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Robust Wasserstein Profile Inference and
Applications to Machine Learning

JOSE BLANCHET, YANG KANG, AND KARTHYEK MURTHY

ABSTRACT. We show that several machine learning estimators, including square-root LASSO
(Least Absolute Shrinkage and Selection) and regularized logistic regression can be represented
as solutions to distributionally robust optimization (DRO) problems. The associated uncer-
tainty regions are based on suitably defined Wasserstein distances. Hence, our representations
allow us to view regularization as a result of introducing an artificial adversary that perturbs
the empirical distribution to account for out-of-sample effects in loss estimation. In addition,
we introduce RWPI (Robust Wasserstein Profile Inference), a novel inference methodology
which extends the use of methods inspired by Empirical Likelihood to the setting of optimal
transport costs (of which Wasserstein distances are a particular case). We use RWPI to show
how to optimally select the size of uncertainty regions, and as a consequence, we are able to
choose regularization parameters for these machine learning estimators without the use of cross
validation. Numerical experiments are also given to validate our theoretical findings.

1. INTRODUCTION

Regularization has become crucial in machine learning practice and the goal of this paper
is to revisit the idea of regularization from an optimal transport perspective. Specifically, we
show that the role of regularization in machine learning can often be interpreted as the result
of optimally transporting mass from the empirical measure in order to maximize a certain loss
under a budget constraint. Thus, our results connect directly optimal transport phenomena (a
classical concept in probability reviewed in Section [2]) to regularization (a key tool in machine
learning to be discussed in the sequel).

Moreover, this connection will show that the so-called regularization parameter (i.e. the co-
efficient of the regularization term) coincides with the size of the budget constraint by which
we permit mass transportation to occur. As we shall see, the budget constraint has a natural
interpretation based on a Distributionally Robust Optimization (DRO) formulation, which in
turn allows us to define a reasonable optimization criterion for the regularization parameter.
Thus, our approach uses optimal mass transportation phenomena to explain the nature of regu-
larization and how to select the regularization parameter in several machine learning estimators
— including square-root LASSO (Least Absolute Shrinkage and Selection), Regularized Logistic
Regression, among others.

The size of the budget constraint is also referred as the radius (or size) of the uncertainty
set in the literature of Distributionally Robust Optimization (DRO). The method that we
develop for optimally choosing this budget constraint can actually be applied to a wide range
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of inference and decision problems, but we have focused our discussion on machine learning
applications because of the substantial amount of activity that the area has generated, and as
well to demonstrate the utility of the tools that are commonly used in applied probability to
this rapidly growing area.

1.1. Regularization in Linear Regression. In order to introduce the proposed method for
optimally choosing the radius of the uncertainty set, let us walk through a simple application
in a familiar context, namely, that of linear regression. Throughout the paper any vector is
understood to be a column vector and the transpose of z is denoted by 7. We use the notation
Ep[-] to denote expectation with respect to a probability distribution P.

Example 1 (Square-root Lasso). Consider a training data set {(X1,Y1),...,(X,,Y,)}, where
the input X; € R? is a vector of d predictor variables, and Y; € R is the response variable. It is
postulated that
Y; = Bl X + e,

for some B. € R% and errors {e1,...,en}. Under suitable statistical assumptions one may be
interested in estimating (.. Underlying is a general loss function, I(z,y; 8), which we shall take
for simplicity in this discussion to be the quadratic loss, namely, I(z,y;3) = (y — 87 )%, Let
P,, denote the empirical distribution:

n
P, (dz,dy) = % > 8((x, vy (da, dy).

i=1
Over the last two decades, various regularized estimators have been introduced and studied.
Many of them have gained substantial popularity because of their good empirical performance
and insightful theoretical properties, (see, for example, [50] for an early reference and [21]
for a discussion on regularized estimators). One such regularized estimator, implemented, for
example in the “flare” package, see [27], is the so-called square-root LASSO estimator; which is
obtained by solving the following convex optimization problem in

min { Bz, T V0] + A8l } = min ¢ | LS 1Y)+ AI81 5 (1)
i=1

BeRE BERY

where |||, denotes the £,—norm. The parameter A, commonly referred to as the regulariza-
tion parameter, is crucial for the performance of the algorithm. It is often chosen using cross
validation, a procedure that iterates over multitude of choices of A in order to choose the best.

1.1.1. DRO representation of square-root LASSO. . One of our contributions in this paper
(see Section ) is a representation of () in terms of a Distributionally Robust Optimization
formulation. We construct a discrepancy measure, D, (P, Q), corresponding to a Wasserstein-
type distance between two probability measures P and Q which is defined in terms of a suitable
transportation cost function c(-). If ¢() is based on the {,—distance (for ¢ > 1), we show that

2
min {VEL TVl + B, | = min - max B l(XViB), ()

where 1/p +1/¢ = 1 and A\ = v/§. We can gain a great deal of insight from (2)). For example,
note that the regularization parameter, A = V3, is fully determined by the size (or ‘radius’) of
the uncertainty, J, in the distributionally robust optimization formulation on the right hand side
of [@). In addition, we can interpret (2) as a game in which an artificial adversary is introduced
in order to explore and quantify out-of-sample effects in our estimates of the expected loss.
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1.1.2. Optimal choice of the radius 6. The set Us(P,) = {P : D.(P,P,,) < 4} is called the
uncertainty set in the language of distributionally robust optimization, and it represents the
class of models that are, in some sense, plausible variations of IP,,. Note that Us(IP,,) is precisely
the feasible region over which the maximization is taken in (2)). Then we define the collection,

Ay (9) == U arg min Ep [[(X,Y; 8)], (3)
PeUs(Prn) !

comprising optimal [ for every P € Us(IP,,) to be the set of plausible selections of the parameter
Bx. For ¢ chosen sufficiently large, the set A, (9) is a natural confidence region for .. Moreover,
we shall see that any 8 that solves infg suppey,p,) E[[(X, Y 8)] is a member of A, (6).

Given these interpretations, it is natural to select a confidence level, 1 — «, and then choose
0 = o) optimally via,
0 =min{d > 0: P (B, € A, (9)) > 1 —a}. (4)
In words, the optimization criterion can be stated as finding the smallest ¢ such that S, is,
itself, a plausible selection with 1 — a confidence. Essentially, given a desired confidence level
1 —«a, we seek to choose a ¢ just large enough such that A, (9) is a (1 — a)—confidence region for
the parameter .. As we shall see in Section [, this choice ensures that any S that minimizes
infg suppeyyp,) E[[(X,Y; B8)] is indeed in the confidence region A, (d). We next explain how to
solve the optimization problem in (4]) asymptotically as n — occ.

1.1.3. The associated Wasserstein Profile Function. In order to asymptotically solve (@) we
introduce a novel statistical inference methodology, which we call RWPI (Robust Wasserstein-
distance Profile-based Inference — pronounced similar to Rupee). RWPI can be understood as
an extension of Empirical Likelihood (EL) that uses optimal transport cost rather than the
likelihood. The extension is not just a formality, as we shall see, because different phenomena
and scalings arise relative to EL.

We next illustrate how §7 in (@) corresponds to the quantile of a certain object which we call
the Robust Wasserstein Profile (RWP) function evaluated at 8,. This will motivate a systematic
study of the RWP function as the sample size, n, increases.

Observe by convexity of the loss function that 5 € As(P,) if and only if there exists P € Us(P),)
such that 3 satisfies the first order optimality condition, namely,
DgEp [I(X,Y;8)] =Ep [(Y — 87 X) X] = 0. (5)
We then introduce the following object, which is the RWP function associated with the esti-
mating equation (),
R,(B) = inf {D, (P,P,) : Ep [(Y — 87 X) X] =0} . (6)
It turns out that the infimum is achieved in the previous expression, so we can write min instead;

this is not crucial for our discussion but it is sometimes helpful to keep in mind. Using this
definition of R, (/3), we can see immediately that the events,

{Rn(B:) < 6} = {8 € An(0)},
which implies that 6} is precisely the 1 — « quantile, x,__, of R,(fx); that is

6n =Xi_o =inf {z:P(Ry(B:) < 2) > 1—a}.

n

Moreover, note that R, () allows to provide an explicit characterization of A, (x,_, ), namely,

AN(Xka) = {/8 : Rn(ﬁ) < lea}'
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So, Ay (x1_.) ={B: Ru(B) < X1-a} is a (1 — )-confidence region for 3*.

1.1.4. Further intuition behind the RWP function. In order to further explain the role of
R, (B4), let us define Py = {IP’ : Ep [(Y — BZX)X] = O}. In words, P,y is the set of prob-
ability measures for which §, is an optimal risk minimization parameter. Naturally, the
distribution of (X,Y’), from which the samples are generated, is an element of P,,. Since
R, (Bs) = inf{D.(P,Py) : P € Py}, the set {P : D.(P,P,,) < R,(B4«)} denotes the smallest
uncertainty region around PP, (in terms of D,) for which there exists a distribution PP satisfying
the optimality condition Ep [(Y - BrX)X ] = 0. See Figure [LT4l for a pictorial representation
of Popt and R, (B%).

Ficure 1. Illustration of RWP function evaluated at j,

In summary, R, (8«) denotes the smallest size of uncertainty that makes S, a plausible choice.
If we were to select a radius of uncertainty smaller than R,,(/.), then no probability measure
in the neighborhood will satisfy the optimality condition Ep [(Y — 8L X)X] = 0. On the other
hand, if 6 > R, (B4), the set

{P:Ep[(Y - 8] X)X] =0,D.(P,P,) < 6}

is nonempty.

1.2. A broader perspective of our contribution. The previous discussion in the context
of linear regression highlights two key ideas: a) the RWP function as a key object of analysis,
and b) the role of distributionally robust representation of regularized estimators.

The RWP function can be applied much more broadly than in the context of regularized esti-
mators. We shall study the RWP function for estimating equations generally and systematically
but we showcase the use of the RWP function only in the context of optimal regularization.

Broadly speaking, RWPI can be seen as a statistical methodology that utilizes a suitably
defined RWP function to estimate a parameter of interest. From a philosophical standpoint,
RWPI borrows heavily from Empirical Likelihood (EL), introduced in the seminal work of
[31L 32]. There are important methodological differences, however, as we shall discuss in the
sequel. In the last three decades, there have been a great deal of successful applications of
Empirical Likelihood for inference [33, 55, [IT], 22] B6]. In principle all of those applications can
be revisited using the RWP function and its ramifications.

We now provide a more precise description of our contributions:



RWPI AND APPLICATIONS TO MACHINE LEARNING 5

A) We explain how, by judiciously choosing D, (), we can define a family of regularized
regression estimators (See Section ). In particular, we show how square-root LASSO (see
Theorem [I]), regularized logistic regression and support vector machines (see Theorem [2)) arise
as particular cases of suitable DRO formulations.

B) We derive general limit theorems for the asymptotic distribution (as the sample size
increases) of the RWP function defined for general estimating equations. These limit theorems,
derived in Section B3] allow one to employ RWPI to perform inference and choose the radius
of uncertainty ¢ in settings that are more general than linear/logistic regression.

C) We use our results from B) to obtain prescriptions for regularization parameters in
square-root LASSO and regularized logistic regression settings (see Section[]). We also illustrate
how coverage results for the optimal risk, that demonstrate O(n_l/ 2) rate of convergence, are
obtained immediately as a consequence of choosing § > R,, (/).

D) We analyze our regularization selection in the high-dimensional setting for square-root
LASSO. Under standard regularity conditions, we show (see Theorem [7]) that the regularization
parameter A might be chosen as,

7 &1 (1—a/2d)
T—2 vn ’
where @ (-) is the cumulative distribution of the standard normal random variable and 1 — «
is a user-specified confidence level. The behavior of A as a function of n and d is consistent

with regularization selections studied in the literature motivated by different considerations (see
Section 4] for further details).

A\ =

E) We analyze the empirical performance of RWPI based selection of regularization param-
eter in the context of square-root LASSO. In Section Bl we compare the performance of RWPI
based optimal regularization with that of cross-validation based approach on both simulated
and real data. We conclude that RWPI based approach yields a similar performance, without
having to repeat the algorithm over various choices of regularization parameters (as done in
cross-validation).

We now provide a discussion on topics which are related to RWPI.

1.3. On related literature in Robust Optimization, Distributionally Robust Opti-
mization and Optimal Transport. Connections between robust optimization and regular-
ization procedures such as LASSO and Support Vector Machines have been studied in the
literature, see [53] [54) [3]. The methods proposed here differ subtly: While the papers [53] [54]
add deterministic perturbations of a certain size to the predictor vectors X to quantify uncer-
tainty, the Distributionally Robust Representations that we derive measure perturbations in
terms of deviations from the empirical distribution. While this change may appear cosmetic, it
brings a significant advantage: measuring deviations from the empirical distribution, as we shall
see, allows us to derive suitable limit laws (or) probabilistic inequalities that can be used to give
a systematic prescription for the radius of uncertainty, ¢, in the definition of the uncertainty

region Us(P,) = {P: D.(P,P,,) < §}.

It is well-understood that as the number of samples n increase, the expected deviation of
the empirical distribution from the true distribution decays to zero, as a function of n, at a
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specific rate. To begin with, as a direct approach towards choosing the size of uncertainty d,
one can perhaps use a suitable concentration inequality that measures such rate of convergence
in terms of Wasserstein distances (see, for example, [I7], and references therein). Such a simple
specification of the size of uncertainty, suitably as a function of n, does not arise naturally in
the deterministic robust optimization approaches in [53], [54].

For an application of these concentration inequalities to choose the size of uncertainty set in
the context of distributionally robust logistic regression and data-driven DRO, refer [42, 28].
The exact representation for regularized logistic regression we derive later in Section 2.4l can be
can be seen as an extension, in which the approximate representation described in [42] Remark
1] is made to coincide exactly with the regularized logistic regression estimator that has been
widely used in practice. It is important to note that, despite imposing severe tail assumptions,
the concentration inequalities used to choose the radius of uncertainty set in [42] 28] dictate the
size of uncertainty to decay at the rate O(nil/ 4): unfortunately, this prescription scales non-
gracefully as the number of dimensions d increase and the resulting coverage guarantees suffer
from a poor rate of convergence (see, for example, [42, Theorem 2],[28, Theorem 3.5]). Since
most of the modern learning and decision problems have huge number of covariates, application
of such concentration inequalities with poor rate of decay with dimensions may not be most
suitable for applications.

In contrast to directly using concentration inequalities, as we shall see, the prescription
obtained via RWPI typically has a rate of convergence of order O (n_l/ 2) as n — oo (for fixed
d). In particular, as we discuss in the case of LASSO, according to our results corresponding
to contribution E), RWPI based prescription of the size of uncertainty actually can be shown
(under suitable regularity conditions) to decay at rate O(y/logd/n) (uniformly over d and n
such that log?d < n), which is in agreement with the findings of high-dimensional statistics
literature (see [12], 29, 2] and references therein). A profile function based approach towards
calibrating the radius of uncertainty in the context of empirical likelihood based DRO can be

found in [26] [14] 20 25].

