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Abstract

This thesis focuses on making smart decisions. Early works often equated smartness with the
ability to do more with data (e.g., more accurate predictions, more profitable prescriptions),
leading to ever progressing algorithms without safeguards. Safeguards are vital, however, to
enforce fairness/ethics, interpretability, privacy, and robustness of decisions. A decision can
only be truly smart if it is optimized while adhering to these values. With this perspective, this

thesis focuses on the following key themes:

(i) Developing safeguarded data-driven decision making models. I formulate safe-
guarded data-driven decision making models to address concerns such as privacy and

robustness.

(ii) Deriving tractable algorithms to solve safeguarded problems. These safeguards
often make the underlying computational tasks intractable; therefore, I derive efficient ap-
proximation schemes with rigorous performance guarantees for the optimization problems

that arise in such settings.

(i7i) Analyzing safeguarding within multi-stage systems. Data-driven decision making
involves multiple stages, typically starting with estimating the unseen truth from data and
ending with optimizing decisions over the perceived reality. I aim to understand at which

stage these safeguards should be imposed for the best outcomes.



Structure

The structure of this thesis is as follows.

The first chapter, Chapter I, summarizes my work on optimal ethical decision making.
Broadly speaking, this chapter focuses on settings where decision makers face trade-offs be-
tween ethical constraints and the optimality of decisions with respect to a given objective. One
example, drawn from the domain of privacy as an ethical constraint, is as follows. Modifying a
data-driven decision making algorithm to ensure that its outcomes, if publicly released, do not
compromise the privacy of individuals whose data is used introduces a privacy—utility trade-off:
the utility gained from data typically decreases relative to a setting with no privacy considera-
tions. As a result, some practical approaches gradually relax privacy requirements to improve
decision quality. In contrast, my work focuses on optimizing decisions subject to a prespecified
level of privacy. I aim to maximize the utility obtained from data while strictly adhering to a
prespecified definition and level of privacy.

Chapter II focuses on another class of safeguards, namely robustness, within the field of
machine learning. In this context, I study how to mitigate the optimizer’s curse: the degradation
of performance in future deployment of machine learning models due to overfitting to historical
data. I develop distributionally robust learning methods that account for such statistical errors,
with an emphasis on real-world applicability. In particular, I address settings that are common
in practice but often overlooked in the literature, such as the presence of mixed (continuous
and categorical) features in our datasets and adversarial attacks that may occur in the future,
during model deployment. Accordingly, this chapter presents my contributions to robust machine
learning under several practical extensions.

Chapter III summarizes my work on fundamental classes of nonconvex problems in robust and
stochastic optimization, which often arise as reformulations or subproblems within safeguarded
decision making. In several settings throughout this thesis, the resulting optimization problems

are NP-hard. I address these challenges by developing efficient approximation algorithms with



provable guarantees, leveraging tools from stochastic and robust optimization such as decision
rules and convexification techniques. This chapter presents my contributions to this direction,
including tractable methods for convex maximization and reformulation techniques that enable
stronger relaxations in practice.

The final chapter, Chapter IV, outlines directions that I believe warrant further investigation,
including several that I am already pursuing or have initiated collaborations on.

Chapters I-III each consist of two research papers that I submitted to peer-reviewed con-
ferences and journals during my PhD. Summaries of these publications, along with the list of
co-authors, are provided at the beginning of each chapter. Each section contains numerical
subsections corresponding to the main content, and alphabetical subsections corresponding to
appendices, which include proofs and details of numerical experiments. The numbering of en-
vironments such as theorems and equations is continuous throughout the thesis and does not

reset within sections.
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Chapter 1
Optimal Ethical Decision Making

During my PhD, I worked on decision making subject to ethical constraints. The research theme
is making optimal decisions under pre-specified definitions of privacy (for individuals whose
private information appears in the data used for data-driven decision making), fairness (as a
result of our decisions, for groups of individuals characterized by distinct sensitive attributes),
or interpretability (of the models used to make decisions). While I have ongoing work on all of
these themes, this chapter focuses on privacy. In Chapter IV, I discuss my works on fairness
and interpretability that follow a similar approach.

The first section of this chapter, Section 1, is based on the following work (Selvi et al. 2025):

Aras Selvi, Huikang Liu, Wolfram Wiesemann. (2025). Differential privacy via
distributionally robust optimization. Forthcoming in Operations Research.

- 2024 George Nicholson Student Paper Competition (Second Place)

- 2023 Imperial Best PhD Paper in Operations (First Place)

- 2023 INFORMS Optimization Society Student Paper Prize (Honorable Mention)

The second section, Section 2, is based on the following work:

Huikang Liu, Aras Selvi, Wolfram Wiesemann. (2025). Mixtures of Gaussians in

approximate differential privacy. Under Review.
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1 Differential Privacy via Distributionally Robust Optimization

Abstract

In recent years, differential privacy has emerged as the de facto standard for sharing statistics
of datasets while limiting the disclosure of private information about the involved individuals.
This is achieved by randomly perturbing the statistics to be published, which in turn leads to a
privacy-accuracy trade-off: larger perturbations provide stronger privacy guarantees, but they
result in less accurate statistics that offer lower utility to the recipients. Of particular interest
are therefore optimal mechanisms that provide the highest accuracy for a pre-selected level of
privacy. To date, work in this area has focused on specifying families of perturbations a priori
and subsequently proving their asymptotic and/or best-in-class optimality.

In this work, we develop a class of mechanisms that enjoy non-asymptotic and unconditional
optimality guarantees. To this end, we formulate the mechanism design problem as an infinite-
dimensional distributionally robust optimization problem. We show that the problem affords a
strong dual, and we exploit this duality to develop converging hierarchies of finite-dimensional
upper and lower bounding problems. Our upper (primal) bounds correspond to implementable
perturbations whose suboptimality can be bounded by our lower (dual) bounds. Both bounding
problems can be solved within seconds via cutting plane techniques that exploit the inherent
problem structure. Our numerical experiments demonstrate that our perturbations can outper-
form the previously best results from the literature on artificial as well as standard benchmark

problems.

1.1 Introduction

When organizations collect personal data about individuals, it is their responsibility to protect
that data when they share information about it with third parties. Data anonymization, which
aims to alter the data so that individuals are no longer identifiable, is often insufficient in
that regard as it is prone to, among others, reconstruction attacks (Dinur and Nissim 2003)
and de-identification attacks (Sweeney 1997, Heffetz and Ligett 2014). To address this issue,
manifold definitions of data privacy have been proposed, including k-map (Sweeney 2001, §4.3),
k-anonymity (Sweeney 2002), ¢-diversity (Machanavajjhala et al. 2007) and J-presence (Nergiz
et al. 2007); see also the review of Desfontaines (2020, §2.1). Among those, differential privacy
(DP), first proposed by Dwork et al. (2006b), has arguably received the most attention among

researchers and practitioners.
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DP considers databases D € D, where D := U" denotes the set of databases with n indi-
viduals (or rows), each of which stems from a data universe U that characterizes the admissible
attribute vectors (e.g., the possible values of the predictors and the output for a supervised
learner). For any £,0 > 0, a randomized algorithm .4 mapping databases D € D to random

outputs w € Q is (g, d)-differentially private if
PlA(D) € A] <€ -PA(D') e A]+6§  VY(D,D')e N, VAeF,
where (§2, F,P) is a probability space and
N={(D,D)YeDxD : D' =(D_y,d) for some k=1,...,n and d € U}

denotes the (symmetric) set of neighboring databases (D, D’), where D’ emerges from D by
replacing its k-th element with any d € U (Dwork et al. 2006a,b). Intuitively, under DP with
d = 0, an adversary cannot confidently estimate any single row of the database D from a single
sample w ~ A(D) even if she knows all other rows of D and the implementation of A (Dwork
2011). In the general case where § > 0, (¢,6)-DP is a sufficient (but not necessary) condition
for the aforementioned (g,0)-DP to hold with a probability of at least 1 — ¢ (Dinur and Nissim
2003, Meiser 2018, Canonne et al. 2020). Viewed through a Bayesian lens, (g,0)-DP allows the
adversary to update her prior on D by at most an amount that is bounded by a function of ¢
and ¢ upon seeing a realization of A(D), see Vadhan (2017, §1.6).

Compared to other notions of privacy, DP enjoys several desirable features. The composition
theorem (Dwork and Roth 2014, Theorem 3.16), for example, implies that sharing k different
statistics, where statistic ¢ has been generated by a (g, 6;)-DP mechanism, i = 1,..., k, satisfies
(Zle iy Zle 0;)-DP. Likewise, the post processing property asserts that any analysis derived
from the output of a differentially private mechanism remains differentially private with the same
privacy guarantees (Dwork and Roth 2014, Proposition 2.1). Due to these and other features,
DP has found manifold recent applications in statistics and machine learning (Chaudhuri and
Monteleoni 2008, Friedman and Schuster 2010, Chaudhuri et al. 2011, Abadi et al. 2016, Cai and
Kou 2019), optimization (Mangasarian 2011, Hsu et al. 2014, Han et al. 2016, Hsu et al. 2016),
mechanism design (McSherry and Talwar 2007) and revenue management (Chen et al. 2022, 2023,
Lei et al. 2024). DP has also been widely applied in industry, ranging from emoji recommender
systems that learn from user behavior (Apple Differential Privacy Team 2017), databases that
publish user interactions on Facebook (Messing et al. 2020) and COVID-19 vaccination search
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insights at Google (Bavadekar et al. 2021) to insights from LinkedIn’s Economic Graph (Rogers
et al. 2020), the U.S. Broadband Coverage dataset posted by Microsoft (Pereira et al. 2021) and
the earnings distribution published by the U.S. Census Bureau (Foote et al. 2019).

In this work, we study algorithms that perturb the output of a scalar query function f : D —
R so as to guarantee (g,0)-DP. The query function f could be a simple statistical query, such as
the average, the median or a quantile of a real-valued attribute across all rows, a count of the
rows satisfying a user-specified condition, or it could be part of a machine learning model that

is trained on the database. We illustrate our setting with the following motivating example.

Example 1. The popular Kaggle salary dataset! reports the monthly salaries (in thousands of
Indian Rupees; INR) of 6,704 individuals whose features include education level and job title.
Consider the query function f that computes the average salary of PhD graduates working in
research. Across the 194 PhD researchers in the database, the salary varies between 120k INR
and 190k INR, and the average salary amounts to 165.65k INR. Returning this average would
violate DP, however, since an adversary with knowledge of the salaries of the first 193 PhD

researchers could readily compute the salary of the 194th PhD researcher from the query result.

The Laplace mechanism (Dwork et al. 2006b) achieves (g,0)-DP, also referred to as pure
differential privacy, by returning f(D) + X, where the random variable X follows a zero-mean
Laplace distribution with scale parameter Af/e and Af := supp prep |f(D)— f(D')| denoting
the sensitivity of the query f.

Example 1 (cont’d). Assume that the salaries of PhD researchers vary between 120k INR
and 190k INR, which are the minimum and mazximum PhD researcher salaries recorded in
the salary dataset. Thus, the sensitivity of the average PhD researcher salary query is Af =
% INR = 0.36k INR, which is attained by any two databases (D,D') € N that differ
in the salary of one PhD researcher, with one database recording a salary of 120k INR and
the other reporting a salary of 190k INR. To achieve (1,0)-DP, the Laplace mechanism returns
as average salary the sum of 165.65k INR and the realization of a zero-mean Laplace distribu-
tion with scale parameter Af/e = 0.36k INR. Assume that this sum amounts to 165.5k INR.
Equipped with her knowledge of the salaries of the first 193 PhD researchers, the parameters
Af and € of the Laplace mechanism as well as the query response of 165.5k INR, the adversary
could try to deduce the salary of the 194th PhD researcher via maximum likelihood estima-

tion. The likelihood of the 194th PhD researcher’s salary being s, given the above information, is

'"URL: https://www.kaggle.com/datasets/mohithsairamreddy/salary-data/data
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L(s) = p(165.5k | [31,966.10k+s]|/194,0.36k), where p(- | p, b) is the density function of a Laplace
distribution with location parameter p and scale parameter b and 31,966.10k INR is the sum of the
first 193 PhD researcher salaries (that are known to the adversary). The mazimum likelihood es-
timator is s* = 140.9k INR, which is exactly the value that makes the average across the first 193
PhD researcher salaries and the unknown last salary equal to the observed query output of 165.5k
INR. One readily computes that L(s*) & 1.389 while min{L(s) : s € [120k, 190k} = 0.688. The
ratio between the mazximum and the minimum likelihood is 1.389/0.688 = exp(0.7), and DP
guarantees that this ratio is bounded from above by exp(g). In other words, even if the adversary
knew all but one of the PhD researcher salaries, she could not confidently estimate the unknown

salary from a single observation of the query output.

Pure differential privacy bounds the probability ratio of outputs within any measurable set
A € F, no matter how small the involved probabilities are. This significantly restricts the design
of admissible algorithms A, particularly in their tail behavior, and it has spurred research into
other DP notions that relax the privacy requirement for unlikely events (Desfontaines and Pejo
2020). The most prominent notion is (e, d)-DP, also known as approzimate differential privacy.
The Gaussian mechanism (Dwork and Roth 2014, Appendix A), for example, achieves (g,0)-DP
for any £,6 € (0,1) by returning f(D) + Y, where the random variable ¥ follows a zero-
mean Gaussian distribution with variance 21n(1.25/8)(Af/e)?.  In Example 1, the (1,0)-DP
Laplace mechanism adds a noise with standard deviation 510.28 INR to the query result, whereas
the (1,0.2)-DP Gaussian mechanism—despite satisfying a relaxed notion of DP—increases the
standard deviation of the noise term to 689.21 INR.

The Laplace and Gaussian mechanisms are data independent additive noise mechanisms as
their additive noises X and Y do not depend on the database D. In contrast, the noise of a
data dependent mechanism may depend on the database D. One of the earliest data dependent
mechanisms is the exponential mechanism (McSherry and Talwar 2007), which achieves (g, 0)-DP
for query functions with nominal outputs. Instead of adding data independent noise to the query
output, the exponential mechanism ensures that the output is in the range of nominal outputs
by randomly selecting one of finitely many outputs according to some score function. For query
functions with real-valued outputs, smooth sensitivity mechanisms (Nissim et al. 2007) achieve
(€,6)-DP at a higher accuracy than their data independent counterparts by adding noise whose
variance is smaller for databases in neighborhoods with a low variation of the query outputs.

Algorithms with stronger privacy guarantees tend to offer less utility from data (Alvim et al.

2011). This is clearly seen for the Laplace and Gaussian mechanisms, whose variances increase
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with smaller values of ¢ and 4. It is therefore natural to study whether those mechanisms
are optimal, that is, whether they minimize a pre-specified loss function among the respective
classes of (¢,0)-DP and (g,0)-DP algorithms. In particular, since the (1,0.2)-DP Gaussian
mechanism results in a larger standard deviation than the (1,0)-DP Laplace mechanism in
Example 1, we conclude that Gaussian mechanisms are not optimal for the fs-loss function
in general. The early work on optimal mechanisms has focused on specific query functions
(such as count queries), and is reviewed, among others, by Geng and Viswanath (2014, §1)
and Sommer (2021, §4.6). Among the first papers that investigate optimal mechanisms for
generic query functions is the work of Soria-Comas and Domingo-Ferrer (2013), who show that
for large classes of (g,0)-DP data independent additive noise mechanisms and loss functions, a
necessary optimality condition is that no probability mass in the distribution of the random noise
can be moved towards zero without violating the privacy guarantee. The Laplace mechanism
violates this condition and is thus not optimal, whereas the condition is satisfied by piecewise
constant ‘staircase distributions’ that move the probability mass of the Laplace distribution
closer to zero. Geng and Viswanath (2014) show that for classes of ¢1- and ¢5-loss functions,
the Laplace mechanism is asymptotically optimal as € — 0, but that it can be significantly
suboptimal for larger values of €. They also propose an (g, 0)-DP data independent additive noise
mechanism based on piecewise constant staircase distributions that is optimal across all (e, 0)-
DP algorithms for a large class of symmetric and increasing loss functions. While determining
the optimal staircase distribution generally requires the tuning of a single parameter, closed-form
characterizations are provided for the special cases of £1- and #s-loss functions.

In contrast, the design of optimal mechanisms for § # 0 is much less well understood. For
the special case where ¢ = 0 (also known as additive differential privacy), Geng et al. (2019)
show that sampling the additive noise from the product of a uniform and a Bernoulli random
variable is optimal for symmetric and increasing loss functions among the class of (0, 0)-DP data
independent additive noise mechanisms with decreasing noise distributions. Closed-form char-
acterizations of the optimal distributions are provided for £,-loss functions, whereas the general
case requires the tuning of a single parameter. Balle and Wang (2018) show that the parameter
choice of the aforementioned Gaussian mechanism is suboptimal. They propose the analytic
Gaussian mechanism, which is optimal among the family of Gaussian mechanisms, by numeri-
cally computing the smallest variance that satisfies (g, d)-DP. For the general class of (g,0)-DP
data independent additive noise mechanisms, Geng and Viswanath (2016) show that the sub-

optimality of uniform and discretized Laplace distributions can be bounded by a multiplicative
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constant for integer-valued queries under ¢1- and f2-loss functions when ¢ — 0 and § — 0 simul-
taneously. Tighter suboptimality bounds have been derived by Geng et al. (2020) for real-valued
queries when the data independent additive noise is governed by a truncated Laplace distribu-
tion. In their analysis, the authors decompose the support of the distribution into a ‘body’ that
achieves (g,0)-DP and a ‘tail’ that breaches privacy but is limited to a probability mass of . The
resulting mechanisms are (¢,d)-DP, and they are asymptotically optimal under ¢;- and ¢2-loss
functions when € — 0 and 6 — 0 simultaneously. The authors show that the truncated Laplace
mechanism outperforms the aforementioned analytic Gaussian mechanism under ¢;- and #»-loss
functions. To our best knowledge, the truncated Laplace mechanism provides the strongest
optimality guarantees among the currently known (g, )-DP mechanisms for generic queries. In
Example 1, the noise added by the (1,0.2)-DP analytic Gaussian mechanism has a standard de-
viation of 300.96 INR, whereas the truncated Laplace mechanism reduces the standard deviation
to 273.48 INR.

The definition of optimality is more involved for data dependent mechanisms since their
expected losses vary with the database. Minimizing the worst-case expected loss across all
potential databases D € D (which the minimax optimality criterion attempts to achieve) is
overly conservative since it implies that data independent mechanisms remain optimal under
mild conditions (Geng and Viswanath 2014). Instead, instance specific optimality criteria have
been proposed that compare the expected loss for each database with a lower bound that is
tailored to the database. Local minimax optimality (Asi and Duchi 2020a,b), for example,
requires that a mechanism’s expected loss for any database D € D is within a constant factor
of the expected loss of any other DP mechanism for at least one database in a neighborhood
of D. Local minimax optimality recovers the earlier notion of minimax optimality when the
neighborhood contains all databases D € D. Asi and Duchi (2020a,b) show that under the
expected f£1-loss, the inverse sensitivity mechanism first proposed by Johnson and Shmatikov
(2013) satisfies local minimax optimality for various query functions, and that it outperforms
the Laplace and the smooth Laplace mechanisms under mild conditions.

The aforementioned contributions to the design of optimal (g,d)-DP mechanisms have in
common that they limit their attention a priori to specific classes of mechanisms (such as
Gaussian; standard, truncated or discretized Laplace; staircase; uniform-Bernoulli product or
uniform distributions) and subsequently prove either optimality among the mechanisms in their
respective classes or asymptotic optimality among larger families of mechanisms as ¢ — 0 and

9 — 0 simultaneously. In this work, we propose to formulate and solve the optimal (g,)-

29



/’\

-0.6 -0.3 0.0 0.3 0.6 -0.6 -0.3 0.0 0.3 0.6 -0.6 -0.3 0.0 0.3 0.6
“Gaussian Analytic Gaussian Truncated Laplace Data Independent Noise
[sd: 689.21 INR] [sd: 300.96 INR] [sd: 273.48 INR] [sd: 257.68 INR]

Figure 1: Different noise distributions that guarantee (1,0.2)-DP in Ezample 1.

DP mechanism design problem as an infinite-dimensional distributionally robust optimization
(DRO) problem (Delage and Ye 2010, Wiesemann et al. 2014, Kuhn et al. 2019). To this end, we
minimize an expected loss function over all noise distributions, subject to the satisfaction of the
DP constraints. In contrast to much of the existing literature, our formulation caters for generic
loss functions (including asymmetric ones such as the pinball loss), and it can restrict the noise
via support constraints. We show that our formulation affords a strong dual, and we develop
hierarchies of finite-dimensional conservative approximations to the primal and dual formulations
to derive converging upper and lower bounds on the optimal expected loss. Our upper bounds
correspond to implementable perturbations whose optimality gaps can be certified by the lower
bounds. Our bounding problems can be solved efficiently via cutting plane techniques that
leverage the inherent problem structure. Our numerical experiments show that our optimal
mechanisms can outperform the previously best results from the literature on artificial as well

as two standard machine learning benchmark problems.

Example 1 (cont’d). To guarantee (1,0.2)-DP, our data independent additive noise algorithm
from Section 1.2 adds a noise with standard deviation 257.68 INR. As Figure 1 demonstrates,

our noise distribution does not appear to admit a simple analytical characterization.
The contributions of this work may be summarized as follows.

(i) We formulate the data independent additive noise problem as a DRO problem. Our
formulation is flexible enough to cater for a large range of loss functions, and it extends to

various problem variants such as the data dependent and the instance optimal problem.

(ii) We show that our primal and dual formulations can be bounded from above and below
by converging hierarchies of large-scale linear programs that can be solved efficiently via

tailored cutting plane techniques.
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(#i) In contrast to the existing optimality results, which are either restricted to specific mech-
anisms or hold asymptotically, our formulation affords optimality guarantees that are
non-asymptotic and that apply to any choice of € and §. Our numerical results showcase

the advantages of our approach on a range of artificial as well as benchmark problems.

In our view, the optimization perspective on DP put forward in this work opens up several
opportunities for future research. On one hand, our proposed hierarchy of primal and dual
bounds appears to extend to other existing and new definitions of DP, it may allow for the de-
velopment of approximation schemes for (g, §)-DP with either a priori or a posterior: optimality
guarantees, and it may generalize to multi-dimensional queries. On the other hand, the DP
mechanism design problem gives rise to novel classes of DRO problems that have not been stud-
ied previously and that may find applications elsewhere. Most importantly, we believe that the
design of optimal DP mechanisms should be viewed and addressed as a DRO problem, and the
DRO community has developed a rich arsenal of techniques that can be leveraged beneficially
to contribute with novel insights and algorithms.

