2.2) are well defined.

Our second main result relates solutions of (2.5) with solutions of (4.2.2).

Theorem 4.5. There exists a Borel solution of (2.5) for the cost function ¢ = c, from (2.8)
that is also a solution of (4.2.2). In particular, there exists a (Borel) solution for (4.2.2).

Finally, we connect problem (4.2.2) with problem (2.3).

Theorem 4.6. For all but at most countably many ¢ > 0, we have R = R.. Moreover, for
those € > 0 for which this equality holds, every solution f* of (4.2.2) is also a solution of
(2.3).

Remark 4.7. In general, we can not expect the optimal adversarial risks of open-ball and
closed-ball models to agree for all values of €. To illustrate this, consider the simple setting
of a two class problem (i.e., K = 2) where py = 18y, and pp = 18,,. Let €0 = 1d(x1, x2).
It is straightforward to check that RS = 0 whereas Re, = 1/2. Naturally, if we had selected
any other value for ¢ > 0 different from e, we would have obtained R® = R..
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From Theorem 4.1, Proposition 4.5, and Theorem 4.6 we may conclude that
it is essentially sufficient to solve problem (2.5) to find a solution for all other
formulations of the adversarial training problem discussed in this paper. Our
results thus unify all notions of adversarial robustness into the single DRO problem
(2.5). The advantage of (2.5) over the other formulations of the adversarial training
problem is that it can be closely related to a generalized barycenter problem or an
MOT problem, as has been discussed in detail in our previous work Garcia Trillos
et al. (2023) (see also section 4.3 below). In turn, either of those problems can be
solved using computational optimal transport tools. From a practical perspective, it
is thus easier to work with the DRO formulation than with the other formulations

of adversarial training.

Discussion and literature review

The existence of measurable “robust" solutions to optimization problems has been a
topic of interest not only in the context of adversarial training Pydi and Jog (2021b);
Frank and Niles-Weed (2022); Frank (2022); Awasthi et al. (2021a,b) but also in
the general distributionally robust optimization literature, e.g., Blanchet and Murthy
(2019). Previous studies of robust classifiers use the universal o-algebra not only
to formulate optimization problems rigorously, but also as a feasible search space
for robust classifiers. The proofs of these existence results rely on the pointwise
topology of a sequence of universally measurable sets, the weak topology on the
space of probability measures, and lower semi-continuity properties of R (-). The
(universal) measurability of a minimizer is then guaranteed immediately by the
definition of the universal o-algebra. We want to emphasize that all the works
Pydi and Jog (2021b); Frank and Niles-Weed (2022); Frank (2022); Awasthi et al.
(2021a,b) prove their results in the binary (K = 2) classification setting with X the
Euclidean space.

In contrast to the closed-ball model formulation, the objective in (2.5) is well-
defined for all Borel probability measures fi and all f € J, as has been discussed in
previous sections. The papers Pydi and Jog (2021b); Frank and Niles-Weed (2022);
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Frank (2022); Awasthi et al. (2021a,b) can only relate, in the binary case, problems
(2.5) and (4.2.2) when problem (2.5) is appropriately extended to the universal
o-algebra, yet it is not clear that such extension is necessary. For concreteness, we

summarize some of the results in those works in the following theorem.

Theorem 4.8 (Pydiand Jog (2021b); Awasthi et al. (2021a,b); Frank (2022)). Suppose
K =2and i € P(2). Then, for any f € F, we have supiege(x){l —fi(X)} € UW(Z) and

2
S| sup - RO = sup RO - Clm A,
i=1 /X X€Be(x) REP(2)

where C is defined in terms of the cost c. from (2.8).

Assume further that (X,d) = (R™,|| - |[). Then, for any f € U(Z), it holds that
supiegs(_){l — fi(x)} is universally measurable for each i. In addition, there exists a
minimizer of the objective in (4.2.2) in the class of soft-classifiers that are universally
measurable. Finally, (4.2.2) and (2.5) are equivalent, provided that the latter is interpreted

as an optimization problem over the space of universally measurable soft-classifiers.

In this paper, we use the universal o-algebra to rigorously define the objective
function in (4.2.2), but we will only consider elements in J (thus, Borel measurable
soft-classifiers) as feasible classifiers. Indeed, based on some of our previous results
in Garcia Trillos et al. (2023), we prove the existence of Borel measurable robust
classifiers of (2.5) for general lower semi-continuous c satisfying Assumption 2.5
only. Then, back to the closed-ball model, we prove the existence of Borel robust
classifiers of (4.2.2). When we specialize our results to the binary classification
setting (i.e., K = 2), we obtain the following improvement upon the results from
Bhagoji et al. (2019); Pydi and Jog (2021a); Frank (2022).

Corollary 4.9. Let K = 2 and let f* € F be any solution to the problem (4.2.2). Then, for
Lebesgue a.e. t € [0,1], the pair (1(s:>1), L >1)c) is also a solution to (4.2.2).



93
In particular, there exist solutions to the problem

min sup Lac(x)dp (x)+J sup Ta(X)dm,(x).
Ae%(DC)inerx) " 1 xieﬁfx) " ’

Notice that Corollary 4.9 implies, for the binary case, the existence of robust
hard-classifiers for the adversarial training problem, a property shared with the
nominal risk minimization problem (2.2) that we discussed at chapter 2. Analogous
results on the equivalence of the hard-classification and soft-classification problems
in adversarial training under the binary setting have been obtained in Pydi and Jog
(2021a,b); Bungert et al. (2023); Garcia Trillos and Murray (2022). Unfortunately,
when the number of classes is such that K > 2, the hard-classification and soft-
classification problems in adversarial training may not be equivalent, as has been
discussed in Section 5.2 of our work Garcia Trillos et al. (2023).

In light of Theorem 4.6, one can conclude from Corollary 4.9 that for all but
countably many ¢ > 0 the problem

i LC . :;I?x) Tac(X)dp(x) + LC . :élfx) TA(%)dpa(x)
admits solutions; notice that the above is the open-ball version of the optimization
problem in Corollary 4.9. However, notice that the results in Bungert et al. (2023)
guarantee existence of solutions for all values of ¢. It is interesting to note that the
technique used in Bungert et al. (2023) can not be easily adapted to the multiclass
case K > 2. Specifically, it does not seem to be straightforward to generalize
Lemma C.1 in Bungert et al. (2023) to the multiclass case. For example, if one used
the aforementioned lemma to modify the coordinate functions f; of a multiclass
classifier f, one could end up producing functions for which their sum may be
greater than one for some points in X, thus violating one of the conditions for
belonging to J.

We observe, on the other hand, that the total variation regularization interpreta-

tion for the open ball model in the binary case discussed in Bungert et al. (2023)
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continues to hold in the multiclass case. To make this connection precise, let us

introduce the non-local TV functionals:

TV (fi, ) = % > Jx sup {fi(x) — fi(X)}d i (x).

iey X€B.(x)
It is then straightforward to show that problem (2.3) is equivalent to

K K
inf 5 | (1= Rl +e ) TV w), (423)
X i=1

feF 4
i=1

which can be interpreted as a total variation minimization problem with fidelity
term. Indeed, the fidelity term in the above problems is the nominal (unrobust) risk
R(f, u). On the other hand, the functional ﬁ/s (-, ui) is a non-local total variation
functional in the sense that it is convex, positive 1-homogeneous, invariant under
addition of constants to the input function and is equal to zero when its input is
a constant function. Moreover, in the case (X, d) = (RY, ||-||) and when du;(x) =

pi(x)dx for a smooth function p;, one can see that, for small ¢ > 0,
TV.(f )~ | VR0 pux)ax
X

when f; is a smooth enough function. The functional ﬁs (fi, W) is thus connected
to more standard notions of (weighted) total variation in Euclidean space. This
heuristic can be formalized further via variational tools, as has been done recently
in Bungert and Stinson (2022).

Total variation regularization with general TV functionals is an important
methodology in imaging, and also in unsupervised and supervised learning on
graphs, where it has been used for community detection, clustering, and graph
trend-filtering; e.g., see Hu et al. (2013); Merkurijev et al. (2013); van Gennip et al.
(2014); Bertozzi and Flenner (2016); Luo and Bertozzi (2017); Caroccia et al. (2020);
Boyd et al. (2020); Cristofari et al. (2020); Garcia Trillos et al. (2022); Garcia Trillos
and Murray (2017) and references therein.
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4.3 Distributional-perturbing model and its

generalized barycenter formulation

In this section we reintroduce some tools from chapter 3 and develop a collection
of technical results that we will use in section 4.4 to prove Theorem 4.1.

Generalized barycenter and MOT problems

Given p € P(2), recall the generalized barycenter problem, (3.1.4), in chapter 3:

inf {?\(DC) + Z Cluy, i) : A>pyforallie ‘j} .

A B ey

In the above, the infimum is taken over positive (Borel) measures fiy, ..., fix and A
satisfying the constraints A > {i; for all i € Y. This constraint must be interpreted
as: A(A) > [(A) for all A € B(X). Problem (3.1.4) can be understood as a
generalization of the standard (Wasserstein) barycenter problem studied in Agueh
and Carlier (2011b). Indeed, if all measures y;, ..., uk had the same total mass and
the term A(X) in (3.1.4) was rescaled by a constant « € (0, c0), then, as o — oo, the
resulting problem would recover the classical barycenter problem with pairwise cost
function c. Asstated, one canregard (3.1.4) as a partial optimal transport barycenter
problem: we transport each p; to a part of A while requiring the transported masses
to overlap as much as possible (this is enforced by asking for the term A(X) to be
small).

One of the essential results of chapter 3 is that the generalized barycenter prob-
lem (3.1.4) is the dual of (2.5).

Theorem 4.10 (Proposition 3.4 and Corollary 3.29 in chapter 3). Suppose that c
satisfies Assumption 2.5. Then

(25) =1— (3.1.4).
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Furthermore, the infimum of (3.1.4) is attained. In other words, there exists (A*, '*) which
minimizes (3.1.4).

Like classical barycenter problems, (3.1.4) has an equivalent multimarginal
optimal transport (MOT) formulation which is already shown in subsection 3.19.
To be precise, we recall a stratified multimarginal optimal transport problem to
obtain an equivalent reformulation of (3.1.4).

Theorem 4.11 (Proposition 3.11 and 3.12). Suppose that c satisfies Assumption 2.5. Let
Sk :={A CY:A #£0. Given A € Sy, defineca : X* — [0,00] as ca(x1,...,xK) =
infyrex D ien (X, %1).

Let’s recall (3.2.6):

inf Calxy,...,xx) +1)dmal(xq,...,x
{nA:AeSK}A;KJxK( Al k) ) Alx1 K)

s.t. Z Piagma =y foralli ey,

A€ESk (1)

where Py is the projection map Pi : (x1,...,xx) — xi, and Sx(i) :={A € Sx : i € A}
Then (3.1.4) = (3.2.6). Also, the infimum in (3.2.6) is attained.

Remark 4.12. Even though ca and ma above are defined over XX, only the coordinates i
where i € A actually play a role in the optimization problem. Also, notice that (3.2.6) is
not a standard MOT problem since in (3.2.6) we optimize over several couplings ma (each
with its own cost function c ) that are connected to each other via the marginal constraints.
We refer to this type of problem as a stratified MOT problem.

The following theorem is the recast regarding the duals of the generalized
barycenter problem and its MOT formulation proven in subsection 3.2. Recall the
notions of c-transform and ¢-transform, (2.9) and (2.10), introduced in chapter 2,

play an important role in these results: revisit in section 4.6 for more details.

Theorem 4.13 (Proposition 3.19 and Proposition 3.21). Suppose that c satisfies As-
sumption 2.5. Let Cy,(X) be the set of bounded real-valued continuous functions over X.
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The dual of (3.1.4) is (3.2.12):

sup ZJ 5 () dpi(xq)

f],... fKeGb(DC) 1613 X

st.fi(x) >0, ) fi(x) <1, forall xe X, ie{l,... Kl

iey

and there is no duality gap between primal and dual problems. In other words, (3.1.4) =
(3.2.12). In the above, f$ denotes the c-transform of fi, (2.9), as introduced in chapter 2.
The dual of (3.2.6) is (3.2.13):

sup ZJ gi (x:) dpi (x:)

919K ECH(X) Toy 4 X
s.t. Z gi(xi) <1+calxq,...,xx) forall (xq,...,xx) € XX, A € S,
icA
and there is no duality gap between primal and dual problems. In other words, (3.2.6) =
(3.2.13).
If in addition the cost function c is bounded and Lipschitz, then (3.2.13) is achieved by

g € Cy(X)X. Also, for f feasible for (3.2.12), g’ := f° is feasible for (3.2.13). Similarly, for
g feasible for (3.2.13), f’ = max{g, 0}€ is feasible for (3.2.12). Therefore, the optimization
of (3.2.13) can be restricted to non-negative g satisfying g; = g5¢, or 0 < gi < 1 for all
iel.

Remark 4.14. Combining 4.10, 4.11, and 4.13 we conclude that 1 — (3.2.13) = (2.5).