Although we have focused our discussion on the context of regularized estimators, our results
are directly applicable to the area of data-driven Distributionally Robust Optimization whenever
the uncertainty sets are defined in terms of a Wasserstein distance or, more generally, an optimal
transport metric. In particular, consider a distributionally robust formulation of the form

min max Ep [H(W,0)],
9:G(6)<0  P: Do(P,P,)<6

for a random element W and a convex function H (W, -) defined over a convex region {0 : G (0) <
0} (assuming G : R — R convex). Here PP, is the empirical measure of the sample {W7, ..., W, }.
One can then follow a reasoning parallel to what we advocate throughout our LASSO discussion.
Argue, by applying the corresponding KKT (Karush-Kuhn-Tucker) conditions, if possible, that
an optimal solution 6, to the problem

in E H(W.,0
ng(léglgo ]Ptrue[ ( ? )]

satisfies a system of estimating equations of the form Ep,, [h(W,0,)] = 0, for a suitable h (+)
(where Py.e is the weak limit of the empirical measure P,, as n — 00). Then, given a confidence
level 1 — «, one should choose § as the (1 — «) quantile of the RWP function,

R, (6,) = inf{D,(P,P,) : Ep[h (W, 6,)] = 0}.
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The results in Section 2 can then be used directly to approximate the (1 —«)-quantile of R, (6.).
Just as we explain in our discussion of the square-root LASSO example, the selection of 4 is the
smallest possible choice for which 6, is plausible with (1 — «) confidence.

1.4. Connections to related inference literature. We next discuss the connections between
RWPI and EL. In EL one builds a Profile Likelihood for an estimating equation. For instance,
in the context of EL applied to estimating § satisfying (Bl), one would build a Profile Likelihood
Function in which the optimization object is defined as the likelihood (or the log-likelihood)
between a given distribution P with respect to P,,. Therefore, the analogue of the uncertainty
set {P: D.(P,P,) < d}, in the context of EL, will typically contain distributions whose support
coincides with that of P,,. In contrast, the definition of the RWP function does not require
the likelihood between an alternative plausible model P, and the empirical distribution, PP, to
exist. Owing to this flexibility, for example, we are able to establish the connection between
regularization estimators and a suitable profile function.

There are other potential benefits of using a profile function which does not restrict the
support of alternative plausible models. For example, it has been observed in the literature
that in some settings EL might exhibit low coverage [34} I3} 52]. Tt is not the goal of this paper
to examine the coverage properties of RWPI systematically, but it is conceivable that relaxing
the support of alternative plausible models, as RWPI does, can translate into desirable coverage
properties.

From a technical standpoint, the definition of the Profile Function in EL gives rise to a finite
dimensional optimization problem. Moreover, there is a substantial amount of smoothness in the
optimization problems defining the EL Profile Function. This smoothness can be leveraged in
order to obtain the asymptotic distribution of the Profile Function as the sample size increases.
In contrast, the optimization problem underlying the definition of RWP function in RWPI is
an infinite dimensional linear program. Therefore, the mathematical techniques required to
analyze the associated RWP function are different (more involved) than the ones which are
commonly used in the EL setting.

A significant advantage of EL, however, is that the limiting distribution of the associated
Profile Function is typically chi-squared. Moreover, this distribution is self-normalized in the
sense that no parameters need to be estimated from the data. Unfortunately, this is typically
not the case in using RWPI. In many settings, however, the parameters of the distribution can
be easily estimated from the data itself.

Another methodology, strongly related to RWPI, has been studied recently by the name of
SOS (Sample-Out-of-Sample) inference [6]. A suitable RWP function is built in this setting as
well, but the support of alternative plausible models is assumed to be finite (but not necessarily
equal to that of P,). Instead, the support of alternative plausible models is assumed to be
generated not only by the available data, but additional samples from independent distributions
(defined by the user). The limit results obtained for the RWP function in the context of SOS
are different from those obtained in this paper. For example, in the SOS setting, the rates
of convergence are dimension-dependent, which is not the case in the RWPI. As explained in
[6,[7], SOS inference is natural in applications such as semi-supervised learning, in which massive
amounts of unlabeled data inform the support of the covariates.

1.5. Organization of the paper. The rest of the paper is organized as follows. Section
2| corresponds to contribution A); we first introduce Wasserstein distances and then discuss
distributionally robust representations of popular machine learning algorithms. Section [3] deals
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with contribution B); we discuss the RWP function as an inference tool in a way which is
parallel to the Profile Likelihood in EL, and derive the asymptotic distribution of the RWP
function for general estimating equations. Section [ discusses contributions C), namely the
application of the results from B) for optimal regularization. Our high-dimensional analysis of
the RWP function in the case of square-root LASSO is also presented in Section [ Numerical
experiments using both simulated and real data sets are given in Section Proofs of all the
results are presented in the supplementary material [§] made available at the end of this article.

2. OPTIMAL TRANSPORT DEFINITIONS AND DRO REPRESENTATIONS OF MACHINE
LEARNING ESTIMATORS

We begin with definitions of optimal transport costs and Wasserstein distances.

2.1. Optimal Transport Costs and Wasserstein Distances. Let ¢: R” x R™ — [0, oo] be
any lower semi-continuous function such that ¢(u, u) = 0 for every u € R™. Given two probability

distributions P(-) and Q(-) supported on R™, the optimal transport cost or discrepancy between
P and Q, denoted by D.(P,Q), is defined as,

D.(P,Q) = inf {Ex [c(U,W)] : m € P(R" xR™), 7, =P, m, =Q}. (7)

Here, P (R™ x R™) is the set of joint probability distributions 7 of (U, W) supported on R xR™
and m,,m, denote the marginals of U and W, respectively, under the joint distribution 7.
Intuitively, the quantity c(u,w) can be interpreted as the cost of transporting unit mass from
u in R™ to another element w in R™. Then the expectation E.[c(U, W)] corresponds to the
expected transport cost associated with the joint distribution .

In addition to the stated assumptions on the cost function ¢(-), if /P satisfies the properties
of a metric for any p > 1, then Di/ P(P,Q) defines a metric between probability distributions
(see [51] for a proof and other properties of D). For example, if ¢(u,w) = |[u — w3, then
p = 2 yields that c(u,w)/? = |Ju — wl|, is symmetric, non-negative, lower semi-continuous and
it satisfies the triangle inequality. In that case,

DY2(P,Q) = inf{\/ﬂ«;r [||U - W||§} . T eP(R™ xR™), 1y =P, my = Q}

coincides with the Wasserstein distance of order two. More generally, if we choose ¢'/? (u,w) =

|u — wl|4 for some p,q > 1, then DY? (+) is the known as the Wasserstein distance of order p.

Wasserstein distances metrize weak convergence of probability measures under suitable mo-
ment assumptions and have received immense attention in probability theory (see [37) B8 [51] for
a collection of classical applications). In addition, earth-mover’s distance, a particular example
of Wasserstein distances, has been of interest in image processing (see [40}, 47]). More recently,
optimal transport metrics and Wasserstein distances are being actively investigated for its use
in various machine learning applications (see [41l B35} (I8, 48] and references therein for a growing
list of new applications).

Throughout this paper, we consider optimal transport costs D.(-) for a judiciously chosen
cost function ¢(-) to result in formulations such as (). As we shall see in Section [24] it is useful
to allow ¢(-) to be lower semi-continuous and potentially be infinite in some region. Thus our
setting requires discrepancy choices which are slightly more general than standard Wasserstein
distances.
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2.2. DRO formulation using optimal transport costs. A common theme in machine learn-
ing problems is to find the best fitting parameter in a family of parameterized models that relate
a vector of predictor variables X € R? to a response Y € R. In this section, we shall focus on
a useful class of such models, namely, linear and logistic regression models. Associated with
these models, we have a loss function [(X;, Y;; 8) which evaluates the fit of regression coefficient
B for the given data points {(X;,Y;) : ¢ = 1,...,n.} Then, just as we explained in the case of
square-root LASSO in the Introduction, our first step will be to show that regularized linear and
logistic regression estimators admit a Distributionally Robust Optimization (DRO) formulation
of the form,

Eé%d sup Ep [I(X,Y;8)]. (8)

PD. (PP, ) <6

In contrast to the empirical risk minimization that performs well only on the training data, the
DRO problem (8) aims to find an optimizer  that performs uniformly well over all probability
measures in the neighborhood that can be perceived as perturbations to the empirical training
data distribution. Hence the solution to (§]) is said to be “distributionally robust”, and can be
expected to generalize better. See [53], [64] and [42] for earlier works that relate robustness and
generalization.

Recasting regularized regression as a DRO problem of form (8) lets us view these regularized
estimators under the lens of distributional robustness. The regularized estimators that we
consider in this paper include the regularized logistic regression estimators in Example 2] below,
the support vector machines (see [21I]) and the family of ¢,—norm penalized linear regression
estimators of the form,

win { VB2, TCCTI8]+ 2191, )

BER?
for any p € [1, 00). This collection includes the square-root Lasso estimator described in Example

[ as a special case where p = 1.

Example 2 (Regularized Logistic Regression). Consider the context of binary classification
in which case the training data is of the form {(X1,Y7),...,(X,,Y,)}, with X; € R? response
Y; € {—1,1} and the model postulates that,

P(Y; = 1|X; = ) .
] _
°g<1—]P>(Y,~:1\X,~:x)> P

for some 3, € R?. In this case, the log-exponential loss function (or negative log-likelihood for
binomial distribution) is

L(z,y; 8) = log (1 + exp(—y - 7)) ,
and one is interested in estimating S, by solving
i, (B, [ Y38)] 42181, . (10

for p € [1,00). Refer [21] for a more detailed discussion on regularized logistic regression.

2.3. Dual form of the DRO formulation (8]). Though the DRO formulation (8]) involves op-
timizing over uncountably many probability measures, recent strong duality results for Wasser-
stein DRO (see, for example, Theorem 1 in [9]) ensures that the inner supremum in (8) admits
a reformulation which is a simple, univariate optimization problem. Before stating the result,
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we recall that the definition of discrepancy measure D, (see () requires the specification of
cost function c((x,y), (2/,y")) between any two predictor-response pairs (z,y), (2, y') € R*L

Proposition 1. Let ¢ : RATIx R — [0, 00] be a lower semi-continuous cost function satisfying
c((z,y), (@,y") = 0 whenever (z,y) = (2/,y'). For v > 0 and loss functions l(z,y;3) that are
upper semi-continuous in (x,y) for each [3, define

(b'y(XzﬁY;‘;/B) = sup {l(uﬂ);ﬂ) _’YC((u?U)?(XiaYi))}- (11)

u€Re, veER
Then

sup EP[Z(X,Y;B)] :r;1>i{)1 {75+%Z¢7(Xiayi§ﬁ)}-

P: D.(P,Pn)<6 pa

Consequently, the DR regression problem (&) reduces to

BERL p. D, (P,P,)<5 BeRE v>0

inf sup Ep[l(X,Y;8)] = inf min {75 + % Z O (X5, Y 5)} . (12)
i=1

Proposition [I follows as a straightforward application of [9, Theorem 1]. As we shall see in
Section [Z4] the function ¢, (-) is explicitly computable for various examples of interest. Of the
reformulations in the literature for Wasserstein distance based DRO (see [16 9}, [19]), the general
cost structure assumed in [9, Theorem 1] is essential for the exact recovery of machine learning
estimators that are presented below in Section [Z4]

2.4. Distributionally Robust Representations.

2.4.1. Ezxample [ (continued): Recovering regularized estimators for linear regression.  We
examine the right-hand side of ([I2]) for the square loss function for the linear regression model
Y = BTX + e, and obtain the following result without any further distributional assumptions
on X,Y and the error e. For brevity, let 3 = (—£3, 1), and recall the definition of the discrepancy
measure D, in (7).

Proposition 2 (DR linear regression with square loss). Fiz ¢ € (1,00]. Consider the square
loss function and second order discrepancy measure D. defined using £4-norm. In other words,

take Uz, ;) = (y — A7) and o((z,y), (1,0)) = |(z.3)  (u, )| Then,
_ N2
inf  sup  Ee[UX,Y;08)] = inf (vMSE.(B) + V3 1Bl,) (13)
BER P D (P,P,)<5 BER
where MSE,(8) = Ep,[(Y — 87X)?] = 230 (V; — B7X;)? is the mean square error for the
coefficient choice B and p is such that 1/p+1/q = 1.

As an important special case, we consider ¢ = oo and identify the following equivalence for
DR regression applying discrepancy measure based on neighborhoods defined using £, norm:

arg mingega sup Ep[l(X,Y; )] = argmingcga {\/MSE,L(B) +V6 HBHl} :
P: §

DC (]P)JPW«) S

The right hand side of (I3) resembles ¢,-norm regularized regression (except for the fact that
we have |||, instead of ||3||,). In order to obtain the exact equivalence, we introduce a slight
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modification to the norm || - ||, to be used as the cost function, ¢(-), in defining D.. We define
HJT—UH ) ify:U,
Nq((x,y),(u,v)) = / . (14)
0, otherwise,

in order to use ¢(-) = Ny(-) as the transportation cost instead of the standard ¢, norm ||(z,y) —
(u,v)|lq- Subsequently, one can consider modified cost functions of form c((z,y), (u,v)) =
(Ng((z,y), (u,v)))”. As this modified cost function assigns infinite cost when y # v, the infimum
in ([@) is effectively over joint distributions that do not alter the marginal distribution of Y.
As a consequence, the resulting neighborhood set {P : D.(P,P,,) < §} admits distributional
ambiguities only with respect to the predictor variables X.

The following result is essentially the same as Proposition Plexcept for the use of the modified
cost N, and the resulting norm regularization of form |||, (instead of ||3||, as in Proposition
), thus exactly recovering the regularized regression estimators in ([@).

Theorem 1. Consider the square loss, l(z,y;8) = (y — BTx)%, and discrepancy measure
D.(P,P,,) defined as in (7) using the cost function c((z,y), (u,v)) = (Ny((x,y), (u,v)))? with
p=2. Then,

2

inf sup Ep[l(X,Y;8)] = inf <\/M5En(ﬁ) +V6 HﬁHp> ,
BER P D(P,P,)<5 BeRd

where MSE,(B) =Ep,[(Y — BTX)?] =n~1 Y01 (Vi — BT X;)? is the mean square error for the

coefficient choice 8 and p is such that 1/p+1/q = 1.

2.4.2. Ezample[2 (continued): Recovering reqularized estimators for classification. Apart from
exactly recovering norm regularized estimators for linear regression, the discrepancy measure
D, based on the modified norm NN, in ([I4)) is natural when our interest is in learning problems
where the responses Y; take values in a finite set — as in the binary classification problem where
the response variable Y takes values in {—1,+41}. The following result allows us to recover the
DRO formulation behind the regularized logistic regression estimators discussed in Example
and as well for the widely used support vector machines (see [21]).

Theorem 2 (Regularized regression for Classification). Consider the discrepancy measure De(+)
defined using the cost function c((z,y), (u,v)) = Ny((x,y), (u,v))? with p = 1. Then for logistic
regression with log-exponential loss function and Support Vector Machine (SVM) with the hinge
loss function, we have

T 1 — T
inf sup Ep|log(1 + e V8 X) = inf = log (1 +e YiP Xi) +4 18I,
BER P D(P,P,)<5 [ ] BERI N ; P

and
n

1
inf  sup  Ep[1-YETX)T]==3 (1-Yig'X)T+ 66,
BeRd]}D: DC(]Py]P)n)Sé [( ) :| nlzl( ) || ||p

where p is such that 1/p+1/q = 1.