The remainder of this work unfolds as follows. Section 1.2 formulates the data indepen-
dent additive noise problem as an infinite-dimensional DRO problem, it shows that the problem
affords a strong dual, and it develops a hierarchy of converging finite-dimensional upper and
lower bounding problems. Building upon this analysis, Section 1.3 studies the data depen-
dent additive noise problem, which optimizes over an uncountable family of noise distributions.
Section 1.4 develops a cutting plane algorithm to solve the bounding problems of Sections 1.2
and 1.3. We report numerical experiments in Section 1.5 and offer concluding remarks in Sec-
tion 1.6, respectively. All proofs as well as some additional numerical results are relegated to the
e-companion. Finally, the GitHub repository accompanying this work contains the sourcecodes
of all algorithms that we implemented as part of this work, the datasets used in our numerical
experiments as well as additional numerical experiments and extended discussions of the related
literature.?

Notation. Bold lower case letters denote vectors, while scalars are assigned standard lower
case letters. The sets {1,..., N} and {—N,..., N} are abbreviated by [N] and [+N], respec-
tively. For a set S and a scalar a € R, we let S+a = {s+a : s € S} denote the Minkowski
sum of the sets S and {a}; similarly, S — a abbreviates S + (—a). For a measurable interval
I CR", |I| € RU{+400} denotes the Lebesgue measure of I. Unless otherwise stated, measures

of real sets are defined on the corresponding Borel o-algebras. The sets of sign-unrestricted and

*https://github.com/selvi-aras/DP-via-DRO
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non-negative measures that are defined on the power-set o-algebra of some set A are denoted
by M(A) and M (A), respectively. Finally, 1[€] is the indicator function taking value 1 if the

condition £ is satisfied and 0 otherwise.

1.2 Data Independent Noise Optimization

We start with data independent additive noise mechanisms that perturb the query output f(D)
of a database D € D by adding a random noise X independent of D so as to minimize an expected
loss while satisfying (e,d)-DP. We formalize this problem in Section 1.2.1, and Section 1.2.2

derives a converging hierarchy of finite-dimensional upper and lower bounding problems.

1.2.1 The Data Independent Optimization Problem

We study the problem

minimize / c(x) dy(x)
v z€R

subject to v € Py
/ ]l[f(D)ereA}d*y(m)gee-/ 1[f(D')+x € Aldy(x) + 0
Tz€R z€R
V(D,D') e N, VA € F,

(1)

where (R, F) is a measurable space with the Borel o-algebra F on R and the set Py of probability
measures supported on R. Problem (1) selects a probability measure  governing the random
noise X so as to minimize the expected value of the Borel loss function ¢ : R R, subject to
(€,6)-DP for €, > 0. Note in particular that the integrals on both sides of the DP constraint
evaluate the probabilities P[A(D) € A] and P[A(D’) € A] for the randomized query outputs
A(D) = f(D) 4+ X and A(D') = f(D') + X with X ~ v as per our definition of (¢, 8)-DP from

the previous section. We assume that c satisfies the following regularity conditions.
Assumption 1 (Loss Function). The loss function ¢ : R — R satisfies the following properties:
(a) Continuity. ¢ is continuous on R.
(b) Unboundedness. For any r € R we have c(x) > r for |x| sufficiently large.

Assumption (a) enables us to construct discrete approximations to problem (1) and its
dual that converge as we refine their granularity. Assumption (b) allows us to restrict these

approximations to a bounded support of the involved measures without incurring an unbounded
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loss. Loss functions typically used in the literature, such as the noise amplitude (¢;-loss with
c(z) = |x|) and the noise power (fo-loss with c(z) = x?), satisfy Assumption 1.
Recall that Af := sup{f(D’)— f(D) : (D, D’) € N'} is the global sensitivity of the query f

over the set of neighboring databases N'. We assume that f is surjective in the following sense.

Assumption 2 (Query Function). For each ¢ € [—=Af,Af], we have f(D') — f(D) = ¢ for
some (D, D) € N.

Assumption 2 is standard (Geng and Viswanath 2014, Geng et al. 2020), and it is satisfied by
common descriptive statistics including the mean, median, minimum/maximum and standard
deviation, as well as several popular machine learning algorithms (cf. Section 1.5), if the data
is numeric. Our theory continues to apply if Assumption 2 is violated, but our reformulation of
problem (1) will be conservative as it guarantees DP over the entire range ¢ € [-Af, Af], as

opposed to the subset of query output differences that can actually be observed over .

Observation 1. Under Assumption 2, the data independent noise optimization problem is

minimize / c(z) dy(z)
v T€R

subject to v € Py (P)

/ ]l[areA]dv(x)gea-/ Iz + o€ Aldy(z) +9 V(p, A) €&,
zeR TzeR

where € := [-Af,Af] x F.

Problem P has uncountably many decision variables and constraints and thus appears to be
challenging to solve. Despite the linearity of the problem, standard tools from finite-dimensional
linear programming, such as strong duality, are typically not available without further assump-
tions (Anderson and Nash 1987). Problem P is feasible since its constraints are satisfied, for ex-
ample, by Laplace (Dwork et al. 2006b) and Gaussian measures (Dwork and Roth 2014, Theorem
A.1). Convexity of the feasible region implies that mixtures of such measures are also feasible.

Problem P can be interpreted as an uncertainty quantification problem from the distribu-
tionally robust optimization literature (Owhadi et al. 2013, Han et al. 2015, Hanasusanto et al.
2015). Under this view, the constraints of P correspond to an uncountable number of moment
conditions that define an ambiguity set from which nature selects a distribution v that mini-
mizes the expected profit of the decision maker’s action. Problem P differs from the uncertainty
quantification problems typically studied in the literature in both the number and the structure

of these moment constraints. The constraints of P can also be interpreted as robust constraints
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that have to be satisfied for all realizations (¢, A) € £ of the ‘uncertain parameters’ ¢ and A
(Ben-Tal et al. 2009, Bertsimas and den Hertog 2022). In contrast to the standard robust opti-
mization literature, however, the uncertain parameter A in our problem is infinite-dimensional.

Problem P is also reminiscent of continuous linear programs (Anderson and Nash 1987),
which comprise uncountably many decision variables and constraints as well. Owing to their
continuous-time control heritage, however, the constraints in continuous linear programs are
indexed by a single bounded real scalar = € [0,T], whereas our constraint indices additionally
involve the set of all Borel sets F. Moreover, the decision variable of a continuous linear pro-
gram has a bounded support [0,7] and is assumed to admit a density, whereas our decision
variable v has an unbounded support R and may not admit a density. Both of these additional
complications imply that we cannot directly use the theory of continuous linear programming

and instead have to derive bounding problems and prove their convergence from first principles.

1.2.2 A Hierarchy of Converging Bounding Problems

To obtain a tractable upper bound on problem P, we first introduce a restriction of P that

replaces the generic measure v with the piecewise constant function

AN L))

Y(A) =) pli) 3

€L

VA€ F, 2)

where p : Z — Ry satisfies Y, p(i) = 1, and {I;(8)}icz partitions R into disjoint intervals
Li(B) :=1i-B,(i+1)-8), i € Z, of some pre-selected length 5 > 0. To simplify the exposition, we

assume that A f is divisible by 5. Under restriction (2), most constraints in P become redundant.

Lemma 1. Under restriction (2), P has the same optimal value as

minimize Z ¢i(B) - p(i)

p

€7
subject to p:Z+— R4, Zp(z) =1 (P(5))
1€Z
D UGB C Al p(i) <€) LB+ S Al-p(i) +5 Y(p,A) € E(B),
i€Z i€Z

where ¢;(B) = gL fxeh(ﬁ) c(x)dx and E(B) := B(B) x F(B) with B(B) = {-Af,—Af +
By...,Af} and F(B) := {UieIIi(ﬂ) : I C Z}.

In contrast to P, problem P(/3) has countably many decision variables. By Cantor’s theorem,

however, it still comprises uncountably many constraints since F(/3) is indexed by the power set
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of infinitely many intervals {I;(8)};cz. To bound P() from above by a finite-dimensional linear
optimization problem, we constrain P(J) further by restricting the discrete probability measure

p to a bounded support. Formally, we impose that there is L € N such that
p(i) =0 VieZ\[£L] (3)

that is, we bound the overall support to 2L + 1 intervals I;(3) centered at 0. Restriction (3)
allows us to remove from P(f) any privacy constraint that relates to intervals I;(3) and I;(5)

whose indices 7 and j both lie outside the support [+L1].

Proposition 1. With the additional constraint (3), P(3) has the same optimal value as

minimize Z ci(B) - (i)

p

1€[£L]
subject to p:[+L] — Ry, Z p(i) =1 (P(L,B))
i€[£L)
D ULB) Al pli) <€ - Y LA +o C Al p(i) + 5 V(p, A) € E(L, B),
iel+L] i€[£L]

where E(L, B) :== B(B) x F(L,B) with F(L,B) := { U;ep Li(B) : £ C [+L]}.

Problem P(L, 8) constitutes a large-scale but finite-dimensional linear optimization problem
that will serve as a building block to our cutting plane algorithm in Section 1.4. We emphasize
that the finiteness of the problem is solely due to our measure discretization (2) as well as the
restriction (3) to a bounded support, that is, we did not impose any additional assumptions on
the structure of the worst-case events A to arrive at a finite-dimensional model. In terms of
optimal values, we have the relationship P(L,3) > P() > P for all support sizes L € N and
interval lengths 5.

We next derive a lower bound on P. To this end, we employ a strategy widely adopted in

distributionally robust optimization and first propose a dual to problem P:

maximize 60— 9§ dy (e, A)
0,9 (p,A)eE

subject to 0 € R, p € M, (E)
0 < c(x) +/

(p,A)e€

(D)

1z € Aldy(p, A) — e - /( e L[z + ¢ € Aldy(p, A)
@,

Vr € R.

The integrals in this problem are well-defined due to the domain of ¢ specified in the first
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constraint. Problem D affords a natural interpretation: suppose that § = 0 and replace in the

objective function the epigraphical variable 6 with

inf c(x)+ / 1z € Aldy(p, A) — € - / L[z + ¢ € Aldy(p, A).
zeR (p,A)eE (p,A)eE

Problem D then determines a conic combination of database-event pairs (¢, A) that maximizes
the sum of noise-related costs ¢(z) and cumulative DP shortfall (i.e., the cumulative violation
of all DP constraints) under the most benign realization z of the random noise X.

We can readily establish weak duality between the problems P and D.

Proposition 2 (Weak Duality). For any ~y feasible in P and (0,) feasible in D, we have

| carr@zo-5[  avipa.
z€R (p,A)e€

It is tempting to conclude that strong duality should hold as well between P and D due
the linearity of both problems. However, strong duality does not typically hold in infinite-
dimensional optimization without further assumptions (Anderson and Nash 1987). We therefore
defer the discussion of strong duality between P and D to the end of this section.

Similar to problem P, problem D appears challenging to solve since it comprises uncountably
many decision variables and constraints. To construct a tractable lower bound on D, we first

remove all variables ¥ (p, A) indexed by (¢, A) € £\ (), that is, we impose that

/ dib(p, A) = 0. (4)
(p,A)eENE(B)

Restriction (4) can be understood as the dual pendant to our discretization (2); in fact, the
dual variables unaffected by (4) correspond precisely to the constraints in problem P(/3). Under

restriction (4), most constraints of D become redundant.

Lemma 2. With the additional constraint (4), D has the same optimal value as

maximize 6 —0 - / dy(p, A)
o (pA)EE(B)

. (D(8)
subject to 0 € R, ¥ € M4 (E(P))
6 < ci(B) + / L[L(8) € Aldib(p, A) — ¢ - / LIL(8) + p € Ald(i, A)
(p,A)eE(B) (p,A)EE(B)
Vi e Z,
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where ¢;(8) := inf{c(z) : x € L;(8)}, i € Z.

In contrast to problem D, which comprises uncountably many constraints, problem D(/3) has
countably many constraints. However, the problem still contains infinitely many constraints as
well as uncountably many variables. To bound D(3) from below by a finite-dimensional linear

optimization problem, we set ¥(E(B) \ E(L, 5)) = 0 for some L € N, that is, we impose that
P P ) ) ) ) p

/ A, A4) = 0. 5)
(p,A)EE(BNE(L,B)
Restriction (5) is the dual pendant to our support constraint (3). It removes variables associated

with events that contain intervals sufficiently far away from 0 since (¢, A) € E(B)\E(L, ) implies

Proposition 3. With the additional constraint (5), D((3) has the same optimal value as

ma)girjjmze 0—0- Z P(p, A)
(p,A)€E(L,B)
subject to 0 € R, ¥ : E(L,B) — R4 (D(L, B))

O<c®+ > LGB CA-Yp,A)—e - > LB+ C A P(p, A)
(p,A)EE(L,B) (p,A)EE(L,B)
Vi e [£(L+ Af/B)].

Similar to P(L, ), problem D(L, ) constitutes a large-scale but finite-dimensional linear
optimization problem that will serve as a building block to our cutting plane algorithm in
Section 1.4. In terms of optimal values, we have the relationship D(L,3) < D(8) < D for all
support sizes L € N and interval lengths 8. In particular, P and D are sandwiched by the
finite-dimensional linear optimization problems P(L, ) and D(L, 3).

We close this section with an analysis of the convergence of the finite-dimensional linear
optimization problems P (L, 5) and D(L, 3). To this end, recall that by our earlier assumption,
B divides Af, which allows us to equivalently represent 5 as Af/k for some k € N.

Theorem 1. For any & > 0, there is ' € N and k' € N such that
P(A-k,Af/k)— DA -k, Af/E) <& VA> N, Vk> K.

Intuitively, Theorem 1 states that both the discretization granularity Af/k needs to shrink
and the support [—A - Af,A- (A + 1/k) - Af) of the noise distribution needs to grow for the
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Figure 2: Summary of the results in Section 1.2. Directed arrows x --+ y indicate upper bound
relationships x < y, whereas the double arrow confirms the convergence of optimal values as L
increases and B decreases.

primal and dual approximations to converge. In particular, keeping the support fixed (which
amounts to fixing A in Theorem 1) and merely increasing k is not sufficient for convergence
as the dual approximation provides a lower bound for all noise distributions (of potentially
unbounded support), as opposed to only the noise distributions that share the same support as
the primal approximation. We elaborate further on this in our GitHub supplement, where we
also derive conditions on A and k that ensure feasibility of the upper bound P(L, ). Note that
Theorem 1 also implies strong duality of the two infinite-dimensional problems P and D.

We close this section by showing that the conditions of Assumption 1 are in a sense minimal

requirements to guarantee the correctness of Theorem 1.

Proposition 4. There are loss functions that satisfy one condition of Assumption 1 (but not
both) and for which P(L,3) and D(L, ) do not converge for any L € N and 5 > 0.

Figure 2 summarizes the key results of this section.

1.3 Data Dependent Noise Optimization

We next study data dependent noise mechanisms whose additive perturbation X (f(D)) of the
query output f(D) of a database D € D may depend on f(D). Section 1.3.1 formalizes this

problem, and Section 1.3.2 develops finite-dimensional upper and lower bounding problems.
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1.3.1 The Data Dependent Optimization Problem

We study the problem

winimize [ w(@)- | [ ctoyrie|0) ao .

subject to vy €T
/ Lf(D)+z € Aldy(z | f(D)) < € / L[f(D) +z € Aldy(z | f(D')) + 9
z€R Tz€R
V(D,D") e N, VA € F,

where ® := {f(D) : D € D} is the set of possible query outputs and (R, F) is again a measurable
space with the Borel g-algebra F on R. Problem (6) selects a family {y(- | ¢)}4ca of conditional
probability measures governing the random noise X (+) so as to minimize an iterated expectation
of the Borel loss function ¢ : R — Ry satisfying Assumption 1, subject to satisfaction of (g, ¢)-
DP. The inner expectation in the objective function evaluates the expected loss for a specific
query output ¢ € &, whereas the outer expectation weighs different query outputs according to

the continuous probability density function w : ® — Ry. The domain of 7 is now defined as

F‘_{ , [ (| 6) € Po, ¢ }
T ’Y 9
b=

(A | ¢) measurable, AeF
where Py is again the set of probability measures supported on R. The domain I' restricts ~

to the set of Markov kernels with continuous state ¢ € ®. The first condition ensures that the
inner expectation in the objective function is well-defined, while the second condition ensures
that this expectation is measurable in the outer expectation.

To ensure privacy, the weighting w must not reveal anything about the true database (which
is ensured, for example, by choosing the uniform distribution over ®) or it must itself be kept
private. In practice, the application domain often guides the choice of w; we discuss this further

in Section 1.5. Similar to Assumption 2, we impose the following surjectivity requirement on f.

Assumption 3 (Query Function). ® is a bounded interval, and for each D € D and ¢ €
[—Af,Af]N(® — f(D)), we have f(D') — f(D) = ¢ for some (D,D') € N.

Assumption 3 reduces to Assumption 2 if we set ® = R. To simplify the exposition, however,
we assume that @ is bounded; otherwise, additional steps would have to be taken to restrict the

states ¢ € ® of v to bounded intervals without incurring a potentially unbounded loss.
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Observation 2. Under Assumption 3, the data dependent noise optimization problem is

minivmize /qseq) w(e) - [/xeR c(z) dy(z | gb)] do
subject to vy €T

/ ]l[:veA]d’y(x|¢)§e€-/ lz+peAldy(z | o+ @)+
zeR z€R
Vo e ®, Y(p, A) € E'(¢),

where E'(¢) == [[-Af, Af] N (P — ¢)] X F for ¢ € P.

Problem P’ is not a generalization of problem P from Section 1.2 per se, but P would be
recovered from P’ if we introduced the additional requirement that all v(:|¢), ¢ € ®, in P/ must
coincide. This argument implies that problem P’ is guaranteed to be feasible. Note that P’ does
not decompose into separate problems for ¢ € ® since the DP constraint couples the conditional
measures of neighbouring databases. Similar to P, problem P’ contains uncountably many deci-
sion variables and constraints and thus appears challenging to solve. The data dependent noise
optimization problem P’ is more involved than its data independent counterpart P, however,
since it optimizes over an uncountable family of noise distributions. In the following, we will
re-use the insights of Section 1.2 to reduce the variables and constraints relating to each indi-
vidual noise distribution, which allows us to focus on the new challenge of uncountably many

noise distributions that is unique to the data dependent setting.

1.3.2 A Hierarchy of Converging Bounding Problems

To obtain a tractable upper bound on the data independent noise optimization problem, Sec-
tion 1.2.2 bounds problem P from above by finite-dimensional approximations that live on a par-
tition {1;(8)}iez of the possible noise realizations into disjoint intervals I;(8) = [i- 5, (i + 1) - 5)
of length # > 0. In this section, we retain our earlier assumption that Af is divisible by 3,
and we additionally stipulate that ® = {Jyc(x) Pr(8) with ®(8) := It1,(B) for some t € Z and
K € N. This will allow us to partition the set of possible query outputs ® in the same way,
using a single granularity parameter 5.

To bound problem P’ from above, we first restrict the uncountable family {v(-|¢)}sca of

probability measures in P’ to a finite subset that is piecewise constant on the intervals ®(3):

Ve 1o)=7(1¢) Vke[K] V¢ € 2i(B). (7a)
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Under restriction (7a), P’ optimizes over finitely many probability measures v, k € [K], but
it still involves uncountably many decision variables and constraints. To further simplify the

problem, we restrict each probability measure in P’ to a piecewise constant function via

Y(A) :Zpk(i).m;"(ﬁ)' Vk € [K], VA€ F (7b)

1E€EL

for a family of probability measures {py, : Z > Ry b1 () satisfying D, pi(i) = 1 for all k € [K].
We also restrict each probability measure v; to a bounded support by imposing that

p(i) =0 V€ [K], Vi€ Z\ [£L] (7c)

for some L € N. The restrictions (7b) and (7c) are akin to (2) and (3) from Section 1.2,

respectively.

Proposition 5. With the additional constraints (7), P’ has the same optimal value as

minimize - Z wi(B) - [ Z ci(B) pk(l)}

p

ke[K] i€[£L]
subject to p ¢ [£L] = Ry, Y pi(i) =1, k € [K]
i€[+L] (P'(L, )
D UL(B) C Al pi(i) <€+ > U[L(B) + ¢ C Al pli) + 6
1€[+L] i€[£L]

Vk,m € [K], Y(p, A) € &, (L, B)

-1 fqﬁe@k(ﬁ) w(p)de and &), (L,B) == [BB)N{(m—-k—-1)-5, (m—k)-
H x F(L, B) with B(B) and F(L,B) defined as in Section 1.2.

where wi(B) =
B, (m —k+ 1) ’

=

Problem P’(L, 3) constitutes a large-scale but finite-dimensional linear optimization problem
that will serve as a building block to our cutting plane algorithm in Section 1.4. In terms of
optimal values, we have the relationship P'(L, 3) > P’ for all L € N and 8 > 0.

To obtain a lower bound on P’, we first propose the dual problem

maximize / [9(¢) -4 dy(p, A | ¢)| do
0.y LIS (p,A)e€’ (@) (D)
subject to 6 : ® — R measurable, ¢ € ¥
9(¢)§/ ﬂ[weA]dw(%AW)—ea'/ Lz +¢ e Aldy(p, A | ¢ — o)
(p,A)e€’(¢) (—p,A)eE! (9)

+e(z) - w(p) Vo e ®, Vo eR,
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where the dual measure is defined over the set

U(-[0) e My(E'(9)), €@

V.= : d 4
Y S0 € M(E) £ 6( | 6) < v, 6 € B with (g, A,6) W

measurable

Here, the first condition resembles the domain that we imposed on v in problem D from Sec-
tion 1.2.2. The second condition is new, and it ensures that the integral on the right-hand side
of the DP constraint in D, which varies with ¢, is well-defined.

We first establish weak duality between the problems P’ and D’.

Proposition 6 (Weak Duality). For any v feasible in P' and (6,1) feasible in D', we have

/¢€@“’<¢>' MGRC(” P (b)} 0= /M [“‘” O] oy WAL 9] o

As in the previous section, we defer the discussion of strong duality between P’ and D’ to

the end of this section. To construct a tractable lower bound on D', we impose that

U(- | @) =9(- | ¢) and 0(¢) =0(¢")  Vk € [K], Vo,¢' € Br(B), (8a)

that is, ¥(+|¢) and 0(¢) have to be piecewise constant over the intervals ®x(5), and we remove
all variables 1(p, A|¢) indexed by (p, A) € &'(¢) \ E(L, ), that is, we impose that

/ dW(p, A $)=0 Ve, (D)
(p,A)eE’ (P)\E(L,B)

which implies that 1 (-|¢) vanishes for all ¢ € ® on (p, A) with ¢ not divisible by 5 or A outside
F(L,B). Constraint (8b) is reminiscent of the constraints (4) and (5) from Section 1.2, and it

can be interpreted as the dual pendant of the restriction (7c).
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Proposition 7. With the additional constraints (8), D' has the same optimal value as

ma}gglize 8- Z 0 — 6 - Z Z VYr(p, A)

ke[K] ke[K] (p,A)e; (L,B) ,
subject to @ € RE| oy : E1(L, B) — Ry, k € [K] (DL, 5))
o< Y. LLB)CA-dr(p, A —e D LLB) ¢ C A Pr_yp(e, A)
(p,A)€&;(L,B) (—p,A)€EL(L,B)
+¢;(B) - wi,(B) Vk € [K], Vie [£(L+Af/B)],

where E;(L, 5) = [AB(B) N (P — 2,(B))] x F(L,B) for @,(B) :=inf{¢ : ¢ € ®r(B)}, ¢;(B) :=
inf{c(z) : z € L;(8)} and wi(B) := inf{w(p) : ¢ € P(B)}, k € [K] and i € Z.