Remark 4.15. A standard arqument in optimal transport theory shows that problem
(3.2.13) is equivalent to

sup ZJ gi(xi)dpi(xi), (4.3.1)

~IK igy
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where the sup is taken over all (gy, ..., gk) € [ [;ey L°(X; wi) satisfying: for any A € Sk,

> gilxi) <1+calxy, ..., xx)

ieA

for @;wi-almost every tuple (x4, ...,xx). Indeed, notice that since (3.2.13) has already
been shown to be equal to (3.2.6), the claim follows from the observation that any feasible
g1, ..., gk for (4.3.1) satisfies the condition

5]

xgi(Xi)dHi(Xi) < Z J (1+calxy, ..., xk))dma(x1,...,Xk)
iey

K
AESK X

for every {ma}aes, satisfying the constraints in (3.2.6).

Existence of optimal dual potentials g for general
lower-semicontinuous costs

We already know from the last part in Theorem 4.13 that if ¢ is bounded and
Lipschitz, then there is a feasible g € Gy, (X)* that is optimal for (3.2.13). In this
subsection we prove an analogous existence result in the case of a general lower

semi-continuous cost function c satisfying Assumption 2.5. More precisely, we

prove existence of maximizers for (4.3.1). We start with an approximation result.

Lemma 4.16. Let c be a cost function satisfying Assumption 2.5. For eachn € N let
cn(x,x') := min{Cn(x,x'), n},

where
Cnlx,x") = inf {c(X,X') +nd(x,X) +nd(x’,x)}.
(%,%/)€XXX
Then the following properties hold:
1. ¢y is bounded and Lipschitz.

2. cn <Cny1 < cand &, < Cpyqforallm e N.



99

3. limy o0 cn(x,x") = c(x,x’) forall (x,x") € X x X.

Proof. Items 1. and 2. are straightforward to prove. To prove item 3., notice that due
to the monotonicity of the cost functions we know that lim,,_,, cn (x, x’) exists in
[0, 00] and limp o cn (%, x') < c(x,x’). If im0 Cn (X, X’) = 00, then we would be
done. Hence, we may assume that lim,,_,,, cn(x,x’) < co. From the definition of ¢,
it then holds that lim;, _,, €, (x,x") = limy e cn (X, x’) < co. Let (xn, %)) € X x X
be such that

1
c(xn, %) +nd(x, xn) + nd(x’,x,) < &nlx,x") + o

Since c(xn, x;,) = 0, the above implies thatlim,,_,., d(X, x,,) = 0and lim,, _,,, d(x’,x;) =
0. Indeed, if this was not the case, then we would contradict lim,, o ¢n (%, x’) < c0.

By the lower semicontinuity of the cost function ¢ we then conclude that

c(x,x") < liminf c(x,,x;,) < liminf c(xn, x;,) + nd(x, xn) + nd(x’, x;) < liminf &, (x,x’)
n—oo n—oo n—oo

= lim cn(x,x") <c(x,x'),
n—,oo

from where the desired claim follows. ]

Lemma 4.17. Let c be a cost function satisfying Assumption 2.5, and let c,, be the cost
function defined in Lemma 4.16. For each A € Sy, let

Canl(xa) = inf E cn(x/,xi), and ca(xa) := inf c(x’,xi),
! x'eX x'eX
= ieA

where we use the shorthand notation xo = (xi)ica. Then ca n monotonically converges
toward c A pointwisely for all A € Sy, asm — oo.

Proof. Fix A € Sx and xa := (xi)iea € XM From Lemma 4.16 it follows ca ,, <
Can+1 < ca. Therefore, for a given x4, limy,_,+, can(xa) exists in [0, co] and is less
than or equal to ca (xa ). If the limit is co, we are done. We can then assume without

the loss of generality that lim,, _,., can(Xxa) < co. We can then find sequences
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{Xn,itnen, (X5, iJnen, and {x; lnen such that for all large enoughn € N

1
Z C(X7/1,i/ Xn,i) + n(Z(d(xnﬁu Xi) + d(x'ix,i/ X‘:l))) < CA,TL(XA) + FL

i€EA icA

/

From the above we derive that lim,,_,, d(x/, ;, X1,

niXn) =0and limy 0 d(Xn,i, %) = 0.
Hence, it follows that limsup, , c(x] ;,%n,i) < co. Combining the previous facts
with Assumption 2.5, we conclude that {x] },en is precompact, and thus, up to

subsequence (that we do not relabel), we have lim,, _,, d(x],, %) = 0 for some X € X.

/
n,i’

Combining with limy, ., d(x;, ;,x;,) = 0 we conclude that lim, ., d(x;, ;,%) = 0 for

all i € A. Using the lower semi-continuity of c we conclude that

cal(xa) < ;C(ﬁ,xi) < liﬂiorolf_EZAC(X;,i,xn,i) < lm canlxa) < calxa).
1 1

]

Proposition 4.18. Let ¢ be a cost function satisfying Assumption 2.5. Then there exists a
solution for (4.3.1).

Proof. Let {cn}nen be the sequence of cost functions introduced in Lemma 4.16.
Notice that for each n € N there is a solution g™ = (g, ..., gk) € Cy(X)¥ for the
problem (3.2.13) (with cost c,,) that can be assumed to satisfy 0 < gI* < 1 for each
i € Y. Therefore, for each i € Y the sequence {g} }ncn is weakly* precompact in
L>(X; ui). This implies that there exists a subsequence of {g" },,en (not relabeled) for
ey L2( R, pi), which would
necessarily satisfy 0 < gf < 1 for all i € Y; see section 4.6 for the definition of

which g™ weakly* converges toward some g* € []

weak”* topologies. We claim that this g* is feasible for (4.3.1). Indeed, by Lemma
4.17 we know that cp,, < ca for all A € Sk. In particular, since can < ca, and
2 ieadlt(xi) < 1+can < 14caforall A € Sk and all n € N, it follows that
2 ica 95 (xi) < 1+ ca, ®ipi-almost everywhere, due to the weak* convergence of
gl* toward g;. This verifies that g* is indeed feasible for (4.3.1).

Let «, and 3, be the optimal values of (3.1.4) and (3.2.13), respectively, for
the cost c,. Likewise, let o« and 3 be the optimal values of (3.1.4) and (3.2.13),
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respectively, for the cost c. Recall that, thanks to Theorem 4.11 and Theorem 4.13,
we have o, = B, foralln € Nand « = 3. Suppose for a moment that we have
already proved that lim,,_,,, «,, = . Then we would have

ZJ g: (x)dpi(x —T}gr;oZJ gi (x)dpi(x) = lim Bn = f = lim on = o,
iey
which would imply that g* is optimal for (4.3.1).

It thus remains to show that lim,_,,, ,, = «. Given that ¢,, < ¢,1 < ¢, it
follows that &, < a1 < . In particular, the limit lim,,_,, &, exists in [0, co] and
must satisfy lim,,_,, &n < «. If the limit is oo, then there is nothing to prove. Thus
we can assume without the loss of generality that «, := limy 0 @ < 00.

LetA™and uf, ..., i be an optimal solution of (3.1.4) with the cost ¢,, and let 7t*
be a coupling realizing C(u;, fil*). We first claim that {fi{* },cn is weakly precompact
for each i € Y. To see this, notice that for every n we have fil*(X) = p;(X) < 1,
for otherwise C(u, fif*) = oco. Thus, by Prokhorov theorem it is enough to show
that for every 1 > 0 there exists a compact set X C X such that il*(X \ X) < Cn
for all n € N and some C independent of n,n or X. To see that this is true, let us
start by considering a compact set G such that p1;(G¢) <n. Let ny € N be such that
ny—1> % For n > ny we have

oo = ) + ZJ J Cn (X, X ) A7 (xi, %) 2 JG LC Cnp (X1, i) A7t (x4, %¢).

iey

Consider the set
X:={xe€Xst jng Cno (X, %) <mp—1};
xe

using the definition of c,,, and Assumption 2.5 it is straightforward to show that X
is a compact subset of X. We see that o, > l(ﬁ?(JNCC) — 1 (G¢)), from where we
can conclude that fi} (X)) < (& + 1)1 for all n > ng. We now consider a compact
set K for which fif n(Ke) <mforalln =1,...,n, and set X := X U K, which is
compact. Then for all n € N we have i} (IKC) (ocOo + 1)1. This proves the desired

claim.
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Now, without the loss of generality we can assume that A™ has the form

where 1" (x) = Zle fitt. Indeed, notice that the above is the smallest positive
measure greater than fif', ..., fig. Given the form of A™ and the weak precompact-
ness of each of the sequences {fil*},,cn, We can conclude that {A™},,cy is weakly
precompact and so are the sequences {7t]'},cny. We can thus assume that, up to
subsequence, fil* converges weakly toward some {i;; 7" converges weakly toward
some 7t; € I'(pi, fii); and A™ converges weakly toward some A satisfying A > fi; for
each i € Y. In particular, A, fiy, ..., [ik is feasible for (3.1.4).

Therefore, for all ny € N we have

x> “00:&1_13(}0< +ZJ J Cn(xi, Xi)dm? (Mﬂ%))

iey

> lim < +ZJ J Cny Xl,Xl)dTE (X'llxl))
n—o0 Py
+ZJ J Cno (X4, %) d7ri (x4, X4 ).

iey

Sending ny — oo, we can then use the monotone convergence theorem to conclude
that

o> +ZJ J c(xi, %) dmi(xi, %) = A(X) + ) Clug, fuu) >

icy iey

This proves that «,, = .
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From dual potentials to robust classifiers for continuous cost

functions

Having discussed the existence of solutions g* for (4.3.1), we move on to discussing

the connection between g* and solutions f* of problem (2.5).

Proposition 4.19 (Corollary 3.30 in chapter 3). Let ¢ : X x X — [0, co] be a lower-
semicontinuous function and suppose that (1*, g*) is a solution pair for the generalized
barycenter problem (3.1.4) and the dual of its MOT formulation (4.3.1). Let f* be defined
as

fi(x):= sup {gi(x)—c(x,X)}, (4.3.2)

xespt(pi)
fori=1,...,n.
If f* is Borel-measurable, then (f*, ") is a saddle solution for the problem (2.5). In
particular, £* is a minimizer of (2.5).

The reason why we can not directly use Proposition 4.19 to prove existence of
solutions to (2.5) for arbitrary c and p is because it is a priori not guaranteed that f7,
as defined in (4.3.2), is Borel measurable; notice that the statement in Proposition
4.19 is conditional. If spt(u;) was finite for all i, then the Borel measurability of
¥ would follow immediately from the fact that the maximum of finitely many
lower-semicontinuous functions is Borel; this is of course the case when working
with empirical measures. Likewise, the Borel measurability of f} is guaranteed
when p is arbitrary and c is a bounded Lipschitz function (in fact, it is sufficient for
the cost to be continuous), as is discussed in Definitions 5.2 and 5.7 and Theorem
5.10 in Villani (2009). However, nothing can be said about the Borel measurability
of f; without further information on g; (which in general is unavailable) when c is
only assumed to be lower-semicontinuous (as is the case for the cost c. from (2.8))
and spt(p;) is an uncountable set.

Our strategy to prove Theorem 4.1 in section 4.4 will be to approximate an
arbitrary cost function ¢ from below with a suitable sequence of bounded and
Lipschitz cost functions c,, (the costs defined in Lemma 4.16), and, in turn, consider
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a limit of the robust classifiers f}, associated to each of the c,,. This limit (lim sup,
to be precise) will be our candidate solution for (2.5).

4.4 Proofs of our main results

In this section we prove the existence of a Borel measurable robust classifier for
problem (2.5) when c is an arbitrary lower semi-continuous cost function satisfy-
ing Assumption 2.5. We also establish the existence of minimizers of (4.2.2) and
establish Theorem 4.6 and Corollary 4.9.

Well-posedness of the DRO model

Proof of Theorem 4.1. Let {cn}nen be the sequence of cost functions converging to
¢ from below defined in Lemma 4.16. For each n € N, we use Theorem 4.13 and
let g™ = (gT,...,g%) € Cu(X)X be a solution of (3.2.13) with cost c,,; recall that
we can assume that 0 < g' < 1. In turn, we use g™ and the cost c,, to define
= (f],..., fg) following (4.3.2). Since the gi* and c,, are continuous, and given
that the pointwise supremum of a family of continuous functions is lower semi-
continuous, we can conclude that fI* is lower semi-continuous and thus also Borel
measurable for each n € N. Thanks to Proposition 4.19, f™ is optimal for (3.2.12)
with cost function c,,.