The proofs of all of the results in this subsection are provided in Appendix A.1 in the sup-
plementary material [§]. The example of logistic regression with Wasserstein distance based
uncertainty sets has been considered in [42]. The representation for regularized logistic regres-
sion in Theorem [2lcan be seen as an extension in which the approximate representation described
in [42] Remark 1] is made to coincide exactly with the regularized logistic regression estimator
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that has been widely used in practice. The approximate representation for regularized logistic
regression in [42] is based on the semi-infinite linear programming duality results due to [44].
On the other hand, due to the presence of infinite transportation costs in our DRO formulation
that results in the desired exact representation (see Theorem 2), we utilize a different strong
duality result, [0, Theorem 1], that is specifically derived for Wasserstein DRO with general
cost structures. In addition, other equivalences described for square-root LASSO and Support
Vector Machines in terms of Wasserstein DRO, as far as we know, have been reported for the
first time in this paper. See [43] for additional examples.

3. THE ROBUST WASSERSTEIN PROFILE FUNCTION

Given an estimating equation Ep [h(W,0)] = 0, the objective of this section is to study the
asymptotic behavior of the associated RWP function R, (). As discussed in the Introduction,
this analysis is key in our approach towards constructing the confidence region A, (f) and
choosing the radius of the uncertainty set optimally.

3.1. The RWP Function for Estimating Equations and Its Use in Constructing Con-
fidence Regions. The Robust Wasserstein Profile function’s definition is inspired by the notion
of the Profile Likelihood function, introduced in the pioneering work of Art Owen in the context
of EL (see [34]). We provide the definition of the RWP function for estimating 6, € R!, which
we assume satisfies

E[h(W,0.)] =0, (15)
for a given random variable W taking values in R™ and an integrable function s : R xRl — R”.
The parameter 6, is required to be unique to ensure consistency, but uniqueness is not necessary
for the limit theorems that we shall state, unless we explicitly indicate so.

Given a set of samples {W7,..., W, }, which are assumed to be i.i.d. copies of W, we define
the Wasserstein Profile function for the estimating equation (I3]) as,

Ry (0) :=inf { D.(P,P,) : Ep [h(W,0)] =0}. (16)
Here, recall that P, denotes the empirical distribution associated with the training samples
{Wy,...,W,} and ¢(-) is a chosen cost function. In this section, we are primarily concerned

with cost functions of the form,
c(u,w) = |lw —ul|7, (17)
where p € [1,00) and ¢ € (1,00]. We remark, however, that the methods presented here can

be easily adapted to more general cost functions. For simplicity, we assume that the samples
{Wy,...,W,} are distinct.

Since, as we shall see, the asymptotic behavior of the RWP function R, () is dependent on
the exponent p in (7)), we sometimes write R, (6;p) to make this dependence explicit; but
whenever the context is clear, we drop p to avoid notational burden. Also, observe that the
profile function defined in (@) for the linear regression example is obtained as a particular case

by selecting W = (X,Y), 8 = 6 and defining h(z,y,0) = (y — 07 z)x.

Our goal in this section is to develop an asymptotic analysis of the RWP function which
parallels that of the theory of EL. In particular, we shall establish,

Ry, (0.5 p) = R (p), (18)

for a suitably defined random variable R(p). Throughout this paper, the symbol “=" is used
to denote convergence in distribution.
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As the empirical distribution weakly converges to the underlying probability distribution
from which the samples are obtained, it follows from the definition of RWP function in (I8
that R, (0;p) — 0, as n — oo, if and only if 0 satisfies E[h(W, 8)] = 0; for every other 6, we
have that n?/?R, (0; p) — co. Therefore, the result in (I8) can be used to provide confidence
regions around 6, as follows: Given a confidence level 1 — a in (0,1), if we denote 7, as the
(1 — a)—quantile of R(p), that is, P(R(p) < 1,) = 1 — «, then the set,

A, <n7p/217a) = {9 : R, (0;p) < nfp/277a}
is an approximate (1 — a)—confidence region for ,. This is because, by definition of A, (-),

P (0, € Ky (n770) ) =P (2R (0.9) < 1) *P(R(p) S 1) = 1= (19)

Throughout the development in this section, the dimension m of the random vector W is
kept fixed and the sample size n is sent to infinity; the function h () can be quite general.

3.2. The dual formulation of RWP function. The first step in the analysis of the RWP
function R, (0) is to use the definition of the discrepancy measure D, to rewrite R, (6) as,

Rp(60) = inf {E [c(U,W)] : m € P (R™ x R™), By [W(U,0)] =0, m,, = P,},

which is a problem of moments of the form,

BalO)= ot {EW (U, W)] : E.[h(U,60)] =0, E; [I(W = W;)] = % i < n} . (20)

The problem of moments is a classical linear programming problem for which the respective
dual formulation and strong duality have been well-studied (see, for example, [23] 46]). The
linear program problem over the variable 7w in (20) admits a simple dual semi-infinite linear
program of form,

1 n n
sup ag + — Z a; : ag+ Z ail =,y (U, w) + AMh(u,8) < c(u,w), Yu,w € R™
a; ER,AERT ne4 i—1

AERT

1 n

= sup ——Z sup {A\Th(u,0) — c(u, Wi)} ¢ .

AER” n i—1 WerR™

Proposition [3] below states that strong duality holds under mild assumptions, and the dual

formulation above indeed equals R,,(6).

Proposition 3. Let h(-,6) be Borel measurable, and Q = {(u,w) € R™ x R™ : ¢(u,w) < oo}
be Borel measurable and non-empty. Further, suppose that O lies in the interior of the convex

hull of {h(u,0) : w € R™}. Then,

R, (6) = sup {—l Z sup {)\Th(u,ﬂ) — c(u, WZ)}} .

AER™ n i—1 u€ER™

A proof of Proposition [B] along with an introduction to the problem of moments, is provided
in Appendix B in the supplementary material [g].



14 BLANCHET, KANG, AND MURTHY

3.3. Asymptotic Distribution of the RWP Function. In order to gain intuition behind
([I8), let us first consider the simple example of estimating the expectation 6, = E[W] of a
real-valued random variable W, using h (w,0) = w — 6.

Example 3. Let h(w,0) = w — 0 with m = 1 = [ = r. First, suppose that the choice of cost
function is ¢(u,w) = |u — w|” for some p > 1. As long as 6 lies in the interior of convex hull of
support of W, Proposition (B implies,

R, (0;p) = sup {—l Zsup {Xu—0)—|W; —ulf }}

AER N ST ueR

:sup{—%Z(Wi—H) —%Zsuﬁ{)\(u—wi) — W —u]p}}.
i=1 "€

AR —
As maxa{\A — |A]P} = (p — 1)|\/p|?/?~=D) we obtain

n L
A Alp—1

R, (0;p) =sup —— W;—0)—(p—1)|—

(6:0) Ap{ -0 -] }
n p
1
= E;(Wi—ﬁ)

Then, under the hypothesis that E [W] = 0,, and assuming Var[IWW] = 0‘24/ < 00, we obtain,
WP2R, (0,:p) = R (p) ~ of, [N (0, )],

where IV (0,1) denotes a standard Gaussian random variable. The limiting distribution for the
case p = 1 can be formally obtained by setting p = 1 in the above expression for R(p), but the
analysis is slightly different. When p =1,

R, (0) :sup{—%Z(Wi —0)— lZ:sup{)\(u—VVi) — |u — W] }}

AeR i—1 N T ueR
= sup —éi(Wi—H)— sup {AA — Al } 5.
A n-= AeR

Following the notion that oo x 0 = 0,

R, (0) = sup {% Z(W, —0) — ool (|]A] > 1)}

A i—1
n

= maXiZ(Wi —0) =

BIESED

n

%Z(Wi —0)

i=1
So, indeed if E[W] = 0, and Var [W] = 02, < oo, we obtain

n'?R, (0,) = o, |N (0,1)].

i=1

We now discuss far reaching extensions to the developments in Example 3] by considering
estimating equations that are more general. First, we state a general asymptotic stochastic
upper bound, which we believe is the most important result from an applied standpoint as it
captures the speed of convergence of R, (f.) to zero. Following this, we obtain an asymptotic
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stochastic lower bound that matches with the upper bound (and therefore the weak limit) under
mild, additional regularity conditions. We discuss the nature of these additional regularity
conditions, and also why the lower bound in the case p = 1 can be obtained basically without
additional regularity.

For the asymptotic upper bound we shall impose the following assumptions.
Assumptions:

A1) Assume that c(u,w) = |ju — wl|§ for ¢ > 1 and p > 1. For a chosen q > 1, let p be such
that 1/p+1/q = 1.

A2) Suppose that 6, € R satisfies E [(W,6,)] = 0 and E ||h(W,6.)||3 < co. (While we do
not assume that 6, is unique, the results are stated for a fixed 0, satisfying E[h(WV, 6.)] = 0.)

A3) Suppose that the function A(-, 6, ) is continuously differentiable with derivative D,,h(-, 0,).
A4) Suppose that for each ¢ # 0,

P (||¢" Duh (W,0.)]], > 0) > 0. (21)

Assumptions Al) - A3) make precise the setting considered. Assumption A4) is the only
assumption which is technical in nature and it can be equivalently stated as

E[Dyh(W, 0.) Dyh(W,0,)7] = 0,

where A > 0 is used to denote that the matrix A is positive definite. Verification of this positive
definitenes condition for the linear and logistic regression problems is executed, respectively, in
Sections and In order to state the theorem, let us introduce the notation for asymptotic
stochastic upper bound,

n??R,,(0.;p) <p R(p),

which expresses that, for every continuous and bounded non-decreasing function f (-), we have,

oo [ (02 Ra(6230)) | <E (£ (R ()]

Similarly, we write 2 p for an asymptotic stochastic lower bound, namely
lim, oo [ (02 Ra(6.30))| = E [£ (R ()]

Therefore, if both stochastic upper and lower bounds hold, then n?/2R,(6,;p) = R(p) as
n — oo. (see, for example, [5]). Now we are ready to state our asymptotic upper bound.

Theorem 3. Under Assumptions A1) to A4) we have, as n — oo,
n”? Ry (04 p) <p R (p),

where, for p > 1,

— o T . o T p/(p=1)
R(o) = max { " H o~ DE " Dun (7,0,
and if p=1,
R(1) = max {¢"H}.
¢P(|I¢T Do h(W,0)|,>1)=0

In both cases H ~ N(0, Cov[h(W,0,)]), and Covlh(W,0.)] = E [R(W,0,)h(W,0,)T].
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We remark that as p — 1, one can verify that R(p) = R (1), so formally one can simply
keep in mind the expression R (p) with p > 1. It is interesting to note that R(p) resembles
Fenchel transform when viewed as a function of H. Indeed, in the case where p = ¢ = p = 2
and E[D,,h(W,0,)] is invertible, the expression for R(p) simplifies as follows:

R(p) = max {2C"H = ("B [Dyh(W, 0.,)] ¢} = H' (E[Duh(W,0.)]) " H. (22)

We now study some sufficient conditions which guarantee that R (p) is also an asymptotic
lower bound for n?/?R,,(6,; p). We consider the case p = 1 first, which will be used in applica-
tions to logistic regression discussed later in the paper.

Proposition 4. In addition to assuming A1) to A4), suppose that W has a positive density
(almost everywhere) with respect to the Lebesgue measure. Then,

n'?R,(0.;1) = R(1).

The following set of assumptions can be used to obtain tight asymptotic stochastic lower
bounds when p > 1; the corresponding result will be applied to the context of square-root
LASSO.

A5) (Growth condition) Assume that there exists x € (0,00) such that for [[w[[, > 1,
-1
[1Dwh(w, 0.l < s lwlig™, (23)
and that E ||W; | < cc.

AG6) (Locally Lipschitz continuity) Assume that there exists exists £ : R”™ — [0,00) such
that,
IDuhw +A,0.) = Duh(w. 0], < & (W) Al

for |All, <1, and E [£ (w)] < oo, for ¢ < max{2, -2}

We now summarize our last weak convergence result of this section.
Proposition 5. If Assumptions A1) to A6) hold and p > 1, then
2Ry (0.:0) = R (p).

Before we move on with the applications of the previous results, it is worth discussing the
nature of the additional assumptions introduced to ensure that an asymptotic lower bound can
be obtained which matches the upper bound in Theorem [Bl

As we shall see in the technical development in Appendix A.3 (see supplementary material
[8]) where the proofs of the above results are furnished, the dual formulation of RWP function
in Proposition 3] can be re-expressed, assuming only A1) to A4), as,

1 & !
np/an (64 p) = sup CTHn 4 Zsup {/ gTDh (Wi + Au/nl/zﬁ*) Adu — HAHS} .
¢ n 1 A 0
(24)

In order to make sure that the lower bound asymptotically matches the upper bound obtained
in Theorem Blwe need to make sure that we rule out cases in which the inner supremum is infinite
in (24) with positive probability in the prelimit.
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In Proposition @ we assume that W has a positive density with respect to the Lebesgue
measure because in that case the condition

P (|l<" D (W 0,)], <1) =1,

(which appears in the upper bound obtained in Theorem B]) implies that HCTDh (w, 0*)Hp <1
almost everywhere with respect to the Lebesgue measure. Due to the appearance of the integral
in the inner supremum in (24]), an upper bound can be obtained for the inner supremum, which
translates into a tight lower bound for n?/?R,, (6.).

Moving to the case p > 1 studied in Proposition Bl condition (23)) in A5) guarantees that (for
fixed W; and n)

HDh (Wi + Au/n'’2,0,) AH =0 (Jlally /%),

as [|All, — oo. Therefore, the cost term (— HAHS) in (24) will ensure a finite optimum in the

prelimit for large n. The condition that E [[W||? < oo is natural because we are using a optimal
transport cost ¢(u, w) = |[u — w||7. If this condition is not satisfied, then the underlying nominal
distribution is at infinite transport distance from the empirical distribution.

The local Lipschitz assumption A6) is just imposed to simplify the analysis and can be
relaxed; we have opted to keep A6) because we consider it mild in view of the applications that
we will study in the sequel.

4. UsING RWPI FOR OPTIMAL REGULARIZATION

In this section, we aim to utilize the limit theorems for the RWP function derived in Section
to select the radius of uncertainty, 4, in the DRO formulation (8). Then owing to the DRO
representations derived in Section 2.4l this would imply an automatic choice of regularization
parameter A = v/9 in the square-root LASSO example (following Theorem [I), or A = ¢ in the
regularized logistic regression (following Theorem [2]). In the development below, we follow the
logic described in the Introduction for the square-root LASSO setting.

4.1. Selection of § and coverage properties. Throughout this section, let 5, denote the un-
derlying linear or logistic regression model parameter from which the training samples {(X;,Y;) :
i=1,...,n} are obtained. Lemma [I] below establishes that the infimum and the supremum in
the DRO formulation (8) can be exchanged. See Appendix C for a proof of Lemma [l

Lemma 1. In the settings of Theorems [ and[d, if E|| X||3 < oo, we have that

inf Ep |[(X,Y; = inf Ep |{(X,Y; . 25
ﬁléle Pesblltsr()ﬂ"n) ’ [( 5)] Pesbllfsl()ﬂ%)ﬁlélﬂed ¥ [( 5)] ( )

Recall the definition of A, (d) in [@B]). As a consequence of Lemma [I] the set A, () contains
the optimal solution obtained by solving the problem in the left hand side of ([25]). Indeed, if
this was not the case, the left hand side in (28) would be strictly smaller than the right hand
side of (23)). Recall from Section that our primary criterion for choosing § is to choose §
large enough so that 5, € A, (0) with desired confidence. The property that estimator obtained
by solving the DRO formulation () lies in A, (d), we believe, makes our selection of § logically
consistent with the ultimate goal of the overall estimation procedure, namely, estimating [,.
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Due to the optimality of Sy, the convexity of the loss ¢(z,y; - ) in Examples[Il- 2 and finiteness
of E|| X3, we have that E[Dgl(X,Y;3,)] = 0. Consider the RWP function with estimating
equation Dgl(z,y; ) = 0 given by,

Rn(ﬂ) = inf {DC(P7 Pn) : DﬁE]P’ [l(X, Y”B)] = 0}'

Then, as explained in Section [LT3] the events {R,(8x) < ¢} and {S. € A,(0)} coincide. If §
is selected so that 6 > R, (fx), then the worst-case loss estimated by the DRO formulation (8]
can be shown to form an upper bound to the empirical risk evaluated at (., thus controlling
the bias portion of the generalization error. This is the content of Proposition [ below.