The large-scale but finite-dimensional linear optimization problem D’(L, 3) will serve as a
building block to our cutting plane algorithm in Section 1.4. In terms of optimal values, we have
the relationship D’(L,3) < D’ for all L € N and 8 > 0. Similar to Section 1.2, P’ and D’ are
sandwiched by the finite-dimensional linear optimization problems P’(L, 8) and D’(L, 3).

We close this section with an analysis of the convergence of the finite-dimensional linear
optimization problems P’'(L, ) and D’(L, 3). Similarly to Section 1.2, recall that by our earlier
assumption, 8 divides A f, which allows us to equivalently represent § as Af/k for some k € N.

Theorem 2. For any £ > 0, there is A" € N and k' € N such that
P/(A-k,Af/K) —D'(A-k,Af/k) <€ YA> N, VE> K.

Intuitively, Theorem 2 has a similar interpretation as Theorem 1, that is, both the discretiza-
tion granularity Af/k needs to shrink and the support [—A - Af, (A + 1/k) - Af) of the noise
distributions needs to grow for the primal and dual approximations to converge. Here, we addi-
tionally observe that shrinking the granularity also results in a larger number of distributions to
be optimized over. Similar to Theorem 1 in the data independent setting, Theorem 2 implies

strong duality of the two infinite-dimensional problems P’ and D'.

1.4 Iterative Solution of the Bounding Problems

The bounding problems of Sections 1.2 and 1.3 employ a uniform partitioning of the noise dis-
tribution . Motivated by our numerical experiments, which indicate that (near-)optimal noise

distributions tend to combine steep peaks around 0 with gradually declining tails, Section 1.4.1
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extends our bounding problems to non-uniform partitions of . Non-uniform partitions allow us
to compute noise distributions with similar expected losses in shorter computation times.
Unfortunately, even under a non-uniform partitioning the bounding problems cannot be
solved monolithically with an off-the-shelf solver due to their exponential scaling in the problem
parameters. Instead, Section 1.4.2 proposes a cutting plane technique that solves those bounding
problems iteratively through an increasingly accurate sequence of relaxations. At the heart of
our cutting plane technique is the identification of the constraints that our incumbent solutions
violate with the largest margins. While a naive search for these constraints would require an

exponential effort, our algorithm scales polynomially in the size of the problem description.

1.4.1 Upper and Lower Bounding Problems with Non-Uniform Partitions

Recall that our bounding problems P(L, ) and D(L, ) from Section 1.2 partition the support
of the noise distribution v into 2L + 1 uniform intervals I;(8) = [i- 8,(i + 1) - B), i € [£L]. Let
wc{—L,...,L+1}¥*! be an index vector satisfying

—L=m < m < ... <7y < 7n+1=L+1,

and let I1;(8) = [m; - B,mj+1 - B), j € [IN], denote the j-th interval induced by the consecutive
elements of 7 - 3. Consider a variant of our upper bounding problem P(L, ) that enforces
equality of all decision variables p(i) and p(i’), i,4' € [£L], that satisfy m; < i,4' < w41 for

some j € [N]. The revised upper bounding problem is equivalent to

minipmize Z cj(m, ) - p(j)

JE[N] _
subject to p: [N]+— R4, Z p(j) =1 (P(m,p))
JE[N]
S ANLE) L~ (A= 9 nTL())
jg{;ﬂp(ﬂ) L) = jez[;v]p@) RAGTEER (o, A) € E(L, B),

where cj(m, 8) == |IL;(8)| 7! - meH-(B) ¢(x)dz. The new upper bound P(7, ) closely resembles
J
the previous bound P(L, /3), except that the objective coefficients ¢; and the intervals II;(/5) in

the DP constraints now reflect the new partitioning of ~.
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In a similar fashion, we propose the revised lower bound

minipmize Zgj (m,8) - p(j)

jen (D(m,3))
subject to p: 99— Ry, Zp(j) =1
JEN
Soti)- ! < e 3ot EE A SO e ) e e

I1;(58) 1L (5)|

JEN JEN

where ¢;(m, ) := inf{c(z) : x € II;(3)} and the index set N = {—% +1,...,N+ %} emerges
from the previous index set [N] by padding it at both ends with A f/3 additional elements whose
associated interval indices are set to m1_y = m —t and Ty114¢ = N1+ E =1, Af /B, with
the intervals II;(3) extended to j € M\ [N] in the obvious way. Again, the revised lower bound
closely resembles the previous bound D(L, ), with minor changes in the objective coefficients
¢; and the intervals II;(). The revised bounding problems enjoy convergence properties akin

j
to those from Section 1.2.

Corollary 1. For any 8 > 0 and 7 satisfying —L =m < ... <7wn41 =L+ 1 for some L € N,
we have P(m, ) > P =D > D(m, 3). Moreover, for any & > 0 there is A’ € N and k' € N such
that P(m, ) — D(m, 8) < & for any 7 whose induced partition {I1;(8)};cn is a refinement of a
uniform partition {I;(Af/k)}icpan with A > A and k> K.

Appendix 1.C.3 presents analogous bounding problems for the data dependent case.

1.4.2 Cutting Plane Algorithm

Although the revised upper bounding problem P(7r,3) only contains N decision variables, it
remains challenging to solve monolithically since it comprises O(2F - Af/B3) DP constraints. To
address this issue, Algorithm 1 solves a sequence of relaxations of P(7r, ) that only involve those
constraints that are active at incumbent solutions. In particular, every iteration of Algorithm 1
determines a constraint (¢*, A*) with maximum privacy shortfall, which is the quantity that the

DP constraints in P(, ) require to be non-positive:

V(e A) = 3 o) W e 3 pi) AL (Hj@ TN 5 for (p,4) € (L, ).
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Algorithm 1: Cutting plane algorithm for problem P(m, [3)
input :m, 5, Af
output: optimal solution p* to problem P(7, 3)
Initialize S = 0;
do
Let p* be an optimal solution to the relaxation of P(7r, 3) that only contains the
privacy constraints indexed by (p, A) € S.
Find a constraint (p*, A*) with maximum privacy shortfall under the incumbent
solution p*.
if constraint (p*, A*) has positive privacy shortfall then update S = S U (p*, A*).
while S has been updated;
return p*.

Since P(mr, ) contains finitely many constraints, one readily recognizes that Algorithm 1

determines an optimal solution to P(r, 3) in finitely many iterations.

Observation 3. Algorithm 1 terminates after a finite number of iterations with an optimal

solution p* to problem P(m, [3).

A key step in Algorithm 1 is the identification of a constraint (¢*, A*) € &(L,[) with
maximum privacy shortfall. A naive implementation of this step would require the evaluation of
O(2L - Af/B) privacy shortfalls in time O(N) each. Instead, we employ Algorithm 2 to identify

a constraint (¢*, A*) with maximum privacy shortfall in polynomial time.

Proposition 8. For a fized solution p, Algorithm 2 can be implemented so as to return a

constraint of P(m, 3) with maximum privacy shortfall in time O(N?3).

To illustrate the intuition behind Algorithm 2 and Proposition 8, fix any ¢ € #(f) in
problem P(7,3). To construct the DP constraint (¢, A) € &(L, ) with maximum privacy
shortfall across all A € F(L, (), we need to decide for each interval I;(8) = [i-5,(i + 1) - f),
i € [£L], whether or not to include the interval I;(5) in A. To this end, we first observe that
we can include all intervals I;(/3) for which I;(8) N (I1;(8) + ¢) = 0 for all j' € [N] since the
inclusion of those intervals in A cannot decrease V(p, A). For the intervals I;(5) that satisfy
both I;() C I1;(B) and I;(f) C (IL;(B8)+ ) for some j,j" € [N], on the other hand, we compare
the magnitude of the positive coefficient p(j) with that of the negative coefficient —e® - p(j’) in
V (e, A) to decide whether I;(3) should be included in A. Algorithm 2 and Proposition 8 refine
this idea by (i) iterating only over the intervals II;(3), j € [N], as opposed to the larger set of
intervals I;(83), i € [£L]; (i) identifying the relevant interval pairs (j,j’) € [N]? in linear time
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Algorithm 2: Identification of a constraint in P (7, 3) with mazimum privacy shortfall
input :m, 5, p, Af
output: constraint (¢*, A*) with maximum privacy shortfall V(¢*, A*)
Initialize V* = 0;
forpe {(mj—my)-B : (mj—mj)-Be[-Af,Af] and j,j' € [N]} U{-Af,Af} do
Initialize A = () and V = 0;
for j=1,...,N do
Let Aj =11;(B) \ [-L- B+ ¢,(L+1)- B+ ¢) and update

A=AUA;, V=V4a, 29
oA AT sy
for /=1,...,N do
if p(j)/1L;(B)] > € - p(j') /|11 (B)| then
Let A;; =11;(8) N (1L (B) + ¢) and update

A= A0 V=Vl | -

end
end

end
if V > V”* then

| Update p* =, Ax=Aand V*=V.
end

end
return (p*, A*) and V*(p, A) = V* —4.

O(N) as opposed to quadratic time O(N?); and (iii) restricting the search over ¢ € %(8) with
cardinality O(Af/f) to the smaller set in the outer for-loop with cardinality O(N?).

As discussed in Section 1.2.1, the constraints of P(7r, 3) can be interpreted as semi-infinite
robust optimization constraints. Under this lens, Algorithm 1 follows the tradition of cutting
plane schemes from the robust optimization literature (cf. Bienstock and Ozbay 2008, Mutapcic
and Boyd 2009, Bertsimas et al. 2016a and Pétzold and Schoébel 2020). The key technical
contribution of this section is to identify for a fixed decision p the maximally violated constraints
(p*, A*) € E(L, B) without inspecting exponentially many events A € F(L, 3).

This section focused on the cutting plane algorithm for the upper bounding problem P (7, /3)
in the data independent setting. Algorithms 1 and 2 immediately extend to the lower bounding

problem D(7r, 3) if we replace the objective coefficients ¢; with ¢; and extend the domain of the
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decisions p from [N] to M. Both algorithms also readily extend to the data dependent setting
(¢f. Section 1.3), where a constraint with maximum privacy shortfall can be identified in time
O(K? - N). For the sake of brevity, we relegate the details of that algorithm variant to the

GitHub repository accompanying the journal version of this work.

1.5 Numerical Experiments

Our numerical experiments are split into two parts. The first part compares the privacy-accuracy
trade-off of our optimization-based approach with popular DP mechanisms from the literature,
and it examines the runtime of our cutting plane algorithm as well as the convergence of our
bounding problems. Since this part focuses on the quality of our bounds as well as their com-
putation times, we use synthetic instances that give us complete control over all parameters.
The second part of our experiments investigates whether the improved accuracy on synthetic
instances carries over to a better in-sample and out-of-sample performance in machine learning
problems involving standard benchmark instances. To this end, we study differentially private
variants of the naive Bayes classifier and a proximal coordinate descent method for logistic
regression.

Our optimization algorithms are implemented in C++ and use the GUROBI 9.5.2 LP solver.
The machine learning algorithms from the second part are implemented in Julia, and all data
is processed using Python 3. All experiments are conducted on Intel Xeon 2.66GHz cluster
processors with 16GB memory in single-core and single-thread mode. All sourcecodes and
datasets, together with more detailed descriptions of our numerical experiments, are available

open-source on the GitHub repository accompanying this work.

1.5.1 Synthetic Experiments

In our first experiment, we compare the privacy-accuracy trade-off of our optimization-based DP
scheme with that of popular benchmark mechanisms from the literature. To this end, we consider
the data independent noise optimization problem and select 100 combinations of € € [0.005, 5]
and € [0.005,0.75]. We intentionally chose conservative combinations of € and ¢ (¢f. Table 1 of
Zhao et al. (2019)); larger values of ¢ yield results that are more favorable to our algorithm. We
solve our upper and lower bounding problems P(7r, 3) and D(r, 8) with 7 and (3 set appropriately
so that their relative optimality gaps, measured as 100%-(P(m, 8)—D(m, 8))/D(, 3), are strictly
less than 1% (with a median gap of 0.28% across our experiments). We then use the midpoint

O := (P(m, 5)—D(m, 3))/2 of both bounds as a substitute to the optimal privacy-accuracy trade-
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0.005 0.010 0.020 0.050 0.100 0.200 0.250 0.300 0.500 0.750

0.005 1.87% 1.21% 1.20% 6.10% 18.53%  3.55% | 49.59% 23.18% | 49.96%  33.34%

0.010 2.89% 1.42% 8.00% 2.32% 17.08%  3.08% | 49.18%  23.03% = 49.92%  33.35%
0.020 2.84% 2.83% 0.56% 15.09%  14.19% | 67.44% 48.39% 22.74% = 49.83% 33.37%
0.050 1.85% 2.11% 2.57% 18.36%  6.22% | 66.03%  46.15% 21.95% = 49.58%  33.42%
0.100 4.78% 4.18% 8.68% 19.37%  33.32% | 63.85% 42.87% 20.85% = 49.17%  33.50%
0.200 | 10.43%  9.60% 8.90% 17.29%  19.82% = 60.17% 37.70% 19.36% = 48.33%  33.63%
0.500 | 23.10% 21.41% 25.45% 16.36% | 38.70%  42.56% 29.52% 18.48% | 45.85%  33.79%

1.000 | 40.11% 39.73%  40.23%  40.41% 28.62%  32.53%  26.63%  21.43% = 41.80% 33.36%

2.000 | 33.96% 34.18%  33.45% 31.63% 32.46% 28.70% 27.12% 25.67% 34.35% 30.51%

5.000 | 19.32% 19.31% 19.29% 19.23%  19.15% 19.01% 18.94% 18.88% 18.65%  19.06%

Table 1: Suboptimality of the best performing benchmark mechanisms on synthetic data indepen-
dent instances with Af = 1, £1-loss and various combinations of € and 9.

off, and we measure the suboptimality of different benchmark mechanisms from the literature:
the analytic Gaussian (Balle and Wang 2018) and the truncated Laplace (Geng et al. 2020)
mechanisms as upper bounds and the ‘near optimal lower bound’ of Geng and Viswanath (2016,
Thm 8) and Geng et al. (2020) as lower bound. Table 1 records the optimality gaps of the best
performing upper and lower bounds Byg and Brg from the literature, which consistently turn
out to be the truncated Laplace mechanism and the lower bound of Geng et al. (2020). The
optimality gaps are reported as 100% - [(Buyp — Brp)/ max{O, 1}]. A breakdown into separate
suboptimalities incurred by the upper and lower bounds is presented in Appendix 1.D. The
table shows that the suboptimality of the benchmark approaches increases with ¢ and d, and
the optimality gaps are significant in most of the considered privacy regimes.> We note that if
we replace max{O, 1} with O in the denominator of the optimality gap formula, then the gaps
in Table 1 increase to more than 700% for (¢,6) = (5,0.75). We observe qualitatively similar
results as in Table 1 also for the #s-loss; the corresponding table is relegated to the e-companion.

Our second experiment investigates the runtime and the convergence of our optimization-

3The vigilant reader will observe that the suboptimality is not entirely monotone in ¢ and §. This is due to
two factors: the computation of the ‘near optimal lower bound’ involves a non-monotonic parameter rounding,
and we approximate the optimal privacy-accuracy trade-off with the midpoint O of our upper and lower bounds.
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Figure 3: Comparison of our optimization-based DP schemes with benchmark approaches from
the literature on instances with Af = 2, £1-loss and |®| = 4 in low-privacy (¢ =5 and § = 0.25;
left), medium-privacy (¢ = 1 and § = 0.2; middle) and high-privacy (¢ = 0.2 and § = 0.05;
right) regimes. All computation times are median values over 10 repetitions.

based upper and lower bounds in the data independent and data dependent settings. To this
end, we consider three privacy regimes: a low-privacy setting with (¢,6) = (5,0.25), a medium-
privacy setting with (e,9) = (1,0.2), and a high-privacy setting with (¢,0) = (0.2,0.05). As
in the previous experiment, we compare our optimization-based DP schemes with the analytic
Gaussian and the truncated Laplace mechanisms as upper bounds and the ‘near optimal lower
bound’ as lower bound. In our DP schemes, we match the support of the truncated Laplace
distribution (with the support bounds rounded to nearest integer values) and compute a hier-
archy of refined upper and lower bounds by selecting g € {1,1/2,...,1/32} and—in the data
dependent case—K € {4,8,...,128}. The results are presented in Figure 3. The figure confirms
that the truncated Laplace mechanism is asymptotically optimal among all data independent
DP schemes in high-privacy settings. However, the figure also reveals that the truncated Laplace
mechanism can be substantially outperformed by our optimization-based data independent noise
mechanism in low- and medium-privacy regimes, while it is dominated by our optimization-based
data dependent noise mechanism in high-privacy regimes. For low-privacy settings, the differ-
ence between our data independent and dependent mechanisms is negligible, but it becomes
substantial in medium- and high-privacy regimes, where our data dependent mechanisms signif-
icantly outperform the data independent ones. The figure also reveals the computational price
to be paid for optimal noise distributions. While the data independent problems were all solved
within 2.2 secs, the data dependent problems are more challenging: across all instances, it took
up to 5.82 secs (980.44 secs) to reduce the gap between our upper and lower bounds to 10%
(5%).

Our final synthetic experiment analyzes the shapes of the noise distributions « obtained by
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Figure 4: Optimization-based noise distributions for synthetic data independent instances with
Af =10, 8 =0.5, £1-loss and various combinations of € and §. The unconstrained distributions
are shown in red shading, whereas the best monotone distributions are shown as blue lines.
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Figure 5: Optimization-based noise distributions for synthetic data dependent instances with
Af =10, g = 0.5, ¢1-loss and various combinations of € and 6. The set & = [0,18) of query
outputs has been partitioned into 9 intervals of equal length, resulting in 9 noise distributions.

our data independent and data dependent noise optimization problems. For clarity of expo-
sition, we present results for uniform partitions {;(5)}c(+z) of the noise realizations as well
as the range ® of query outputs. We emphasize, however, that better results can normally
be obtained by non-uniform partitions that combine finer discretizations around 0 with coarser
discretizations of the tails. Figure 4 visualizes optimization-based data independent noise dis-
tributions for different privacy regimes. We make multiple observations. Firstly, the optimal
noise distribution may not be monotone. Indeed, we verified in separate experiments that the
lower bounds of the best monotone noise distributions can strictly exceed the upper bounds
of the best non-monotone noise distributions (details are available in the GitHub repository).

This is noteworthy as all of the benchmark DP mechanisms employ monotone noise distribu-
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tions, and monotonicity assumptions are commonly made in the literature without scrutinizing
their impact on optimality. Secondly, the shapes of the optimization-based noise distributions
are non-trivial, and they appear to depend on the problem parameters in a non-trivial man-
ner. Finally, we note that the shapes of the optimization-based noise distributions differ with
the loss function; in particular, asymmetric loss functions (such as the pinball loss) result in
asymmetric noise distributions (details are relegated to the GitHub repository). We take our
last two observations as an indication of the inherent complexity of optimal noise distributions,
which emphasizes the need for optimization-based approaches as opposed to closed-form so-
lutions. Figure 5 reports optimization-based data dependent noise distributions for different
privacy regimes. In addition to the previous remarks, which continue to apply to the data de-
pendent setting, we additionally observe that the noise distributions corresponding to different
intervals of the query output range ® differ in non-trivial ways. Again, this confirms our belief
that the superior privacy-accuracy trade-offs achieved by optimization-based noise distributions
are unlikely to be matched by DP mechanisms relying on closed-form expressions or the tuning

of a small number of hyperparameters.

1.5.2 Differentially Private Naive Bayes Classification

Given a dataset (z', yi)?zl with feature vectors &’ comprising numerical features =%, v € Vaum,
and/or categorical features 2%, v € Veay, as well as categorical outputs y* € C, the naive Bayes
classifier employs the class-conditional independence assumption to predict the output ¢* corre-

sponding to the feature values @ = x of a new sample as the label ¢ € C that maximizes

Ply =] - Hvevnumuvcat Plz, = xv | y = ¢]
Plz]

Ply=c|x] = :
The naive Bayes classifier replaces the unknown probabilities Ply = ¢| and Pz, = x|y = ],
v € Veat, with their empirical frequencies in the dataset (wi,yi)?zl, and it makes a normality
assumption to replace Plz, = xu |y = ¢|, v € Vyum, with an empirical density in the dataset
(x',y")"_, using the empirical means P,

y and standard deviations oy, |,—c}. We refer to

ly=c ly=c

Hastie et al. (2009) for a detailed description of the naive Bayes classifier.