From the proof of Proposition 4.18, we know that there exists a subsequence
(that we do not relabel) such that the g* converge in the weak* topology, asn — oo,
toward limits g; that form a solution for (4.3.1) with cost c. Using this subsequence,
we define f* € J according to

i (x) = limsup f{'(x), %€ X. (4.4.1)
n—oo
Notice that each f} is indeed Borel measurable since it is the lim sup of Borel
measurable functions. In addition, notice that 0 < f; < 1, due to the fact that
0<f <1lforallie Yandalln e N. We'll prove that f* is a solution for (2.5).
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Let 1 € P(Z) be an arbitrary Borel probability measure with C(y, ft) < co. For
each i € Y let 7t; be an optimal coupling realizing the cost C(u;, 11;). Then

R(f*, 1) — C(w, 1)

—1-Y [ nEamm - Y[ cRamng)

iey ~ iey
=1-> | (%) +clx,X) dm(x,X)
1613 JXAXXX

=1- Z ” (hmsup sup {gi(x") —cn(x',X)}+ c(x,%)) dr (x, X).
XxX

n—oo  x’espt(pi)

Choosing x’ = x in the sup term (notice that indeed x can be assumed to belong to
spt(p) since 7; has first marginal equal to ; ), and applying reverse Fatou’s lemma,
we find that

R(F, ) — Clu, i) <1— Y | limsup{gl(x) — cal,R) + el X)) dmi(x, %)

JAXXX mn—oo

—1— Z h lim sup {gi*(x)} d7r; (x, %)

JAXXX mn—oo

— —Z ~ lim sup {gi*(x)} dpi(x)

JX mn—oo

iey XxX
=1—(3.2.13)
= R*DRO/

where the third equality follows from the weak* convergence of g toward ¢j,
the second to last equality follows from the fact that g* is a solution for (4.3.1)

(combined with 4.15), and the last equality follows from remark 4.14. Taking the
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sup over fi € P(Z), we conclude that

sup {R(f*, ft) — C(w, 1)} < Rpro,
pe®(z)

and thus f* is indeed a minimizer of (2.5).

Let now [i* be a solution of (3.1.4) (which exists due to Theorem 4.10). The fact
that (fi*, f*) is a saddle for (2.5) follows from the above computations and the fact
that by Theorem 4.10 and Corollary 3.29 we have

Rbro = aZI;Fm ;gg{R(f, n) — Cly, )} = ;gg{R(f, w) — Clw, 1)}

]

The next proposition states that the function g; constructed in the proof of
Proposition 4.18 is a Borel measurable version of the c-transform of f}, where f}
was defined in (4.4.1).

Proposition 4.20. Let {g™ lnen and {fn nen be as in the proof of 4.18, let g* be the weak*
limit of the gy, and let f* be as defined in (4.4.1). Then, for every i € Y,

g7 (x) = inf {f{(x) + c(x, %)} (4.4.2)

for wi-a.e. x € X. This statement must be interpreted as: the set in which (4.4.2) is violated
is contained in a Borel measurable set with zero W, measure.

Proof. From the proof of Theorem 4.1 it holds that for each i € Y

| e - |

c(x, x)dm; (x, %) :J gi (x)dpi(x). (4.4.3)
Ax X X

On the other hand, from the definition of fI* it follows that

git(x) < fH(X) + cn(x,X), Forallk € X, and pi-a.e. x € X.
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We can then combine the above with Lemma 4.23 to conclude that for pi-a.e. x € X

and every X € X we have

gi (x) < limsup gi*(x) < limsup 1 (%) + cn(x, %) = i (%) + c(x, X).

n—oo n—o0

Taking the inf over X € X we conclude that for p;-a.e. x € X we have
6:(x) < Inf{F{ (%) + c(x,%). (4.4.4)
xe

From this and (4.4.3) we see that g7 € L'(p;) and —f7 € L'(f1;) are optimal dual
potentials for the optimal transport problem C(y;, fif). If (4.4.4) did not hold with
equality for pi-a.e. x € X, then we would be able to construct a Borel-measurable
version h; of the right hand side of (4.4.4) (see Lemma 4.27) which would be strictly
greater than g7 in a set of positive p;-measure. In addition, we would have that
(hi, —f}) is a feasible dual pair for the OT problem C(y;, fi;). However, the above
would contradict the optimality of the dual potentials (g;, —f}). We thus conclude
that (4.4.4) holds with equality except on a set contained in a set of p; measure

Zero. ]

Well-posedness of the closed-ball model (4.2.2)

Proof of Proposition 4.5. We actually prove that for arbitrary cost c satisfying As-
sumption 2.5, the solution f* to (2.5) constructed in the proof of Theorem 4.1 is also
a solution for the problem:

fedF Xex

inf {Z J sup {1 —f;(X) — c(x,X)} dm(x)} . (4.4.5)
iey X

4.5 will then be an immediate consequence of this more general result when applied
toc =c..
Let f* be the Borel solution of (2.5) constructed in the proof of Theorem 4.1. It
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suffices to show that for any f € F

S| b () + el R0 > Y | inf (1) + ) di ).

xe xeX
iey X iey X

Suppose not. Then there exists some f € F which provides a strict inequality in the
opposite direction. Now, on one hand, (4.4.2) of Proposition 4.20 implies

> | mt i xR = Y| gixdm).

xeX
iey X iey X

On the other hand, by Lemma 4.27, for each i € Y there exists a Borel mea-
surable function g; equal to infgex{ﬂ(i) + c(x,x)} H;-almost everywhere. Let

g := (g1,...,9x). Combining the existence of such g with the above equation,
and using (4.6.2), it follows that g satisfies

> Jx x)dui(x) < ) J x)dpsi (x). (4.4.6)

icy ieyY

Notice that for each A € Sk and ®;-almost everywhere x;, ... xx, we have

Z%rgc {ﬂ(%) + c(xi,x } < irgc{Zf )+ c(xq,x )} <14calxy,...,xXk).

ieA

From the above we conclude that g is feasible for (4.3.1). However, this and (4.4.6)
combined contradict the fact that g* is optimal for (4.3.1), as had been shown in

Proposition 4.18. ]

Proof of Corollary 4.9. 1t is straightforward to verify (e.g., see Bungert et al. (2023))
that for (f;,1 — f;) € ¥ we can write

1

Re((1,1— 1) = J Re((L50, Lz dt. (447)
0
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It is also straightforward to see that

Re((Lizu, Lipzue)) = J sup  Tac(X)dp (x) + J sup  Ta(X)di(x).
X x€Be (%) X x€Be (%)

Let (f;,1 — f1) be a solution to (4.2.2) (which by remark 2.1 can indeed be
taken of this form). It follows from (4.4.7) that for almost every t € [0,1] the
pair (L¢, >}, Lif, >)c) is also a solution for that same problem and thus also for the
problem restricted to hard-classifiers. This proves the desired result. O

Connection between closed-ball model and open-ball model

Proof of Theorem 4.6. One can easily observe that for any fixed ¢ > 0 and 5 > 0 we
have
sup {1 —fi(x)} < sup {I-Fi(x)}< sup {I—Fi(x)}

XEBe(x) XE€B. (x) XEB,1s(x)

forall x € X and all f € F. This simple observation leads to R (f) < R (f) < R, s(f)
for all f € F. Thus we also have R? < R, < R?, s and in particular RY < R, <
liminfs_,o RY, 5. From the above we can also see that the function ¢ — R{ is non-
decreasing and as such it is continuous for all but at most countably many values
of ¢ > 0. Therefore, for all but at most countably many & we have R? = R..

Now, let f* be solution of (4.2.2) and assume we have R? = R.. Then
RZ(f) <Re(f) =Re =RY,

which means f* is a solution of 2.3. O

4,5 Conclusion

Through this chapter, we prove the existence of optimal Borel measurable robust
classifier for three models of the problem of adversarial training in multiclass

classification and provide not only a unifying framework of three models but also
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a connection from optimal transport to total variation regularization. This is the
first result of the existence of optimal Borel measurable robust classifiers.

4.6 Technical results

In this section, we state some technical results used in chapter 4.

Weak* topology

Definition 4.21 (Weak* topology). Let = (py,..., 1x) € ]_[le M, (X). We say that
a sequence {hW"ineny C [ [iey L®(X; i) weak*-converges to h € [ ];cy L=(X; wi) if for
any q € [ iy L'(X; W), it holds that

lim Lc hi'(x)qi(x)dpi(x) = Lc hi(x)qi(x)dpi(x) (4.6.1)

n—oo

foralliey.

Remark 4.22. Note that for a Borel positive measure p which is either finite or o-finite over
a Polish space, the dual of L (p) is L*(p), which justifies the definition (4.6.1).

Lemma 4.23. Suppose {g]* }nen is a sequence of measurable real-valued functions over X
satisfying 0 < gi* < 1 for every n € N. Suppose that gi* converges in the weak™ topology
of L>°(X; wi) toward g, where ; is a finite positive measure. Then, for pi-a.e. x € X, we
have

lim sup gi*(x) > gi(x).

n—oo

Proof. Let E be a measurable subset of X. Then

L(hm sup g7 (x) —g1(x)) 1¢ (x)dpy; (x) > lim sup L(g?(x) —gi () Te()dpilx) =0,

n—oo n—oo

by the reverse Fatou inequality and the assumption that the sequence {g}‘}ncn

converges in the weak* sense toward g;. Since E was arbitrary, the result follows. [
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c-transform

c-transform has an important role in optimal transport theory. One can characterize
an optimizer of a dual problem by iterating c-transform: see Villani (2003, 2009)

for more details.

Definition 4.24 (c-transform in Villani (2009)). Let X, X' be measurable spaces, and
letc: X x X' — (—o0,00]. Given a measurable function h : X — R U {oo, —o0}, its
c-transform is defined as

he(x') := 7£1€1ch{h(x) +c(x,x")}

Similarly, for g : X’ — R U {00, —oo}, its c-transform is defined as

9°(x) == sup {g(x') —c(x,x")}.

x'eX’

Proposition 4.25. For any mearurable functions h over X and g over X', and cost function
c:X x X" — (—o0,00], it holds that for every (x,x’) € X x X,

he(x") —h(x) <c(x,x’), g(x')—g°(x) <clx,x).

Theorem 4.26 (Theorem 5.10 in Villani (2009)). Let X be a Polish space and c(-,-) be a

cost function bounded from below and lower semi-continuous. Then, for v,v € P(X),

inf J c(x,X)dmi(x,X) = sup {J gi(x)dv(x) —J
Xx X x

e (v, V) gi,fi€Cy,gi—Tfi<c X

fd%)d?(%)}
= sup {J (fi)c(x)dv(x)—J fi(i)dV(A)Z)}
fiell(v) WX X

= sup {J gi(x)dv(x)—J (gi)c(i)dq(%)}.
v) Ux X

gieLl(
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Furthermore, the infimum is indeed a minimum. However, the supremum may not be
achieved.

Decomposition of universally measurable functions

Lemma 4.27. Let X be a Polish space, \ and let [t be a Borel probability measure and its
extension to the universal o-algebra, respectively. Let f be a universally measurable function
for which fx [f(x)|dr(x) < oo. Then there exists a Borel measurable function g such that
f = g w-almost everywhere. Also,

| tooamta = | gixiaut. (46.2)
X X

Proof. Without the loss of generality we can assume that f > 0. Since f is universally

measurable, we can write

n
f(x) = lim f,(x):= T}lirgoz crlan(x),
for positive coefficients c7', ..., ch and AT, ..., Al universally measurable and pair-
wise disjoint sets. By the definition of universally measurable sets, for each A}
there exists a Borel set B] such that f(A} \ BY) = 0. Hence, for each n € N, we can
write

fu(x) =D cplpp(x)+ ) cilep(x),
k=1 k=1

where C} = A} \ Bi. We conclude that

f(x) = g(x) + h(x) :=limsup } cflpp(x) + liminf Y cplcp(x)
k=1

n—oo n—00

where g is Borel measurable, h is universally measurable and h = 0 @-almost

everywhere.
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Since f = g H-almost everywhere and g is Borel measurable, then

J f(x)du(x)zj g(x)dmx)zj g(x)du(x),
X X

X

from which (4.6.2) follows. O
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5 TWO APPROACHES FOR COMPUTING ADVERSARIAL TRAINING

PROBLEM BASED ON OPTIMAL TRANSPORT FRAMEWORKS

This chapter is based on Garcia Trillos et al. (2023b) which is a joint work with
Nicolas Garcia Trillos, Matt Jacobs and Matt Werenski.

Outline

The rest of this chapter is organized as follows. In section 5.1, we will present two
main algorithms and their informal explanations. In section 5.2, some empirical
results based on proposed algorithms and their interpretation will be offered. We
will finish off this chapter in section 5.3, where the summary of this chapter will be

concerned. All technical details and delayed proofs will be discussed in section 5.4.

5.1 Main results

The main contribution of this chapter is to suggest two new algorithms which
solves (2.5), the adversarial training problem in multiclass classification, using
two equivalent problems developed in chapter 3. The first algorithm is called
exact solving algorithm inspired by (3.1.4). The geometric intuition of (3.1.4) is to
find 11;’s which can be stacked over each other as much as possible, equivalently
collecting higher-order interactions, as many as points from different classes, in the
cheapest way. After collecting all possible such interactions, solving (3.1.4) reduces
to a certain linear programming. Pseudocode appears in Algorithm 3.
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Algorithm 3 Exact solving

Input: X: data set, u = (Hy,..., ux) : empirical distribution, ¢ : adversarial budget.
Use Algorithm 5 to construct C(e).
Construct the e-incidence matrix I, € {0, 1}X*C(e),
Solve (5.4.1).

Output: g* = 3 (o)W (C)Or(c), i = 2 acse(i) 2ocecaie) W (C)or(c) and
value =} .y w*(C).