Proposition 6. In the settings of Theorems[dl and[3, if § > R, (5«), we have,

Ep, [[(X,Y;8.)] —inf sup Ep[l(X,Y;8)]| < C16 + Ca(n)1y,—0 V3,
B Peus(Pn)

where Cy := (2p — 1)||B«]|P and Ca(n) := 2|]6*Hp\/Epn[l(X,Y;B*)].

Now, in order to guarantee that 6 > R, () (or equivalently, 5* € A, (d)) with a desired
confidence 1 — ¢, it is sufficient to proceed as in Section B.I} Let 7, be the (1 — a)-quantile of
the weak limit, R, resulting from n#/ 2R,(B+) = R, derived in Section In light of Theorems
@ and 2l we have p = 2 for Example Ml and p = 1 for Example 2l If we take n > n,,

0= n_"/Qn and A,(0) ={8: R,(B) < n_p/zn}, (26)

then limy, oo P(R,(8:) > n~?/?n) < a. Then, as demonstrated in (), we have lim,, .o, P(8. €
Ay (6)) > 1~ a. In Sections A2 - below, we illustrate the application of this prescription by
deriving upper bounds for R that are not dependent on the knowledge of ..

Theorem 4. In the settings of Theorems [ and [, suppose that the samples {(X;,Y;) : i < n}
are obtained from the distribution P, and Ep, || X||3 < co. For any 1—a € (1/2,1), if § is chosen
to be n=P/2n for some n > n,, then we have that,
C
< —) >1-2a,

for some positive constant C depending on p, Ep, [((X,Y; )] and Varp, [((X,Y; B, .

inf Ep, [[(X,Y;8)] — inf sup Ep[l(X,Y;0
B ((4Y50) — it sup B (I(X,V5)

Proofs of Propositon [Gl and Theorem Ml are furnished in Appendix A.2 in the supplementary
material. Explicit prescriptions for the selection of ¢ satisfying conditions of Theorem Ml for the
case of linear and logistic regression examples are provided in Sections and

In contrast to the O(n_l/ 4) rate of convergence for the prescription of § resulting from
concentration inequalities for D.(P,,P,) (see, for example, [42] Theorem 2], [28, Theorem 3.5)),
Theorem Ml asserts that the DRO formulation with RWPI based prescription for § enjoys the
optimal O(n_l/ 2)—rate of convergence for the optimal risk. Roughly speaking, this is because
the objective of RWPI is to choose the radius § resulting in good coverage properties for the
optimal parameter (3., which has d—degrees of freedom; on the other hand, the objective behind
concetration inequalities is to choose § with good coverage properties for the data-generating
probability distribution itself, which is an infinite dimensional object. It is well-known that
the distance between a probability distribution and an empirical version of itself constituting
n—independent samples is Q(n~"/%) as n — oo (see, for example, [49]).
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Coverage for the optimal risk, for the particular example of LASSO estimator, can also be
derived, for example, from the limit theorems in [24]. Once ¢ is chosen using RWP function,
as it can be seen from the proofs of Proposition [l and Theorem Ml the deduction of the rate of
convergence and coverage turns out to be fairly intuitive and simple. This serves to illustrate
the fundamental role played by the RWP function in determining the radius of the uncertainty
set. A unified profile function based method to deduce coverage of optimal risk for regularized
estimators is entirely novel. We believe that the approach described here could serve as a
template for deducing similar coverage guarantees for more general DRO formulations that are
not necessarily amenable to be recast as regularized estimators.

4.2. Linear regression models with squared loss function. In this section, we derive the
asymptotic limiting distribution of suitably scaled profile function corresponding to the esti-
mating equation, E[(Y — A7 X)X] = 0. The chosen estimating equation describes the optimality
condition for the expected loss E[(Y — 87 X)?], and therefore, the corresponding R, (53.) is
suitable for choosing ¢ as in (26]), and the regularization parameter \ = V4 in Example [II

4.2.1. A stochastic upper bound for the RWP limit. Let Hy denote the null hypothesis that
the training samples {(X1,Y1),...,(X,,Y,)} are obtained independently from the linear model

Y = BT X + e, where the error term e has zero mean, variance o2, and is independent of X. Let
Y =FE[XXT].

Theorem 5. Consider the discrepancy measure D.(-) defined as in (7)) using the cost function

c((z,y), (u,v)) = (Ny((x,y), (u,v)))? (the function N, is defined in (IJ)). For B € R?, let
R,(B) = inf {D.(P,P,) : Ep[(Y — 87 X)X] = 0}.

Then, under the null hypothesis Hy,

nR,(6y) = L1 := max {20§TZ —E H6£ — (£TX)5*H2} )
EeR?

as n — oo. In the above limiting relationship, Z ~ N(0,X). Further,

D Ele?
L2 Lm—l 72
E[e?] - (Ele])

Specifically, if the additive error term e follows a centered normal distribution, then

D T 9
L1 S L2 = mHZHq

In the above theorem, the relationship L, 2 Lo denotes that L is stochastically dominated
by Lo, in the sense that, P(L; > z) < P(Ly > z) for all € R. Note that this notation for
stochastic upper bound is different from the notation <p introduced in Section to denote
asymptotic stochastic upper bound. A proof of Theorem [l as an application of Theorem Bl and
Proposition [l is presented in Appendix Section A.4 (see supplementary material []]).

4.2.2. Using Theorem[a to obtain regularization parameter for (@). Let n,__ denote the (1 — «)
quantile of the limiting random variable L; in Theorem [l or its stochastic upper bound Ls.
Then following the prescription in (26]) and the DRO equivalence in Theorem [ regularization
parameter for the ¢,-penalized linear regression in (3)) can be chosen as follows:
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1) Draw samples Z from N(0,X) to estimate the 1 — « quantile of one of the random
variables L; or Ly in Theorem Let us use 7, , to denote the estimated quantile.
While Lo is simply the norm of Z, obtaining realizations of limit law L; involves solving
an optimization problem for each realization of Z. If ¥ = E[XX7] is not known, one
can use a simple plug-in estimator for E[X X 7] in place of ¥.

2) Choose the regularization parameter A to be,

A=V =\/h_,/n.

It is interesting to note that the prescription of regularization parameter obtained by using
Lo does not depend on the variance of e, thus removing the need for estimating the variance
of e. This property is a key advantage of the use of square-root LASSO estimator over the
traditional LASSO (see [2]).

4.2.3. On the approximation ratio Ls/Ly when p = g = 2. In the case where ¢ is taken to be
g = p = 2 in Theorem [] (corresponding to 2 —penalization as in ridge regression), it is possible
to obtain an explicit expression for the limit law L; as follows: Under the assumptions stated
in Theorem [, we have E[(ely — XBT7)(ely — XBI)T] = %1y + ||3+||>E. Then, as in 22), we
obtain, Ly = 02Z7 (6?1, + Hﬂ*H2E)71 Z. Suppose that X is centered so that E[X] = 0 and X is
invertible. Then, if ¥ = UAUT is the eigen decomposition of ¥, we have that N = A~1/20T7
has normal distribution with mean 0 and covariance I;. As a result,

A 2
N7, and
il Bel 2 /o

d
_ 25T (2 2v\ 1
Ly = %27 (0?14 + || B.|*S) Z—;HA

Ele?] — (Ele])*

d
_ 2 _ § N2

i=1

If we let ¢; = 1+ 0 2||8,||> max;—1,_q Ay and co = Var[e]/Varle|, we arrive at the relationship
that, L1 S L2 S CICQLI-

One could aim to achieve lower bias in estimation by working with the (1 — a)-quantile of
the limit law L; (see Proposition [@]), instead of that of the stochastic upper bound Ls. In order
to do so, we propose to use any consistent estimator for B, to be plugged in the expression for
L1 to result in asymptotically optimal prescription for §. The argument goes as follows: Let us
write the limit law L; as Li(f4) in order to make the dependence of the limit law L; on fi
explicit. As Lq(+) is a continuous function, if 3, — (. in probability, we have

nly, (Bs) — L1 (Bn) = (nRpn (B) — L1 (Bx)) + (L1 (Bs) — L1 (Bn)) = 0.

One could use, for example, sample average approximations (without regularization) to compute
Brn. We seek to verify in future research that the estimator obtained via this plug-in approach
indeed enjoys better generalization guarantees.

4.3. Logistic Regression with log-exponential loss function. In this section, we apply
results in Section to prescribe regularization parameter for £,-penalized logistic regression
in Example 2



RWPI AND APPLICATIONS TO MACHINE LEARNING 21

4.3.1. A stochastic upper bound for the RWP function. Let Hy denote the null hypothesis that
the training samples (X1, Y1), ..., (X, Y,) are obtained independently from a logistic regression

model satisfying
P(Y =1|X =2) T
1 —
Og(l—P(Y:HX:x)) Pra,

for predictors X € R? and corresponding responses Y € {—1,1}; further, under null hypoth-
esis Hy, the predictor X has positive density almost everywhere with respect to the Lebesgue
measure on R?. The log-exponential loss (or negative log-likelihood) that evaluates the fit of a
logistic regression model with coefficient g is given by

Uz, y; B) = —log p(y|z; B) = log (1 + exp(—yB z)).
If we let

then the optimal 8* satisfies the first order condition that E [h(z,y; 8s)] = 0.

Theorem 6. Consider the discrepancy measure D.(-) defined as in (7)) using the cost function
c((z,y), (u,v)) = Ny((x,y), (u,v)) (the function Ny is defined in (I4)). For B € RY, let

Rn(/ﬁ) = inf {DC(P7 Pn) : E]P’ [h(xayvﬁ)] = O} )
where h(-) is defined in (27). Then, under the null hypothesis Hy,
ViR, (B,) = Ls:= supélZ
(eA

as n — oo. In the above limiting relationship,

7en (0.5 exfg:ﬁzx»?]) e

A= {f eR?: ess supx,yHQ“Tth(:v,y;ﬁ*)Hp < 1}.

Moreover, the limit law Lg admits the following simpler stochastic bound:

D .
Ly < La:= [|Z]g;
where Z ~ N (0, E[X XT]).

A proof of Theorem [Blas an application of Theorem Bland Proposition[dlis presented in Appendix
A .4 (see supplementary material [§]).

4.3.2. Using Theorem[@ to obtain regularization parameter for (I0) . Similar to linear regression,
the regularization parameter for Regularized Logistic Regression discussed in Example 2] can be
chosen by the following procedure:

1) Estimate the (1 — a)-quantile of Ly := ||Z||,, where Z ~ N (0, E[X X™]). Let us use 7,
to denote the estimate of the quantile.

2) Choose the regularization parameter A in the norm regularized logistic regression esti-
mator (I0) in Example 2 to be,

)\:5:7?1704/\/%'
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4.4. Optimal regularization in high-dimensional square-root LASSO . In this section,
let us restrict our attention to the square-loss function I(x,y;3) = (y — 87 x)? for the linear
regression model and the discrepancy measure D, defined using the cost function ¢ = N, with
g = oo in ([[4]). Then, due to Theorem [ this corresponds to the interesting case of square-root
LASSO or ¢,-LASSO that was rather a particular example in the class of ¢, norm penalized
linear regression estimators considered in Section

As an interesting byproduct of the RWP function analysis, the following theorem presents a
prescription for regularization parameter even in high dimensional settings where the ambient
dimension d is larger than the number of samples n. Given observations {(X;,Y;):i=1,...,n}
from the linear model Y = 87X +e, let &; := (V; — 8L X;)/o, fori = 1,...,n. We have that the
variance of the normalized error terms é; do not depend on o.

Theorem 7. Suppose that the assumptions imposed in Theorem [A hold. Then,

D |1 Z, 13
ni () 2 17l

~ Var,le|’

where, Z, = ﬁ S &X; and Varple| ==Y (|&] —n Y0 &])?.

Remark 1. Suppose that the additive error e is normally distributed and the observations
X; = (Xi1,...,X,q) are normalized so that n=1 3" | ij =1for j =1,...,d. Then, for any
a<1/8, C >0,e >0, due to Lemma 1(iii) of [2], the stochastic bound in Theorem [7] simplifies
as follows: Conditional on the observations {X; : i =1,...,n}, we have,

7 11— a/2d)
VR < 5=
with probability asymptotically larger than 1 — a, as n — oo, uniformly in d such that
logd < Cn'/?7¢. Here, ® (1 — a) denotes the quantile z satisfying ®(z) = 1 — a and ®(:)
is the cumulative distribution function of the standard normal distribution defined on R. More-
over, if the additive error e is not normally distributed, then under additional assumption that
SUP,,>1 SUP; < j<q Ep, | X;|* < oo for some a > 2, we obtain from Lemma 2(iii) of [2] that,

E[e?] d~ 11 — a/2d)
VIR S e v

with probability asymptotically larger than 1 — «, as n — oo, uniformly in d such that d <
0.5an(@=2-¢)/2,

A proof of Theorem [1 is presented in Appendix A.4 (see supplementary material [§]). A
commonly adopted approach in the high dimensional regression literature (see, for example,
[, 29, 2, [1] and references therein) is to start with any choice A > ||S||,, where S is the score
function DgE,, [[(X,Y; B4)] . This choice, in the context of square-root Lasso, results in the reg-
ularization parameter to be chosen larger than the (1 — a)-quantile of n=2||Z| s /+/Var,[é]
(see (10) in [2]). As observed in Theorem [7, working with an upper bound of the RWP function
results in choosing the (1 — a)-quantile of n='/2||Z || /+/Var,|é]. Indeed, this agreement of the
regularization parameter with the high dimensional linear regression literature strengthens the
RWPI based approach for selecting the radius of uncertainty. Since the RWPI based approach
results in a prescription of regularization parameter that is larger (by a factor Var,[e]/Var,|é|),
the generalization error bounds derived in the literature for high dimensional regularized re-
gression (see, for example, [2, Corollary 1]) hold.
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The approach in Theorem [1 is to identify an upper bound that does not depend on J,.
Instead, one could choose § > Rn(ﬁn), by plugging in any consistent estimator Bn We identify
investigating the possibility of obtaining tighter error bounds via this plug-in approach as a
subject of future research.

5. NUMERICAL EXAMPLES

In this section, we consider two examples that compare the numerical performances of the
square-root LASSO algorithm (see Example[Il) when the regularization parameter X is selected
in the following two ways: 1) as described in Section using a suitable quantile of the RWPI
limiting distribution, and 2) using cross-validation. For comparison purposes, we also list the
performance of the respective ordinary least squares estimator. As such, in both the examples,
cross-validation based approach iterates over multitude of choices of A, whereas the optimal
regularization via RWPI utilizes the respective square-root LASSO algorithm only once for the
prescribed value of A. This naturally suggests potentially huge savings in computation that
could be valuable in large scale settings.