We follow Vaidya et al. (2013) and Lopuhaéd-Zwakenberg et al. (2021) to construct a dif-
ferentially private naive Bayes classifier. Assuming that the number of training samples n is
public knowledge, the only data-related information used by our classifier is the number ny,

of training samples with label ¢ € C, the number ny, _, ry—c of training samples with label
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UCI dataset descriptions In-sample errors Out-of-sample errors

Dataset 7 [Vaum| Veatl 1] ] GN TLN OPT NB Imp | GN TLN OPT NB Imp

post-operative 86 1 7T 02 |36.94% (33.41%) 32.42% 31.43% (29.61%) 25.65% 14.62% | 41.28% (39.61%) 39.07% 38.30% (37.03%) 35.12% 19.53%
adult 45,222 5 g8 2 38 78% (21.98%) 21.73% 20.49% (18.84%) 17.37% 28.25% | 38.82% (22.04%) 21.80% 20.56% (18.91%) 17.45% 28.28%
breast-cancer 683 0 9 2 % (2.23%) 2.20% 2.17% (2.14%) 2.12%  36.80% | 3.82% (3.57%) 3.54% 3.51% (3.48%) 3.46%  36.75%
contraceptive 1,473 2 7 3 08 84% (52.84%) 52.38% 51.32% (50.46%) 49.14%  32.64% | 59.53% (54.22%) 53.76% 52.89% (52.19%) 51.08% 32.55%
dermatology 366 2 32 6 1.68% (1.03%) 0.91% 0.90% (0.60%) 0.49%  1.07% | 35.96% (35.61%) 35.53% 35.52% (35.28%) 35.25%  1.33%
cylinder-bands 539 19 14 2 | 40.95% (35.63%) 34.69% 33.98% (31.46%) 23.43% 6.35% | 41.83% (37.20%) 36.42% 35.81% (33.70%) 26.89%  6.40%
annealing 898 6 18 5 | 13.65% (7.93%) 7.47% 7.39% (7.31%) 7.32%  51.56% | 14.23% (8.38%)  7.89% 7.80% (7.69%) T70%  44.41%
spect 160 0 22 2 | 26.46% (25.99%) 25.89% 25.78% (25.77%) 25.67% 47.48% | 29.34% (28.77%) 28.66% 28.59% (28.57%) 28.50% 43.74%
bank 45211 4 12 2 | 13.98% (12.40%) 12.35% 12.32% (12.24%) 12.13% 14.20% | 14.05% (12.48%) 12.43% 12.40% (12.33%) 12.22% 14.26%
abalone 4,177 7 1 2 | 39.25% (31.85%) 31.36% 30.64% (28.75%) 26.46% 14.77% | 39.42% (32.14%) 31.66% 30.95% (29.09%) 26.86% 14.76%
spambase 4,601 57 0 2 |3940% (37.09%) 35.50% 34.99% (31.56%) 18.09%  2.91% | 39.26% (36.97%) 35.41% 34.91% (31.54%) 18.26%  2.90%
ecoli 336 5 2 2 | 48.09% (31.40%) 27.00% 26.51% (18.76%) 3.97% = 2.15% | 48.33% (31.81%) 27.44% 26.95% (19.28%) 4.52%  2.12%
absent 740 12 8 2 | 45.95% (30.22%) 28.24% 28.01% (26.56%) 24.56%  2.60% | 47.14% (33.99%) 32.26% 32.03% (30.73%) 29.18%  2.59%

Table 2: In-sample and out-of-sample errors of our optimization-based differentially private naive
Bayes classifier as well as several DP mechanisms from the literature on UCI datasets. Bold
printing highlights the smallest errors obtained across all data independent DP mechanisms.

c € C whose categorical feature v € V., attains value x,, as well as the conditional empirical
means fi{z, |y—c} and standard deviations 0wy |y=c} of the numerical features v € Vyum. The
post processing property (Dwork and Roth 2014, Proposition 2.1) then allows us to design a
differentially private naive Bayes classifier by perturbing these statistics according to their in-
dividual sensitivities and using the perturbed statistics to classify new samples. Since ng,—.
and Ny —\, ay=c} U € Veat, are simple counting queries, they can change by at most 1 among
any two neighboring datasets. For the numerical features v € Vpum, we assume given upper
and lower bounds u, and [, for the feature values. In this case, the value of x, can differ by
at most u, — [, for any two neighboring datasets, which implies that the sensitivity of ¥, |y=c}
Jly=c} is bounded from above by (uy — ly)/ny—c and (uy — )/ /M{y=c}, respectively.

We note that pi,, |y—c} and oy, |y—c} satisfy our surjectivity assumption (cf. Assumption 2 in

and oy,

Section 1.2 and Assumption 3 in Section 1.3), whereas the assumption is violated by the count
queries ngy,— 1 and ng, .y ay—cy- Thus, our optimization-based approaches provide feasible but
potentially overly conservative noise distributions.

Table 2 presents the in-sample and out-of-sample errors of our optimization-based differen-
tially private naive Bayes classifier using the ¢;-loss in a data independent (“OPT”) as well as
data dependent (“(OPT)”) setting on the most popular UCI classification datasets (Dua and
Graff 2017). The table also compares our results with diffentially private naive Bayes classi-
fiers employing a Gaussian noise (“GN”), an analytic Gaussian noise (“(GN)”) and a truncated
Laplace noise (“TLN”), as well as the classical (non-private) naive Bayes classifier (“NB”). We
fix (¢,0) = (1,0.1) in all DP mechanisms. The reported errors are mean errors over 100 random

splits of the datasets into training sets (80% of the data) and test sets (20% of the data) as
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well as, for each split, 1,000 simulations of all differentially private naive Bayes implementa-
tions. The column ‘Imp’ records the percentage of the gap between NB and the best method
from the literature (which turns out to be TLN) that is closed by OPT. The table reveals that
our optimization-based data independent and data dependent noise distributions consistently
outperform the considered competitors. To see whether this outperformance is statistically
significant, we computed the p-values of a t-test with a null hypothesis that the second best
approach is as good as OPT. The t-test averages the 1,000 simulated errors for each training
set-test set split and considers the differences of the 100 averages corresponding to different
training set-test set splits (Salzberg 1997). In all experiments, the p-values are less than 1077,
except for dermatology where the p-value is 107!, Further details on the experimental setting

as well as the applied the t-tests are relegated to the GitHub repository.

1.5.3 Differentially Private Proximal Coordinate Descent

Given a dataset (x?,y)"; with feature vectors ' € R? comprising numerical and /or categorical
features as well as binary outputs y* € {—1,+1}, the ¢;-regularized logistic regression assumes
that Ply|x = x] = [1 4+ exp(—y - R°Tx)]~! for some unknown hyperplane h® € R?, and it

determines a hyperplane h* € R? that minimizes the empirical logistic loss

n
LS tog(1 +exp(—y' B T@)) + A [[Bl,
i=1

where A > 0 is a hyperparameter. Subsequently, the output of a new sample with feature values
x = x is predicted to be the label y € {1, +1} that maximizes [1 4+ exp(—y-hx)]"".

To solve the logistic regression problem, proximal coordinate descent (Friedman et al. 2010,
Richtarik and Taka¢ 2014) starts at a randomly selected initial solution h? and conducts t =
1,...,T iterations, T € N, each of which applies the proximal operator to a random subset

it, ... it € [d] of the components via

B 1 n exp(— i ht,kTwi ) )
hi* = proxy, (hf”“ e [Z - ))-<—yl-x;>]> (10)

1+ exp(—y' - REFT g

ifl =%, and h;’k = hf’kil otherwise, forall k = 1,..., K. Here, we fix h%? = h*~! and proxAH(-)
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UCI dataset descriptions

In-sample errors

Out-of-sample errors

Dataset n d GN TLN OPT PCD Imp ‘ GN TLN opPT PCD Imp

post-operative 86 14 | 40.23% (34.96%) 33.75% 33.37% (30.67%) 27.31%  5.94% | 45.67% (42.99%) 42.08% 41.86% (41.22%) 35.56%  3.398%

adult 45,222 57 19.77% (19.77%) 19.75% 19.73% (19.67%) 19.75% 575.31% | 19.79% (19.79%) 19.77% 19.75% (19.69%) 19.77% 640.17%
breast-cancer 683 26 4.60% (4.36%) 4.36% 4.34% (3.93%) 4.31%  28.05% 4.75% (4.52%) 4.51% 4.50% (4.09%) 4.46%  22.25%
contraceptive 1,473 18 | 38.52% (38.30%) 38.29% 38.27% (37 39%) 38.21%  19.28% | 39.90% (39.71%) 39.70% 39.69% (38.93%) 39.64%  20.17%
dermatology 366 98 18.09% (14.56%) 14.23%  14.14% (7.95%) 13.14%  8.07% | 21.38% (18.21%) 17.93% 17.85% (11.96%) 16.95%  8.17%
cylinder-bands 539 63 | 30.27% (28.74%) 28.65% 28.59% (25.30%) 28.20%  12.96% | 32.65% (31.36%) 31.29% 31.24% (28.56%) 30.90% 14.65%
annealing 898 42 16.70% (16.27%) 16.30% 16.29% (14.74%) 16.20%  6.16% | 17.52% (17.10%) 17.13% 17.18% (15.61%) 17.03%  0.83%
spect 160 23 | 28.89% (23.62%) 22.74% 22.57% (18.60%) 19.61% = 5.28% | 31.47% (27.19%) 26.37% 26.24% (23.58%) 23.71%  4.84%
bank 45211 44 12.20% (12.20%) 12.20% 12.20% (11.69%) 12.22%  25.48% | 12.21% (12.21%) 12.21% 12.21% (11.71%) 12.23%  20.31%
abalone 4,177 10 | 27.45% (27.44%) 27.44% 27.43% (27.34%) 27.43% 87.76% | 27.53% (27.52%) 27.52% 27.51% (27.43%) 27.51%  79.42%
spambase 4,601 58 | 39.25% (39.26%) 39.23% 39.21% (38.79%) 39.26%  65.85% | 39.60% (39.60%) 39.57% 39.55% (39.13%) 39.61% 41.07%
ecoli 336 8 9.38% (7.29%) 7.09% 7.01% (6.31%) 6.52%  14.81% 9.88% (7.73%) 7.53% 7.45% (6.70%) 6.96%  15.67%
absent 740 70 | 33.77% (32.88%) 32.78% 32.74% (29.45%) 32.54%  17.16% | 35.63% (34.83%) 34.74% 34.68% (31.95%) 34.52%  26.34%
colon-cancer 62 2,000 | 18.72% (10.85%)  9.20% 8.62% (0.03%) 0.00% 6.34% | 32.09% (31.63%) 31.62% 31.54% (30.41%) 30.67%  7.77%

Table 3: In-sample and out-of-sample errors of our optimization-based differentially private
logistic classifier as well as several DP mechanisms from the literature on UCI datasets. Bold
printing highlights the lowest errors obtained across all data independent DP mechanisms.

denotes the proximal operator (Parikh et al. 2014) associated with the ¢;-regularization:

wj — )\ if wj Z /\
. 1
proxy,.|(wy) = arngIR}m {2 (wj — )2+ N |U|} =qwi+A fw <=\
ve
0 if |’LU]" S A

Upon completion of the K applications of the proximal operator in iteration ¢, we set h! =
(1/K) - Y1, h** and continue with iteration t 4+ 1. The algorithm terminates with h” as an
approximately optimal solution to the regularized logistic regression problem.

We follow Mangold et al. (2022) to construct a differentially private proximal coordinate
descent method for the logistic regression problem. The only data-related information used by
our algorithm is contained in the proximal updates (10). Assuming that the feature vectors

are normalized so that ||x%|| < 1, i € [n], we have

i exp(—yi . ht,kTwi)
=1+ exp(—y' - htFT i

€(0,1)

: (73/2 ’ ‘T;) € (771” ’I’L),
) ~——
€[-1,+1]

and thus the sensitivity of this summation, which is determined by the maximum change achiev-
able by modifying a single training sample i € [n], is 2. The post processing property (Dwork and
Roth 2014, Proposition 2.1) then allows us to design a differentially private proximal coordinate

descent method by perturbing the sum inside the proximal updates (10) accordingly.
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Table 3 presents the in-sample and out-of-sample errors of our optimization-based differen-
tially private proximal coordinate descent algorithm in a data independent (“OPT”) as well as
data dependent (“(OPT)”) setting for T' = 100 iterations and K = [d/4] proximal updates per
iteration, regularization parameter A = 1078 and (¢, 8) = (1,0.1). While our data independent
algorithm minimizes the expected ¢1-loss, our data dependent algorithm performs much better
under a handcrafted loss function that resembles the £1-loss in the vicinity of the origin but
has steep slopes of -1,000 and 1,000 for large negative and positive values away from the origin,
respectively. The large slopes penalize switching the sign of gradient, which tends to slow down
convergence (recall from Figure 5 that noise distributions associated with negative values tend
to have large probability mass on the positive side and vice versa). We use the same datasets
as in Section 1.5.2, but we (i) convert non-binary output labels into binary ones via binning (if
the output is ordinal) or distinguishing the majority class from all other classes (if the output
is nominal) and (%) apply one-hot encoding for the nominal input features. Additionally, as
the proximal coordinate descent method is commonly used for datasets where d > n, we also
include the colon-cancer dataset that is available in LIBSVM (Chang and Lin 2011). As in
the previous section, we compare our optimization-based algorithms with differentially private
proximal coordinate descent methods employing a Gaussian noise (“GN”), an analytic Gaussian
noise (“(GN)”) and a truncated Laplace noise (“TLN”), as well as the classical (non-private)
proximal coordinate descent scheme (“PCD”). As before, the reported errors are mean errors
over 100 random splits of the datasets into training sets (80% of the data) and test sets (20%
of the data) as well as, for each split, 1,000 simulations of all differentially private algorithm
implementations. The column ‘Imp’ records the percentage of the gap between PCD and the
best method from the literature that is closed by OPT. As in the experiment from the previous
section, our optimization-based data independent and data dependent noise distributions con-
sistently outperform the considered competitors. The p-values of a t-test similar to the previous

section were always smaller than 1077, except for the annealing, breast-cancer and contracep-

tive datasets, where the p-values are 1074, and except for the bank dataset, where there is no
significance. Further details on the experimental setting can be found in the GitHub repository.
Interestingly, we observe that on all datasets except for post-operative, our data dependent
differentially private classifier (OPT) outperforms the non-private classifier PCD. This result
is due to our handcrafted loss function (see above), and it does not hold for ¢1- and ¢s-losses.
Effects of this types have been observed previously in gradient-based learning algorithms (see,

e.g., Neelakantan et al. 2015), and they further highlight the benefits of an optimization-based
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approach towards DP, which readily caters for non-standard loss functions that can be tuned

towards the task at hand.

1.6 Conclusions

With the widespread adoption of analytics, privacy concerns have witnessed a remarkable resur-
gence in the public discourse. While DP has established itself as a predominant privacy paradigm
in both academic research and industrial practice, the existing DP mechanisms almost exclu-
sively focus on privacy to the detriment of accuracy. The few methodological studies on the
privacy-accuracy trade-off focus on asymptotic performance and/or restricted classes of mecha-
nisms.

In our view, the privacy-accuracy trade-off is most naturally studied through the lens of
optimization theory, which gives rise to infinite-dimensional DP mechanism design problems
that are similar to—but at the same time notedly distinct from—continuous linear programs
and distributionally robust optimization problems. We developed a hierarchy of converging
upper and lower bounds on these problems that result in DP mechanisms with rigorous privacy
guarantees and deterministic bounds on their accuracy. Our numerical results demonstrate that
our mechanisms can achieve significant improvements on both synthetic and real-world problems.

A key advantage of an optimization-based DP approach is its versatility. Our upper and
lower bounds can be readily extended to incorporate monotonicity and symmetry constraints
as well as a bounded range for the query output in the case of data dependent mechanisms.
We can account for different loss functions, and multiple loss functions can be combined in a
multi-objective framework. Our approach also allows us to incorporate tighter bounds on the
probability of distinguishing events A € F, P[A(D) € A] > 0 and P[A(D’) € A] = 0 for some
(D,D’) € N, that enable an adversary to exclude certain databases altogether (Dwork and
Rothblum 2016, Remark 1.3).

We regard this work as a first step towards optimization-based DP, and it opens up several
avenues for future research. Firstly, while our approach generalizes to multi-dimensional query
functions f via the composition theorem, better results can be expected if one directly optimizes
over multi-dimensional noise distributions. Since a naive implementation of our algorithms
would scale exponentially in that dimension, this may necessitate the development of further
approximations. Our GitHub supplement reports on some initial numerical experiments for
the multi-dimensional case as well as a potential avenues to alleviate the curse of dimensionality.

Secondly, our work measures accuracy through a simple loss function. In many interesting
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practical applications, the query output may be the solution to an optimization problem, and
in those cases accuracy may be best measured in terms of the expected performance of the
perturbed output (e.g., the expected total discounted reward of the perturbed policy in the
context of differentially private Markov decision processes). Thirdly, DP as currently defined
in the literature is tailored to the traditional noise distributions such as the Laplace and the
Gaussian mechanisms. The versatility of an optimization-based view on DP allows us to explore
other, potentially more general notions of differential privacy as well.  Finally, it would be
instructive to further study the connections between DP and robust optimization. Interesting
avenues for further exploration include the development of uncertainty set-based mechanisms for
DP that may avoid the curse of dimensionality (Bertsimas and Sim 2004), as well as applying
robust satisficing techniques (Long et al. 2023) to offer group privacy guarantees. We refer to

GitHub supplement for a more detailed discussion of those topics.

1.A Proofs of Section 1.2
1.A.1 Proof of Observation 1

Assumption 2 allows us to replace the DP constraint in (1) with

/ [z € A]dy(z) < ee'/ 1f(D") — f(D)+z € Aldy(z) +6 VY(D,D')e N, VAe F
zeR

z€R

= / ]l[xeA]d’y(x)Sea-/ Lz + ¢ € Aldy(z) + 9 V(p,A) € E.
zeR Tz€R

Here, the first line holds since {A: A€ F} = {A+ f(D): A € F} for any D € D, whereas the
second line is due to Assumption 2. Replacing the latter representation of the DP constraints

with those in (1) gives P and thus concludes the observation. O

1.A.2 Proof of Lemma 1

The proof of Lemma 1 relies on three auxiliary results, which we state and prove first. Lemma 3
shows that under restriction (2), problem P can be expressed entirely in terms of the decision
variables p. The resulting problem coincides with P(3) in terms of the decision variables, but it
still comprises a larger set of constraints. Lemma 4 identifies for each query output difference
v € [-Af,Af] a constraint (¢, A*(¢)) that weakly dominates all constraints (p, A), A € F,
and Lemma 5 identifies a set of values for ¢ such that the associated constraints (@, A*(¢))

weakly dominate all constraints of the problem. Lemma 1 then combines these results to prove
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the equivalence between the problems P and P(J) under restriction (2).

Lemma 3. Under restriction (2), P has the same optimal value as

minimize Z ci(B) - p(i)

p

€L
subject to p:Z+— Ry, Zp(z) =1
i€Z (11)
AﬂI NI
Zp ’ < € Zp ) z(ﬂ)’ +6 V(SO,A) c€.
1€EZ iE€EZ B

Proof. We use restriction (2) to replace 7 in problem P with the new decision variables p. To

this end, observe first that under restriction (2), v affords a density function via

:ZP( |AﬂI Zp / xeA}-E[meIi(ﬁ)] da
€R

€L €L

_/:CGR]I[ € A (Zp(z) 5 )dx,

1€ZL

A € F, where the last step holds by Fubini’s theorem since v(A) € [0, 1]. This derivation shows
that > ;. p(i) - 1z € I;(8)]/B is the density function of 7. Using this density function, the

objective function of P can be rewritten as

~ Lz e (B
/IER c(r)dy(z) = /%R c(x) - (Zp(z) . [Gﬁ> Z pi / (x) -1z € L;(B)] dx

€L €L

=Y _alB)-pli),

1€EL

where the second equality holds by Fubini’s theorem, and the last step substitutes ¢;(3) = 37
fxel([i) c(x)dx for all i € Z. The final expression coincides with the objective of problem (11).

In view of the DP constraints in problem P, we note that

/R]l[meA]d'y Zp ’Aﬂl(ﬁ)‘
PAS

€L

as well as

/eRﬂ[x+99 € Aldy(z) = (A - ) =Y pli)- (A~ )N Li(B)]

€7

99



and the right-hand side expressions coincide with the expressions on either side of the DP

constraints of problem (11). This concludes the proof. O

To reduce the number of DP constraints in problem (11), we first characterize the tightest
privacy constraint (¢, A) € £ in (11) for a fixed decision p and a fixed query output difference
v € [-Af,Af]. To this end, we define the privacy shortfall as

Vg, A) =Y i) - [ANL(B)| = -y p(i) - [(A—= @) NL(B)].
1E€EL 1EL

Note that V (¢, A) coincides with the slack of the DP constraint (¢, A) in problem (11), shifted by
—§ and scaled by 3.4 In particular, maximizers (¢, A) € £ of the privacy shortfall V correspond
to the tightest constraints in problem (11).

Observation 4. The privacy shortfall is linear over partitions of A, that is, we have V(p, A) =
>0 Ve, Ag) for any partition {Ag}e of A.

We next show that for any fixed ¢ € [-Af, Af], the largest privacy shortfall sup{V(p, A) :
A € F} is attained by a worst-case event A*(p) € F of a simple structure.

Definition 1. For any i € Z, let j := [i— /3] be the unique integer satisfying o +7-6 € 1;(B),
and define I'(p, B) and I?(p, B) as the following partition of I;(B):

(i) I} (¢, B8) = Li(B) N (=1 (B) + @) = [i- B, o+ - B)
(it) (¢, B) = L(B)\ I} (¢, B) = Li(B) N (1;(B) + @) = [0+ - B,(i+1) - B).

For any i € Z, Definition 1 implies that I!(p, 8) N I;(8) = 0 for all i # i. Moreover, since
I}, B) C Ii—1(B) + ¢ it also follows that (I} (¢, 8) — ¢) C I;—1(8) and therefore (I}(p, 3) —
©) N I;(B) =0 for all j/ # j — 1. Applying a similar reasoning also to I?(¢, 3) allows us to
simplify the expressions for the privacy shortfall over subsets of I}(p, ) and I?(¢p, 3).

Observation 5. For any i € Z and ¢ € [-Af, Af] we have

Al (p(i) — e - p(j — 1)) for all AC I} (p, ),
Al - (p(i) — e - p(5)) for all A C I?(p, B),

V((p, A) =

60



DN N
' N\ N\
(i—-1)-p i-B (i+1)-p
I I I A I . I
e+(G-1)-8 o+j-B p+(G+1)-8
J = [i — p/B] satisfies N I} (¢, B) N I} (e, ) »
iB<o+j-B<(i+1)-p N ~
Lia(B) + Li(B) + ¢

Figure 6: The interval I} (¢, ) satisfies I} (¢,8) C I(B) as well as I}(¢,8) € I;-1(B) + ¢.
Therefore, for any A C I} (¢, 8) we have |AN L;(B)| = |A| and |[AN L:(B)] = 0 for all i’ # i;
simalarly, (A — ) N Li—1(B)] = |A] and [(A— @) N I1j_1(B)| =0 for all j' # j. This shows the
first case in Observation 5; the second case can be verified analogously.

Figure 6 illustrates the intuition underlying Observation 5. We now show that there is always

a worst-case event A*(p) that constitutes a union of intervals I (¢, 3) and I?(p, B), i € Z.

Lemma 4. For any ¢ € [—-Af, Af], there is an event

= U Iy, B)U U IF(p,B) € F  for some Iy, Ty C 7 (12)
i€y 1€To

that attains the largest privacy shortfall sup{V (p, A) : A € F}.

Proof. By Definition 1, I} (¢, 8) and I?(p, 8) partition I;(8) for any i € Z, and thus {I} (¢, ) U
Iiz(go, B)}iez partitions R. Observation 4 and the sub-additivity of the supremum operator then
imply that

AN = ANk ANI2
sup {V(p, A)} jgg{éV(% ﬁlz(w,ﬁ))ﬂLgV(% ﬂlz(cp,ﬁ))}
< sup {V(p,A)}+ sup  {V(p, A)}.
%;ACI H(@:B) %;ACI 2(#.8)

We will show that each supremum on the right-hand side of the inequality is attained and then
construct A*(¢) = U, ez AHp) UU,ez A2 (), where Al(p), AZ(¢) € F are defined as

Ail(ap) € argmax {V(p,A)} and A?(go) € argmax {V(p, A)}.
ACI} (¢,8) ACIZ (¢,8)

4Our definition here differs slightly from a later definition of privacy shortfall in Section 1.4.2. The context
will always make it clear which definition is being used.