Algorithm 3 contains two main steps: use Algorithm 5 to construct C(e), the set
of all possible interactions, and solve an appropriate linear programming with a
matrix I.. Figure 5.1 below describes Algorithm 5 pictorially. It shows the procedure
demonstrating the optimistic (and probably realistic) setting that there are several
lower-order interactions and the number of higher-order interactions quickly decays.
However, it may be possible in some settings that most, or all of the lower-order
interactions can be merged together so that the number of higher-order interactions
is comparable to that of lower-order ones. The details about this algorithm will be
discussed in section 5.4.

Pairwise Distances Index Matching Optimization to Validate Index Matching Optimization to Validate

— > — > — >
o o) o

o (&) . @]
(e]

o o

Initial Data (1st order) 2nd order Possible 3rd Order True 3rd Order Possible 4th Order True 4th Order

Figure 5.1: Steps to compute the labeled interactions.

The first main theorem is about the worst complexity of Algorithm 3. We
want to emphasize that this is worst case scenario: one could expect much smaller
complexity of Algorithm 3 in many real data sets. Since the size of I, notably
depends on the size of C(¢), therefore, the complexity of Algorithm 3 is affected by
the size of C(e). The size of C(¢) is determined by the possibility of interactions,
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or, the geometry(separability) of classes. One can expect that if classes are far
from each other and given adversarial budget is not too big, it is very likely that
higher-order interactions vanish, in other words, I, is sparse. We expect that in
most reasonable situations, I, is super spares. Under this prediction, we expect
that Algorithm 5 stops earlier whence Algorithm 3 terminates faster than its worst
case complexity.

Theorem 5.1 (Complexity of Algorithm 3). Assume that ny = O(n) foralli € Y.
Algorithm 3 gives a d-approximation of (2.5) in O(K*n¥ (log %)2) time.

Remark 5.2. Algorithm 3 has also a truncated version: namely, when constructing C(e),
one can ignore all the higher-order interactions and restrict C(e) to at most L-order interac-
tions. Then, the resulted e-incidence matrix becomes much smaller, hence the complexity
decreases. We will also discuss truncation in subsection 5.4.

The second approach is the truncated entropic reqularization: it is also known as
truncated Sinkhorn iteration in computational optimal transport community. Sinkhorn
iteration, firstly proposed by Cuturi (2013), has been extensively used and stud-
ied in various fields, especially in machine learning community, due to its faster
implementation and empirical successes. This approach is based on the formula
(3.2.6).

Observe that ca’s of (3.2.6) is indeed the cost for the adversary to pay for the
consideration of |A|-order interaction associated with A classes: x is a local plan
of forming an interaction, and 7ta’s are a global (transporting) plan of |A|-order
interactions consisting of subclass A. Thanks to this special structure, we can
explicitly truncate this problem by only focusing on ma’s whose |A] is at most
L. It means that we explicitly ignore all higher-order interactions. Of course, this
truncated Sinkhorn not only reduces computational costs but also still have a chance
to approximate o a solution well provided that the well-separability of data sets
and the reasonable adversarial budget. This is the same intuition that we have in
the previous algorithm.

Let S§ :={A € Sk : JA] < L} and Sk (1) :={A € Sk : i € A}. Pseudocode appears
in Algorithm 4.
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Algorithm 4 Truncated entropic regularization (Sinkhorn)

Input: X: data set,1 > 0: entropic parameter, L : trucation level, p = (ny,..., px) :
empirical distribution, ¢ : adversarial budget.
Initialization : g; =nlogu; forallie Y.
while not converge do

91() - nlog () —n1og (L aesyn) Gloam)()),

gk () < nlog puk(-) —nlog (ZAES%(K) G(QA\{K})('))-
end while .
Compute 73 (xA) = exp <% (Xica gf(x{i))) exp (—% (14 CA(XA))> forall A €
St.
Output: {73 }acst and value = ZAeSk D qall4calxa))my (xa).

Algorithm 4 is basically a block coordinate ascent method which is the nature
of Sinkhorn-type algorithms. Since (5.4.8) is strictly convex, a solution is unique.

We want to emphasize one strong advantage of Algorithm 4 compared to Al-
gorithm 3: it proposes not only optimal couplings but also robust classifiers. If
everything is well conditioned, for example well-separability of classes, it would be
reasonable to expect that Algorithm 3 works faster than Algorithm 4 and its error
is also smaller(or even vanishes). However, since Algorithm 3 solves (3.1.4), it
does not give any information about (3.2.12), the problem for the learner to obtain
robust classifiers. In other words, it does not care about anything for the learner’s
perspective. On the other hand, however, since Algorithm 4 naturally relies on the
duality (with the entropic term), (3.2.13), it automatically solves both (3.1.4) and
(3.2.13) simultaneously, hence solves (3.1.4) and (3.2.12) simultaneously. There-
fore, Algorithm 4 implements an approximation of saddle point of (2.5). In this
sense, it (approximately) solves the problem in two sides perfectly, while Algorithm
3 does only in one side. We state this as the following theorem.

Theorem 5.3. Let g* be a fixed point of Algorithm 4. Let £F := max{g?, 0} foreachi € Y.
Then, t* is an approximation for (3.2.12). Therefore, * is an approximation of an optimal
robust classifier.
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Remark 5.4. Notice that Algorithm 4 in general does not provide feasible {10, }x cst. for
(5.4.8) in a finite time. However, this violation becomes moderate as iterating Algorithm 4
more and converges to 0 in the limit.

The authors of Altschuler et al. (2017) provide the rounding scheme which enables
an output within a finite time to be feasible for (5.4.8). This rounding scheme is recently
used in MOT Sinkhorn setting Lin et al. (2022) to achieve the complexity of general MOT
Sinkhorn. Here, we do not adopt their rounding scheme but only apply the vanilla Sinkhorn

iteration. We leave it to the future work.

Remark 5.5. In practice, one may face one numerical issue of Algorithm 4 which is that
ca can be +-o00. This fact hampers at least numerically the success of this algorithm. If
one thinks that it is a really issue, Algorithm 6 is an alternative one. This algorithm has
pros and cons: it can avoid the infinite cost function but should require a slightly large
computational cost to recover the original coupling 705 . In fact, Algorithm 4 and Algorithm
6 solve two different reqularized problems. Howeuvert, for small n, both problems are close

enough and give two approximated solutions for (5.4.8): see subsection 5.4 for more details.

Our second main theorem is about the convergence rate of Algorithm 4. With
the bounded cost function, it is known Carlier (2022) that the MOT Sinkhorn
iteration has the linaer convergence rate. A similar result holds in our setting
because, although c is not bounded, it behaves like a hard constraint so that cost
function on c4 = 0 is bounded nicely. More technical details will be discussed in

section 5.4.

Theorem 5.6 (Informal). Algorithm 4 has the linear convergence rate.

5.2 Empirical results

In this section, we present empirical results: see figure 5.2 and figure 5.3. We
apply our algorithms, Exact solving and Truncated entropic regularization, to
famous MNIST and CIFAR10 data sets. Also, we put the result computed by
the MOT Sinkhorn proposed by Lin et al. (2022) based on another equivalent
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formulation obtained in chapter 3 which plays a role of state-of-the-art algorithm
for approximating MOT problems.

In both MNIST and CIFAR-10 data sets, we consider 4 classes and its possible
truncations, 2 and 3-levels. As we expect, unless the adversarial budget ¢ is large,
truncation is a good approximation for the full consideration. Both figure 5.2 and
figure 5.3 show our heuristic: if the adversarial budget is not too large and if classes
are well-separated, the truncated problem is a good approximation for the original
problem. Here, we see the upper bound of the adversarial budget at which each
level of truncation works nicely.

In particular, looking at the plots of Algorithm 3(bottom two plots for both
MNIST and CIFAR-10), one can completely characterize when 3-rd order and 4-th
order interactions become effective: for example, regarding MNIST plots, with
distance, 3-rd order and4-th order interactions occur after ¢ > 1200 and ¢ > 1400,
respectively. In fact the number 1200 is roughly the half of the maximum distance
between two different classes and it makes sense high-order interactions arise after
this number.

In this sense, one can reversely estimate the geometry of MNIST and CIFAR-10
data sets from those plots. As everyone knows that the dimension of both data sets is
quite huge, 28 x 28 for MNIST and 32 x 32 for CIFAR 10. For this high-dimensionality,
it is hard to understand their geometry directly and most of their aspects are quite
counter intuitive. But, interestingly, one can get geometric information from these
adversarial risks because the adversarial risk highly depends on the geometry of
data sets(and the adversarial budget). For example, in terms of {*° metric, MNIST
data sets are super separeted in a way that each class almost is concentrated on each
vertex of {*° hypercube. It is reflected in the plots: until less than 120 adversarial
budget, no iteraction happens and then until 160, no 3-rd order interaction happens
an so on and forth. We have a similar observation in CIFAR-10 data, but it is not
separated as much as MNIST: the adversarial risk gradually increases from 80 to 110
and after 110, 3-rd order interaction seems to exist. Therefore, one may conclude
that MNIST is more separated than CIFAR-10. We expect such estimate can give

more rigorous and pedagogical information about inaccessible geometry of many
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high-dimensional data sets.

Notice that, unless LP and its truncated versions, there are some gaps between
the full MOT Sinkhorn and its truncated versions. This is because of the entropic
parameter 1. The more decreasing 1, the less such gaps while one should pay more
computing costs. This gap is not huge, and interestingly, in {* metric, the gap is
even smaller than in ¢ metric. We don’t know why such asymmetry happens and
probably, there are hidden geometric reasons to induce such difference.

Lastly, we give a comment about the complexity of the MOT Sinkhorn. In our

K’n*logn
o ().

case, its complexity is

The proof will be presented in subsection 5.4. To achieve the correct complexity, we
will give a slightly simpler single MOT formulation of (2.5), a small improvement
of Theorem 3.3 in chapter 3: see Proposition 5.4.32 and Corollary 5.23.

5.3 Conclusion

In this chapter, we propose new algorithms to solve the adversarial training prob-
lem, exact solving(LP), its trucated version and the truncated entropic regulariza-
tion(Sinkhorn). Each of them is built on a different equivalent optimal transport
type problem which is developed in chapter 3: the generalized barycenter problem,
(3.1.4), and the stratified MOT problem, (3.2.13).

The novelty of these algorithms is that we do not need to perform the full n*-
order computation when data is well-separated and the adversarial budget is not
too big. If these two conditions are satisfied, it is very unlikely that higher-order
interactions have meaningful contributions of the adversarial risk so that, one can
safely ignore them, as a result, the computational complexity drops significantly.

Also, these two approaches have their own pros and cons. For exact solving,
thanks to the sparsity of I, in spite of its huge size, it performs quite reasonably.
Furthermore, it works faster than its worst case scenario because there are not many

high-order interactions in real data sets with a reasonable adversarial budget.



MNIST classes 1, 4, 6 and 9 (£2 norm)

121

MNIST classes 1, 4, 6 and 9 (£* norm)
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Figure 5.2: MNIST comparison.

For the truncated entropic regularization, there is an intrinsic error due to the
entropic parameter 1. Also, its speed is not faster than exact solving because after
fixing the truncation level L, it requires computing n"~! tensor in any case. If data
is well-separated so that the number of high-order interaction decays fast enough,
Exact solving will not compute such large(but moderate than n*) tensor.

However, there is an advantage of the truncated entropic regularization. Due
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CIFAR classes 2, 3, 5 and 7 (£* norm)
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Figure 5.3: CIFAR10 comparison.

to its nature, computing the dual problem, it not only approximates (3.2.6) but

also its dual (3.2.13). Hence, thanks to Proposition 3.19, we can obtain not only an

optimal adversarial attack but also an optimal robust classifier at the same time.
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5.4 Analysis of Algorithms 3 and 4

In this section, we will provide all the details of our proposed algorithms. Before

doing that, we introduce some notations that we will use through this section.

o Let X; ={x{ € RN :1; =1,...,n} be the set of points for the label i where
n; is the total number of points of that label and X = U]f:l X; be the set of
all points (with replacement if a point occurs for multiple labels). For each

A € S, we use

XA = Hxi, XA = (XL i€ A) e XA,

e Lety = 21?:1 ui(x{i)éxh be the (positive) empirical measure for the label 1.

e For k = 2,...,K, a kth order labeled complex will be tracked by k (label,
index)-pairs {(i1, 1y, ), ..., (ix, li, )} where each i,, # i, for p # q and the index
l;, corresponds to the x{fp , the 1; -th point for the label i,,.

e Fix A € Sx and ¢ > 0. We use C» and Ca (¢) to denote the set of all labeled

interactions and (A, ¢)-feasible interactions, respectively,

Ca ={(i, li)}eal,
Cale) == {{(i,W)}ea € Ca :{(x{ ) }ica C B(x, ) for some x} .

e The set of all e-feasible interactions will be denoted by

Cle) := U Cal(e).

AESk
Given C(¢), the e-incidence matrix I, € {0, 1**€(¢) is defined as

L ((1, Xt)/ C):=
0 otherwise.