Example 4. Consider the linear model Y = 3X1 +2X5+1.5X,+e¢e where the vector of predictor

variables X = (Xi,...,Xy) is distributed according to the multivariate normal distribution
N(0,%) with X ; = 0.5*=3 and additive error e is normally distributed with mean 0 and
standard deviation ¢ = 10. Letting n denote the number of training samples, we illustrate

the effectiveness of the RWPI based square-root LASSO procedure for various values of d and
n by computing the mean square loss / error (MSE) over a simulated test data set of size
N = 10000. Specifically, we take the number of predictors to be d = 300 and 600, the number
of standardized i.i.d. training samples to range from n = 350, 700, 3500, 10000, and the desired
confidence level to be 95%, that is, 1 — o = 0.95. In each instance, we run the square-root
LASSO algorithm using the ‘flare’ package proposed in [27] (available as a library in R) with
regularization parameter A chosen as prescribed in Section

Repeating each experiment 100 times, we report the average training and test MSE in Tables
Mand Pl along with the respective results for ordinary least squares regression (OLS) and square-
root LASSO algorithm with regularization parameter chosen as prescribed by cross-validation
(denoted as SQ-LASSO CV in the tables.) We also report the average ¢; and /{9 error of
the regression coefficients in Tables [ and In addition, we report the empirical coverage
probability that the optimal error E[(Y — 81 X)?] = 0% = 100 is smaller than the worst case
expected loss computed by the DRO formulation (§]). As this empirical coverage probability
reported in Table 3l is closer to the desired confidence 1 — a = 0.95, the worst case expected loss
computed by () can be seen as a tight upper bound of the optimal loss E[I(X,Y; 8.)] (thus
controlling generalization) with probability at least 1 — a = 0.95.

Example 5. Consider the diabetes data set from the ‘lars’ package in R (see [I5]), where
there are 64 predictors (including 10 baseline variables and other 54 possible interactions) and 1
response. After standardizing the variables, we split the entire data set of 442 observations into
n = 142 training samples (chosen uniformly at random) and the remaining N = 300 samples
as test data for each experiment, in order to compute training and test mean square errors
using the square-root LASSO algorithm with regularization parameter picked as in Section
After repeating the experiment 100 times, we report the average training and test errors in
Table M and compare the performance of RWPI based regularization parameter selection with
other standard procedures such as OLS and square-root LASSO algorithm with regularization
parameter chosen according to cross-validation.
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Training data Method Training Error Test Error /1 loss 05 loss
size, n 18— 18— Bl
RWPI 101.16(£8.11)  122.59(£6.64)  4.08(£0.69)  5.23(£0.76)
250 SQ-LASSO CV | 92.23(+£7.91)  117.25(£6.07)  3.91(£0.42)  5.02(+1.28)
OLS 13.95(4+2.63)  702.73(£188.05) 31.59(+3.64) 436.19(+50.55)
RWPI 101.81(£3.01) 117.96(£4.80)  3.31(£0.40)  4.38(0.48)
700 SQ-LASSO CV | 99.66(+4.64) 115.46(+4.36) 2.96(+0.37) 3.98(+0.66)
OLS 56.82(+3.94) 178.44(4+21.74)  10.99(+0.57) 152.04(+£8.25)
RWPI 102.55(£2.39)  108.44(£2.54)  2.18(£0.16)  3.28(+1.66)
3500 SQ-LASSO CV | 100.74(+2.35)  113.83(+£2.33)  2.66(+0.14)  3.91(+2.18)
OLS 90.37(£2.17)  114.78(£5.50)  3.96(£0.20)  54.67(+3.09)
RWPI 102.12(£8.11)  105.97(£0.88)  1.13(£0.08)  1.63(+0.11)
L0000 SQ-LASSO CV | 100.69(+7.91)  112.82(+0.71)  1.15(£0.07)  1.94(+0.12)
OLS 95.91(£1.11)  107.74(£2.96)  2.23(+0.10)  30.91(+1.43)
TABLE 1. Sparse linear regression for d = 300 predictor variables in Example

@ The training and test mean square errors of RWPI based square-root LASSO
regularization parameter selection is compared with ordinary least squares esti-
mator (written as OLS) and cross-validation based square-root LASSO estimator

(written as SQ-LASSO CV)

Training data Method Training Error Test Error /1 loss 05 loss
size, n 18 = B«ll1 18 — B:ll2
RWPI 108.05(£8.38)  100.46(£4.68)  4.02(£0.71) _ 4.08(£0.70)
250 SQ-L%SSSO CV | 93.17(£10.83)  104.51(+4.76)  2.23(+£0.38)  6.89(+2.35)
L _ _ _ _
RWPI 104.33(£5.03)  103.18(£2.14)  2.91(£0.42)  2.99(+0.43)
00 SQ-LASSO CV | 100.50(£4.70)  99.92(£2.18)  1.45(+0.28)  2.82(+0.64)
OLS 14.27(42.02)  699.06(£137.45) 31.66(£2.21) 518.02(+44.87)
RWPI 101.52(£2.52)  96.38(£0.80)  1.23(£0.24)  1.32(+0.24)
2500 SQ-LASSO CV | 102.58(+2.49)  98.55(+0.94)  1.18(+0.15)  1.94(+0.24)
OLS 82.22(+2.31) 102.01(+6.14) 6.76(+0.23)  114.05(+5.73)
RWPI 101.36(£1.11)  94.86(£0.36)  0.75(£0.13)  0.81(+0.14)
10000 SQ-LASSO CV | 103.00(+1.11)  98.55(+0.49)  1.16(+0.08)  1.94(+0.13)
OLS 95.11(£1.10)  99.53(+4.83)  3.26(+0.11)  63.67(+2.16)
TABLE 2. Sparse linear regression for d = 600 predictor variables in Example

Ml The training and test mean square errors of RWPI based square-root LASSO
regularization parameter selection is compared with ordinary least squares esti-
mator (written as OLS) and cross-validation based square-root LASSO estimator
(written as SQ-LASSO CV). As n < d when n = 350, OLS estimation is not
applicable in that case (denoted by a blank)

6. CONCLUSIONS

We showed that popular machine learning estimators such as square-root LASSO, regularized
logistic regression, support vector machines, etc. can be recast as particular examples of optimal
transport based DRO formulation in (8). We introduced Robust Wasserstein Profile function
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No. of predictors | Training sample size

d 350 700 3500 10000
300 0974 0977 0975 0.969
600 0.963  0.966 0.970 0.968

TABLE 3. Coverage Probability of empirical worst case expected loss in Example [

| Training Error Testing Error

RWPI 0.58(+0.05)  0.60(£0.04)
SQ-LASSO CV | 0.44(£0.06)  0.57(+0.03)
OLS 0.26(+£0.05)  1.38(£0.68)

TABLE 4. Linear Regression for Diabetes data in Example [ with 142 training
samples and 300 test samples. The training and test mean square errors of RWPI
based square-root LASSO regularization parameter selection is compared with
ordinary least squares estimator (written as OLS) and cross-validation based

square-root LASSO estimator (written as SQ-LASSO CV).

and utilized its behaviour at the optimal parameter (B, to present a criterion for choosing
the radius, 0, in the DRO formulation (). We illustrated how this translates to choosing
regularization parameters and coverage guarantees for optimal risk in the settings of /,—norm
regularized linear and logistic regression. We observe that the proposed prescriptions of the
radius § for the DRO formulation (&) result in similar prescriptions that arise from independent
considerations in Statistics literature. This indeed strengthens the Wasserstein Profile function
based approach towards choosing the radius, J, for the DRO formulation ().

Following the results presented in this paper, we investigate the behaviour of the profile
function R, () in the vicinity of the optimal parameter 6, in [I0] and establish a limiting
relationship of the form, n?/2R,, (0, +A/\/n) = L(A), for a continuous L(-). Such a relationship
can be used to accomplish the following tasks: 1) construct confidence intervals for the optimal
parameter 6,, 2) establish error bounds for the solution to the DRO formulation (&), and 3)
systematically establish the validity of plugging-in any consistent estimator for 6, in order to
obtain an asymptotically optimal prescription of the radius §. Such a plug-in approach would
obviate the need to derive stochastic upper bounds, on a case-by-case basis, as is presently
required in Section [El

SUPPLEMENTARY MATERIAL
Proofs of the all the results in this article are furnished in the supplementary material [§]
available after the References section below.
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Supplementary material to the paper
Robust Wasserstein Profile Inference and Applications to Machine Learning

This supplementary material to the paper “Robust Wasserstein Profile Inference and Appli-
cations to Machine Learning” is organized as follows: Proofs of all the main results in the paper
are furnished in Section [Al As some of the main results in our paper utilize strong duality for
problems of moments, a quick introduction to problem of moments along with a well-known
strong duality result that is useful in our context is provided in Section [Bl A technical result
on exchange of sup and inf in the DRO formulation (8)) is presented in Section [Cl Relevant bib-
liography utilized in this supplementary material is available at the end of this supplementary
material.

APPENDIX A. PROOFS OF MAIN RESULTS

This section, comprising the proofs of the main results, is organized as follows: Subsection [A]]
is devoted to derive the results on distributionally robust representations presented in Section
24l The proofs of results on coverage properties are presented in Section Subsection
contains the proofs of stochastic upper and lower bounds (and hence weak limits) presented
in Section Subsection [A4] contains the proofs of Theorems Gl and [ as applications of the
stochastic upper and lower bounds presented in Section Some of the useful technical results
that are not central to the argument are presented in Sections [B] and

A.1. Proofs of the distributionally robust representations in Section [2.4. Here we
provide proofs for results in Sections 23], [Z4] that recover various norm regularized regressions
as a special cases of distributionally robust regression (Proposition 2] Theorems [l and [2]).

Proof of Proposition[2 We utilize the duality result in Proposition [l to prove Proposition
2l For brevity, let X; = (X;,Y;) and 8 = (—f3,1). Then the loss function becomes [(X;,Y;; 3) =
(BT X;)2. We first decipher the function ¢.(X;,Y;; 8) defined in Proposition [T}

0,(X;,Yi;8) = sup {(BTw)* — | X; — a2}

ueRd+l

To proceed further, we change the variable to A = u — X;, and apply Holder’s inequality to see
that |[BTA| < [|B]|,/|All4, where the equality holds for some A € R¥+1 Therefore,

6,(Xi:8) = sup {(BTXi+BTA)" — A2}
AERdJFI

= sup { (57X +sign (7 X) [BTA]) — A2}
AERdJFI

o o _ 2
— sup (B sen (57 181, 81,)° ~ 180

AeRd+l
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On expanding the squares, the above expression simplifies as below:

_ — — 2 _ o _
¢ (Xi; 8) = (BT Xi) +A31$+ {— <7 - H5H,2,> A2 +2 |57 X 18], ||A\|q}
T _ i 2|2
_{ (5 X H’BH ‘ffy> ~ g’ (28)
voo ity <AL

With this expression for ¢ (X;,Y;; §), we next investigate the right hand side of the duality rela-
tion in Proposition [l As ¢~ (z,y; ) = co when v < || ﬁHIQ,, we obtain from the dual formulation
in Proposition [ that

sup Ep[l(X,Y;ﬂ)]:mf {75+ Z% X,,Y,,ﬁ)}

P:D.(P,P,)<5 i=1

= in Tx
_w>||§||§{75+ 3w Z(ﬁ )} 29

Now, see that > (87 X;)?/n is nothing but the mean square error M SE, (). Next, as the
right hand side of 29) is a convex function growing to oo (when v — oo or v — [|B8]|2 ), its
global minimizer can be characterized uniquely via first order optimality condition. This, in
turn, renders the right hand side of (29) as

swp B (X, Y3 8)] = (VIISEL(B) + V3lAl,)
P:De(P,Pp) <6

This completes the proof of Proposition O

Outline of a proof of Theorem[dl. The proof of Theorem[lis essentially the same as the proof
of Proposition [ except for adjusting for oo in the definition of cost function N,((x,y), (u,v))
when y # v (as in the derivation leading to ¢ (X;,Y;; 5) defined in (dI)). First, see that

0,(X;, Y3 8) = sup  {(y"2” — N, (2. ¢)), (X;,Y7)) }.

z'€R4 y eR

As Ny((2', ), (X;,Y;)) = oo when y' # Y;, the supremum in the above expression is effectively
over only (2,1') such that y' =Y;. As a result, we obtain,
Oy (X5, Y B) = sup {(Vi = B2 —yNy((«', V), (X3, 7))
z'eR

= sup {(¥; — 872" — 7|2’ = X;|2) }.
z/cRd

Now, following same lines of reasoning as in the proof of Theorem 2l and the derivation leading

to (28], we obtain

Y, — BTXi)2 when A\ > ”5”;2;7

+o00 otherwise.

0 (2,y: ) = {”'75"% |

The rest of the proof is same as in the proof of Proposition 2l
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Proof of Theorem [2. As in the proof of Proposition B, we apply the duality formulation in
Proposition [Il to write the worst case expected log-exponential loss function as:

3] — 1y VAT — Al — X
N DCS(E,II)Pn)StsEP[Z(X,Y’B)] = inf {5A+n;sgp{log(1+exp( Vi z)) = Al Xz\lp}}-

For each (X;,Y;), following Lemma 1 in [42], we obtain

. log (1 —|—exp(—Y;ﬂTXi)) if HBHq <A,
sup {log (1 + exp(—Yif x)) — Az — X¢||p} =
r +oo if [|B]|, > A

Then we can write the worst case expected loss function as,

A>0

1 n
inf {5)\ + - ;sgp {log (1 + exP(_YZﬂTx)) — Az — Xin}}

. 1< T
= inf {M + Z; (108 (1 + exp(=YiB" X)) Lasa1, + 0l pasa,y ) }

. RS
= inf {6)\ + - Zzl log (1 + exp(_YZﬂTXi))}

A>[181l,

1 n
== Z log (1 + exp(—Y;87X;)) + 5|8l
=1

which is equivalent to regularized logistic regression in the theorem statement.

For SVM with hinge loss function, let us apply the duality formulation in Proposition [ to
write the worst case expected Hinge loss function as:

‘ v\t 1 - voalat v
B R s

For each ¢, let us consider the maximization problem and for simplicity we denote A; = x — X

sup { (1= Y;87 (X +20) " = Al }

Uq

=5 il—YVZ-TXi A)) — A4
igy;ggl{a (1= Y367 (Xi +A9) = Al1Ad], }

= Sup Ssup {QZKBTAZ - A HAZHp + a; (1 - Y;BTXZ)}
0<a; <1 A;

= sup_sup o 18Il I1Aill, = M4l + s (1~ Y87 X,) }

0<ai<1l A

1-YpTx) " if B, <A +oo

+oo if HﬁHq > A

The first equality follows from the observation that 2 = supy<,<; ; second equality is because
the function is concave in A;, linear in o; as a is in a compact set, we can apply minimax theorem
to switch the order of maxima; third equality is due to applying Holder inequality to the first
term, and since the second term only depends on the norm of A; the equality holds for this
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maximization problem. For the outer minimization, it is sufficient to restrict to A > [|3][,. As
a result, we obtain

- BN + 1< .
f oA+ =3 (1-Yp1X;) p==% (1-Yif'X;) +48],.
Aéﬁ%uq{ w2 (1 =Y X) } 220 (- YieTx) "+ sl

This completes the proof. O
A.2. Proofs of results on coverage properties.