61



The statement then follows from the fact that A*(¢) € F by construction.
In view of Al(p), Observation 5 implies that V (¢, A) is maximized by

I, B) ifp(i) — e - p(j — 1) >0,

0 otherwise.

Al(p) =

Applying a similar reasoning to A?(y), we observe that

IZ(p,B)  if p(i) — e p(j) > O,

0 otherwise.

Ai(p) =

The statement of the lemma thus follows. O
The next result shows that V (¢, A*(¢)) is maximized by ¢* = k - 5 for some k € Z.
Lemma 5. The function ¢ — V(p, A*(p)) is affine over each interval [k- 3, (k+1)- 5], k € Z.

Proof. For any k € Z, the construction of A*(¢) in the proof of Lemma 4 implies that the sets
7, and Zy in the statement of the lemma coincide for all p € [k-53, (k+1)-5) = Ix(5). Therefore,
for all ¢ € I;(5) we have

V(g A*(9)) = ) Ve, I @, B) + Y _ V(e I (. B))

i€y 1€lo
=Y @B (i) = e - plG = 1) + Y (2. B)] - (p(i) — € - p(4))
1€Ty 1€1o
= (pmod B)- Y (p(i) — ¢ - p(j — 1)) + (8 — (p mod B)) - Y (p(i) — ¢ - p(j))
1€T i1€T

= (pmod B) | > (pi) — e -p(j —1)) = > _(p(i) — € -p(j)) | + 8-> (p(i) —
i€y i€lo i€l
(13)

where j = [i — ¢/f] as specified by Definition 1. Here, the first equality follows from Lemma 4
and Observation 4, the second equality is due to Observation 5, the third equality holds since

@) =+ [i—o/B]-B—i-B=p—B|p/B] = (o mod f)
and |I2(p, B)| = B — |I}(p, B)] = B — (¢ mod B). In the final expression, all terms except for
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(¢ mod ) are independent of ¢, and ¢ — (¢ mod ) is affine over ¢ € I(/). We thus conclude
that ¢ — V(p, A*(p)) is affine over ¢ € I;(5).

To conclude the proof, we show that the result holds for the closure of I(3), that is, ¢ —
V(p, A*(¢)) is not discontinuous at p = (k + 1) - 5. In other words, we show that

lim V(p, A%(¢)) = V(p, A*(?)).
=P

To this end, we first note that (¢ mod ) = 0 as well as j = [i —@/f] =i — k — 1, and hence
(13) implies that

V@, A5@) =8> (n( =53 (! pi—k —1))

i€Zy 1€12

=05 Zmax{p -p(i —k —1),0}.

€L

Since we also have j = [i —¢/B] =i—kforall k-5 < p < (k+1)- 3, it follows that

lim V (i, A*()) =lim (( mod 8) - | 3" (p(0) = - p(G = 1)) = 3 (0(0) = = p(3))] + B+ >_ (w(i) — ¢ - p(1) )

=P =P

1€y i€Zo 1€1o
=[Z<p<z'>—ef~p<j—1>>— > @60) — ¢ - p(j >>] lim {(p mod §)} + 8- 3 (p(i) — ¢ (1)
i€y i€Zo i€y
=B (n( pGi—1)) =83 (1 pi—k—1))
1€y €1y
=f -y max{p(i) — ¢ - p(i — k — 1),0} = V(, A*(®)),

€L

where the first equality follows from (13), the second equality exploits the linearity of limits, the
third equality holds since lim (¢ mod ) = 3, and the final equalities follow from substituting
j = i — k and using the i:rfstruction of 7, which includes all indices ¢ € Z for which the
incremental privacy shortfall p(i) —e® - p(i — k — 1) is positive. This shows that ¢ — V (@, A*(p))

is not discontinuous at ¥ = (k + 1) - 8 and therefore concludes the proof. O

We can now prove Lemma 1 by showing that problem (11) in the statement of Lemma 3 has

the same optimal value as problem P(/3).
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Proof of Lemma 1. First notice that the DP constraints of P() can be written as

St A < o5y A=A TEI 5y 0) e £5)

€L €L ’8

since for any (p, A) € £(B) we have |ANL;(B)|/8 = 1[Li(B) C A] as well as [(A— )N L(B)|/8 =
1[7;(B) + ¢ C A] by definition. This shows that P(3) is a relaxation of problem (11) since £(8) C
€. Hence, if P(B) is infeasible, then so is problem (11), and the result follows. To complete the
proof, we show that any p feasible in P(f) is also feasible in problem (11).

Fix any feasible solution p to P(/3), and assume to the contrary that p violates a DP constraint
(¢, A) € &€ in problem (11). In that case, Lemmas 4 and 5 imply that there is a constraint
(p*, A*(¢*)) € E(B) with a weakly higher privacy shortfall than (¢, A). Indeed, Lemma 5 and
our earlier assumption that Af is divisible by £ imply that ¢* can without loss of generality
be chosen such that p* € [-Af,Af]N{k - Blrez = B(B). Since such ¢* is a multiple of £,
we have I (¢, 8) = 0 and I?(p,8) = I;(B) for all i € Z. Hence, Lemma 4 implies that A*(¢*)
can be chosen such that A*(¢*) = J;cz, li(8) for some Zo C Z, which in turn implies that
A*(p) € F(B). Thus, there must be a violated DP constraint (¢*, A*(¢*)) such that o* € Z(5)
and A*(p) € F(B), that is, (¢*, A*(¢*)) € £(F). This contradicts our earlier assumption that p
is feasible in P(3), and thus the result follows. O

1.A.3 Proof of Proposition 1

Appending the additional constraint (3) to problem P (/) yields

minimize Z ¢i(B) - p(i)
t€[£L]
subject to p: [£L] — Ry, Z p(i) =1

i€[+L)

> 1[n(B) c A S LB+ C A p(i) +6 V(e A) € E(B).

i€[£L] i€[+L]

The result follows if we show that any DP constraint (¢, A) € £(8) \ £(L, ) is redundant in the
above problem. To this end, fix any p that satisfies the first constraint. For any (p, A) € £(5),
define Ap, := AN[—L-B,(L+1)-p) so that (¢, Ar) € E(L,3). We show that if p satisfies the
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DP constraint (¢, Ar), then it also satisfies the DP constraint (¢, A). Indeed, we observe that

Y LLB) S A p(i) —e - Y I8 + ) € A pli)

i€[£L] i€|£L]

= > AL(B) C Al -pli) — e D> A[IL(B) +¢) € Al p(i)
SES) i€[£+L)

< N AL(B) C ALl -pli) — e D> [IL(B) +¢) € A - p(i),
i€[+L) €[+ L]

where the equality follows from

ST ARG C A p() = > LB C Al -p(i) + Y UL(B) C A\ AL] - p(i)
i€[£L] i€[£L] €[] -0

which holds since no i € [£L] can satisfy I;(8) C A\ Ar. The inequality in the third row, on
the other hand, follows from Ay C A. Thus, the DP constraints £(5) \ £(L, 8) are redundant
since they are weakly dominated by the DP constraints (p, Ay) € E(L, ). O

1.A.4 Proof of Proposition 2

As (0,9) € R x M4 () is feasible in D and § > 0, we have that f(@ Aee dip(p, A) < oo from
the objective function of D, which shows that £ is o-finite with measure ). Moreover, v is a

probability measure on R, and hence it is also o-finite. We now observe that

|
z€R
> /%R [0 - /(%A) . Lz € Aldy(p, A) + € - /(%A)Eg Lz +¢ € Aldy(p, A) | dy(z)

=0 — 1z d — et 1z d d A
/(Meg [ / _treAlr(e) o /xER e+ped 7(93)] (e, A)

>0 / 5 di(ip, A).
(p,A)eE

Here, the first inequality follows from the constraints of problem D. The equality follows from
Fubini’s theorem, which is applicable since the indicator functions are integrable on R x £ with
the associated product measure and the fact that fxER dvy(z) = 1. The second inequality follows

from the constraints of problem P as well as the fact that i is a non-negative measure. O
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1.A.5 Proof of Lemma 2

We first show that under the additional constraint (4), the DP constraints in D reduce to

0§c(m)+/

L[1(8) C Ald(ip, A) — ¢ - / LIL(8) + ¢ C Ald(p, A)
(p,A)eE(B)

(9, A)eE(B)
Vi e Z, Yx € LI;(B). (14)

We then argue that for every ¢ € Z, all constraints (14) indexed by (i,x), * € I[;(3), are
simultaneously satisfied if and only if the DP constraint indexed by i is satisfied in D(3). The
result then follows since both the decision variables and the objective function in D coincide
with their counterparts in D(/3), restricted to the elements (¢, A) € £(3) as stipulated by (4).
In view of the first step, fix any = € R, and select i € Z such that z € [;(8). Under the
additional constraint (4), the first integral in the DP constraint of D indexed by z reduces to

/ 1o € Aldy(p, A) = / L € Aldy(p, A) + / 1z € Aldy(p, A)
(p,A)e€ (p,A)eE(B) (p,A)ENE(B)

=0

— / 1[L;(8) € Alde(p, A).
(p,A)EE(B)

Here, the last integral in the first row vanishes due to (4), whereas the second equality holds
since for all (¢, A) € £(B), the requirement that A € F(f) implies that = € A only if [;(5) C A.
Note that the integral in the second row above coincides with the first integral in (14) indexed
by (i,2). A similar argument shows that under the additional constraint (4), the second integral
in the DP constraint of D indexed by x reduces to the second integral in (14) indexed by (i, x).
In summary, under the additional constraint (4) the DP constraints in D indeed reduce to (14).

As for the second step, note that for any fixed i € Z, the constraints (14) indexed by (i, x),
x € I;(B), only differ in their additive terms c¢(z). Thus, for any fixed i € Z, all constraints (14)
indexed by (i,z), x € I;(), are satisfied if and only if they are satisfied for the smallest value
c(x), x € I;(), which is precisely what the DP constraint in D(/3) indexed by ¢ stipulates. [

1.A.6 Proof of Proposition 3

First observe that the additional constraint (5) reduces the uncountable set £(3) in the definition
of the decision variables as well as the objective function and the constraints of D(3) to the finite

subset £(L, 8), which allows us to replace the measure ¢y € M (£(8)) in D(3) with the discrete
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map ¢ : E(L, ) — Ry in D(L, #) as well as replace all integrals in D(/3) with sums in D(L, 3).

The result now follows if we show that under the additional constraint (5), all DP constraints
in D(B) indexed by i € Z\ [£(L + Af/B)] are weakly dominated by DP constraints indexed by
i € [£(L+ Af/B)]. Indeed, observe that the DP constraints indexed by i € Z \ [£(L + Af/5)]
simplify to

0 <¢(B) VieZ\[E(L+Af/B)] (15a)
since 1[I;(8) C A] = 1[L;(B) + ¢ € A] = 0 for all (p, A) € E(L, B) whenever i € Z\ [=(L+Af/B)].
In contrast, the constraints indexed by i € [£(L + Af/B)] \ [£L] simplify to

0<—e- Y ALPB) +9 A P(p, A) +(B) (15b)
(p,A)€E(L,B)

since 1[I;(B) C A] = 0 for all (p, A) € E(L,B) whenever i € [£(L + Af/5)] \ [£L]. Note that
¢;(B) inherits monotonicity from ¢;(3), that is, we have ¢;(8) < ¢;;1(8) for all i > 0 as well as
¢ (B) < c¢;_1(B) for all i < 0. This property, along with the non-negativity of ), shows that the
constraints (15a) are implied by constraints (15b), and the result thus follows. O

1.A.7 Proof of Theorem 1

The proof of Theorem 1 relies on the feasibility and monotonicity of the upper bounding prob-
lems P(L, 3), which they inherit from the upper bounding problems P(/3). We prove these results
first in Sections 1.A.7.1 and 1.A.7.2, and we subsequently prove Theorem 1 in Section 1.A.7.3.

1.A.7.1 Monotonicity and Feasibility of P(3)

The upper bound P(f) employs a discretization that is parametrized by 8. We first show that

the optimal value of this problem is monotonically non-decreasing in 3 in the following sense.

Lemma 6. For any ¢ > 0, § > 0 and f > 0, the optimal value of problem P(f3) satisfies
P(B) > P(8/k) for all k € N.

Proof. The result trivially holds if P() is infeasible. Assume therefore that P (/) is feasible and
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fix an arbitrary feasible solution p’ in P(/3). For any k € N, problem P(8/k) can be written as

Inmlmlze E E ciu(B

i€Z le(k]
subject to p:Z x [k »—>R+,Zszl
i€Z lelk (P(B/Ek))
DD LB S A p(i D) < e LIa(B) + 9 € Al - plis 1) + 6
1€Z le[k] 1EZ IE[k]

V(p, A) € £(B/k),

where Ig(8) = [(i + (1~ 1)/k) - 3,0 + 1/K) - 8) and ca(B) = (/)" - [y, 5 e(w)d. One
readily verifies that p”(i,1) = p'(i)/k, i € Z and | € [k], is feasible in problem P(S/k) and attains

the same objective value as p’ in P(). The statement thus follows. ]

We next show that problem P(f) is feasible.
Lemma 7. For any 6 > 0, there is M € R such that P(Af/k) < M for alle >0 and k € N.

Proof. Fix § > 0 and denote by P’(Af) the variant of P(Af) that replaces ¢ with 0. We show
that there exists M € R such that P°(Af) < M. The statement then follows since for any ¢ > 0
and k € N, we have P*(Af) > P(Af) > P(Af/k), where the first inequality is direct and the
second inequality is due to Lemma 6.

Consider the following solution to P(Af):

1 e
iy = 4 T e ([ -1

0 otherwise

To confirm that p is feasible in P*(Af), first note that by construction, p is a valid probability
distribution. To see that p also satisfies the DP constraints, note that in problem P°(Af), these

constraints simplify to

S AL(AF) C AL p(i) = Y ALAS) +¢ S Al-p(i) <5 Ve € {—AFf,0,Af}, Ae F(Af).
iE€EZ IEL

Since the constraints associated with ¢ = 0 are vacuously satisfied, it is sufficient to investigate

the cases where ¢ = +Af. Consider the constraints associated with ¢ = Af:

> (AL(AS) € Al = 1L (Af) € A) -pl(i) <6 VA e F(Af)

1€Z
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= sup [ > (UL(AS) C Al = UL (Af) S A - p(i)| <6
AeF(AS) icZ
The supremum in the second row is attained, among others, by the worst-case event A* =
Iti/26)1-1(Af) € F(Af). Indeed, one readily observes that i = [1/(20)] — 1 is the only index
for which 1[;(Af) C Al =1 and 1[I;11(Af) C Al = 0. For A = A*, however, the DP constraint
reduces to p([1/(26)] — 1) = 1/(2[1/(29)]) < ¢, which is satisfied by construction. We thus
conclude that p satisfies all DP constraints of PO(Af) associated with ¢ = Af and A € F(Af).
An analogous argument for ¢ = —A f shows that p indeed satisfies all DP constraints of PO(Af).

The solution p attains a finite objective value in P*(Af), finally, since

1 [1/(26)]-1
Zci(Af)’P(i): PRI Z ci(Af) = M < oc.
ez 2OV sy
Since P’(Af) is a minimization problem, P*(Af) < M thus follows. O

Lemma 7 implies that P(Af/k) is feasible for any fixed €, > 0 and k € N.

1.A.7.2 Monotonicity and Feasibility of P(L, f3)

We first show that problem P(L, /) is monotonically non-increasing in L and monotonically

non-decreasing in 3 in the following sense.

Lemma 8. For anye > 0,5 > 0, L' € N and 8 > 0, the optimal value of problem P(L’,(3)
satisfies P(L',8) > P(L,B/k) for allk e Nand L> L -k+k —1.

Proof. The result trivially holds if P(L’, 3) is infeasible. We thus assume that P(L', ) is feasible,
and we fix any k € N as well as L = L' -k + k — 1. We proceed in two steps. We first derive an
upper bound P'(L, 3/k) to P(L,3/k) in which the noise distribution has the same support as
in P(L, 3). We then show that P(L’, 3) bounds P'(L, 8/k) from above. The result then follows
from the fact that P(L, 3/k) is monotonically non-increasing in L for any fixed 5 and k.

In view of the first step, we construct the upper bound P'(L, 3/k) to problem P(L, 3/k) by
adding to P(L, 3/k) the constraint that p(i) =0 fori = —(L' - k+k—1),...,—(L'-k+1), that
is, we remove the first k — 1 elements from the domain of p. This ensures that despite its finer
interval granularity of 3/k, the support of the noise distribution in problem P’(L,3/k) is the
same as in the more coarsely discretized problem P(L’, 3), namely [-L'- 3, (L' + 1) - ).
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As for the second step, note that the upper bound P/(L, §/k) can be formulated as

mlnlmlze E g ci(B

1€Z €[k
subject to p: [£L'] x [k] — R, Z Zp(i,l) =
i€Z 1e[k]
Z Z Z Zﬂ [Ia(B8) + ¢ C Al - p(i,1) + 6
i€[+L'] l€[k] €[+l ek

V(p, A) € E(B/k),

where I;(B8) = [(i + (1 — 1)/k) - B, (i + 1/k) - B) and cy(B) = (B/k)~*- fxelﬂ(ﬁ) c(x)dz. Fix any
feasible solution p’ in problem P(L’, 3) . One readily observes that the solution p”(i,1) = p/(i)/k,
i € [£L'] and | € [k], is feasible in P/(L,3/k) and attains the same objective value as p/
in P(L/, 3). We thus conclude that P(L’, ) bounds P(L, 5/k) from above, as desired. O

We next bound the maximum constraint violation of a solution p’ in P(/3) that is obtained
by truncating any feasible solution p in P(/3) to a bounded domain. This will later enable us to

determine values of L that ensure the feasibility of P(L, 5) for any fixed f.

Lemma 9. Let p be an arbitrary feasible solution to problem P(B) and fix L € N such that
> icper) P(i) = 1 =7 for some 7 > 0. Construct another candidate solution P to P(B) where

p'(i) = 0 for alli € Z\[+L], p'(L) = 351, p(i) as well as p'(=L) = 3,1, p(i), and p/ (i) = p(i)
otherwise. Then p' violates the DP constraints of problem P () by at most (1 + €°) - 7, that is,

sup {Zﬂ - L[I(B) +¢) S A]- p()—5}§(1+€£)-7
(p,A)EEB) ez i€

Note that the constant L in the statement of Lemma 9 exists since for any probability mea-

sure v € Py and any 7 > 0, there is L' € N such that v([-L,L]) > 1 —7 for all L > L'

Proof of Lemma 9. Since p is feasible in problem P(f3), it satisfies

D LL(B) C Al pli) < e - Y L[Li(B) +9) C Al -pl(i) + 5 V(p, A) € E(B).

1€EZ €L

On the other hand, for any (¢, A) € £(8), the constructed solution p’ satisfies

S AL C AP () — € D LL(B) + @) C A p/(i) — 6

1EZ €7
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=Y L) < Al - [p(i) + (V' (0) - ¢ > LE(B) +¢) € Al - [p(i) + (' (i) = p(0))] = &

€L €L
=> 1L(B) € 4] ¢ - Y N(L(B) + ) C A -p(i) =5+
U/ 1€Z

<0 as p is feasible in (P(3))

D ULB) € A (0'()) — (i) —¢* - D LL(B) + @) S Al (' (6) = p(i)) < (L+¢) -7
1€EZ | 1€EZ
<7 >—T7
which implies the statement. O

We can now prove the feasibility of P(L, 3).

Lemma 10. For anye >0, § > 0 and § > 0, there exists L' € N such that problem P(L, [3) is
feasible for all L > L'.

Proof. Denote by Ps/5(3) and Ps/o(L, 3) the variants of P(8) and P(L, 3) that replace 6 with
d/2, respectively. Fix any feasible solution p in problem P /2 (), whose existence is guaranteed
by Lemma 7, and choose L € N large enough so that .,y p(i) 2 1—(6/2)/(1+¢°). Lemma 9
allows us to construct a solution p’ from p that violates the DP constraints of Ps /2(L, B) by at

most /2. By construction, p’ is thus feasible in P(L, 3), and the statement follows. O

1.A.7.3 Proof of Theorem 1

To show our convergence result, we define the following auxiliary problem:

minimize Z ci(B) - p(i)

g ie[£(L1AL/B)]

subject to p: [£(L + Af/B)] — R, > i) =1
i€l (L+AS/B)]

Y. URBCAp@) < Y LB +eC A p(i) +0

i€[£(L+Af/B)] i€[£(L+Af/B)]

In the following, we will show that (i) problem M(L, 3) differs from P(L, 3) only in the domain
of the decision variable p; (ii) problem M(L, 3) differs from the strong dual of D(L, 3) only in
the objective coefficients; and (iii) the relationship P(L,5) > M(L,3) > D(L, ) holds for all
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L € N and 8 > 0. Thus, instead of analyzing the convergence of P(L, ) and D(L, ) directly,
we can analyze separately the convergence of P(L, ) and M(L, 3) (¢f. Lemma 12) as well as
of M(L, ) and the strong dual of D(L, ) (¢f. Lemma 13).

Since M(L, B) coincides with P(L, 5) except for the additional decision variables p(7), i €
[£(L + Af/B)] \ [£L], we have P(L,5) > M(L, ). To show convergence of both problems
(¢f. Lemma 12), we need to ensure that these additional decision variables take sufficiently small

values in optimal solutions to M(L, 3). This is guaranteed by the next result.

Lemma 11. For any e > 0, 6 > 0 and 7 > 0, there exists L' € N such that for all k € N and

L>L"-k+k—1, any optimal solution p* to M(L, Af/k) satisfies > p(i) < 7.
t€[E(L+k)\[£L]

Proof. Fix e >0, >0 and 7 > 0. By Lemma 10, there is L; € N such that problem P(L, Af)
is feasible for all L > Ly. Select Lo € N large enough such that

P(Li,Af)

c(x) > Ve eR: |z| > Ly Af; (16)

such values exist due to Assumption 1 (b). We claim that the statement of the lemma holds for
L' = max{Ly, Lo}. To see this, fix any k € Nand L > L' -k + k — 1.

Take any optimal solution p* : [£(L + k)] — R4 to problem M (L, Af/k) and assume to the
contrary that > ey (p4pyp\ery P7(4) = 7. We then observe that

S af/k)pr @) = Y clAF/R) P+ > a(Af/k) - pr(i)

ie[£(L+k)] i€[£L] i€ [ (L+k)\[£L]
P(Ly, A ,
>y MR g a7)
i€ (L+k)\[£L]
P(Li{, A
> PELAD _pr Af) > P(LAS/K) = M(LAF/R).