{1 if (i,1)) € C,
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Assuming that you can keep the data well-organized, the main bottleneck will
be in one of two places

1. Simply enumerating all of the pairs of interactions which have (k—2) matching
labels.

2. Performing the check to see if the interactions can be fused.

Exact solving: Linear programming

Executing Algorithm 3 requires three steps. First, constructing C(¢), the set of all
ways of merging points given a budget €. Second, convert C(¢) into a sparse matrix
I.. Third, use the existing libraries to solve a linear program with constraint matrix

I.. We detail each of the steps in the following subsections.

Remark 5.7. At the same time the authors of Dai et al. (2023) also proposed the same
idea using the notion conflict hypergraph independently. In this paper, we elaborate why
this algorithm succedes in practice based on the generalized barycenter problem which was
introduced in Garcia Trillos et al. (2023).

Feasible labeled interactions

There is an iterative method for computing the feasible interactions, starting from
order 1-st order interaction(namely, all points of each class) and then building up
to order K. This is done by the following algorithm:
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Algorithm 5 Construct C(¢)

Input: X: data set, ¢ : adversarial budget.
Foreachi e Y, set Cyiy(e) ={(i,1),..., (i, i)}
fork=2,...,Kdo
for A,A’ with [A|=|A'|=k—1,JANA/|=k—2and Cx(e),Ca/(€) # @ do
forEachC e Ca(e),C' € Ca/(e)with|CNC'|=k—2do
Check if there exists a point x within ¢ of every point in CU C’.
If so, add C U C’ to the set Caua-(e).
end for
end for
end for
Output: C(e) =Uacs, Cale).

The main difficulty in implementing Algorithm 5 is to ensure that the checks for
IANA’| =k —2and [CN C'| =k — 2 are efficient and are not done by enumerating
all possibilities. With a proper implementation, the most time consuming step is
checking when a point x is within ¢ of every point in C U C’. This is often a non-
trivial geometric problem. For example in R™ with the Euclidean distance it requires
checking if as many as K spheres in R™ of radius ¢ have a mutual intersection. One
geometry where this calculation is particularly simple is when using d(x,y) =
|x — Y|, where the problem is reduced to finding the intersection of axis-aligned
rectangles.

In general the speed of Algorithm 5 can be estimated by O(K|C(¢e)|m(K)) where
m(K) is the computational complexity required to check the existence of a point
x for groups of size at most K. This complexity can at the worst be essentially the
same as trying every possible group of K or fewer points, which is what would be
required if for example ¢ is so large that every selection of points are close enough.
However, in practice there are often far fewer higher-order interactions which leads
to a much faster algorithm. This output-dependent complexity is often a substantial

gain.
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Optimization

With the notation above, we describe the optimization problem to get the exact

solution for (3.2.6). The linear programming(LP) for the exact solution is

cec(e) (5.4.1)
s.t. w(C) >0forallC € C(e), I.w=I[uy,...,uxl"

Let w* be the minimizer of this problem. Then g, the generalized barycenter of

the optimal adversarial attacks, can be recovered as

Zw

CeC(e

where F(C) returns any point x such that {x{i : (i,1;) € C} € B(x, ¢), and such a
point must exist by the condition C € C(e). Furthermore the optimal adversarial

attacks {1, ..., ik} can be recovered as

- L2 wie

A€Sk(i) CeCale

The mass works correctly in this problem because of the constraint I w = [, ..., px] T
From the preceding equations it is clear that g dominates p; for eachi € Y. In
addition, it is also easy to recover the transformation py — H;.

This leads to (3.1.4) = (5.4.1), hence, the optimal adversarial risk is obtained by

(25) =1—(54.1) = Z w*

CeCl(e

Complexity Considerations of Algorithm 3

In general the optimization problem involves a vector w whose length is determined
by |C(¢)| as well as a sparse matrix I, with at most K|C(e)| non-zero entries (although

this is quite pessimistic). It is therefore essential to control |C(¢)|. The expected
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size of this set is given by

EIC(e) =E | ) rcA(eN]
AESK

=) E|) 1Cac CA(E)]]
Aesy  Lceca

= Z Z E[1[Ca € Ca(e)l]
A€Sk CeCa

= Z [H nk] P {{Xi}iea C B(x, &) for some x}
A€ESk Li€eA

where X; ~ 1; are independent random variables. It is therefore crucial that the
classes are in some sense well-separated as this will control the probability of the
formation of an e-interaction. It may be interesting in its own right to try and come
up with interesting cases where we can cleanly bound the probability on the right
hand side. For example, if X; ~ N(m;, Z;), then we can reasonably expect to bound
the probability by a function of the values of {(m;, Zi)}.

Theorem 5.8 (Complexity of Algorithm 3). Assume that ny = O(n) foralli € Y.
Then, Algorithm 3 gives {g’, 1y, . .., iix } which satisfies

D N+ ) Clu,n)) < (314)+5

xeX icy

in O(K2nX (log 1)*) time. Therefore, it gives a 5-approximation for (2.5) in O(K?n¥ (log 1))
time.

Proof. First, the computational complexity of constructing C(¢) is O(K|C(e)|m(K))
where m(K) is the computational complexity required to check the existence of
a point x for groups of size at most K. Since m(K) = O(K), its complexity is
O(K?C(e)].

In the worst case, the optimization part of Algorithm 3 requires a complexity of

O(K|C(¢g)] (log %)2) where 6 is an error tolerance if one solves the associated linear
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program using the method of Yen et al. (2015) which leverages the sparsity in the
constraint matrix. As noted above, |C(¢)| can in the worst case be on the order of

K
— Z (E)O(nk) < (0OMm)+1)*=0(n"
k=1

when each class 1 has n; = O(n) pomts Therefore, in total, a computational
complexity would be O(K2n¥ (log )?). O

Truncation: Deterministic Approximation Ratio

The main reason that the complexity can explode in the previous section is that the
number of ways of forming an interaction of order k is on the order of O(n*), and
there are (}) types of these interactions.

In practice we can avoid this blow up by simply truncating the maximum size
of the interaction being considered. For example, suppose there are K classes and
we choose a maximum interaction size of L. There are two reasons why this may
be perfectly fine. First, is because it provides a provably a {-approximation of the
optimal risk.

Proposition 5.9. Let L < K be a truncation level and w* be the optimal value of (5.4.1).
Consider the L-truncated version of (5.4.1) with the restriction to

= U Cale)

Aesk

Let wy be the optimal value of the L-truncated version of (5.4.1). Then,

wi < K
we L
Proof. Suppose that there is an interaction of order K that is assigned mass m. Since

every sub-interaction of an admissible interaction is also admissible, we can re-

allocate tha mass amongst the (})-many sub-interactions of order L. Doing so
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uniformly requires placing =¥ (¥) ! on each of the (¥)-many sub-interactions of
order L.

This requires a total mass of

mK K\ /K)  mK
L \L L) L
This satisfies the mass allocation constraints since each point in the original K
interaction has m mass to allocate and belongs to precisely

) -(0) %

Let w(C) be the optimal weight allocation vector for the full order K attack.
Repeating the reallocation for every interaction C of order L + 1 or greater we have
an attack which requires mass

’ ’ m\ 1
T (),

total interactions.

CeC(e):|CIKL CeC(e):Cl=L C’eC(e):CCC’

Kw(C") /IC\
< Y wo+ Y y Rwee
CeC(e):|CIKL CeC(e):|Cl=L C’eC(e):CCC’/

CeCl(e):CI<L C’eC(e):|C/|>L

where C C C’ means C is a strict subset of C’. The inequality comes from |C’| < K

To complete the proof divide this cost by the cost of the full attack. Note that for
a>b > 0andany ¢ > 0such that a +c,b + ¢ > 0 we it holds Eig < ¢- Applying
this we have

KW(C/ Kw(C’)
2 cec(eicit WO + X crecqeniert ZC’GC JIC>L _K
L

T T
2 cec(ericlct WC) + 2 crec(eyicr=1 WIC') ZC’GC yicr=1 w(C’)
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]

The proof above always works. However it may be pessimistic for the second
reason that truncating is most likely not a bad thing to do: There is likely to be
much more mass in small interactions than in large interactions. A better book
keeping can be used to show that the restriction to order L interactions gives an
approximation error of

=L
P+ ) P
L=L+1

where

po_ 2_cec(eyicict WIC) _— 2_cec(eyici=L W(C)
<L - 7 L — .
> cec(eyW(C) 2 cec(e)W(C)

If Pr decays rapidly with L, then the bound will be much tighter than the pessimistic
K

T
In addition, the truncation leads to a much smaller set of interactions, denoted by
C(e; L) and improves the speed of solving the linear program to O(L|C(¢; L)| (log %)2)
where the factor of L is because each interaction leads to a row in the constraint
matrix with at most L non-zero entries instead of K. Again in the worst case we
have .
IC(e; L) < ; (E)nk = O(K'n") (5.4.2)
which leads to a total complexity of O(L2K'n" (log 1)*) again using the method of
Yen et al. (2015) to solve the linear program.

Truncated Entropic Regularization
Derivation of Truncated Entropic Regularization

Recalling (2.5) =1 — (3.2.6), now the goal is to solve (3.2.6). One popular way to
solve optimal transport problems numerically is the entropic regularization, also
known as Sinkhorn interation, introduced in Cuturi (2013) (originally proposed
in Sinkhorn (1964); Sinkhorn and Knopp (1967). The idea is that to add a certain
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regularization term which enforces a problem to be strictly convex: the most popular
choice of regularization term is entropy.

The entropic regularization of (3.2.6) is defined as

min Z J (14 cal(x1, ..., xx)) dma (x4, ..., xx) — M (Ent (714 ) + [I7TtAll)
{mataesy Acsg I X

Z Puumta =y foralliey

A€eSk(1)

(5.4.3)

where Ent (714 ) and || || are the entropy and the total mass of 74, respectively.
Here, when computing Ent (714 ) we regard 0-log 0 = 0 according to the convention.
The term 1|t is introduced for the computational convenience.

From now on, we consider (5.4.3) with the finite support case to derive Sinkhorn-

type update scheme. Introducing the Lagrangain dual variables g; € R™,..., gk €
R™x, we need to solve

min L({ra},{gi})

{maligil
= > ) (1+calxa)+n(logma —1)) malxa)
AESK xpAEXA (544)
- Z Z gi(xi) Z Z T (X4, Xa\(i}) — HilXi)
163 Xiexi AESK(l) XA\{I}EXA\{I}

Since it is strictly convex, the first order condition is sufficient for characterizing a

solution. Differentiating with respect to 7ta (xa) for each A € Sy and each x4 € X*
yields

0=, (e L({mal {gi}) = 1+ ca(xa) +nlog ma(xa) — ) gilx:).

i€A
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From the above, it is deduced that
10g TA(XA) = <Z 91 xi) —1— CA(XA)>
T] i€eA

Plugging such log 714 ’s into (5.4.4), we have

LHgh =) > (1+CA(XA)+Zgi(xi)_1_CA(XA)_T]>WA(XA)

AESk erfX:A i€EA

_Z Z gi(xi) ( Z Z oA (X4, XA\ (i) _Hi(xi)) -

ieY xeX; A€SK(1) XA\{i}efX:A\{'l}

Since

Z Z gi(xi) Z Z nA(Xi;XA\{i})

i€y xi€Xy AESK (1) xp\ (1) EXAN

:Z Z Z 9i(xi)7a (xA)

iey AeSk(1) XAE:X:A

Yy ¥ (zglxl)mm

AESK xpA€XA \i€A

it follows that the dual of (5.4.3) is

oy L9 =Y 3 g

i€eY x1€Xy

-y Y exp( (Zgl Xi) —1—cA(xA)>) oA

AESK xpEXA ieA

Using ga := (gi)ica, let us introduce the tensor product associated with A € Sk
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by
G(ga\giy) (xi)
1 j 1
= Z exp | = Z gj (le) exp | —— (1 +Ca (Xi, XA\{i})) .
XAy (i) EXAM JEAN(i) n

For the convenience, we define G(gy) := 1.

For each i € Y and each x; € X;, the first order condition is

0 = 0y, £({g1}) = (xi)—exp( 0 xl) Y Glomalta

AeSx(i

Then, the above first order condition yields

gi(xi) =nlog wi(xi) nlog( Z G(ga\(iy) xl)). (5.4.6)

AESk (i)

Let {g;} be a maximizer of (5.4.5). Then, the minimizer of (5.4.3), {m,}, is
obtained by

mh (xa) —exp< (Z gi (x; >) exp (—%ch(XA)))
icA

and the corresponding approximated minimum value is

Z Z (1+calxa)) ma(xa).

AGSK XAGDCA

All the arguments above are similar to the derivation of Sinkhorn iteration for
classical optimal transport: but the denominator is not just the matrix multiplication
but the tensor product. For each i € Y we update g; according to (5.4.6) while other
g;’s are fixed. Since we fix x;, the computational complexity of ) , ese(i) G (gav(i})
is O(n*~1) caused by the largest contribution A = Y. Of course, whenever K is
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large, its complexity is huge so that computing this problem is quite intractable in
practice.

Remark 5.10. (5.4.6) can be formulated in a different way. Let ¢; := exp <}]gi). Then,

(5.4.6) is equivalent to

ul(xl)
i 547
i) = 2 aesei) Glgava)(xi) (5:47)

This different point of view is also widely adopted in computational optimal transport
community: see (Peyré et al., 2019, section 4) for more details.