Proof of Proposition [@. Let P be a probability measure from the set,
{P:D.(P,P,) <6, Ep [Dﬁl(Xa Y; B.)] = 0},
which is non-empty, because 0 > R, (). Then,

inf su Ep[I(X,Y; > inf Es [I(X,Y;8)] =E; [I(X,Y;5:)].
BeR P:Dc(]P’,IIP?n)S(S e[l A BeRd P[( )] P[ ( Bl

Moreover, since D.(-) is symmetric in its arguments, we have DC(IAP), P,) < 4. As a result,

Ep, [I[(X,Y;8:)] —inf sup Ep[I(X,Y;8)] < sup Ep[[(X,Y;5.)] —Ep [I(X,Y;8:)].
P e Us(Py) P:D.(P,P)<6
(30)

On the other hand,

inf sup  Ep[l(X,Y;8)] —Ep, [(X,Y;8,)] < sup  Ep[l(X,Y;5)] - Ep, [[(X,Y;5,)],
B Peus(P,) P:Dc (P, P)<8

which can be bounded from above to result in the desired bound, C1d + Cg(n)lngx/g, by
substituting the regularized regression estimators derived in Theorem [ (when p = 2) and
Theorem ] (when p = 1). Likewise, repeating the proofs of Theorems [I] and [ for the case
where the baseline distribution is set to be P (instead of P,), we obtain for any § € R? that

sup  Ep[I(X,Y;8)] — Ep [[(X, Y5 8)] = 6|8y,
P:D.(B,P)<s

for the logistic regression example in Theorem 2} and

sup  Ep (X, V)] — By (X, Y 8)] = 2v/8|8l, /B [(V — BTX)?] + ]2

P:D.(P,P)<6
Ve Ep [(Y — 87X)2] + 8|82
<2V6||Bllp, /| sup Ep[(Y — BT X)*] + 4|5l
P els(Pn)
= 25|81,/ e, [(Y — 67X)2] + 35612,
for the linear regression example in Theorem [Il This verifies the upper bound for (B0). O

Proof of Theorem[{). Since § = n~P/%n for some 1 > 14, we have from the definition of 7, that,
lim P(Rn(8,) > 6) = lim P(n”?R,(B,) > n) < a,
n—oo n—o0

as n — oo. Then it follows from Proposition [ that,

Ep, [I(X.Y:8.)] - inf sup Egp[i(X,Y;5)]

BERL P ¢ 145 (P,,) = Cmnipp . CQ(n)\/ﬁl{F?}”ipM?
cUs(Pn
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with probability greater than or equal to 1 — «, as n — oo. Moreover, due to Chebyshev’s
inequality, we obtain,

[Ee, [1(X, Y5 8)] = Ee. [l(X, Y B.)]] < \/ Vare, [I(X, Y3 8.)]

an

and subsequently, Ca(n)/(2|8:],) < VEp.[I(X,Y;B4)] + (™ 'nVarp, [I(X,Y; 8,)])/4, with
probability exceeding 1—a. Since Ep, [[(X,Y; ;)] = infg Ep, [I(X, Y; B)], the desired convergence
in the statement of Theorem @l follows from triangle inequality and an application of union bound
to the above two inequalities. O

A.3. Proofs of asymptotic stochastic upper and lower bounds of RWP function in
Section We first use Proposition B to derive a dual formulation for n/2R,,(6,) which will
be the starting point of our analysis. Due to Assumption A2), E[h(W,0,)] = 0. Combining this
observation with the positive definiteness in Assumption A4), we have that 0 lies in the interior
of convex hull of {A(u,0,) : w € R™} by using a supporting hyperplane argument as in the proof
of [I0, Proposition 8]. Then, due to Proposition 3]

1 n
R, (0,) = su - sup {\T'h u, 0y) — ||lu—W5||?} p.
(0+) sup { - ZZMERB" {N h(u, 0.) — || Hq}}

In order to simplify the notation, throughout the rest of the proof we will write h (WW;) instead
of h (W;,0,) and Dh (W;) for Dy,h (W;,0.).

Letting H, = n~ /23" | h(W;) and changing variables to A = u — W;, we obtain

R,(0,) = s1)1\p {—)\Tj;; - %ngp {)\T(h(Wi +A) — h(W)) — HAHQ}} :
i=1

Due to the fundamental theorem of calculus (using Assumption A3)), we have that
1
h(W; + A) — h(W;) = / Dh (W; +uA) Adu.
0

Now, redefining ¢ = An(P~/2 and A = A / n'/2 we arrive at following representation

n?? Ry, (0.) = sup {~C"H, — M, ({)}, (31)
¢
where | ) . y
— . - _ P
Mo (Q) = — ;sgp {g /O Dh (W, +n Au) Adu HAHq} . (32)

The reformulation in (3I)) is our starting point of the analysis.

To proceed further, we first state a result which will allow us to apply a localization argument
in the representation of n*/2R,, (6,) in (BI). Recall the definition of M,, above in (B2) and that
H, =n~Y23" | h(W)).

Lemma 2. Suppose that the Assumptions A2) to A4) are in force. Then, for everye > 0, there
exists ng > 0 and b € (0,00) such that

P( sup {—CTH, — M, ()} > 0> <e,

<l =

for all n > ng.
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Proof of Lemma 3. Recall that ¢ > 1 and p = ¢/(¢ — 1). For ¢ # 0, we write ( = ¢/ HCHP Let
us define the vector V; (f) = Dh (WZ)T ¢, and put

Af= AL = Vi (O sgm (Vi (0)) - (33)
Define the set Co = {w € R™ : |lw||, < co}, where ¢p will be chosen large enough momentarily.

Then, for any ¢ > 0, plugging in A = cAl, we have (T Dh(W;)A = c||¢T Dh(W;) ||| AL, and

therefore,

1
sup {CT/ Dh(W; +n~Y2Au)Adu — ||AHZ}
A 0

— sup {CTDh(Wi)A — AL +¢T /1 [Dh(Wi + 2 Ay) — Dh(Wi)] Adu}
A 0

> max { [T DR, A, - e )7
1
woc? [ [DnOY; + cuV2au) = D (W] Aldu 01 (Wi e ). (3
0
Due to Holder’s inequality,

1
I(W; e )|t / [Dh(Wi+cn_1/2Agu) —Dh(Wi)} Aldu
0

du.

1
< I (W; € Cy) \|g||p/O H [Dh(W; + enY2A%u) — Dh(W;)] A, q

Because of continuity Dh (-) and the fact that W; € Cy (so the integrand is bounded), we have
that the previous expression converges to zero as n — oo. Therefore, for given positive constants
¢’, ¢ (note than convergence is uniform on W; € Cj), there exists ng such that for all n > ng

1
eI (W; € Co) [T / [Dh(Wi en~Y2A) — Dh(Wi)} Aldu
0

< ce' [[€]l,,- (35)

Next, as (" DR(W:)['* = Al and 1+ p/q = p,
_ _ o2
el Dr (W[, [|AT]], = e | AH2 = cli¢ll, 1T DROWVIE — 1K DR(W:) 1"
Consequently, it follows from (34)) and (35) that
1< - - Py
M) > & 3 {elcl IS DHOV)IE - I DAV — 'lcl fr (Wi e ). (30
i=1

Now, since the map ¢ — HETDh(Wi)HZ is Lipschitz continuous on HEHP = 1, we conclude that,
Iy > .
=3 [T DRW 1 (W; € Co) —E [HgTDh WL (W e CO)] , (37)
i=1

with probability one as n — oo. Moreover, due to Fatou’s lemma we have that the map
(=P <HETDh (W)Hp > 0) is lower semi-continuous. Therefore, by A4), we have that there
exists 0 > 0 such that

inf E [T DR (W7 > 6. (38)
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Consecutively, by selecting ¢y > 0 large enough, we conclude from (37) that for n > N’ (),
! i ST DR(W) |2 T (Wi € Co) > o (39)
n 4 p 2
Further, if we let ¢; := sup,¢¢, HETDh(w)Hg/q < 00, then
1< =T pE P
- DR 1 (Wi € Co) < o,
i=1
for all n > N'(§). As a consequence, if n > N’ (9), it follows from ([B6]) and ([B9) that

sup (¢~ 0, (@)} < sup L=, — (Ao ey — iy, )}

<l >0 <l >b

< {-ermnan {e(3-2) - 555}

Consequently, on the set || H, |, < V', we obtain

sup {—CTHn - M, } < sup HCH [ {C (g —6I> -~ (ch1)ﬂ }} ‘
<1, >0 lI<Il,>b

Now, if we take ¢ > 4(b' + 1)/, & = /4 and b to be large enough such that b > (cc1)? then

AL I

Therefore, if n > ng (see (B5)), then

P(H?ﬁa;(b{ ¢'H, — M, )}>O>gIP’(HHan>b'>+]P’(N’(5)>n).

The result now follows immediately from the previous inequality by choosing b’ large enough
so that P(||Hyll; > V') < /2 and later ng so that P(N'(0) > ng) < /2. The selection of b’ is
feasible due to A2). This proves the statement of Lemma 2 O

Lemma 3. For any b > 0 and ¢y € (0,00),
/(p—1) /(p—1)
- Z I DR w2 1(IWil, < co) = B |[[<TDR (W) 1), < o)
uniformly over |[C|[,, < b in probability as n — oc.

Proof of Lemma[3. We first argue a suitable Lipschitz property for the map ¢ < HCTDh (W) HZ/(pfl).

It is elementary that for any 0 < ap < a; and v > 1

a1
al —a} = 7/ 7Vt < ~val ™t (a1 — ag) .
a

0
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Applying this observation with

N prwa]],).
donwl,).

a; = max(HCth ‘

ay = min(HC{‘FDh(Wi)‘p,
ot p/(p—1),

and using that HCTDh(WZ-)Hp < b|[Dh (W;)||, for [[C][, < b, we obtain

(6§ ol — |l DR w7 < —Egp e DR W o~ Gl

Consequently, we have that

ZHcoTDh ZHC

Since Dh(-) is continuous, E [HDh (W)||Z/(p71) Iqwi, < Co)} < 00, thus yielding the tightness
of

S 7 160 =Gl —ZHDh

—ZHCTDh DI/ DT (||, < co),

under the uniform topology on compact sets. The Strong Law of Large Numbers guarantees
that finite dimensional distributions converge (for any choice of (1,...,(x, k > 1), and, since
the limit is deterministic, we obtain the desired convergence in probability. O

Proof of Theorem[3. Let us first observe that R, (6,) > 0 (choosing ( = 0). Then, as a
consequence of Lemma [2], there exists b > 0 such that the event

Ap = {np/2Rn(0 ) = max {-¢'H, — M, (g)}}, (40)

<l <b

where the outer supremum is attained at some |||, < b, occurs with probability at least 1 —e,
as long as n > ng. In other words, P(A,) > 1 — & when n > ny.

We first consider the case p > 1. For ¢ # 0, write ( = (/ HCHp Next, define the vector
Vi(¢) via V; (¢) = Dh (Wi)T ¢ (that is, the j-th entry of V; (¢) is the j-th entry of the vector
Dh (WZ)T ¢), and put

8= L(0) = Vi (O sam (v Q). (a)

Next, let A; = ¢; Al with ¢; chosen so that

- 1y 1/(p—1)
Iad, = (3leronam,)
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In such case we have that

T 4 _ - T 4 _ P
mac { T DR (W) &~ 1Al17} = max {[Ic"DR (W], 1A, — ANz}

= ("Dh(Wy) A — || Aq|7

- 1/(p-1)
= || pn (w2 )@) (1—%) (42)

Pick ¢g € (0,00) and define Co = {||W;l|, < co}. Note that
M, (C) 2 M;L (Ca CO) )

where
1 1 N el
M, (¢.co) = — ST (Wi € C) {CT/ DI (Wi + 0, Au) Audu - HAiHZ} .
i=1 0
Therefore
max {—¢TH, — M, < max {—CTH, — M (¢,c)}. 43
||<||pr{ ¢ (O}‘ncnpgb{ ‘ (¢ o)} )
Define

M, (¢, c0) = %ZI(WiGCO){CTDh(Wi)Aidu—{]Ang}Jr
=1

n 1/(p-1)
_ %ZI(WZ- e Co) [[<" DR (W) |27V (%) (1 - %) :
i=1

where the equality follows from (42)). We then claim that

sup ‘Z\/I\n (¢, co) — M, (¢, co)‘ — 0. (44)
lI€ll=<b

In order to verify (4], note, using the continuity of Dh (), that for any &' > 0 there exists ng
such that if n > ng then (uniformly over |||, < b),

1
/ 1(W; € Cy) HgT [Dh(Wi V2R — Dh(Wi)] H |A]|, du| <&
0 p
Therefore, if n > ny,
n 1
% S 1(WieCy) CT/ [Dh(Wi V2R — Dh(Wi)} Asdu| < €.
i=1 0

Since ¢’ > 0 is arbitrary, ([@4]) stands verified. Then, applying Lemma [ we obtain
— _ _ +
My (G, o) = E (CTDR (Wy) Agdu — [|Ad]|7) " 1 (W; € Co),

uniformly over ||(]| » < basn — oo, in probability. Therefore, applying the continuous mapping
principle, we have that

T /
e, {—¢"Hy, — M), (¢,c0)}

= max, (== w(E [ Dn W T (W], < )]} (45)
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0= (-3).

and H ~ N (0,Cov[h (W,6,)]). From @3] and the construction of [{{), we can easily obtain
that n?/2R,, (0,) is stochastically bounded (asymptotically) by

as n — oo, where

max {7~ n )8 [ DR )]}

which verifies the first part of the theorem when p > 1.

Now, for p =1, we will follow very similar steps. Again, due to Lemma [2] we concentrate
on the region [|C]|, < b for some b > 0. For the upper bound, define A as in @I). Using a
localization technique similar to that described in the proof of Lemma [2] in which the set Cy
as introduced we might assume that ||Wsz < ¢p for some ¢y > 0. Then, for a given constant
¢ > 0, setting A; = c¢Al, we obtain that

1 & !
max  —C"H, — =Y sup CT/ Dh(W; + Aju/n* ) Asdu — | A
i A 0 !