T

Here, the first inequality holds since ¢;(Af/k) > 0 for all i € Z as well as

. _ (AT (Af)‘l. P(Li,Af) . P(Li,Af)
(AR = (k) / e > (5 /mgiw/@ Plna),,  PLiAS)

for all i € [£(L + k)] \ [£L]. The second inequality in (17) follows from our earlier assumption
that 3 ;i (a2 P*(0) = 7. The third inequality in (17) is due to Lemma 8 and the fact that
L > Ly -k+k—1, and the last inequality in (17) holds by construction of problem M(L, Af/k).
We thus conclude that p* cannot be optimal in problem M (L, Af/k), which yields the desired
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contradiction. O
Lemma 11 allows us to prove the convergence between problems M(L, ) and P(L, 3).

Lemma 12. For anye > 0, 6 > 0 and £ > 0, there exists L' € N such that P(L,Af/k) —
M(L,Af/k) <& forallk e Nand all L> L' - k+k —1.

Intuitively, Lemma 12 shows that P(L,3) — M(L, 3) — 0 for any 8 > 0 as long as L grows
sufficiently quickly relative to 1/8. Recall that the size of the support of the noise distribution
~vis L-B. Thus, P(L,3) — M(L,3) — 0 for any 3 > 0 as long as the support of v grows large.

Proof of Lemma 12. Fixe > 0,d > 0 and £ > 0, select any «a € (0,0), set 6 =6—aand
denote by P;(L,Af/k) the variant of P(L, A f/k) that replaces 6 with 5. We invoke Lemma 10
to select Lo € N so that P;(L,Af) is feasible for all L > Lo, and we denote by M the optimal
value of Ps(Lo, Af). We next invoke Lemma 8 to conclude that P;(L, Af/k) remains feasible
with an optimal value bounded from above by M for all k € Nand all L > Ly-k+ k — 1.

Set 7 = £ - a/M. The remainder of the proof shows the statement in four steps. Step 1
constructs a solution p, to problem P(L,Af/k) whose expected loss is bounded from above
by the optimal value of M(L, Af/k), but that may violate the DP constraints in P(L, Af/k)
by up to 7. Step 2 then constructs a convex combination p* of p; and pjz, where the latter is
an optimal solution to problem P;(L,Af/k). Step 3 shows that the convex combination p* is
feasible in P(L, Af/k), and Step 4 shows that the expected loss of p* in P(L, Af/k) is bounded
from above by M(L, Af/k) + &, as desired.

In view of Step 1, note that problem M(L, A f/k) is feasible by construction, and it is bounded
since the objective coefficients are non-negative. Lemma 11 then ensures the existence of L; € N
such that any optimal solution to M(L, Af/k), L > Ly -k+k—1, places a probability of strictly
less than 7/(1 + €°) outside the index range [+L]. Select Ly € N large enough such that

> Y Ve eR: |z| > Ly Af; 18
olr) > max o(a') VrER: o> Ly-Af (19)

such values exist due to Assumption 1 (b). We claim that L' = max{Lg, L1, Lo} satisfies the
statement of this lemma. Take any k¥ € N and any L > L' -k + k — 1, and denote by py an
optimal solution to problem M(L, A f/k), which satisfies > ;cry (pyuppery Pm(é) < 7/(1+€°) by
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the selection of L’. Construct a new truncated solution p;, via

0 if i € [£(L+ k)] \ [£L]
pr(1) = pm(0) + Yo om(@) + X0 pm(i) ifi=0 Vi € [+£(L + k)]
pwm () otherwise

We then have

> clAf/R) - pe(i) = D ci(Af/k) - pua(i) + co(Af /) - (Z pa(i) + Y pM<i’>>

i€[+L] i€[+L] "> i'<—1L

< 2 ar/m) el (19)

i€[£(L+k)]

where the inequality holds because (18) implies

w@arm =@t [ <@gt max c(a') = max c(e!) < ei(Af/F)
zely(Af/K) zelp(Af/k) o |<SAF x|’ |[<Af
for all i satisfying |i| > L. This shows that the truncated solution p, achieves a weakly smaller
objective value in problem P(L,Af/k) than the optimal value of M(L,Af/k). However, a
similar reasoning as in the proof of Lemma 9 shows that p, can violate the DP constraints
in P(L,Af/k) by up to 7.
As for Step 2, we define p; as an optimal solution to problem P;(L, Af/k), which exists as
P;(L,Af/k) is feasible by the selection of L. We then construct the solution p* via

a

*=X-pr+(1—=N)-p: for A= .
p prt(1=A)p; forA=_——

The next two steps will show that p* is feasible in problem P(L, Af/k) and that its expected
loss is bounded from above by M(L, Af/k) + &.
In view of Step 3, first notice that p*(i) = 0 for all i € [£(L + k)] \ [£L] since p* is a
convex combination of two solutions, neither of which places positive probability on indices
€ [=(L + k)] \ [£L]. Consider now any DP constraint (¢, A) in problem P(L,Af/k). We

observe that

> LL(Af/K) C A p S N[I(Af/R) + ¢ € A p(i)

i€[£L] i€[£L]
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=X DD LAk C A pe(i) — e Y LAS/R) + o C Al pe(i) | +

NSEI| i€[£L]

L=N - Y am(ar/k) C Al-ps(i) — e - Y UL(AF/K) +¢ C A - ps(i)
NSES| i€[£L]
N (F+7)+(1=N)-6

=X 0+7)+ (1 -AN)-0—a)=A-(T+a)+0—a=29,

where the first equality uses the definition of p*, the inequality holds since p, violates the DP
constraints in problem P(L, 3) by up to 7 and pj is feasible in Ps(L, Af/k), and the final equal-
ities follow from the definition of & , rearranging terms and from the definition of A, respectively.
We thus conclude that p* satisfies the DP constraint (¢, A) in problem P(L, Af/k), and since
the choice of (¢, A) was arbitrary, p* must indeed be feasible in P(L, Af/k).

As for Step 4, first note that the solution p* achieves an objective value of Zie[ ) ci(Af/k)-
p*(i) in P(L, Af/k), which itself satisfies the following due to (19):

Yo aldf/R) - pr @) =0 Y a(Af/R) pr(@) + (=X Y c(Af/k) - pg(i)

€[] i€[£L] i€[£L]
<A Y alAf/R) o)+ (T=N) - D e(Af/R) - ps(i). (20)
i€[E(L+E)] i€[£L)

We can use (20) to bound the difference P(L, Af/k) — M(L, Af/k) as follows:

P(LAf/R) = M(LAf/R) < Y a(Af/R)-p* @) = Y cl(Af/k) - pu(i)

i€[+L] i€[+(L4Fk)]

<@=-N[ Y a@af/k)ps)— > a(Af/k) - puli)

ic[+L] i€[+(L+K)]

<AU-MNM=—— M=¢

T+«

Here, the first inequality holds since p* is feasible in P(L, A f/k) and pyp is optimal in M(L, Af/k).

The second inequality employs (20). The third inequality bounds the objective value of ps from

above by M and the objective value of py; from below by 0, respectively. The two identities,

finally, follow from substituting back the definitions of A and 7, respectively. O
We next prove the convergence between problems M(L, 8) and D(L, 3).
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Lemma 13. For any ¢ > 0, 0 > 0, &€ > 0 and A € N, there exists ¥ € N such that
M(A -k, Af/k) —D(A-k,Af/k) <& forallk > K.

Intuitively, Lemma 13 shows that M(L, 8) — D(L, ) — 0 for any fixed size of the support of

the noise distribution v as long as the discretization granularity g vanishes to zero.

Proof of Lemma 13. Fixe >0, >0, £ >0 and A € N. We will show that there is ¥’ € N
such that M(A -k, Af/k) — D(A -k, Af/k) < & for all k > k', where D(A -k, Af/k) denotes the
dual to D(A - k, Af/k). Indeed, strong duality holds between D(A - k, Af/k) and D(A-k, Af/k)
since (0,7) with 0 = min{c;(Af/k) :i € [£(A-k+k)]} and ¢(p, A) =0 for all E(A -k, Af/k)
is feasible in D, Af/k). The dual problem D(A - k, Af/k) can be formulated as

minimize > alAf/k)-pli)

i€[H(A-k+E)]
subject to p: [£(A-k+ k)] — Ry, Z p(i) =1
i€[E(Ak+k)]
S ALK CApli) <et DY LL(AF/R) +¢ C Al pli) + 0
i€[E(Ak+k)] i€[E(Ak+k)]

V(p, A) € E(A -k, AF/K).
(D(A -k, Af/EK))

Note that D(A -k, Af/k) and M(A -k, Af/k) only differ in their objective coefficients c;(Af/k)
and ¢;(Af/k), respectively. We now show that the difference between those two coefficient sets
can be made arbitrarily small, uniformly across all i € [£(A-k+k)], by increasing k. Indeed, the
loss function ¢ is continuous by Assumption 1 (@), and it is therefore uniformly continuous over
the (closure of the) finite interval (J{L;(Af/k) : i € [£(A-k+k)]} by the Heine-Cantor theorem.
(Note in particular that for any k, this interval is contained in the set [-(A+1)-Af, (A+2)-Af)
that is independent of k, which justifies our use of the Heine-Cantor theorem.) For the selected
£ > 0, we can thus find &’ € N such that for all k > £/, we have

zel;(Af/k)

; —c; = ﬁ 71- c(r)dx — in c(x
N R G I BCC LS e

< sup c(z)— inf c(x) < €,
zel;(AF/K) (=) zel;(Af/k) (=)

uniformly across all ¢+ € [£(A - kK + k)]. Here, the identity replaces ¢;(Af/k) and ¢;(Af/k) with
their respective definitions, the first inequality exploits that c(x) < sup,er,ag/m) c(x) for all

76



x € I;(Af/k), and the last inequality makes use of the uniform continuity of c.
To bound M(A - k, Af/k) — D(A - k, Af/k), take any optimal solution p* to problem D(A -
k,Af/k) and notice that p* is feasible in M(A -k, A f/k) since both problems only differ in their

objective coeflicients. We thus have

M(A -k, Af/k) =D(A-k,Af/R) < > [ei(Af/k) = ci(Af/R)] - p*() < &,

i€[£(Ak+k)]

where the first inequality holds since p* is optimal in D(A - k, Af/k) but feasible (and possibly
not optimal) in M(A - k, Af/k), and the second inequality is due to our earlier uniform bound
on ¢;(Af/k) —¢;(Af/k) and the fact that p* is a probability distribution. O

Proof of Theorem 1. Fix £ > 0 as well as any &1, &2 > 0 satisfying & + & = £. Since

“kyAf/k)—D(A -k, Af/k)=[P(A-k,Af/k) —M(A-k,Af/k)] + [M(A-k,Af/k) —D(A-k,Af/E)],

for any A € N and k € N, it suffices to show that there is A’ € N and &’ € N such that
P(A-k,Af/k) —M(A-k,Af/k) <& and M(A -k Af/k)—=D(A-k,Af/k) <& (21)

simultaneously hold for all A > A’ and k& > k.

In view of the first inequality in (21), we invoke Lemma 12 to select L' € N such that
P(L,Af/k) — M(L,Af/k) < & forall k € Nandal L > I/ -k +k—1. Fix A = I/ + 1
and notice that A’ -k = (L' +1)-k > L' -k + k — 1. For our choice of A, we thus have
PN -k, Af/k) — M(AN -k, Af/k) < & for all k € N. As for the second inequality in (21),
we invoke Lemma 13 to select k' € N such that M(A" -k, Af/k) — D(A - k,Af/k) < & for all
k > k'. So far, we have shown that there exists A’ € N and k¥’ € N such that P(A" -k, Af/k) —
D(A" -k, Af/k) < & holds for all & > k’. Since we have P(A" - k,Af/k) > P(A-k,Af/k) and
D(A -k, Af/k) <D(A-k,Af/k) for all A > A’, we can conclude the proof. O
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Figure 7: Visualization of the loss function c in Section 1.A.8.1.

1.A.8 Proof of Proposition 4

In the following, we present two counterexamples that jointly prove the statement of Proposi-

tion 4. Both examples rely on the following strong dual of D(L, /3):

minipmize Z ¢(B) - p(i)

i€[+(L+Af/B)]

subject to p: [£(L + Af/B)] — R, > opli)=1
i€[E(L+AS/B)] (22)
S 1n@ A pi) <t > ALB) +¢ S Alp(i) +6
i€[E(L+Af/B)] i€[£(L+Af/B)]

V(p, A) € E(L, B)

This dual has been derived earlier in the proof of Lemma 13; the version above is adapted slightly

to match the notation of our counterexamples.

1.A.8.1 Example 1: Violation of Assumption 1 (a)

Fix any Af,e,0 > 0 and consider the following loss function ¢:

0 if 2 =0,
c(z) = 41 if 2# 0 and |z <2-[1/(20)] - Af,

1+ |z| otherwise.
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Figure 7 shows that ¢ satisfies Assumption 1 (b) since for any r € R we have ¢(z) > r for
all x satisfying |z| > max{2[1/(20)]|Af, r}. However, ¢ violates the continuity condition of
Assumption 1 at x = 0 and x = £2[1/(20)]Af. In the following, we will show that for this loss
function, P(L, 8) and D(L, 3) differ by at least §/2 for all L € N and 5 > 0. We do so in two
steps: We first show that P(3) > 1, and we subsequently argue that D(L,3) < 1 —06/2. The
statement then follows since P(L, 3) > P(f).

To see that P(f) > 1, we note that the objective coefficients in P(3) satisfy

c(f)=p""1. / clx)de >1 VielZ,
$€I¢(,B)

where the inequality holds since ¢(x) > 1 almost everywhere (except at z = 0). The claim then
follows from the fact that the objective function in P(J) constitutes a convex combination of
those objective coefficients.

To show that D(L,3) < 1 — §/2, we can without loss of generality assume that L > 2 -
[1/(20)] - k for k € N satisfying 8 = Af/k. Indeed, the result then follows for all smaller values
of L due to the monotonicity of D(L, ) in L. To see that D(L, ) < 1 — §/2, we construct a
feasible solution p to the strong dual (22) of D(L, 3) that attains the objective value 1 — §/2.
To this end, define ZF := {~2-[1/(20)] - k,...,2- [1/(26)] - k — 1} and set

5/2 if i = 0,
p(i) = 4[1/1(2_5;/;_1 if i € ZF \ {0}, Vi € Z.
0 ifi e [£(L+Af/B))\IF

Note that p indeed constitutes a probability distribution over i € Z, and that p(i) = 0 for all
i ¢ [£L] since L >2-[1/(26)] - k. Moreover, we have

Y @ i)=Y el®) i) = c(®) - pO) + Y pli) =1-6/2

€[ (L+AFf/B)] ieZk ieZk\{0}

where the last identity follows from the fact that ¢y(8) = inf{c(z) : € I4(8)} = 0 since 0 €
Io(B) as well as ¢;(8) = 1 for all i € ZF\{0} since |z| < 2-[1/(26)]-Af forallz € I;(B) and i € Z*\
{0}. To see that p satisfies the constraints in (22), fix any (¢, A) € E(L, §) and observe that

> LB CAp() - Y LB+ S Al p(i)

i€[£(L+Af/B)] i€[+(L+Af/B)]
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Figure 8: Visualization of the loss function ¢ in Section 1.A.8.2.

< ) (U[LB) S A - U[LB) +¢ C A]) - pli)

i€[E(L+Af/B)]
< Y (LB € Al = L{1(8) + ¢ < A]) - p(i)

€[]
< > ULB) CANLB) +¢ € Al p(i)
i€[+L)
< ) LGB + ¢ € Al-pli)
i€[£L]
<> L@ +ez |J wB)-p@) < max {p(ir)+...+pix)} < 6.
i€[£L) VE[£L] R

Here, the first inequality holds since € > 0, and the second inequality uses the fact that
1[L(B) CA] — 1[L;(B)+ 9 C Al <0 for all ¢ € [£(L + k)] \ [£L]. The third inequality holds
because 1[I;(8) C A] — 1[L;(8) + ¢ € A] = 1 whenever I;(8) C and [;(8) + ¢ € A, whereas
1[L;(8) € A] — 1[L(B) + ¢ € A] € {—1,0} otherwise. The fourth inequality disregards one of
operands in the conjunction inside the indicator terms. The fifth inequality exploits the fact
that A C Ui’E[ ) I;:(B) for any A € F(L, 3). The sixth inequality holds since there are at most
k indices i € [£L] satisfying I;(8) + ¢ € Uz"e[iL] I;/(B) since p € {—Af,—Af+5,...,Af}
for B = Af/k. The last inequality, finally, holds by construction of p, whose non-zero val-
ues are 0/2 (at i = 0) and (1 — /2)/(4[1/(26)]k — 1) (at @ € Z# \ {0}), and the fact that
0/24+ (k—1)-(1—46/2)/(4]1/(20)]k —1) = 4.
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1.A.8.2 Example 2: Violation of Assumption 1 (b)

Fix any Af e, > 0 and consider the following loss function ¢:

1 if x € C; for some i € Z,
8
54 8i— - if x € DF for some i € Z,
c(zr) = Af
0 ifl’GD%\/I for some ¢ € Z,
8
\A—J}—Si—7 if:EGDZRforsomeiEZ.

Here, C; == [i- Af, (i +3)-Af), and D; := [(i + 3) - Af, (i + 1) - Af), i € Z, are intervals that
partition R, and

1 5 A
DF = [(i+§)-Af, (z’+§)-Af) with |D}|:?f,

5 7 A
DY =[(i+2) - Af (i+2)-Af) with yDiMy:Tf,
D} = [(i+£)-Af, (z’+1)-Af) with ]Dﬂ:?f

further partition each interval D; into a left (superscript ‘L’), middle (superscript ‘M’) and right
(superscript ‘R’) sub-interval, respectively. Figure 8 shows that ¢ satisfies Assumption 1 (a) since
c is piecewise linear without discontinuities. However, ¢ violates the unboundedness condition
of Assumption 1 since its image is contained in the interval [0, 1]. In the following, we will show
that for this loss function, P(L, ) and D(L, 3) differ by at least (1 —¢)/(1 + €°) for all L € N
and 8 > 0. We do so in two steps: We first show that P > (1 —9)/(1+€°), and we subsequently
argue that D(L, 3) < 0. The statement then follows since P(L, 3) > P.

To see that P > (1-4)/(1+4¢€°), define C = | J;o7, Cs and D = | J;c;, D; such that D—(Af/2) =
C. The DP constraint of P indexed by (¢, A) € € with ¢ = Af/2 and A = D implies that

/ ]l[:rED}d'y(a:)§65~/ ]l[acED(Af/Z)]dfy(:c)Jré:ee-/ L[z € C]dy(x) + 0.
r€R z€eR zeR

Let us refer to [ _p 1z € C]dy(z) as y(C) and [ _p 1z € D] dy(x) as y(D), respectively, so that
the above inequality reads as v(D) < e -v(C)+4. Since C' and D partition R and y(R) = 1, we
have v(D) = 1 —~(C) and thus v(C) > (1 —6)/(1 + €°). Since ¢(x) =1 for z € C and ¢(z) > 0
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for all x € R, any feasible solution to P must satisfy

[ @i = [ dmae+ [ doaes [ aw -

which shows that indeed P > (1 —0)/(1 + €°).

To show that D(L, 3) < 0 for any L € N and 8 > 0, we construct a feasible solution p to the
strong dual (22) of D(L, 3) that attains the objective value 0. We do so in two steps: We first
show that there is an index i* € Z with ¢;«(8) = 0, and we subsequently argue that the solution
p: (L + Af/B)] = Ry with p(i) = 1[i = *] is feasible in (22). In view of the first step, note
that by construction of ¢, any interval of length Af has a non-empty intersection with some
sub-interval DM, i € Z. Since the union UZ.L:LAJI/ A I;(B) is an interval of length Af, there must
thus exist an index i* € {L + 1,..., L+ Af/B} such that I;«(3) N DM % () for some i € Z. We
then have ¢;.(8) = inf,e, () {c(x)} = 0 since ¢(z) = 0 for z € D}. As for the second step, we

note that for any (¢, A) € £(L, ), the left-hand side of the constraint in (22) satisfies
> AL C Al p(i) = 1[1:(8) € A] = 0,
i€[£(L+Af/B)]

where the first equality holds by construction of p and the second equality uses the fact that
Ii+(B) € Asince i* € {L+1,...,L+ Af/B} whereas A C ;¢4 ) li(B) because A € F(L, B).
Since the right-hand side of the constraint in (22) is non-negative by construction, we thus

conclude that p is feasible in (22).

1.B Proofs of Section 1.3
1.B.1 Proof of Observation 2

Assumption 3 allows us to replace the DP constraint in (6) with

/ Mee Al | f(D) < / L[A(D) — (D) + = € Ajdy(z | F(D')) + 6

z€R
V(D,D')e N, VAeF
= [ wednizlo e [ thredde|ore)+d
xTe fAS
V6 € @, W(p, A) € £'(6).

Here, the first line holds since {A: A€ F} = {A+ f(D): A € F} for any D € D, whereas the
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second line is due to Assumption 3. Replacing the latter representation of the DP constraints

with those in (6) gives P’ and thus concludes the observation. O

1.B.2 Proof of Proposition 5

The proof of Proposition 5 relies on three auxiliary lemmas, each of which is devoted to the
inclusion of one of the restrictions (7a), (7b) and (7¢) into problem P’. We state and prove these

auxiliary lemmas first.

Lemma 14. With the additional constraint (7a), P’ has the same optimal value as

minimize [ - Z wi(B) - /GR c(x) dyg(x)

7 kelK]
subject to i € Po, k € [K] (23)

/ 1[xeA]d7k(x)§e€-/ 1z +¢ € Aldym(x) + 6
zeR z€eR

Vk,m € [K], V(p, A) € &g (B),

where €0,,(8) == [~ AL, A O (@n(8) — B4(8))] x F and wi(B8) i= B~ - [, 5 w(6) do.

Proof. We use restriction (7a) to replace the uncountable family of measures {v(:|¢)}¢ca in
problem P’ with the finite set of measures {’Yk}ke[K}~ Note that in this case, the requirement
v € I" simplifies to v, € Py for all k € [K].

We can now equivalently reformulate the objective function of problem P’ as

/qs@w(d)). |:/xER () dy(z | ¢)] do = kez[;q /¢e<1>k(,8)w(¢). [/xER c(x)dw] do

= ()

B kgﬂ U@ﬁem(ﬁ) (@) ds] - [/IGR () de(x)]

=p-wi(B)

which coincides with the objective function of (23).
Next, fix any DP constraint (¢, ¢, A) in P/, and note that (¢, ¢ + ¢) € Px(8) X @, (B) for a

unique pair (k,m) € [K]. In terms of our new measures {7 }xe[x], the constraint becomes

/ 1z € Al dyi(z) §e€‘/ 1z + ¢ € Aldym(z) + 9,
z€eR z€eR

and this constraint is indeed included in (23) since ¢ € [-Af, Af]N (P, (8) — Px(F)). Similarly,
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one readily verifies that all DP constraints in (23) have corresponding constraints in problem P’.