One can truncate (5.4.3) by considering only A € Sx with |A| < L < K. This
means that we only care about the lower-order interactions and ignore the higher-
order ones. This truncation or ignorance of the higher-order interactions can be
justified by empirical observations: in most real data sets, with a reasonable ad-
versarial budget, an adversarial attack is concentrated on at most 2nd order or 3rd
order interactions. See section 5.2.

Fix the truncation level L < K. Recall S} ={A € Sx : JA| < L}and S (i) ={A €

Sk : 1 € A}. The L-level truncated entropic regularization problem is

min 3 | (1 calst o 0)) dra e xi) =1 (Ent (1a) + )
AeSk

Z ?1#7tA =uw; foralliey.

A€eSk(i

(5.4.8)

(5.4.8) would be a good approximation of (5.4.3) provided that max ~ O for all
|A| > L. Applying the same argument in subsection 5.4, the dual formulation

suggests the following update scheme:

gi(xi) ==mnlog ui(xi) —nlog Z G(ga\giy)(xi) | - (5.4.9)

A€eSk(i
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Complexity Considerations of Algorithm 4

In this subsection, we obtain an upper bound of the computational complexity

of Algorithm 4. The proof is based on Carlier (2022) which is built on Beck and

Tetruashvili (2013) which is regarding the block coordinate descent method.
First of all, we claim that an upper and lower bound of g* for (5.4.5).

Remark 5.11. Notice that £({gi}) might have many solutions unless the restriction of
{gi). For example, assume that i = by, for all i € Y and there is some x' such that
d(xi,x") < € foralli € Y. Then, the optimal 7 is {m}, = %6X/}. In this case, any
g=(91,...,9k) such that Ziey gi = 1 can be a solution for £({gi}). This is a common
issue in entropic optimal transport problems (equivalently, in Sinkhorn iteration). So, people
have used Hilbert—Birkhoff projective metric or centring method with bounded cost setting
to manage this issue: see Franklin and Lorenz (1989); Chen et al. (2016); Di Marino and
Gerolin (2020); Carlier (2022).

Lemma 5.12. Let vy := miniecy x,ex; log wi(xi) > —oo. If g* is a maximizer of (5.4.5),
then
—(L=2)4+n(y—(L-1)log(K—1) —Llogn) < gi(xi) <1

foralli € Y and all x; € X;.

Proof. Recalling the first order condition, one has

AGSL AGSL

g; (xi) =nlog pi(x:) nlog< > Glga) xl)) <nlog< > Glghw) xl))

since i; < 1. Notice that the right-hand side above is the usual log-sum-exp

operator. Let

x exAMihAesk (i
AN jEAN{i}

G(g,1)(x) == max ( Z 95 (%) — (1 +calx, XA\{I}))) . (5.4.10)
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Then,

G(g,1)(xi) <nlog ( Z G(ga\gy) xl)) < G(g,1)(x) + nlog(number of terms).

Aesk(i

By taking A = {i}, it is easy to check that G(g,1)(x) > —1. Hence,

g; (xi) < —mlog ( Z G(ga\(i)) XJ) <L

A€eSk(i

Observe that the number of terms of ZAeSk(i) G(gj‘\\{i}) (xi) is bounded by (K —

1)'Int where n := max{n,, ..., ng}. Since g < 1,it follows that

gi(xi) =y — (L—2) —nlog ((K—1)""'nb)
—(L—=2)+n(y—log(K—1) —Llogn).

This completes the proof. O

Notice that gi’s in the dual problem (5.4.5) correspond to gi’s of (3.2.13) of
Proposition 3.19. It is also proved there that it suffices to consider 0 < g; < 1. With
the entropic regularization term, this is not trivial. But, if 1 — 0, (5.12) recovers the
usual bounds of g;’s which can be also obtained by c-transform: see Villani (2009).

Recall Algorithm 4. We elaborate the algorithm in detail: foreacht=1,2,...
let’s consider the subroutine k =1, ..., K such that given g* = (g}, ..., gk), update

Q}H( ) <= mlogw(-) —mlog ( Z G( 9A\{1} ) ()

A€Sk(1

t+1,1 _ (Lt ot t . t+1,k _ (t+1 t+1
=(9y",95,..-,9k). Ingeneral, given g = (

and set g 91 - 9k Gkt - 9k,
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update
9113 () < nlog () —nlog Z Glgatis) | (-
Aesk(1
t+1,K _( t+1 . t+1 t+1

g7 ,9, ,...,9x ) and move to t + 2 and consider the
t+10 _

Finally, g*™' =g
subroutine k = 1,...,K again. For the consistency of notation, let g* = ¢

(91,92, ---, 9k)
The following lemma gives an upper and a lower bounds of g*.

Lemma 5.13. Let ¢° = (0,...,0) and vy := miniey,ex, log wi(xi) > —oo. For each
t=1,2,...

—(L—=2)+n(y—(L—1)log(K—1) —Llogn) < gi(x) < 1. (5.4.11)

for each i € Y and each x; € X;.

Proof. Recall (5.4.10). Since g‘]-) =0forallj €Y, G(g°1)(x1) = —1. So, it follows
from the above that for each x; € X;,

g1(x1) < 1. (5.4.12)

We use an induction argument on the subroutine k. Let’s Assume that (5.4.12)
holds until k — 1. Again, it holds that

G(g" ", k) (xi) <nlog ( > G(gkli{kl})(xk)) :

A€eSk (k)

Notice that
—1 < G(g"* !, k) (x)

by taking A = {k}. Thus,
gi(xi) < 1.

This verifies the induction hypothesis for the subroutine, k =1,...,K.
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Let’s use inductionon t = 1,2, .... Assume that (5.4.12) holds until t — 1. It
is easy to check that the setting of the subroutine remains the same as before, so
one can directly apply the above argument. Therefore, the induction hypothesis is
satisfied for t = 1,2, .... This verifies an upper bound.

With an upper bound, a lower bound can be obtained analogously as in Lemma

5.12 by using induction argument again. O

Recall the objective function of the dual maximization problem:

"o =) Y gilxmilx)

ieY xieXy

(5.4.13)
-1 Z Z exp( (Zgl Xi) 1_CA(XA)>>-

A€Sk xaeXA ieA

It is easy to see that it is concave. For simplicity, let

o= min{—~(L ~2) +n{y — (L~ 1)log(K 1) ~ Llogn),
K= Jl=r um. (5.4.14)

Then, £ ({gi}) is strongly concave on K. Also, g* € X
The following lemma is analogous to Carlier (2022)[Lemma 3.2].

Lemma 5.14. Foreacht =0,1,...

LL(gtJrl) _ LL(

Z Z Hl —Qk(xk))z P (%)

=1 xx Xy

Proof. Writing £L(g*™!) — £ (g") in a telescopic fashion,

K
LL(gtJrl) —LL(gt) _ ZLL(gtH,k) _LL(gt+1,kfl)

~
N
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t+1,k—1

where ¢ = g*'. Let us focus on L (g'"1!) — L (gt"10). The other cases are

analogous.

A straightforward calculation leads to

LL(gtJrl,l) _LL(gtJrl,O)
- Z (91 () — gi(x1)) pa(x1)

x1E€X,

o)) (eXp( g'( 1)>—e><p (%gt“(xl)» (5.4.15)

A€SL (1) xaeX?

X exp (Tl ( Z gt (xi) 1+cA(xA)))) )
ie A\{1}

Notice thatif a,b € [—m, m],

—m

e® —e*>e%b—a)+ eT(b —a)k (5.4.16)

Combined with (5.4.11), (5.4.16) yields that for each x; € X,

exp (%gt(xl)) —exp (Tl] t“(Xl))

, ) o (5.4.17)
2

> n (9'(xa) — g**'(x1)) exp ( tH(M)) + e (9t (x1) — g (x1))"

Let 1" denote 7ta (g***) defined as

A (g ) (xa)
1
= exp ( ( Z gt (xi) + Z g{(xﬂ)) exp (_ﬁ (1+ cA(xA)))
ieA:ig<k i€eAi>k

and

Z (Pagrta ) (i) = Z Z A (9" ) (i, xaviy)-

A€Sk(1) AESL (1) xa\ iy €XANMY
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An equality associated with the first term of the right-hand side of (5.4.17) i
expressed as

Z Z —g"*"!(x1)) exp (% ( ) + Z gi(xi)—(1 +CA(XA))>>
AESL (1) xaeXA i£1€EA
> (gta) =g ) Y (P ().

x1€X A€eSk(1)

The other inequality associated with the second term of the right-hand side of
(5.4.17) is written similarly as

— 9" (x1)) exp( ( > gi)—(1 +CA(XA))>
Aesk(1 )erxA

i£lEA

e Z t+l(X1))2eXP (—lgfﬂ( )) Z (Tl#ﬂtﬂl)(xﬂ-
x1€X1

A€eSk(1)

Returning to (5.4.15), we have
£L(gt+1,l) o LL(gtJrl,O)

> ) (o) —gixa)) mbxa)+ ) (g'(x)— g™ (x1) D (P M) (x)
x1E€X A€eSk(1)
e T

FS Y (') =g ) exp <—1g{+l( 1)) Y (Pt ).

AESk (1)

Observe that, by the construction of g**'+,

D> (P M () = palx). (5.4.18)
A€Sk(1)
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LL(gt+l,l) - LL(gt+l,O)
> ) (o) —gix)) mba) + Y (9'(a) — g* 7 (x)) (1)

X1 E€X1 x1E€X1
e " 2 1
+ 5 Y (9'0a) =g () exp (——g}“(m) > (@)
M x1€X n A€ESk(1)
1 1 K

—r
> ez—n > (') — g1 (1)) exp (—%9}“&1)) Y (P ()

x1€X, A€eSk (1)

Since exp (—%gi‘“(xﬂ) > exp (—%) due to the fact that g* < 1foralli € Y, it
follows that

—(r+3)

e n 2
Lo M) = L9 = == ) (9i0a) = g1 () wilxo):
x1E€X1

The conclusion, therefore, follows. O
Theorem 5.15 (Linear convergence of Algorithm 4). Fort =0,1,...

—2T+(T—1)

4K

€ ) (£H(g") — £1(g) - (5.4.19)

LHg") = LHgh) < (1 -
Remark 5.16. Recall that T ~ L+n(y — Llogn). Hence, with y = min, », log pi(xi) <
0, )

(F—l)ﬁ ~v—Llogn <0.

So, on the reasonable regime of N < 1, the multiplicative factor of (5.4.19) is less than 1.

Proof. First of all, the convergence follows as usual: since X is compact, one can
find a convergent subsequence (after relabeling properly), {g'}. Then the limit of
this subsequence, g*, readily satisfies (5.4.9) since it is a fixed point, hence due
to the strong concavity of £ on X, it is the unique maximizer. Thus, the whole
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sequence {g'} converges to g*.

—(r+4)
Let g* € K be the maximizer of £". Since —L" is € 1:” -strongly convex on X,

. K e (M)
LY (g*) - > (3 ), 9f —gi) + lg* — g'I”%
i=1 2T]
By (5.4.9), 04, £%(g""") = 0. So,
—Lg*) — (=L (g")
K _ —(M+3)
> Y (9g,(—£"(g") — 3, (L (g, g7 — gb) + lg* — gtI%.
i=1

Recall Young’s inequality which is

Applying this to the above inequality, we have

2n

e (M)

L(g*) — LM(gh) < 104, £5(g")IP.
Again, writing [[04,£"(g")|* in a telescopic fashion,

K
19, L5(gHIP < D 1196, L (") — g, L (g )P
j=1

where "1 = (g7™,..., gi", g}, 1,... gk). A straightforward computation yields
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that

0g. LH(g ) (xi) — g, LM (g ) (x1)

=—exp (%9%(&))
{ Z Z (exp < t+1( )) —exp <%g}(xj)>) G(gi\tl{f]}l)(xi,xj)}

AGSL (1,3) xJEDC

if j < i. Here Sk(i,j) ={A € Sk :1,j € A}and

G(gA\{i,j})(Xi/ Xj)
1
= ) exp D> gla)) | | exp <—— (1+ CA(Xi/XiIXA\{iJ}))) :
XA\(1,] EXANLI T] keAN{i,j} n

Forj > 1,

agiLL(gtJrl,j)(Xi) - agiLL(gt+1,j71)(Xi)

= —exp (1 t“(xl))
{ Z Z (exp< t+1( ))—exp <%g}(xj)>)G(Qxl{f]}l)(xi,xj)}

AGSL 1])X36x
and forj =1,
aglLL(gtJrl,i)( ) - a LL(gtJrl,ifl)(Xi)

Z Z <exp( t+1( )) —exp (%gf(xl))) G(g';r\l{ll} 1)(761)-

AE€SE (1) xi€Xy

Let’s consider j < i case first. Notice that if a,b € [—m,m],

le® —e? < e™b—al (5.4.20)
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Using (5.4.20) and Jensen’s inequality,

(06, L5(g ) (x1) — 0, L (g ) (1))

2
-en fi)