<l <b i

n

1
< max { —(TH, — — T [ Dh(W; + eNu/n'?)Aldu — c||AL]] ) I (W; e Cy) p.
n 0 4q

i=1

As in the case p > 1 we have that
1 o !
~ Y 1(Wie ) /0 ¢T [Dh(WZ- + cAlu/n}/?) — Dh(Wi)} Aldu — 0
i=1
in probability uniformly on (-compact sets. Similarly, in addition, for any ¢ > 0 and any b > 0

T 1 — . N / |
||I<Iﬁf§b{_< H, - E; (c¢” DR(Wi) Ajdu — c||Al]|, ) 1 (W; € Co)}

l<li<b

1 — + o,
= max {—CTHn - ZC <H<TDh (W)Hp - 1) AL ([Willp < Co)}

i=1

= max {7 =& | (| DR, ~1) IS DROVI W, < |},

i¢li<b
because ||A'||& = ||¢T Dh(W;)|[5. Next, as the constant ¢ can be arbitrarily large, we obtain a
stochastic upper bound of the form
max {—CTH} < max {—CTH} .
¢lI<b:P(I¢T DR(W)]|,<1)=1 CP([ICT Dh(W)|,<1)=1
This completes the proof of Theorem [3l O

Proof of Proposition [§J. We follow the notation introduced in the proof of Theorem Recall

from (31]) and [B2) that
1 !
1/2 Ty 1 T , 1/2 B
n Rn(e*)—Slép{C H, nE sgp{/o ¢* Dh <WZ—|—Au/n )Adu HAHq}}

k=1
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Let A := {(C: esssup HCTDh (w)Hp < 1}, where the essential supremum is taken with respect
to the Lebesgue measure. Then, due to Holder’s inequality, if ( € A,

1
sup {/ ¢I'Dh (WZ + Au/n1/2> Adu — HAHq}
0

A

<sw{ [ emon (Wit st |l i I, |
< sgp [AN[ {/01 (HCTDh (W, + Au/nl/Q) Hp - 1> du} <0.

n'?Ry, (0,) > sup (T H,.
CeA

Consequently,

Letting n — oo we conclude that

sup (T H, = sup(¢TH.
CeA CeA

Because W; is assumed to have a density with respect to the Lebesgue measure it follows that

P (HCTDh (Wl)Hp < 1) =1 if and only if ( € A and the result follows. O

Finally, we provide the proof of Proposition Bl

Proof of Proposition [4. Recall from 3I]) and (32]) that

n

1/2 _ vy 1 b or , 1/2 N
n Rn(e*)—Slép{C H, nZSLAlp{/O ¢ Dh(Wl—l—Au/n )Adu HAHZ}} (46)

k=1
As in the proof of Theorem 3] due to Lemma[2, we might assume that [[([|, < b for some b > 0.

The strategy will be to split the inner supremum in values of [|Afl, < on'/? and values

||AHq > 6n'/? for a suitably small positive constant §. In Step 1, we shall show that the
supremum is achieved with high probability in the former region. Then, in Step 2, we analyze
the region in which [|A[[, < 6n'/? and argue that the integrals inside the summation in (@)

can be replaced by ¢TDh (W;) A. Once this substitution is performed we can solve the inner
maximization problem explicitly in Step 3 and, finally, we will apply a weak convergence result
on (-compact sets to conclude the result. We now proceed to execute this strategy.

Ezxecution of Step 1: Pick § > 0 small, to be chosen in the sequel, then note that A5) implies
(by redefining « if needed, due to the continuity of Dh (-)) that

|DR (), < 5 (1+lwlg ™).

Therefore, for ¢ such that |||, < b,

sup {/1 ‘CTDh <WZ + Au/n1/2> A‘ du — HAHZ}
0

Al >dnt/2

! 1/2]|P7t
< s fo (1 [ wsaum | ) jal, - 18l
0

[A]lg=dnt/2
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Note that if p € (1,2), then 0 < p—1 < 1, and therefore by the triangle inequality and concavity
1/2]]P71 1/2 o -1 1/2]]P71
Wi+ w2 < (uw,~11q +[|ami| ) < Iwillg™ + a/mt2|”
q q q

On the other hand, if p > 2, then p —1 > 1 and the triangle inequality combined with Jensen’s
inequality applied as follows:

-1 _ 1 -1 1 -1 — -1 -1
|a+ ¢l <27 1<§ lall”™ + 5 llel” ) = 2° Q(HGHP + [le]|” )
yields
—1 —1
Wi+ awmt2|" < 202 <||Wi\|51 +|am2|’ ) .
q q

So, in both cases we can write

1
sup {/ﬁkaMWQ+AmmV%AMu—WMw}
jal,zont72 Lo

< sup {bn(l—i—Q"_l<HWiHZ_1+HA/n1/2H21>>HAHq—HAHZ}

Al >ent/?

< swp o (Al + 227 WA AL + 207 Al /neD) —
A]l,>8n1/2

Next, as E||W,,||? < oo, we have that for any & > 0,

P@WMEZ&%LQ):Q

therefore we might assume that there exists ng such that for all i < n and n > ny, HWng_l <

(') P~V/? " Therefore, if (¢/)?~1/P < -1/ (br2?), we conclude that if 1All, > on'/? and
n > no,

IN

_ -1 - (p—1)/
br2°~H [Willf (| A, br2071 (') TP IA,
1 1
Z5r—1,(p—1)/p it P
A G INEETN
Similarly, choosing n sufficiently large we can guarantee that

_ _ 1
b (1Al + 277 Al @D/ ) < S A,

Therefore, we conclude that for any fixed § > 0,

1
sup {/ ‘CTDh(WZ- + Au/nl/Q)A‘ du — ||A||Z} <0 (47)
[Allgzdvn LJO

provided n is large enough, thus achieving the desired result over the region ||All; > dy/n.
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Execution of Step 2: Next, we let ¢” > 0, and note that

1
sup {/ CTDR(W; + Au/n'?) Adu — HAHZ} (48)
All,<év/n LJO

1
< sup {/ ¢t [Dh(Wi + Au/nt/?) - Dh(Wi)} Adu —¢&" HAHS}
Al <év/n /0

+ s {CTDR(W)A - (1= Al
NN

We now argue locally, using A6), a bound for the first term in the right hand side of (48]):

1
sup { / 7 [Dh(Wi + Au/nl/?) - Dh(Wi)} Adu — " \|A||Z} (49)
Al <év/n LJO
< sup{IIclR (W) AN /nt/2 =" Al |
A, <ov/n
< sup for (W) A %22 — & [|A]]2 (9n12) "}
3],

As sup,ep1) {an®® = bpa?} < (p — 2)*(af /b2)'/*=2) /p when b, > a,, we have, for all n suffi-
ciently large, that

1 %% — ot /pr(W))\ P/ (P—2)
sup {/ ¢T {Dh(Wi + Au/n1/2) — Dh(W;)| Adu — £" HA”Z} < (p—2) ((m”( Z)) |
1ay,<sva Lo - : \FWn

Since E[£(W)?] < oo (from Assumption A6)), we have that P(&(W;) > £”/i i.0.) = 0 for any
e” > 0. Consecutively, &(W;) < €”'+/i for all i large enough, and therefore,

_ 1< 1
limy, 00— sup {/ ¢T |Dh (W; + Au/n'’?) — Dh(W;)| Adu — " HAHP}
- ”;nAnqsm 0 [ ( ) ] !

<= <£>”“p‘2)1 S (n(W»)WM -2 <bg)p/<p—2>
— n—oo 1 ~ ,
/ : n v /

8”

which can be made arbitrarily small by choosing ¢” arbitrarily small. Therefore, for any fixed
6 >0,

n

_ 1 1
e~ Y sup { / T [Dh <Wi + Au/n1/2> — Dh (Wi)] Adu — &" HAug} —0. (50)
i Ial,<sva Lo
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Ezecution of Step 3: Next, it follows from ([@T), [@R]) and (E0) that for any fixed ”,§ > 0, there
exists Ny such that if n > Ny,

1 !
— Zsup {/ ¢"'Dh (W, + Au/nl/z) Adu — HAHZ}
miooa Wo

U3 sup {¢TDn (Wh) Adu— (1 - )| A2} 46
NN

% Emin {/{ (,0, 6") HCTDh (Wi)Hg/(p_l) ) C"} + 9,

() (-2),

and ¢, — 0o as n — oo (the exact value of ¢, is not important).

IN

IN

where

Next, note that A5) implies that
1DR (W) g/ =V T (Wil = 1) < &I ([Will = 1) [Will7 < & |[W3)1f

and, therefore, since Dh (-) is continuous (therefore locally bounded) and E [[W;||; < oo also by
A5), we have that
E||Dh (W)]5/*Y < .

Then, an argument similar to Lemma [3] shows that

1 — 4
up {gTHn = LS k() TR (W |1 >,cn}}
e, <b s
-1
= sup {CTH —r(p.")E[¢TDR (W),
<l <b

as n — oo (where = denotes weak convergence). Finally, we can send £”,6 — 0 and b — oo to
obtain the desired asymptotic stochastic lower bound. O

A.4. Proofs of RWP function limit theorems for linear and logistic regression ex-
amples. We first obtain the dual formulation of the respective RWP functions for linear and
logistic regressions using Proposition Bl Let E[h(x,y; 3)] = 0 be the estimating equation under
consideration (h(z,y; 3) = (y — 7 z)z for linear regression and h(z,y; 3) as in (1) for logistic
regression). Recall that the cost function is ¢(-) = Ny (). Due to the duality result in Proposition
B, we obtain

Rn(/ﬁ*) = inf {Dc(Pa]Pn) : E]P’[h(X7Y§ﬂ*)] = 0}

= sup {—l Z sup {)\Th(x',y'; By) — Nq((az',y'), (X, YZ))}} .

A ne = @y)

As Ny((2',y), (X;,Y;)) = oo when 3/ #Y;, the above expression simplifies to,
1 n
Rn(8:) = sup {—E > sup {ATh(2, Y55 8.) — |2’ — Xiug}} : (51)
i=1 @

where p = 2 for the case of linear regression (Theorem [l and p = 1 for the case of logistic
regression (Theorem [B). As RWP function here is similar to the RWP function for general
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estimating equation in Section [3:3] a similar limit theorem holds. We state here the assumptions
for proving RWP limit theorems for the dual formulation in (G1I).

Assumptions:
A2’) Suppose that 3, € R? satisfies E[h(X,Y; 3,)] = 0 and E||h(X,Y; 3:)||2 < oo (While we do
not assume that [, is unique, the results are stated for a fixed f, satisfying E[h(X,Y;(,)] = 0.)

A4’) Suppose that for each £ # 0, the partial derivative D, h(z,y; fs) satisfies,
P ([|¢"Doh(X, Y5 8.)]|, > 0) > 0.

A6’) Assume that there exists & : R™ — oo such that
[1Dzh(z + A, y; Be) = Dah(z, y; B:)lp < K2, y) 1A,
for all A € RY, and E[7(X,Y)?] < oo.
Lemma 4. If p > 2, under Assumptions A2’), AJ’) and A6’), we have,
nln(Bs; p) = R(p),

where

R(p) = sup {pETH — (o~ VE [|¢"D,h(x, Y )77 }
cRd

with H ~ N (0, Cov[h(X,Y; )] and 1/p+1/q = 1.
Lemma 5. If p = 1, in addition to assuming A2’°), A4’), suppose that Dyh(-,y; Bx) is continuous

for every y in the support of probability distribution of Y. Also suppose that X has a positive
probability density (almost everywhere) with respect to the Lebesgue measure. Then,

nR,(Ps;1) = R(l),
where

R(1) = sup {{TH},
EP(|[ET D h(X,Y38:) [p>1)=0

with H ~ N (0, Covlh(X,Y; B4]).

The proof of Lemma @ and [ follows closely the proof of our results in Section [l and therefore
it is omitted. We prove Theorem [f] and [6] as a quick application of these lemmas.

Proof of Theorem[3. To show that the RWP function dual formulation in (5I)) converges in

distribution, we verify the assumptions of Lemma @ with h(z,y;3) = (y — 87 x)x. Under the
2

null hypothesis Hy, Y — I X = e is independent of X, has zero mean and finite variance o2.
Therefore,
Eh(X,Y;5)] =E[eX] =0, and
Elh(X,Y;8)3 =E [*XTX] = .’E|| X|[3,

which is finite, because trace of the covariance matrix ¥ is finite. This verifies Assumption A2’).
Further,

Doh(X,Y38.) = (y — B X)Ig — XB] = ely — XBL,
where I is the d x d identity matrix. For any £ # 0,
P ([l§" D=h(X, Y3 B.)llp = 0) =P (e€ = (£7 X)B) =0,
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thus satisfying Assumption A4’) trivially. In addition,
Dbz + A, y; Bi) — Dah(w,y; Be)llp =

for some positive constant c. This verifies Assumption A6’). As all the assumptions imposed in
Lemma Ml are easily satisfied, using p = 2, we obtain the following convergence in distribution
as a consequence of Lemma [l

|85 AL — ABT ||, < el Alg,

Ry(B.) = sup {%TH ~E e ~ (€725, }

£€Rd

as n — oo. Here, H ~ N(0, Cov[h(X,Y; B,)]. As Cov[h(X,Y; ;)] = E [e2X XT| = 023, if we
let Z = H/o, we obtain the limit law,

2

Ly = sup {2J§TZ —Ele€ — (£7X)B.]|, }
£eR?

where Z = N(0,Y), as in the statement of the theorem.

Proof of the stochastic upper bound in Theorem [A: For the stochastic upper bound, let us
consider the asymptotic distribution L; and rewrite the maximization problem as,

Ly = sup sup{20a¢7Z — a’E |[e — (€7 X)B.|}}
lell, =1 a>0

2
< sup sup {2004 121, — o’E lles — (§TX)5*HP} ,
llgll,=1 a0

because of Holder’s inequality. By solving the inner optimization problem in «, we obtain
2 2 2 2
o’ ||Z o’ || Z
. Izl _ Izl )
lel,=1 Elle§ — (€7 X)Bull,  infyey =1 Elleg — (€7 X)Bl,

Next, consider the minimization problem in the denominator: Due to triangle inequality,

. T 2 : T 2
Bl — € X852 nt E (lellel, — |€7X]15.1,)

=Elel*+ it {ISILEIETX] - 200, Bl E[¢"X|}

l€ll,

>Elel*+ it {l8.15 BIEX])° - 2061, Elel B¢ X}

2
. 2 2 : T .
=Bl = ®le)*+ int (18,1, E[¢7X] - Ele])

> Ele]* - (Ele])® = Var[|e]].
Combining the above inequality with (52), we obtain,
sup {02677 — B les — (" X)5.|[0} < T L
€€Rd ar |e|

Consequently,

D o 21 D E[e?]
nR,(Bs) — Lj:= ?é%é{agTZ —E He£ — (£TX)5*HP} < WHZH;
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If random error e is normally distributed, then

Rn(B+) Sp —HZHq’

thus establishing the desired upper bound. O

Proof of Theorem[. Under null hypothesis Hy, the training samples (X1,Y7),..., (X,,Y,) are
produced from the logistic regression model with parameter S,. As [, minimizes the expected
log-exponential loss [(z,y; ), the corresponding optimality condition is E[h(X,Y;5,)] = O,
where

.
M@, y; B) = 1 + exp(yfaz)’

As E||h(X,Y; B.)|%3 < E||X||3 is finite, Assumption A2’) is satisfied. Let I; denote d x d identity
matrix. While

—yly n CC,B}:
1+exp(ysfa) (14 exp(yBle))(1 + exp(—yBfz))
is continuous (as a function of z) for every v, it is also true that

P ([|¢"Dah(X, Y3 8|, = 0) =P (¥ (1+exp(—Y BT X))¢ = (€7X)8) =0,

for any £ # 0, thus satisfying Assumption A4’). As all the conditions required for the conver-
gence in distribution in Lemma [f] are satisfied, we obtain,

\/ﬁRn(ﬁ*) = sup gTZ,
€A

D h(x,y; By) =

where Z ~ N(0,E[XXT/(1 + exp(Y 3 X))?]) as a consequence of Lemma [l Here, the set
A={¢ R ess sup||¢T D (X, Y; B, <1}

Proof of the stochastic upper bound in Theorem [@: First, we claim that A is a subset of the
norm ball {¢ € R?: ||¢||, < 1}. To establish this, we observe that,