We thus conclude that P’ and (23) are indeed equivalent under restriction (7a), as desired. [

In contrast to P’, problem (23) comprises finitely many probability measures {7y }re(x). The
next result shows that the restriction (7b) allows us to equivalently represent each measure 7y

by countably many decision variables.

Lemma 15. With the additional constraint (7b), problem (23) has the same optimal value as

minipmize B Z w(B) - Zc(z) - pr(i)

kE[K) €L
subject to pg : Z+— Ry, Zpk(z) =1, k€ [K]
ieZ (P(8))
SOULB) A p(i) < € - S LB) + 9 € Al pali) +
i€ i€

Vk,m € [K], V(p,A) € &,,(B),

where € (8) = [B(8) N {(m —k—1)- 8, (m—k) - B, (m—k+1)- B} x F(B).

Proof. Similar arguments as in the proof of Lemma 3 allow us to replace each measure 5 with
a countable set of decision variables p; : Z — Ry, k € [K]. The resulting reformulation of
problem (23) under restriction (7b) reads as follows.

minimize (- Z wi(B) - ZC(Z) - pi(7)

p

ke(K] i€Z
subject to Zpk(z) =1, pr:Z— Ry, ke€[K]
€L
A - A— ‘
Zpk(i)'wﬁeg-zpm(i), ( v) N Li(B)] 15
i€Z B i€Z g

In contrast to P’(/3), this problem still employs the larger constraint set (¢, A) € & (5). Ap-
plying similar arguments as in the proof of Lemma 4 shows that the constraints (¢, A) satisfying
A e F\ F(B) are weakly dominated by the constraints (¢, A") satisfying A’ € F(8), and ar-
guments similar to those in the proof of Lemma 5 show that the constraints (¢, A) satisfying
Ae F(B)and ¢ € [-Af, Af]N(Pp(8) —Pr(B)) are weakly dominated by the constraints (¢’, A)
satisfying ¢’ € ZB(8) Ncl(Pp(8) — Pr(B)) whenever [—Af, Af] N (P, (8) — P(B)) is nonempty.
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We can thus replace in the above optimization problem the constraints (p, A) € &/ (f) with
the smaller set of constraints (¢, A) € &, (8). In that case, however, the identities

ANI; A— NI
g g
hold for all i € Z (cf. the proof of Lemma 1), which concludes the proof. O

Problem P’(3) still comprises a countably infinite number of decision variables and uncount-
ably many constraints. The next result shows that the restriction (7c) allows us to reformulate

P’(B) as a finite-dimensional linear program.

Lemma 16. With the additional constraint (7¢), P'(3) has the same optimal value as the finite-

dimensional linear program P'(L, 3).

Proof. Under restriction (7¢), we can reduce each countable set of decisions py : Z — Ry to a
finite set py : [£L] — R4, k € [K]. Moreover, similar arguments as in the proof of Proposition 1
allow us to show that in the resulting problem, each constraint (¢, A) € &, (8)\ &}, (L, B) is
weakly dominated by the a constraint (¢, Ar) € &, (L, ). This concludes the proof. O

Proof of Proposition 5. The proof directly follows from Lemmas 14, 15 and 16. O

1.B.3 Proof of Proposition 6

Fix any + feasible in P’ and any (6, ) feasible in D’. We then have

@\..
M
(S
E
S\
| — |
\
%
0
o,
=
8
=
_

-/ / }dv(xw)
ped JreR

z/ [ / L[ € Aldi(p, A | 6)+
¢ed JzeR LAYEE ()

65-/ Lz +¢eAldY(p, Al ¢ —p)
(—p,A)EE" (9)

= 0(0)d de — 1z € Aldy(p, A | ¢)d d
/(JSG‘I’ /meR ()l oyde /¢e<1> /zeR/( AYEE! () =€ Aldplp, 4| o) dy(z [ 9)do
(i) (17)

dy(z | ¢)de
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+/ / / Lz +p € Aldi(p, A| ¢ — @) dy(x | ¢) do,
pe® JaeR J(—p,A)EE (¢)
(i)

where the inequality follows from the constraints in D’ and the fact that v(:|¢) is a non-negative
measure, and the final equality is due to the linearity of the integration operator.

The above term (i) simplifies to

[ ] poaeiow=[ oo|[ awiofaw=] oo

where we used the fact that (:|¢) is a probability measure for every ¢ € ®.

The above term (i) can be reformulated as

/ // [z € Aldy(p, A | ¢)dy(z | ¢) do
pe® JzeR J(p,A)eE (¢)

-[ [/ Ur € Aldy(x | 6)| di(p. A | 6)do,
PeD J (p,A)EE (¢) z€R

where we used Fubini’s theorem (whose applicability follows from similar arguments as in the
proof of Proposition 2) to change the order of integration.

Finally, the above term (7ii) can be rewritten as

/ / / Lo+ pe Aldp(o, A | é— ) dy(e | ¢)dé

$E® JzER J (—p,A)EE ()

=/ / [/ ]l[w+<p€A]d7(fE|¢)]dw(¢,A!¢>—<ﬁ)d¢
PED J(—p,A)e&’(¢) LJzER

:/ / [/ “[“@GA}dwquw)}dw(w,A¢)d¢.
pe® J(p,A)eE (¢) L/z€R

where the first equality follows from Fubini’s theorem. The second equality is due to a change

of variables. Specifically, we use the definition of £'(¢) to rewrite the region of integration as

{(¢7§07A) : (be(b?(_(p?A)Eg/(¢)}:{(¢7¢7‘4) € dx [_Af7Af] x F :¢_90€(I)}'

Introducing a new variable ¢/ = ¢ — ¢, we observe that ¢ + ¢’ = ¢ € ®. Hence the region of

integration region can be expressed as
{(¢ o A) e X [-ALAfIXF 1pe@—¢'} ={(¢p,4) : ¢ €,(p,A) € (¢)}
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if we replace ¢ with ¢’ 4+ ¢ in the integrals. The second equality now holds if we relabel ¢ as ¢.

Replacing the terms (7)—(%ii) with their equivalent expressions derived above, we obtain

/Mw(@-[/ (o) dr(z | 0)]
z/q@ )dg — /q@/weg/ [LeRn[xeA]de(xw)—

[ erveddalote)| die Al o)ds
reR

2/ 0(6) — - (o, A | ¢)
HED (p,A)EE(9)

where the final inequality is due to the constraints in P’ and the fact that ¢(:|¢) is a non-negative

do,

measure. The last expression coincides with the objective function of D/, as desired. ]

1.B.4 Proof of Proposition 7

Our proof proceeds in two steps. We first use restriction (8a) to reduce the number of decision
variables in D', and we subsequently use restriction (8b) to remove the integrals as well as
reduce the number of constraints in D’. This will yield the formulation in the statement of
Proposition 7.

In view of the first step, we use restriction (8a) to replace the measure 6 : ® — R with a
vector @ € RX and ¢ with a finite family of unconditional measures ¥, € M, (E'(¢)), k € [K].

Under those substitutions, problem D’ simplifies to the following formulation.

maximize [ - 0, — / / dwk @, A)d¢
0, kg( ke[K] dEDL(B) J (p,A)EE (¢
subject to @ € RE, o € M (E'(9)), k
O < L[z € A]dy (e, A)—
(p,A)E (h)
e - Lz +pe Al 1p— ¢ € @p(B)] dom(p, A)

+e(x) -w(p) Vk e [K], Vo € Pr(B), Vx € R

Here, our reformulation uses the fact that {®x(53)}rec[k] partitions ®, and the reformulated first
term of the objective function additionally exploits that |®x(B)| = B for all k € [K].

As for the second step, we note that under restriction (8b), the second expression in the
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objective function simplifies to

/ / A, 4)d6 = / /
p€Pk(B) A)eg’ (¢ #€21(B8) J (p,A)€EL (L,

kz (. A)EEL(L.H)

€[K]

L,B)

ke[K]

where the first equality is due to restriction (8b) and the fact that £'(¢)NE(L, B) = &(L, ), and
the second equality follows from taking the inner integral outside (as it is not parameterized by ¢)
and from |®y(8)| = . The resulting objective function coincides with that of problem D'(L, 3).
For any fixed k € [K], ¢ € () and = € R, the first integral in the constraints simplifies to

/ 1o € A din(e,4) = [ 1o € Aldvi(p, A)
(p,A)EE’(9) (¢, A€} (L,B)
Likewise, the second integral simplifies to

Lz +¢ € Al - 1[¢ — ¢ € 2 (B)] dm(p, A)
m%;(]/( neew i

-> Lt o€ A)- 16— ¢ € D (8)] dim (0, A)
me[K) (—p,A)EEL(L,B)

— / L + ¢ € Aldde_,5(0, A),
(—p,A)e&(L,B)

where the first equality is due to restriction (8b) and the second equality exploits the fact that
for ¢ € ®(B) and —p € HA(pB), we have ¢ —p € @, () if and only if m = k—¢/f. In summary,

the constraints simplify to
o< [ tmeadnea)—e- [ 1o +¢ € Aldbpy5(p, A)
(p,A)€E;(L,B) (=, A€ (L,B)
+c(z) - w(p) VEk € [K], Vo € Pr(f), Yz € R.

Note that the index ¢ € ®r(3) only affects the last term in this constraint, and the constraint

is thus equivalent to

0 < / 1o € 4] di(ip, A) — e - / L + ¢ € Alddy_ (0, A)
(p,A)e&; (L,B) ( VEEL(L,B)

+e(x) - wi(B) Vk € [K], Yz € R.
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We can equivalently express the index € R in this constraint with the double index (i,z) €
Z x I;(8), and arguments similar to those in the proof of Lemma 2 show that the constraint

subsequently simplifies to

O < / 1[7;(B) € A] d¢k(% A) —e - / L[L(B) + ¢ C A d%—Wﬁ(% A)
(p,A)e€(L,B) (—p, )€€ (L,B)

+c;(B) - wi(B) Vk € [K], Vi< Z.

Similar arguments as in the proof of Proposition 3 allow us to further restrict the index ¢ € Z
in the above constraint to i € [£(L + Af/B)]. The restriction (8b) also allows us to replace the
measures ¥ € My (E'(¢)) with discrete measures ¢y, : £.(L, ) — Ry, k € [K], and replace the
integrals in the objective function and the constraints with sums. This results in the formulation

D'(L, 8) and thus concludes the proof. O

1.B.5 Proof of Theorem 2

We employ the same strategy as in the proof of Theorem 1. We define the auxiliary problem

minipmize (Af/0) - Z wr(Af/0) - [ Z ci(Af/0) pk(l)}

ke[K] i€[E(A-L+0)]
subject to pp: [£(A-L+ O] Ry, > pli) =1, k€ [K]
i€[£(A-£40)]
Soooamar/) A pri) <et > LIAL/) + o C A pm(i) + 0
i€[£(A-£40)] i€[£(A-040)]

Vk,m € [K], Y(p, A) € &, (A-€,Af]0),
(M'(A-£,Af/0))

and we show that the optimal values of P/(A - ¢, Af/¢) and D'(A - £, Af /) converge to that of
M/(A-¢, Af/f) when ¢ increases (which, in return, refines the granularity Af/¢) and A increases
(which, in return, increases the support [—-A-Af, (A+1/¢)-Af)). Note that the number K of
intervals in ® depends on £ due to the partitioning ® = {Jyex) Px(Af/0).

To see that the optimal value of P/(A- ¢, Af/¢) converges to that of M'(A- ¢, Af/¢), we first
note that M'(A-¢, A f/¢) differs from P'(A-¢, A f /¢) only in the existence of the additional decision
variables py (i), i € [£(A-0+£)]\[£A-¢], which also implies that P'(A - ¢, Af/¢) > M'(A -0, Af/0).
Using similar arguments as in the proof of Lemma 11, we can show that for any ¢ > 0, § > 0

and 7 > 0, there is A’ € N such that any optimal solution p* to M/(A - ¢, Af/{) satisfies
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DiclrAero\[xa.q PR() < 7 for all k € [K], £ € Nand A > A’. Similar arguments as in the
proof of Lemma 12 then allow us to show that there is A’ € N such that P'(A"- ¢, Af/¢) —
M/(A"- 0, Af/0) <& for all £ € N. For the remainder of the proof, we fix such a value of A’.

To see that the optimal value of D'(A"- ¢, Af/l) converges to that of M'(A"-¢,Af/¢) , on
the other hand, we note that M'(A"- ¢, Af/¢) differs from the strong dual of D'(A" - ¢, Af/¢)
essentially only in the objective coefficients, which change from w(Af/f) and ¢;(Af/¢) in
the strong dual of D'(A"- £, Af /) to wi(Af/€) and ¢;(Af/L) in M'(A"- ¢, Af/l), respectively.
Similar arguments as in the proof of Lemma 13 show that for any € > 0, § > 0 and £ > 0,
there exists ¢ € N such that M'(A" - ¢, Af/¢) = D'(A - ,Af/l) < & for all £ > ¢'. Here, the
uniform continuity of ¢ ensures the convergence of the terms ¢;(Af/¢) and ¢;(Af/f), while our
earlier assumption that w is a continuous probability density function ensures the convergence
of the terms wy (A f/¢) and wy(Af/f). Moreover, since {wi(Af/¢)}s and {w;(Af/l)}¢ are non-
negative and sum up to at most 1, the overall objective functions of both problem converge
despite the growing number K of subsets of ®.

So far, we have shown that there exists A’ € N and ¢ € N such that P'(A"- ¢, Af/l) —
D'(AN - 4,Af/¢) < & holds for all £ > ¢'. Since we have P'(A" - ¢,Af/¢) > P'(A-¢,Af/l) and
D'(A -, Af/0) <D'(A-¢,Af/¢) for all A > A’, we can conclude the proof. Further details of
this proof are relegated to the GitHub supplement.

1.C Proofs of Section 1.4

1.C.1 Proof of Corollary 1

P(7, B) and D(m, ) sandwich P and D from above and below since P(7, ) and D(, ) con-
stitute restrictions of the earlier problems P(L, ) and D(L, ) that satisfy the same inequality
(¢f. Lemmas 1 and 2 as well as Propositions 1 and 3).

In view of the second part of the statement, recall from Theorem 1 that there is A’ € N and
k" € N such that P(A -k, Af/k)—D(A - k,Af/k) < & holds for all A > A’ and k > k. Moreover,
we have P(m, 3) < P(A -k, Af/k) if {I1;(8)}je(n) is a refinement of {I;(Af/k)}icia.k- Indeed,
P(A-k,Af/k) is equivalent to a variant of P(m, ) that includes the additional constraints
p(j) = p(j’) for all j,5" € [N] satisfying I1;(8),IL;(8) C Li(Af/k) for some i € [£A-k]. A
similar argument shows that D(7r, 8) > D(A - k, Af/k), which concludes the proof.
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1.C.2 Proof of Proposition 8

We prove Proposition 8 via three auxiliary results. Lemma 17 proves that each inner loop over
j in Algorithm 2 determines a worst-case event A € argmax{V (¢, A) : A € F(L,[)} for the
query output difference ¢ € () fixed by the outer loop. Subsequently, Lemma 18 proves that
each outer loop over ¢ determines a maximally violated constraint (¢, A), which concludes the
correctness of Algorithm 2. Finally, Lemma 19 shows that Algorithm 2 can be implemented

such that it determines a maximally violated constraint (¢, A) in time O(N3).

Lemma 17. For any ¢ € B(P) fized by the outer loop of Algorithm 2, the event A constructed
in the inner loop satisfies A € argmax{V (¢, A) : A€ F(L,5)}.

Proof. Fix an arbitrary ¢ € %(f) and recall that for any A € F(L,[3), the privacy shortfall
V (¢, A) can be expressed as

> o) A e X ) e

JE[N]

= Z 1[5;(8) C A] - Z p(j) - I1L(B) N TL(B)] o . Z () - [(£i(8) — ¢) N1L;(8)]

i€[+L] JE[N]

= Y @ A | 3 gy A ELON e g HEE S TLB) o)l |

where we disregard the constant —J since it does not affect the relative order of privacy shortfalls
across the constraints (¢, A). Here, the first identity exploits that A = (J;c, I;() for some
L C [£L]. The second identity holds since |I;(5)| = S and I;(3) is either entirely contained
in or intersection free with IL;(f) and II;(8) + ¢, @ € [+£L] and j € [N]. Thus, I;(8) must be

contained in the worst-case event A whenever

J

JE[N]

is strictly positive; I;() can be (but does not have to be) included in A if the above quantity is
zero; and it must not be contained in A if the above quantity is negative. In the remainder, we fix
i € [£L] and distinguish between two cases: (i) there is no j' € [N] satisfying I;(8) C ILj/(8) +;
and (4) there is j' € [N] satisfying I;(5) C IL;(8) + ¢.

In case (i), we can include I;() in the worst-case event A since the second term in (24)
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vanishes, whereas the first term is always non-zero by construction. Note that the events A,
j € [N], constructed in the first part of the inner loop of Algorithm 2 comprise precisely all
intervals [;() falling under case (7).

In case (i1), the existence of j' € [N] satisfying I;(3) C I1;/(8) + ¢ implies that (24) equals to
p(7)/11L;(8)| — € -p(5")/|IL;+(B)| for some j € [N], and I;(8) should be included in the worst-case
event if this quantity is positive. Note that the events A;;/, j,j’ € [N], constructed in the second

part of the inner loop of Algorithm 2 comprise precisely all intervals I;(3) falling under case (ii)

that satisfy p(j)/|IL;(8)] — e - p(4)/ [T (B)| > 0. -

Lemma 18. Algorithm 2 returns a constraint (¢, A) with maximum privacy shortfall.

Proof. Recall that the DP constraints of P(7, 3) are indexed by (p, A) € E(L,B) = B(B) x
F(L, ) and that Lemma 17 proved that for any fixed ¢ € Z(3), the inner loop of Algorithm 2
constructs a worst-case event A associated with ¢. We show in this proof that it is sufficient to
consider the values p € Z(5,7) C ZA(S3), where

BB m) = {(mj —my)- B+ (mj—mp) BE[-Af,Af] and j,j € [N[}U{-Af Af},

which is what the outer loop of Algorithm 2 does.
Our earlier arguments of this section have shown that for any ¢ € (), the maximum

privacy shortfall max{V (¢, A) : A € F(L, )} satisfies

> 1Al
]

JEIN

+
_5’

> IA]-J-/«o)\[ pG) .. p)

e e )]

p(j)
L,8)]

where [z]T = max{0, x} and the only quantities varying with ¢ are

Aj(p) =I;(B)\ [-L- B+, (L+1)-B+¢) and  Ajy(p) =TL;(B) N (I (B) + ), 4.5 € [N].

One readily verifies that both |A;(y)| and |A;;(v)|, j,7" € [N], are affine between any two
consecutive points in A(f, 7). In other words, the maximum privacy shortfall is piecewise affine
with breakpoints Z(f3, 7) or a subset thereof, which implies that its maximum must be attained

at one of the points ¢ € Z(5,w). This concludes the proof. O
Lemma 19. Algorithm 2 can be implemented such that it terminates in time O(N3).

Proof. Since all individual steps in Algorithm 2 take constant time, the runtime of the algorithm
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is determined by the numbers of iterations in the outer and inner loops. In the naive implemen-
tation of the main text, both loops comprise O(N?) iterations, and thus the overall complexity
of that implementation is O(N*). We show in this proof that the inner loop can be implemented
such that it comprises O(N) iterations only, which implies the statement of the lemma.

Note that the inner loop in Algorithm 2 constructs all events A;, j € [N], in time O(N), and
thus we only need to consider the construction of the events Aj;;/, j, j € [N]. Instead of the naive
implementation from the main text, which probes all pairs of subsets (j, j) € [N]?, we consider
the following variant of the Bentley-Ottmann algorithm used to identify crossings in a set of line
segments (Berg et al. 2000, §2): We merge the two lists of tuples {(7; - 8,1) : j € [N 4+ 1]} and
{(mjr-B+,2) : j' € [N+1]} in order of non-decreasing first component; since each list is already
sorted, this can be achieved in time O(NN). We initialize the two index counters j; = jo = 0
and loop through the entire merged list of tuples once in sorted order. Whenever we encounter
an element (7;,1), we update j; < 7;; whenever we encounter an element (7;/,2), we update
Jo  mjy. After each update, we consider the intersection A;; = IL; (8) N (IL;,(B) + ¢) for
possible inclusion in the worst-case event A whenever (ji,j2) # (0,0). Since the merged list of

tuples has length 2N + 2, the overall algorithm evidently runs in time O(N). O

Proof of Proposition 8 The proof immediately follows from Lemmas 17, 18 and 19. O

1.C.3 Bounding P’ and D’ with Non-Uniform Partitions

We next extend the non-uniform upper and lower bounding problems P(7, 3) and D(m, 3) of
Section 1.4.1 to the data dependent case. We obtain the following upper bound on problem P’,

minimize S - Z wr(B) - [ Z cj(m,B) ‘pk(]')}

g ke[K] JEIN]
subject to pg : [N] — R, Z pr(j) =1, k € [K]
J€N] (P'(m, B))
L JANTI( (A=) NI,
> pe(h) - 7' (5 = pml) - ‘é?(ﬁ)ﬁ(m‘ )
JEIN] JEIN] J
Vk,m € [K], ¥(p, A) € &, (L, B),
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as well as the following lower bound on problem D’,

minipmize R Z wi(B) - [Zgj(ﬂ',ﬁ) pk(])}

ke[K] JEN
subject to pp: N — Ry, Zpk(j) =1, k € [K]
A rﬁ?w (A=) NIL(B) )
o J e . o - J
20 S < el g

Vhm € [K], ¥(@, A) € (L, B).

Algorithm 3 extends the ideas of Algorithm 2 to the data dependent setting; as before,
extending the domain of the decisions p from [N] to 91 allows us to employ the same algorithm to
solve the lower bounding problem D’(7r, 3) as well. Similar arguments as in the previous section
show that Algorithm 3 terminates in time O(K? - N). We explain in the GitHub supplement
of this work how the bounding problems P’(7r, 3) and D’(mr, 3), as well as Algorithm 3, can be
generalized to account for non-uniform partitions of the set of possible query outputs ® as well;

this reduces computation times when the granularity parameter £ is small.
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Algorithm 3: Identification of a constraint in P'(w, 8) with mazimum privacy shortfall

input :m, 8, p, Af

output: constraint (¢*, A*) with maximum privacy shortfall V(¢*, A*)
Initialize V* = 0;

for k,m € [K] do

forpe{(m—k—-1)-8, (m—k)-8, (im—k+1)-8}N[-Af,Af] do
Initialize A = () and V = 0;

for j=1,...,N do

Let A; =1L;(B)\ [-L-B+¢,(L+1) -5+ ) and update

Pr(J)
TL;(B)]

A:AUA]', V:V—F‘A]‘

for j/=1,...,N do
if pi(5)/[10;(B)| > € - pm(5") /[Ty (B)| then
Let Ajj’ = H](ﬁ) N (Hj/ (ﬂ) + QD) and update

A= AUy V=Vl R -

end

end

end
if V > V* then
| Update p* = p, A*=Aand V* =V.

end

end

end
return (p*, A*) and V*(p, A) = V* —4.
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1.D Additional Numerical Experiments

Table 1 summarized the suboptimality of the best performing benchmark mechanisms by sum-

ming the upper and lower bound gaps. Tables 4 and 5 report these gaps separately.