2
{ Z Z (exp( t+1( ))—exp (%g;(xj)))G(g’;r\l{l]]}l)(xilxj)}

AESK (1)) Xj€X;

1 2
< exp (ﬁgf(xi))
2
{5, 5 (ov o) -oe ) it

AES (1)) X €X;

1, 1
( 2 2 Gloxidy) xuxﬂ)
A€eSk(ij) X €X;
< zop | oilx) SY (9 ) — 0t (%)) Glahii (ki x)

N AESL (i) %EX;

( Sy sl >)

AE€SE (1) X€X;
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Along the above lines, it follows that

HagiLL(gt+1,j) _ agiLL(gtJrl,jfl)HZ

2
e_z Z ( Ql(Xm)) Z Z t+1 x) —g! (X]))ZG( t+1j—1

IA\(Li} ) (x4, Xj)
AGSL (i,j) X €X;5

« Z Z G gt+1) 1 (x4, %;)

AN{Lj}
A€ESL(1,j) % €X;

zZ > o> ”lx]—gl(xnfexp(lgt(m)e(

X{€EX; AESL l])X)ex n
1 1, 1
cop(Jott) | T X Gl
A€SL(1,j) % €X;
Observe that

> > exp( gt xl))e( i

gA\{1 i) ) (x4, Xj)
xi€Xi AeSk(ij)

> exp (—poi i) ) (Pumi ™))

Aesk(j)

Also, since exp( gt(xi > <ZA€SL (1)) 2—x;EX; G(gf{r\l{fj}l)(xi,xjo >0,

1
exp (T—]gi(xi)) Z Z G( ;\+\1{3)}1 (%1, %;)

A€eSL(i,j) €%

<) exp Gg%(xi)) D> ) Gloald k)
xi €EXi

A\{ij}
A€Sk (i) x€X;

-y ¥ exp( 651 ) (7

x; €X; AESL

t+1,j
1#7TA

)(%5).
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Combining (5.4.11) and (5.4.18) with the above two computations, we have
HaglLL( t+1,j) _ aglLL(gt+1,jfl)H2

Z Z 9" %) — 9}(x))) " exp (—19)”1( )) (P (x5)

X]€x1 AeSk(j
(Z > exp( L )) (Mn&“])@)
X €X5 AESk (5
€ (1_5) t+1 t 2
ST D (97 (%) = g5 0) "y (5)- (5.4.21)
xjeDC

One can check that (5.4.21) holds for j > i cases. As a result,

K

19, L (g"IP < ) 119, L (g 1) = dg, L (g )P
j=1
er(l Z K

T]2]1 Z Z tH (%) _QJ(XJ))zle(Xj)-

Hence,
£9g") — £5gY) < — 19y, L (ghIP
g 9') < ) 0a (g
2Ke -3) & )
< TZ (QJtH(Xj)—th(Xj)) 1 (x5).

Applying Lemma 5.14, finally one obtains

L« Lot G L t+l Lot
LHg*) - L (9)<7(£ (g"") —£(gh).

(5.4.19), therefore, immediately follows from the above. O
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Alternative Truncated Entropic Regularization

Algorithm 4 may have some issue which is that c4 is not bounded. Since ca is
either 0 or oo, it impedes not only theoretical understanding of this algorithm but
also implementation in practice. At the same time, we already know that the value
of (3.2.6) isbounded by 1 so that ca never attains co at the optimum. With this hint,
we can further reformulate (5.4.9) replacing 1 4 cA by a bounded cost function.

Recall the generalized barycenter problem (3.1.4). With the choice of a cost
function ¢ = c, asin (2.8), ithas a solution. More generally, if ¢ satisfies Assumption
2.5, (3.1.4) always has a solution: see Proposition 3.4 in chapter 3.

Define a new cost function

B (xa) == B} (5.4.22)

Hx A

where 1L, is a non-negative measure defined as

M, =) B, (5.4.23)
ieA
for given given xa € X*. In words, B% (xa) is the value of generalized barycenter
problem regarding the input distribution given by {i,,. Trivially, iy, = 0 when
A =0.
Proposition 5.17 justifies the replacement of (1 4 ca) by B (xa).

Proposition 5.17. Recall B}, (xa) defined as (5.4.22). Define

min ZJ B’ (xa)dma (X1, ..., Xk)
{mataesy Acsg I X

s.t. Z Pisma = foralliey.

A€eSk (1)

(5.4.24)

Then,
(3.2.6) = (5.4.24).
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Furthermore, let {Tta}aes, be a solution for (5.4.24). Then, we can obtain a solution

{WR}AGSK fOT’ (326) from {ﬁA}AGSK-

Proof. First, it follows from (5.4.28) and (5.4.29) that
Bi(xa) <1+ calxa).

Hence, (3.2.6) > (5.4.24) is direct.
For proving the other direction, let {7ta }aes, be a solution for (5.4.24). Observe
that for each x5, according to (5.4.29) we can find a collection of {uj}s_2pc A Which

satisfies

Balxa)= ) (1+cp(xp))up(xa). (5.4.25)
BAOCA

Fixing arbitrary feasible {mta}acs,,

ZJ B (xa)d7ta (X1, -ory XK

K
A€Sk X

= || Z el uiin | dmatx e,

K
AeSk X" \ BzOCA

Note that for dma (x1, ..., xx ), since x; withj ¢ A isa dummy variable, d7a (x1, ..., xx) =
d7ma (xa ). For each B € Sy, we can define

dry = ) J Wi (xa\B, XB)d7A (XA\B, XB)- (5.4.26)

ABCA JXMP

Here, fo\B wh (xa\B, X )dma (xa\B, Xg) is understood as the integration with re-
spect to the coordinates xa\pg given xg and xy = 1. Note that this integration is

well-defined since u* is Borel measurable. Changing the role of A and B, it follows
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that

Z J B*A(XA)dTCA(Xl,...,XK)

A€Sk R
> ZJ Z (14 cp(xg))ug(xa) | dma(xq, ..., xk)
Aesy VX" \ Bxoca

B(1+cs(xB))< >

A:BCA*X

N u*A(XA\B/XB)thA(XA\B/XB)>
B

= 3| colxa) dmixe).

K
BeSk X

Since the inequality holds for any feasible {7ta}acs,, this yields (3.2.6) < (5.4.24).

Lastly, it remains to show that {7t} }acs, is feasible for (3.2.6). In other words,
for eachie Y,

>

.
Besg (i)Y XP\Y

Z J Ui (xa\B, X8 )d7A (Xxa\B, XB) = dHi(Xi).

B
ABCA JXM

Notice that for any A € Sk and any x5 € X*

> upxa) =1

BeA(Q)

due to the definition of (5.4.28). Also, {7ta}acs, satisfy ZAGSK(i) Puma = Wi



150

Hence, a similar calculation as above provides

dus(xi) = ) d7a (xa\(iy/xi)
. JCANME
A€eSk(1)
— Z Z up(xa) | dma (xangiy, x4i)
A
AeSy(i) BeA(i
r
= Z _ J Up (XA\B, XB\(i}, Xi) ATTA (XA\B, XB\ (i}, X4)
Besg (i) VXM ATBCA JXME
.
= Z . Z J UE(XA\B,XB\{i}, X1)dA7tA (XA\B, XB\ (i}, Xi)-
Besg (i) Y XP VY AlBCA JXMP
It verifies that {7t} }acs, is feasible for (3.2.6). O

Thanks to Proposition 5.17, we can propose a slight variation of truncated
Sinkhorn iteration. Here, we follow the fashion stated in remark 5.10 for diversity: in
other words, this algorithm iterates over the space of exponential of dual variables,
¢i’s. Of course, taking the logarithm, you can boil down the algorithm to the
variables g;’s as usual.

The final update rule of ¢; = exp ( > is

di(xi) = pilxi) > <e><p (_HB* Xi, - ) Q) ;)
AESK(i jeA\{i}

and the optimal value of this iteration is written as

D> D (Itcalxa))malxa) = Y > Bialxa)Ralxa).

AeSk XA Aesk xA

Notice that if one only needs to compute the optimal adversarial risk, the step of
transformation, defined in (5.4.26), is redundant due to the above identity.

Pseudocode appears in Algorithm 6.
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Algorithm 6 (Alternative) Truncated entropic regularization(Sinkhorn)

Input: X: data set,1 > 0: entropic parameter, L : trucation level, p = (ny,..., px) :
empirical distribution, ¢ : adversarial budget.
Initialization : ¢; = p;. Compute {B% : A € Sg ).
while not converge do

$1(x}) - med) / S nespm { oxp (—3BA0L, ) Rjenv di()),

q)K(X{(K) A HK(XFK)/ZAES%(K) <exp <_%Bj\(x{<,</ )) /®jeA\{K} ¢)()>
end while
Compute 7ia (xa) = [ [ica $i(x{,) exp <—}]Bj\(xA)> forall A € St.

Output: {7} = T({ﬁA}AES%)}Aesk and value = ZAesk D A BR(xA)TTA (xA).

Remark 5.18. Of course, Algorithm 6 solves the following problem

min J B (xa, .., xk)da (xa, . x) — 1 (Ent () + )
{TIA}AGS% AESL xK
K (5.4.27)
s.t. Z Puma =y foralliey.
A€Sk(i)

Even though Proposition 5.17 holds, when adopting the entropic term, howeuver, the replace-
ment (14 ca) by B engenders the discordance between (5.4.8) and (5.4.27).
Recall the transformation from mta’s to 70y :

dWE = E J uf\(XA\B,XB)dﬂA(XA\B,XB)-
DCA\B
A:BCA

Hence, for each A € Sg, while the entropy terms of (5.4.27) are

Z —TTA (XA) log TTA (XA)/

:X:A
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those of (5.4.8) are

Z —Tx (xa) log Ta (xA)

A
- Z o ( Z Z u’é(XC\A/XBA)ﬂAC(XC\A,XA>
xA C:ACC xC\A
X IOg ( Z Z U*C(XC\A,XBA)T[AC(XC\A,XA> .
C:ACC xC\A

Thus, (5.4.8) # (5.4.27) in general. But, (5.4.27) still gives a good approximation for the
L-level truncated version of original problem due to Proposition 5.17. Also, one can prove
that, asn — 0, both (5.4.8) and (5.4.27) converge to the solution for L-truncated version
of original problem which has the maximum entropy among all other solutions.

Remark 5.19 (Some argument about the complexity of Algorithm 6). Although,
we cannot fully characterize the complexity, we can give some arqument regarding that
of Algorithm 6, heuristically. First, for each x A you use Algorithm 3 to compute B} (xa).
The computational complexity of B’ (xa) is at most O(L?) since the number of inputs is at
most L. So, the total computational complexity to obtain {B% : A € Sk}is O(KFL3nl).

At the last step of Algorithm6, we need to compute {10} } through the transformation
defined in (5.4.26). There are two extreme cases which contribute the total computational
complexity. One is the case that |A| is very small, say a singleton. In this case, the
computational complexity of computing the summation term is O(K*n'=1) since there
are at most O(K") many C including A and the inner sum requires O(n"~1) arithmetic
operations. Since there are O(n) points related to A, the total complexity is O(Knt). The
other is the case that |Al is very large, say |A| = L — 1. In this case, the computational
complexity of computing the summation term is O(Kn) and there are O(n"~1) points so
that the total complexity is O(Kn"). Hence, the computational complexity of computing
{3 Iaesy is O(K2tnh).

We want to emphasize that, for sure, Algorithm 6 has the same convergence rate of
Algorithm 4 proved in Theorem 5.15.
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Complexity of the full MOT Sinkhorn

In this section, we consider the complexity of the (full) MOT Sinkhorn used in
section 5.2. To achieve its correct complexity, we will provide the simpler MOT
formulation. In fact, the following argument can apply for a general cost function ¢
provided that c satisfies Assumption 2.5.

Recall that X is a Polish space with a metric d and Y is the set of classes. We
denote by [ the so-called ghost element introduced in chapter 3 and let X, := XU{/\}.
Let us define d to X, as

d(x,x’) ifx# fland x’ # f,
d(x,x") =<0 ifx=x"=p,

00 otherwise.

As similar, one can prove that (X, d) is again a Polish space: see Proposition 3.26.
Let us define a proper MOT cost function. Recall the generalized barycenter
problem (3.1.4) and (5.4.23). One can regard px, = ) ;.x..n Ox,- Then, we are able

to extend it to XX in this way: for x = (x1,...,xx) € XX,

/P\Lx: Z 6361-

LN AR

Now, we define the MOT cost function as

C(Xl,. . .,XK) = Bax

IfX1 = -+ = XK

A, By, = 0 trivially. Suppose A = A(xi,...,xk) # 0. Let
ususe A(i) :={B C A :

i € B}. Reformulating B, by the following equivalent
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multimarginal problem which is proved in Proposition 3.11 and 3.12,

BY = ngzé%)g/\ Z LCK (14 cp(x)) dmg(x) : Z Pigmg =8y, forallie A
BAOCA BEA(i)

(5.4.28)

In addition, under Assumption 2.6, (5.4.28) always attains a solution {7} 2pc A

which satisfies spt(ms ) C [ [; g{xi} for any non-empty B C A due to its constraints.