‘ (€7 X)B. H

(1+exp(YBTX)) (1 +exp(YBI'X)
N 1 B 1 X gl B+l p €]l
"\ 1+exp(YBIX)  (1+exp(YBTX))(1+ exp(—YBTX)) b
(53)

—Yv¢
L+exp(YBIX)|],

" Dh(X, Y ﬁ*)H H

because Y € {+1,—1}, and due to Holder’s inequality [¢7 X| < [|€]l,]| X |l4- If € € RY is such that
€], = (1 — €)72 > 1 for a given € > 0, then following (&3], [|¢T D.h(X,Y)]||, > 1, whenever

[l 1B+l € 1 ¢
X, Y)e Q. := ) <) ———m———>1—— .
e {(x v +exp(—yfiz) — 2" 1+exp(ysla) — 2
Since X has positive density almost everywhere, the set €2, has positive probability for every
€ > 0. Thus, if ||, > 1, [|ETD,h(X,Y; B.)|l, > 1 with positive probability. Therefore, A is a
subset of {£ : ||£]|, < 1}. Consequently,

T D T
Ly =suwplZ < sup €77 =7,
§eA &€llp<1
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If we let Z ~ N(0,E[XXT]), then ~COV[Z] — Cov[Z] is positive definite. As a result, L3 is
stochastically dominated by Ly := || Z|4, thus verifying the desired stochastic upper bound in
the statement of Theorem [Gl O

Proof of Theorem [7. Instead of characterizing the exact weak limit, we will find a stochastic
upper bound for R, (5,). The RWP function, as in the proof of Theorem [l admits the following
dual representation (see (&)):

n

1 / / /
Ry (8.) = sup {—5 ngp (AT (Yi = plal)a — |l - lelio}}

i=1

—su _Tﬁ_lnsu eNTA — (8T Ty 2 T T
- p{ w R n;Ap{zm (BT )T X)) - (A% + (B M)A A))}},

A

where Z,, = n~1/2 ZZ 16X, € =Y, — 5 X;. In addition, we have changed the variable from
¥ — X; = A If we let ( = /nA, then

nRy,(B.) ZS%p{—CTZn—%ZSXp{ezCTA—( FA)(CTX) = (Vall A% + (ﬂ*TA)(CTA))}}

< "2y ——= { Jeic” — (T X)BT Aoo—\/—<1+7m*”1”g”l> Ago}},
sgp{ E;”s;”i Jei” = (XD, 180 = Vi o)l

where we have used Hoélder’s inequality thrice to obtain the upper bound. If we solve the inner
supremum over the variable |Al|, we obtain,

n T 2
Rn * _ TZn — ‘BZC C X 5*“1
nRy(Bs) < S‘ép{ ¢ Z <4y (14 1Bl l[¢llin=1/2)

a? 2
<sup sup {_GCTZn 4(1 +GH5 Hln 1/2 Z HBZC CTXZ)ﬁ*Hl}’

a20 ¢:[|¢]l1=1
where we have split the optimization into two parts: one over the magnitude (denoted by a), and
another over all unit vectors ¢. Further, due to Holder’s inequality, we have [¢TZ,| < || Z, | as
. . 2
IC|l1 = 1. Therefore, letting ¢1(n) = || Zy] 0, c2(n) = infe ¢, =1 % Sy He,( — (CTX,)ﬂ*Hl and
c3(n) =1+ a||B]|?n~ /2, observe that

R0 < su Loy — 20 21 _ ) L 1 Zall2 (1 + o(1)) |
(Be) < GZIO){ 1(n) 4e3(n) } Cz(n)( +0o(1)) inf{C”C”lzl}%Z;;l llei¢ — (CTXz)ﬁ*H?

Since ||e;¢ — (CTXZ)ﬁ*Hf > (leil <]l — ¢ X ||ﬁ*||1)2, the denominator, c3(n), can be lower
bounded as follows:

o) = in Bp, [e¢— ((TX)BIT > it e, [(1el ~ ICTXTB 1))

. 2
>Be, | in_ B, (el - CXI05.00)° |X] | 2 Be, [t Ee, [(el - o %]

Since e; and X; are independent and min. E[(Z — ¢)?] = Var[Z] for any random variable Z, we
obtain that cy(n) > Vary,|e|. Therefore nR,(Bx) < || Zal% (1 + o(1))/Var,, |e]. O
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APPENDIX B. STRONG DUALITY FOR THE LINEAR SEMI-INFINITE PROGRAM RESULTING
FROM THE RWP FUNCTION

In the main body of the paper, we have utilized strong duality of linear semi-infinite programs
to derive a dual representation of the RWP function in order to perform asymptotic analysis (see
Proposition [B]). Establishing strong duality in this context relies on the following well-known
result on problem of moments ([23] [30]).

The problem of moments. Let €2 be a nonempty Borel measurable subset of R™, which, in
turn, is endowed with the Borel sigma algebra Bg. Let X be a random vector taking values in
the set Q, and f = (f1,..., fx) : @ — RF be a vector of moment functionals. Let Pg and M
denote, respectively, the set of probability and non-negative measures, respectively on (2, Bqg)
such that the Borel measurable functionals ¢, f1, fo,..., fr, defined on €2, are all integrable.
Given a real vector ¢ = (q1,-..,qx), the objective of the problem of moments is to find the
worst-case bound,

v(q) = sup {Eu[op(X)] : EL[f(X)] = ¢, n € Pa}. (54)
If we let fo = lq, it is convenient to add the constraint, E,[fo(X)] = 1, by appending

f= o f1,--sfx), ¢ = (1, q1,...,qx), and consider the following reformulation of the above
problem:

o(g) i= sup { [ ownta): [ F@ine) =a. e Mé}- (5%)

Then, under the assumption that a certain Slater’s type of condition is satisfied, one has the
following equivalent dual representation for the moment problem (B3]). See Theorem 1 (and the
discussion of Case [I] following Theorem 1) in [23] for a proof of the following result:

Proposition 7. Let Qf = {ff(:c)d,u(:ﬂ) T pE Mé} Ifg=,q1,...,qx) is an interior point
of Qf, then

k k
v(q) = inf {Z a;q; : a; €R, Za@fz(ﬂ:) > ¢(x) for all x € Q} )
i=0 i=0

In the rest of this section, we recast the dual reformulation of RWP function (in (@])) and the
dual reformulation of the distributional representation in Proposition [l as particular cases of
the dual representation of the problem of moments in Proposition [7

Dual representation of RWP function. Recall from Section B2 that W is a random vector
taking values in R™ and h(-, ) is Borel measurable.

Proof of Proposition [3. For simplicity, we do not write the dependence on parameter 6 in h(u, )
and R,(#) in this proof; nevertheless, we should keep in mind that the RWP function is a
function of parameter #. Given estimating equation E[h(V)] = 0, recall the definition of the
corresponding RWP function,

Ry, :==inf {D.(P,Py,) : Ep[h(W)] =0}
= inf {E [c(U,W)] : Ex[h(U)] =0, 7, =P,, 7 € P(R™ xR™)},

where 7, denotes the marginal distribution of W and P, is the empirical distribution formed
from distinct samples {W7,...,W,}. To recast this as a problem of moments as in (G4), let
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Q={(u,w) e R x {Wy,..., Wy} : c(u,w) < oo},

[ Ly (0 w) ] [1/n]
1w, (u,w) 1/n
fu,w) = : and g=1
l{w:Wn} (u’w) 1/n
h(u) | 0

Further, let ¢(u,w) = —c(u,w), for all (u,w) € Q. Then,
R, = —sup{E[¢(U,W)] : E-[f(UW)] =¢q, 7€ Pa},

is of the same form as (B4). Since the constraints Er[1{,—w,}(U,W)] = 1/n, for i =1,...,n,
together specify that Pr(€2) = 1, the constraint that E;[1q(U, W)] = 1 is redundant. Moreover,
as {0} lies in the interior of convex hull of the range {h(u) : (u,w) € Q}, observe that the set
Qp :={[fdu:pe ./\/lg} is simply R’} x R. Then it is immediate that the Slater’s condition
q € int(Qy) is satisfied for the moment problem,

o= —sup{ [ st whdutu,w) [ flowddutn,w) = g0 M5 |

Consequently, we obtain the following dual representation of R,, due to Proposition [Tt

n n k
. 1
R, = — inf {E Zai : Zlail{w_wi}(u,w) + Z a;hi(u) > —c(u,w), for all (u,w) € Q}

A G j i=n+1
1 n k
= —inf { = Zai Doa; > sup —c(u, Wy) — Z a;h;(u) .
aeR | 1 i—1 w:e(u,W;)<oo i=nt1
As the inner supremum is not affected even if we take supremum over {u : c(u, W;) = oo}, after
letting A = (ap+1, ..., ax) for notational convenience, we obtain
1 n
R, =sup{—> inf W;) + ATh : 56
n = sup { - Z Jnf {e(u, W) + (“)}} (56)

As )\ is a free variable, we flip the sign of A\ to arrive at the statement of Proposition Bl This
completes the proof. O

ApPPENDIX C. EXCHANGE OF SUP AND INF IN THE DRO FORMULATION (8]

The inf-sup exchange in Proposition [8] below is obtained by suitably modifying the inf-sup
exchange in [I0, Theorem 2| and its proof to accommodate more relaxed assumptions than in
[10]. The sequence of steps in the proof of Proposition [ is similar to that of [10l Theorem 2]
and is given here for completeness.

Proposition 8. For a given probability distribution Q, define

g(B):= sup Ep[l(X,Y;0)],
P: D(P,Q)<§
for B € R Suppose that g(-) is real-valued and the level set {3 € R : g (B) < b} is bounded for
every b € R. In addition, suppose that Ep [l (X,Y;ﬁ)] 1s convex and lower semicontinuous in
the variable B, for every P € Us(Q) :={P: D.(P,Q) < d}. Then,

inf Ep[I(X,Y;8)] = inf Ep [I(X,Y;5)].
O L L
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Proof. We begin by defining the sequence of approximation problems,
gN(B) = sup Ep [Z(X,Yaﬁ)] )
5

Peud (Q)
where N =1,2,..., and
U (Q) = {P e P(Kn) : De(P,Q) < 6},

with P(Ky) denoting the set of probability distributions over the set Ky = {x : ||z|ls < N}.
Then, due to the compactness of the set Z/[év (Q), we obtain

inf — inf Ep [1(X,Y: )] = inf Ep [1(X,Y;
anf, on(8) BER! by 0) P 1% Y3 0)] peup () PR P X3 8)]

as a consequence of Sion’s minimax theorem [45]. Therefore, with gn(-) being an increasing
sequence of functions, we have

lim inf gn(f) = sup inf gy(B) =sup sup inf Ep [l(X,Y;ﬁ)]
N>1BeR?

N—o0 BeR4 N>1 ]P’eug\’(Pn) BERY
< sup inf Ep |[l(X,Y;8)] < inf sup Epl|l(X,Y;f (57)
JSup it [1( )] duf, [1( )]
= inf .
ot 9(8)

The rest of the proof is divided into three technical steps:

Step 1: In this step, we show that the sequence of functions {g,(-) : N > 1} converges
pointwise to the function ¢(-), as N — oo. Since gy () is increasing in N, we have that gy (5)
converges as N — oo, for every [3. Let the function ¢g*(-) denote the pointwise limit, ¢*(-) =
lmy o0 gn(+). With gy () < g(+) for every N, we have ¢*(5) < g(B). Since g(-) is real-valued,
we consequently have g*(8) < g() < 400, for every 8 € R%.

To show that ¢*(f) necessarily equals g(3) for every 3, we argue via contradiction as follows:
Suppose that e := g(3) — g*(8) > 0 for some 3 € RY. Consider any P’ € Us(P,) such that
Ep [[(X,Y;5)] € (9(B) —e/2,9(B)]. With ¢g(B) being finite, there exists Ny sufficiently large
such that

Ep 10XV A1 X > M) <e/4 and 1 - P(Cx)] Eg (X, Y3 AI(IX [ < N)] > —e/4,
for all N > Ny. From P, we construct a measure Py, € U (Q) by letting,

Q()
Q(Kn)’

P() =P'() + [1 - P'(Ky)]
for all N large enough such that Q(Ky) > 0. Then,

9" (B) = gn(B) = Epy, [I(X, Y3 8)] > Ep [[(X, Y 8)] — /2,

for all N > Ny. With Ep [[(X,Y;8)] € (9(8) —e/2, g(B)], we then have g*(8) > g(3) — e, which
leads to a contradiction to the assumption that ¢ := g(8) — g*(8) > 0. This verifies that the
pointwise limit ¢g*(-) = g().

Step 2: In this next step, we show that the sequence of functions {gn(-) : N > 1} epicon-
verges to the function ¢(-), as N — oo. See, for example, [39, Definition 7.1] for a definition
of epiconvergence. To accomplish this step, we first see that for every sequence {fy : N > 1}
satisfying Sy — B € RY,

liminf gn (Bn) > liminf gar (Bn) > gm(B),
N—o00 N—o00
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for any positive integer M. Indeed, this is because gy(-) is an increasing sequence of functions
and gps(-), being pointwise maxima of lower semicontinuous functions, is lower semicontinuous.
Letting M — oo, we then have

lim inf gn(BN) = g9(B),

due to the pointwise convergence concluded in Step 1. Next, for any 8 € R, if we pick the
sequence By = 3, we have limy_o0 g (Bn) = limy o0 gn(8) = g(B). We therefore have from
the epiconvergence characterization in [39, Proposition 7.1] that the sequence {gny : N > 1}
epiconverges to the function g(-).

Step 3: In this final step, we show that the optimal values infgcga g () converge to
inf 3egpa g(B), as N — oo. With Ep[l(X,Y’; 8)] being convex in the variable 3, we have that the
pointwise maximum g(-) is convex. Combining this observation with the level-boundedness of
the limiting function g(-), we have from [39, Exercise 7.32(c)] that the sequence {gn(5) : N > 1}
is eventually level-bounded. Further, since the functions gn(-),g(-) are lower semicontinuous
and proper, we obtain the desired optimal value convergence,

inf — inf ,
1;1 dgN(ﬁ) 1;1 dg(ﬁ)
as a consequence of BEZL Theorem 7.33].

The conclusion in Step 3 forces the inequalities in (57 to be equalities, thus rendering the
desired inf-sup interchange in the statement of Proposition O

Proof of Lemma . Let us consider linear regression loss function first. Under the null hypothe-
sis, E|| X ||3 < oo and E[e?] < oo. Therefore, for any 8 € RY E[I(X,Y;8)] = E[(Y — 8T X)?] < 0.
Further, as the loss function [(x, y; 5) is a convex and continuous in the variable 8, we have that
Ep[l(X,Y; 5)] is convex and lower semicontinuous for any P € Us(P,,). Next, the distributionally
robust representation in Theorem [I]

08) = sup Bl i) = /B, [ = 57X + VG

Pe Us(Pn)

allows us to conclude that g(3) is finite for every 8 € R%. Further, as g(3) — co when |||, — oo
and g(f) is convex and continuous in R?, the level sets {3 : g(3) < b} are compact and nonempty
for every b > (\/Ep,[(Y — BT X)2] + V|| B.||)?. This verifies the level-boundedness requirement
in the statement of Proposition B As all the conditions in Proposition [§ are satisfied, the
sup and inf in the DRO formulation (8]) can be exchanged in the linear regression example as
a consequence of Proposition Exactly similar reasoning applies for logistic regression loss
function when E|| X |2 is finite. O
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