So, one can characterize ¢(x4,...,Xxx) as

clxa, ... xk) = ) (1+cp(x))up(x) (5.4.29)
BAOCA

such that uj; > 0 for all B and for each i € A,

In the following lemma, we prove that c(x;, ..., xx) is lower semi-continuous

under an appropriate topology on X¥.

Lemma 5.20. Define dy on XX by

dK((Xll' . -/XK)/ (X{/' . '/X]/<)) = 1r<nla<)§< d(xilxi,)'

Then, under Assumption 2.6, c is lower semi-continuous on (XK, HK).
Remark 5.21. Note that (XX, cAlK) is still a Polish space.

Proof. Suppose x™ = (xT', ..., xg) converges tox = (x,...,xx) in (DC*K,ak). Without
loss of generality, assume that x;,...,xy = A foralll <K L < K. IfL =K, c=0and
the claim would be trivial. So we focus on the case L < K. By the definition of EK,
without loss of generality we can further assume that x7', ..., x{* = [ for all n, and
likewise, for each L + 1 < j < K, we can assume that =1 for all n, for otherwise
the convergence would not hold due to the definition of d.
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LetA={L+1,...,Kland A(i) ={B C A :1i € B}. We now claim that for every
B#A0CA,

cg (X1, .-, xx) < liminfcg (X1, ..., XK).
n—oo

Indeed, if the right hand side is equal to oo, then there is nothing to prove. If the

right hand side is finite, we may then find a sequence {x™ };,cy such that

Hminf ) (X", x]") = liminf cg (x5, ..., X}) < o0.
n—oo n—o0
icB
By Assumption 2.6, up to subsequence (not relabeled) we can find a sequence
{X™ Jnen converging toward a point x € X. Combining with the lower semi-continuity

of ¢, we deduce that

c(XL41,---,xXx) < ZC(%xi) < liTrLrl)ig.}ch(x{‘H,...,xE).
icB

Since (5.4.29) holds, we can find for eachn € N a collection of feasible {75 }5_2pc A
such that

Hminf Y (14 cp(x[yy, ..., x%)) 7p = liminfe(x], ..., xR).
n—oo BAOCA n—oo

Using the Heine-Borel theorem in Euclidean space, we can assume without the loss
of generality that for every B # () C A, 7} converges to some 7tg as n — oco. The
resulting collection of 7t is feasible for the problem defining ¢(x1, ..., xx) and thus,
using the lower semi-continuity of cg established earlier, we deduce:

c(x1,...,xk) < E (I+cp(xry1,---,xk))mp < liminfce(z7, ..., z8).
n—oo
BAOCA

]

In order to describe of the primal MOT problem and its the dual formally, we
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need some preliminary works. For each i € Y, let {1; be the extension of p; to X, as
dig; == dpg + (1 —[lil) .

Here, [|11;]] is the total mass of ;. By the construction of 1;’s, all of them have the
same mass, 1, allowing the application of the usual MOT theory directly.
Let us define the set of couplings by

M, ..., 0k) == {m € P(XX) : Pyt =i forall i € Y} (5.4.30)

and the set of feasible potentials by

D= {d) = (¢1,..,p) € [ LD ) dilxi) < c(xl,...,xK)}. (5.4.31)
j=1

iey

Proposition 5.22. Under Assumption 2.6, we have

T (Hy,...,

(326) = inf ) {J C(Xl, e ,XK)dT[(Xl, e ,XK)} . (5432)
KK xlf

Furthermore, it satisfies the duality which is

inf o {LCK c(xl,...,xK)dn(xl,...,xK)} = sup {%L d)i(xi)dﬁi(xi)}

ﬁen(ﬁ] ..... ded
(5.4.33)
and both of the primal and the dual have solutions.

Proof. (5.4.33) is straightforward thanks to the fact that c(x;, ..., xx) is lower semi-
continuous and bounded below by 0: see (Villani, 2009, Theorem 5.10). The ex-
istence of a minimizer for a primal problem is also classic and the existence of a
maximizer for dual problem follows from (5.4.32) and Proposition 4.18.

Let g = (g1,...,9x) € Cp(X)¥ be a feasible solution for (3.2.13). Define g :=
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(g1,...,9k) as, foreachi € Y

R . gi(x) ifxeX,
. 0 if x =\

We want to show that for any (x4, ...,xx) € XK

Z@i(xi) < c(xq,...,%xk).
iey

First, if x; = --- = xx = [, it holds trivially. Let A = {i : x; # [} and A(i)
{B € A :1ic B}. Combining (5.4.29) with the fact that g satisfies } ;5 gi(xi) <
1+ ca(xa) for any A C Sy, it follows that for any non-empty B C A,

mi 3 gulx) < (Lt ealra)) my = | (1 calx)) dr(x), (5.434)

K
icB X

Using (5.4.29), (5.4.34), ZBQ\(U Imgl| = 1foralli € Aand }_;y 9(Xi) =D ica 9i(X5),
one can deduce

Za(xi): Z Zﬂ*Bgi(xi)

icy BADCA i€B

< ¥ | 0+

BAPCA ¥ X<

= C(Xll e /XK)/

which verifies that g € ®. Applying Corollary 3.28 and 3.29, it follows that

(3.2.6) < sup {ZJ dDi(Xi)dﬁi(Xi)} .
ey v X

bed

On the other hand, given a dual potential ¢ € ® which is feasible for the dual
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problem, define { := (yy, ..., ) € ]_[l@J (X; u) as, for eachi € Y

Pilx) = i(x) + ) $5(A) — di(A)

jey

It is straightforward that

ZJ P (X)) dpi (X)) = ZLC < +Z¢J ) dpi (X4)

iey v X icy jey
—Z{J Xi)dp () + [l (Zd’j(ﬂ)—d)i(ﬂ))}
iey jey
-y J e () At ().
iey

Fix A € Sx. Consider
D VX)) =D bulX) AL d5(A) =D bl
icA ieA jey ieA
Letting cb}‘( A) == ¢5(A), k-th copy of ¢;([1), rewrite the second term as
ALY b)) =D ) dFA)
jeY €A jEY
Fix 1 € A. By (5.4.28) and the definition of ¢,

D XD+ ) BHA) =D dilR) =) di(X)+ D dj(A)

ieA jeyY ieA i€eA jEAC
< C(Xll o IXK)

<1+calxa).
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Hence, since 3 ;y &;() <0,

D W) =) (X)) + ) > KA - > dilA)

i€A i€A i€A jeyY ieA
=3 GilX)+ ) A =D i)+ DD bFA
i€A jeY i€A k#£LEA jEY

g 1 + CA(XA)I

which verifies that 1 is feasible for (3.2.13) in [ ;. L' (1i)-sense. This yields

sup {Zj ¢i(xi)dai(xi)} < (3.26).
PeD@ | jey JX.
The conclusion follows. ]

This new MOT formula (5.4.32) gives a correct upper bound of the complexity
of approximated solution for adversarial training.

Corollary 5.23. Assume that ny = O(n) for all i € Y. The computational complexity of
finding a d-approximate solution for the adversarial training problem is at most

KnK+ilogn , KnKlogn
O ( d & 52

Proof. Recall
(2.5) =1 — (3.2.6).

With (5.4.32) of Proposition 5.22, the conclusion follows from Tupitsa et al. (2020);
Lin et al. (2022). Note that ||c|[, = K. O

Remark 5.24. Notice that each marginal p of the previous MOT formula in Garca Trillos
et al. (2023) has the size O(Kn). Then, the computational complexity corresponding the
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previous MOT formula is

o <KK+ZnK+§ log(Kn) A KK+4nk log(Kn)>
) 52 '
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6 CONCLUSION AND FUTURE WORKS

My thesis provide both theoretical understanding and practical implementations
regarding the adversarial training problem in multiclass classification. The hammer
we have used to tackle this problem is optimal transport, especially multimarginal
optimal transport which has been recently payed attention from pure mathematics
to applied fields.

More formally, we have three adversarial training models, DRO model (2.5),
closed-ball model (2.4) and open-ball model (2.3), which also has an exciting
connection to “total-variation regularization”. The main object is DRO model
intensively studied in chapter 3. The main theme of chapter 3 is that DRO model
has twofold: the adversary’s part and the learner’s part. The adversary’s part is
equivalent to the generalized barycenter problem (3.1.4), in other words, solving the
generalized barycenter problem is sufficient from the perspective of the adversary.
Based on this observation, we derive the stratified MOT problem (3.2.6) which in
turn connects everything to optimal transport type formulations. From the dual of
the stratified MOT problem, (3.2.13), we can construct a robust classifier, hence, it
is indeed a problem for the learner.

Then, in chapter 4, first of all we analyze the learner’s problem more rigorously.
We prove that DRO model has a Borel measurable optimal robust classifier in a
very general setting, as a result, we can prove the existence of a saddle point of
DRO model. Based on that, we give a connection between DRO model and closed-
ball model again by the argument of optimal transport theory. Finally, a simple
but critical observation allows us to conclude that indeed closed-ball model and
open-ball model are almost equivalent: hence the conclusion is that three models
are equivalent in some sense.

These theories guide new algorithms to solve the adversarial problems numer-
ically, which is the main theme of chapter 5. We propose two algorithms, exact
solving (Algorithm 3) and truncated entropic regularization(Algorithm 4). More

precisely, exact solving solves the generalized barycenter problem and truncated
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entropic regularization solves both the stratified MOT problem and its dual. The
idea of them is that under well separability of classes and the reasonable adversarial
budget, problematic higher-order interactions, which is indeed a barrier of solving
the problem, are really rare in real data set. We provide some numerical results
obtained by them supporting the success of our algorithms. Also, they show how
our heuristic belief can be justified in real data set.

There are really exciting and demanding remained questions in this field. First,
it would be of interest to use (2.5) to help in the training of robust classifiers within
specific families of models. Notice that (2.5) is model free from the perspective of

the learner, but in applications practitioners may be interested in solving a problem
like:

inf sup {R(f, i) — Clu, i)},
fES fep(2)
which differs from (2.5) in the family of classifiers G, which may be strictly smaller
than J; for example, G could be a family of neural networks, kernel-based classifiers,
or other popular (parametric) models. There are two ways in which problem
(2.5) is still meaningful for the above model-specific problem: 1) the optimal p*
computed from the problem (2.5) can be used as a way to generate adversarial
examples that could be used during training of the desired model; 2) the optimal
value of (2.5) can serve as a benchmark for robust training within any family of
models.
Another question is more geometric one. For an optimal Borel robust classifier
f*, can we say some regularity of f* as in Bungert et al. (2023)? Since we do not
have a hard classifier in general, a question might be about the level set of f*. For
instance, letting A; = {x € X : f{ = 1}, is this set regular in some sense? Or, is
there an optimal Borel robust classifier whose level set is regular? Answering this
question will give a more rigorous understanding of robustness or regularity of
classifiers in adversarial training problem.
A next one is about the extension of our framework to other settings. In this

paper, we assume that the loss function is 0-1 loss but practitioners prefer convex
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loss functions, for example cross entropy, for faster optimization. Can we obtain a
similar DRO-type formulation with non-linear loss functions? If so, it helps expand
rigorous understanding of adversarial training and develop more tractable and
accurate numerics for practice.

About algorithms, definitely one of the most important questions is the sample
complexity. Note that even for W,-Wasserstein metric and its entropic regular-
ization, their sample complexity is not trivial to understand: see Manole and
Niles-Weed (2021); Niles-Weed and Bach (2019); Harchaoui et al. (2022). One
big potential issue of the adversarial training problem is the singularity of cost
function. Unlike €% norm cost function, a typical cost function in our setting is 0-co
cost function which is really singular. Also, with this cost function, ca appear-
ing in the stratified MOT problem is not uniquely defined. Such properties are
potential barriers against this question. Furthermore, it is well-known that many
optimal transport problems exhibit the curse of dimensionality. We also expect that
dimension really matters in the adversarial training.

Also, can we obtain a better complexity of Algorithm 3 and Algorithm 4? For
example, using some elementary statistics of data sets, can we a priori choose an
appropriate interaction-order level L to implement them faster and still obtain a
good approximation? What is the correct notion of separation among different
classes? Also, we reasonably guess that adopting greedy descent method and the
rounding scheme suggested in Altschuler et al. (2017) helps obtain near-linear
time(O(K'n')) complexity.

Another practically important question is how to enforce a specific robust classi-
fier or an adversarial attack by our algorithms. It is naturally expected that there are
multiple Nash equilibria, in other words, multiple saddle points of robust classifiers
and adversarial attacks. Suppose that we want some additional aspects of them: for
example, among all possible robust classifiers, we want to pick a specific one which
has the maximum entropy. Then, how can we implement such classifier? This is
indeed a very practical issue but quite non-trivial task. Answering this questions
would have an impact in reality for sure.

Finally, it is of interest to investigate the geometric content that profiles like the
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ones presented in Figure 3.6, 5.2 and 5.3 carry about a specific data set. Asillustrated,
these plots are probably specific signatures (adversarial signatures) of a given
data distribution, and thus, they may be potentially used to capture similarities
and discrepancies between different data sets and the geometry, separability or
concentration etc., of given data set.
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