4]

Table 4: Upper bound suboptimality of the best performing benchmark mechanisms on synthetic
data independent instances with Af = 1, £1-loss and various combinations of € and 9.
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0.250 0.750

0.005 0.010 0.020 0.050 0.100 0.200 0.300 0.500

0.005 1.71% 1.09% 1.18% 5.84% - 2.90%

0.010 2.48% 1.09% 7.42% 1.77%  16.55%  2.40%

0.020 2.56% 2.42% 0.52% = 14.50% 13.61%

0.050 1.35% 1.84% 2.18% 5.50%

0.100 | 4.40% 3.73% 8.10%

0.200 16.37% 16.74%

14.41%

0.500 13.78%

15.08%

1.000 16.98%

2.000 16.94%  14.81% 10.77%

5.27% 4.91% 3.79% 2.33%

5.000 6.37% 5.64%

Table 5: Lower bound suboptimality of the best performing benchmark mechanisms on synthetic
data independent instances with Af = 1, £1-loss and various combinations of € and 9.

Table 6 reports results similar to those of Table 1 for the fo-loss. Moreover, our GitHub
repository includes results analogous to those of Tables 4 and 5. We note that if we replace
max{0, 1} with O in the denominator of the optimality gap formula, then the gaps in Table 6
increase to more than 850% for (e,4d) = (5,0.75).
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0.005 0.010 0.020 0.050 0.100 0.200 0.250 0.300 0.500 0.750
0.005 2.76% 1.83% 1.711% 9.12% 18.06%
0.010 4.29% 2.33% 12.41%  3.82% 15.73%
0.020 4.04% 4.39% 0.32% 19.53%
0.050 1.66% 2.03% 2.86% 18.03%
0.100 4.79% 3.81% 11.48% 18.13%
0.200 | 11.32%  9.61% 8.40% 19.51%
0.500 | 21.38% 17.35% 18.67%

1.000 20.88%  12.62% 17.07%

2.000 16.97% 15.78%  12.87T% 20.87%  15.76%

5.000 7.78%

7.90% 7.74% 7.47% 7.35% 7.23% 7.19% 7.14%

Table 6: Suboptimality of the best performing benchmark mechanisms on synthetic data indepen-
dent instances with Af = 1, £5-loss and various combinations of € and 9.
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2 Mixtures of Gaussians in Approximate Differential Privacy

Abstract

We design a class of additive noise mechanisms that satisfy (e, d)-differential privacy (DP) for
scalar, real-valued query functions with known sensitivities. These mechanisms, which we call
mixture mechanisms, are constructed by mixing multiple Gaussian distributions that share the
same variance but differ in their means and mixture weights. The resulting distributions can be
interpreted as convex combinations of a zero-mean Gaussian (as used in the analytic Gaussian
mechanism (Balle and Wang 2018)) and additional Gaussians whose means depend on the sen-
sitivity of the query function. We derive tight conditions on the variances required for (g, d)-DP
and provide efficient algorithms to compute them. Compared to the analytic Gaussian mecha-
nism, our mechanisms yield substantially lower expected noise amplitudes (I1-loss) and variances
(I2-loss for zero-mean distributions). In low-privacy regimes, our mechanisms approach optimal-
ity, mitigating nearly all of the optimality gaps of the analytic Gaussian mechanism. Finally, we
apply our mechanisms to a linear classification task trained via the DP counterpart of proximal
coordinate descent. We find that the theoretical improvements in expected losses carry over to

superior generalization performance across standard real-world datasets.

2.1 Introduction

Differential privacy (DP) (Dwork et al. 2006b, Dwork and Roth 2014) is a formal framework that
enables the release of statistics of datasets while providing a quantifiable privacy guarantee to the
individuals represented. By definition, DP guarantees hold under any privacy attack, including
reconstruction (Dinur and Nissim 2003, Dwork et al. 2017) and de-identification attacks (Sweeney
1997, Heffetz and Ligett 2014). As a result, differentially private (or privacy-preserving) variants
of machine learning (ML) algorithms offer protection against a broad range of threats, including
membership inference attacks tailored to specific ML tasks and platforms offering ML as a service
(see (Shokri et al. 2017, Hu et al. 2022) for a review). We refer the reader to the surveys (Ji
et al. 2014, Gong et al. 2020) for DP in ML and (Demelius et al. 2025) for DP in deep learning.

While the definition of DP has inspired a broad range of related notions of computational
privacy (Desfontaines and Pejo 2020), we focus on the most widely adopted formulation, known
as (€,0)-DP, or approximate differential privacy (Dwork et al. 2006a). Approximate DP is a
property of a randomized algorithm A, which maps databases D € D to random outputs w € 2.
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Specifically, for any €, > 0, the algorithm A satisfies (e, d)-DP if
PlA(D) € A] < e -PlA(D') € A]+6§ V(D,D')e N, VA€ F,

where (2, F,P) is a probability space and N/ C D x D denotes the set of neighboring databases
that differ in a single individual. Due to the strong privacy guarantees promised to individu-
als (Dwork 2011), various Bayesian (Vadhan 2017, §1.6) and information-theoretic (Cuff and
Yu 2016) interpretations, and a wide range of properties such as composition (Dwork and Roth
2014, Thm 3.16) and post-processing (Dwork and Roth 2014, Prop 2.1), DP found manifold
applications in statistics and machine learning (Chaudhuri and Monteleoni 2008, Friedman and
Schuster 2010, Chaudhuri et al. 2011, Abadi et al. 2016, Cai and Kou 2019), large language
models (Harder et al. 2020) and optimization (Mangasarian 2011, Hsu et al. 2014, Han et al.
2016, Hsu et al. 2016). It also emerged as the de facto standard in industry (see (Desfontaines
2021b) for an up-to-date list).

In this work, we study additive noise mechanisms that perturb a scalar, real-valued query
function ¢ : D — R by returning A(D) = ¢(D) + X for a carefully designed random variable X,
to share an approximate answer to the query ¢(D) while preserving privacy via an additive noise
X. Since X is not a function of D, such noise mechanisms are data independent (see (Nissim
et al. 2007, McSherry and Talwar 2007) for examples of data dependent mechanisms). Typically,
the noise X must be a function of the privacy parameters e and § as well as the sensitivity A
of the query ¢ where A = sup{|q(D) — q(D")| : (D,D’) € N'}. Arguably, the most common
mechanism in this context is the Gaussian mechanism (Dwork and Roth 2014, App A), where X

follows a zero-mean Gaussian distribution with standard deviation o = \/21log(1.25/8)(A/e)2.

Differential privacy suffers from a privacy-accuracy tradeoff (Alvim et al. 2011), where
stronger privacy guarantees tend to deteriorate the utility gained from data (i.e., A(D) may
significantly deviate from ¢(D)). This can already be observed in the definition of the Gaussian
mechanism, where the standard deviation of the noise increases as € and ¢ decrease. To this
end, an active area of research aims to find optimal distributions that minimize a pre-specified
loss, such as the standard deviation, amplitude E[|X|], and power E[X?]. The optimal noise
distributions are known for the case when € = 0 (Geng et al. 2019), or 6 = 0 (Soria-Comas and
Domingo-Ferrer 2013, Geng and Viswanath 2014). For privacy regimes with £, > 0, the design
of optimal mechanisms is less understood, and the existing additive noise mechanisms can be
suboptimal. Indeed, (Balle and Wang 2018) show that the Gaussian mechanism may be far from

optimal and derive the optimal Gaussian distribution, called the analytic Gaussian mechanism,
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by numerically tuning the standard deviation o for a given sensitivity A and privacy regime
(e,6) with a bisection search method. However, Gaussian distributions are themselves subop-
timal as demonstrated by (Geng et al. 2020): a truncated Laplace mechanism, sampling noise
from a Laplace distribution whose tails are truncated, can significantly improve the noise ampli-
tude and noise power attained by the analytic Gaussian mechanism in all privacy regimes. Yet,
the (analytic) Gaussian mechanism may still be preferred in practice for several reasons: unlike
truncated distributions, the Gaussian distribution has an unbounded support and thus does not
suffer from distinguishing events (events with P[A(D) € A] = 0; (Dwork and Rothblum 2016,
Remark 1.3)). Moreover, despite having unbounded supports, the Gaussian distributions enjoy
from the empirical rule where almost all of the noise sampled is within [-3c, 30] (Desfontaines
2021a), and they are closed under summations which enables several powerful Gaussian privacy
accounting techniques (how € and § accumulate over time (Bun and Steinke 2016, Dong et al.
2022)) for application areas where one iteratively releases multiple (g,)-DP statistics.
Recently, (Selvi et al. 2025) proposed a numerical optimization framework to design optimal
noise distributions that satisfy (g,0)-DP for £,6 > 0. Their method begins by partitioning a
bounded interval, centered at zero and of sufficient radius, and assigning a uniform mass to
each partition. They then optimize the weights assigned to these intervals. The authors show
that, as the partition size decreases, the resulting distributions converge to a lower bound on
the optimal value attainable by any (e, )-DP mechanism. In practice, they solve a sequence of
optimization problems via a cutting-plane method, iterating until a mechanism is found to be
within an optimality tolerance. They offer three key insights: (i) the aforementioned privacy
mechanisms (Gaussian, analytic Gaussian, truncated Laplace) can be significantly suboptimal,
with suboptimalities reaching up to 700% in low-privacy regimes; (i7) optimal distributions
are not monotonic, and enforcing monotonicity can significantly increase expected losses; (i)
optimal distributions appear to be multimodal with the density peaking at every A-length
interval and the ratio of density between peaks approximately equal to e®. Such a numerical
optimization framework is not free of drawbacks since the optimal distributions lack closed-form
representations, they require iterative numerical optimization with no guarantees on the number
of iterations, they are significantly slower to tune than alternative mechanisms, and they have
bounded supports. Yet, we build on the insights resulting from such optimized distributions
and develop new privacy mechanisms based on mixtures of Gaussians, where each Gaussian is
shifted by A from the others and scaled down by a factor of e7¢. Figure 9 shows an example of

such distributions.
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a A A

T Gaussian T Analytic Gaussian T Numerically Optimized T Quasi-Gaussian (§2) T Multi-Gaussian (§3)

Figure 9: Different noise distributions that guarantee (1,0.1)-DP.

This section unfolds as follows. Section 2.2 introduces a mechanism that samples additive
noise from a mixture of a zero-mean Gaussian and a quasi-Gaussian distribution. It characterizes
the parameters required for this distribution to satisfy (¢,d)-DP and develops an efficient algo-
rithm to compute them. Section 2.3 presents similar results for a different mechanism, where
the additive noise is drawn from a mixture of multiple Gaussian distributions with identical
variances but varying means and mixture weights. Section 2.4 presents a broad set of numerical
experiments comparing the expected losses of our mechanisms to those of the analytic Gaussian
mechanism. We observe that mixtures of Gaussians can substantially improve upon the ana-
lytic Gaussian mechanism across both low- and high-privacy regimes. Moreover, the proposed
mixture mechanisms are near-optimal in low-privacy regimes, closing nearly all of the optimality
gap of the analytic Gaussian mechanism. Finally, through a machine learning experiment (DP
proximal coordinate descent to train a regularized classifier), we show that the reductions in
expected losses also lead to improved model performance. We conclude the work in Section 2.6.
All proofs are relegated to appendices, and all source codes are made available.

Notation. We denote by log(:) the logarithm in base e = exp(1). The cumulative distri-
bution function of a standard Gaussian distribution is denoted by ®, and @’ is its derivative
(probability density function). For a univariate function f, we use d f(z)/dz to denote its deriva-
tive, while for a multivariate function 0f(z,y)/0x denotes the partial derivative. We use the
notation X ~ f () to denote a random variable whose distribution is specified by the probability
density function f. Bold lowercase symbols are vectors. The nonnegative part of a real number
zis (z)* = max{0,z}. For a vector @, the [, norm is denoted by ||z||,, p > 1. We use O(-) for
the big O notation.
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2.2 Quasi-Gaussian mixtures

We define a distribution whose density function is the mixture of a zero-mean Gaussian density
and a quasi-Gaussian density. We will use this as the additive noise distribution in preserving

(e,0)-DP.

Definition 2 (quasi-Gaussian mixture). For given privacy parameter € > 0, query sensitivity
A > 0, and scale parameter o > 0, the quasi-Gaussian mixture distribution is defined with the

probability density function

falz;0) = %eXp (SUZ) + %eXp (W> ; (25)

20 202

where ¢ = \/2mwo(ef + 2®(A/0)) is the normalization constant.

Appendices 2.A.1-2.A.3 show that Definition 2 specifies a well-defined distribution and plot it,
derive its cumulative distribution function, and show how to sample from it. In Appendix 2.A .4,
we derive the expectation of |X| (noise amplitude) and X2 (noise power) in closed form where
X ~ fq(- ;0). Next, we show that this distribution can be used to obtain a feasible additive
noise mechanism. That is, for a query function ¢ : D — R with sensitivity A, and for privacy
parameters ¢, d, there exists 0 > 0 so that the randomized algorithm A(D) := ¢(D) +X, DeD,
satisfies (¢,0)-DP if X ~ fq(-;0).

Theorem 3 (quasi-Gaussian mechanism). For privacy parameters € > 0 and 6 € (0,1), and
query sensitivity A > 0, an additive noise mechanism whose noise follows a quasi-Gaussian

miaxture distribution with density fq(x;0) satisfies (€,0)-DP if o > max{o1, 02} where:

o1 = min {0 : hy(0) + ha(o) > 0} (26a)
for
hi(o) = e (-ZU . ?) By (—‘Z’ + ﬁ) and ha (o) = <e5 + 20 (f)) 5 (26b)
as well as
i Tomsl) ) -
famin(0)
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for

fq,maX(U> = xre%i’i} fq(xé o) and fq,min(") = wg[lg,nA} fq(l'? o). (27b)

In Theorem 3, the definition of o5 is independent of §, hence, for small values of §, we have
01 > o9, while for large values of § we have o1 < g3. Since the variance of the quasi-Gaussian
mixture distribution scales with o, we will be interested in the smallest o satisfying the above
result, that is, 0 = max{oy,092}. To this end, the rest of this section is devoted to developing
efficient algorithms to find the exact values of o1 and o9. From here on, we fix the privacy
parameters € > 0 and § € (0,1) as well as the query sensitivity A > 0 and do not repeat their

definitions.

Lemma 20. The function o +— hi(o) + ha(o) is monotonically increasing on the region o €

(0,4/2(e —logd)A/e), and nonnegative for all o > \/2(e —logd)A/e. If additionally e + 2 >

871, then this function is nonnegative everywhere.

Lemma 20 shows that oy as defined in (26a) satisfies o1 € (0,/2(c — logd)A/e) and the
constraint in its definition satisfies monotonicity on this region, thus allowing us to search for
o1 via bisection search. We next provide a similar result for o2. As a step towards showing this,
we will first study the max and min problems of (27b) in the following abridged result (more

details are in the appendices).
Lemma 21 (abridged). For any o > 0, the following statements hold:

(1) fq(-;0) is unimodal on the interval

Runax(0) = (0 A m)
max I 2

with a unique mazimum. The mazimizer also solves max,¢(o A fq(z;0).

(11) fq(-;0) is unimodal on the interval

Ronsn() (A A+,/(A2—4az)+>
min\0 ) = 57 9

with a unique minimum. If Ruin(0) = 0, then x = A solves minge (g A] fq(7;0). Otherwise,

either x = A, or the minimizer of the unimodal region solves mingeo a| folx; o).
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Lemma 21 allows us to find the values fymax(0) and fqmax(c) values as defined in (27b)
for a given ¢ > 0 within unimodal regions, allowing the use of a golden-section search method.

This lemma also leads us to the following result that will be helpful in computing os.

Lemma 22. The function o — max,eo,a] fq(;0)/mingep a) fq(z;0) is monotonically nonin-
creasing in o, and is upper bounded by e° at the point o = \/A2/(2¢).

Lemma 22 allows us to find oy as defined in (27a) via a bisection search in the region
(0,/A2%/(2¢)).

We now present Algorithm 4 that computes a value for o > 0 to ensure that the quasi-
Gaussian mixture distribution satisfies (e,d)-DP. Note that this does not guarantee that we
find the minimum possible such o, since the condition for ¢ > max{cy, 02} satisfying (e, §)-DP
(¢f. Theorem 3) is itself a sufficient condition. However, we find the ezact values of o1 and o9
in Theorem 3 so that we return the tightest possible o > max{oy, 02} within the scope of our
analysis. In the presentation of Algorithm 4 we use BISECTION(l,r,1(0c) = 0) to denote the
bisection search algorithm to find the root of a monotonic function 1 within the region (I,r).
Moreover, Algorithm 5, which is called within Algorithm 4, uses GOLDEN(Z, r, f(x)) to denote the
golden-section search algorithm to find the maximum value of a unimodal function f within the
range ([,7). In Appendix 2.A.9, we share plots that visualize various steps of the algorithms

presented in this section, for further intuition.

Theorem 4. Algorithm 4 returns the minimum o > 0 satisfying the (g,0)-DP condition in
Theorem 8 in time O(log A + % log A + log( logé)).

3

2.3 Multi-Gaussian mixtures

In this section, we work with a distribution that is the mixture of an odd (2K+1, K € N) number
of Gaussian distributions with identical variances but varying means and mixture weights. We

will use this as the distribution of the additive noise X, which preserves (e,9)-DP.

Definition 3 (multi-Gaussian mixture). For given privacy parameter € > 0, query sensitivity
A > 0, scale parameter o > 0, and modality parameter K € N, the multi-Gaussian mixture

distribution is defined with the probability density function

K
funlw; 0, K) = ;{ S e e kA, o), (28)
k=—K
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Algorithm 4: Tuning ¢ > 0 for the quasi-Gaussian mixture.

Input: privacy parameters €, > 0, sensitivity A > 0

Output: smallest o > 0 (with respect to Theorem 3) of quasi-Gaussian mixture
distribution (25) that satisfies (e, d)-DP as an additive noise mechanism

if € +2 < 67! then

Set o1 = BISECTION(I1,71,%1(01) = 0) where [} =0, r; = /2(e —logd)A/e are the

left and right limits of the bisection search region, and

(o) = ¥ (—ZU - ﬁ) - <—€AU + ﬁ) + <e€ +20 (ﬁ)) 5

is the monotonically increasing function whose root is sought.

else
| Set o1 =0.
Set o9 = BISECTION(l2, r2,12(02) = 0) where Iy = 0, ro = y/AZ?/(2¢) are the left and
right limits of the bisection search region, and
o) = max fq(z;0 min r;0) —€°
v2(o) ve OA] /556[0 Al Jalw;o) =
is the monotonically decreasing function whose root is sought. The computation of
max- and min-terms are from Algorithm 5.
return o = max{oy, 02}

—_ )2
where ¢(x; p,0) = exp(— (3620’3) ) is the unnormalized probability density function of a Gaussian
with mean p and variance o2, and cx = /270 ZszfK e Ikle s the normalization constant.

Appendix 2.B.1 reviews that Definition 3 specifies a well-defined distribution and plots it,
derives its cumulative distribution function, and discusses how to sample from it. Appendix 2.B.2
derives the expectation of | X| (noise amplitude) and X2 (noise power) in closed form where X ~
fm(+; 0, K). We remark that for K = 0, Definition 3 coincides with the Gaussian distribution,
and we know that there are feasible o > 0 values providing (g, 0)-DP guarantees. We generalize

this for any K € N.

Theorem 5 (multi-Gaussian mechanism). For privacy parameters € > 0 and 6 € (0,1), query
sensitivity A > 0, and the modality parameter K € N, consider an additive noise mechanism
whose noise follows a multi-Gaussian mizture distribution with density fum(z;0, K). For a given
n € (0,1) and any B < V2mnod, a sufficient condition for this mechanism to satisfy (,8)-DP
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Algorithm 5: Computing max and min problems (27b) for a given o > 0.

Input: privacy parameters €,0 > 0, sensitivity A > 0, and o > 0 of fq(-;0)

Output: fqmax(0) = maX,co,Al fq(z;0) and fqmin(o) = SN fqlz;0)
Initialize:

A — (AT~ 4% A+ /(AT 4%+ - _ A2
_ (2 o2) oy = + 4/ o?) ,t*—ea—i—A xgexp(2ng A>'

2 - T9 202

z1

if A2 < 402 then
| Set Zmin = A and max = GOLDEN(0, A/2, fy(z;0))
else
if A2 > 402 andt <0 then
| Set Zmin = A and @max = GOLDEN(0, z1, f4(z;0))
else
Set Tmin = A and Zmax = GOLDEN(0, z1, fy(z;0))
Set Zymp = GOLDEN(A/2, z2, — fy(x; 0))
if fq(Ttmp; o) < fq(Tmin; o) then
| Update Zmin = Ttmp

return fq,maX(U) = fq($max§ o) and fq,min(a) = fq(u’Umim o)

s given by:
/ min{e® fr,(z;0, K) — fm(z + ¢;0,K),0}dz + (1 —n)6 >0 Vo € {0,5,25,...,A}.  (29)

Theorem 5 provides a sufficient condition for (e,d)-DP by ensuring a stronger notion that
replaces § with (1 —7)d, and in return avoids satisfying the definition over an uncountable set of
neighbors by checking it only on a discretized grid for ¢. As n approaches zero, this condition
converges to the standard definition of (e,6)-DP. The next result shows that condition (29) is
monotonic in ¢ > 0, and we can therefore search for minimum o > 0 satisfying this condition

via bisection search efficiently.

Lemma 23. For a givenn € (0,1), ifo > 0 satisfies (29), then any o’ > o must also satisfy (29).
Furthermore, by construction, o = oy satisfies (29) where oy denotes the standard deviation

required by the (standard or analytic) Gaussian mechanism preserving (e, (1 —n)d)-DP.

The proof of Lemma 23 establishes a more general result that if a multi-Gaussian mixture
mechanism with parameter o > 0 satisfies (¢,0)-DP, so does one with ¢’ > ¢. This proves an
analogous result to that of the Gaussian mechanisms: larger values of o correspond to stronger

privacy guarantees.
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Algorithm 6: Tuning ¢ > 0 for the multi-Gaussian mixture.

Input: privacy parameters ¢, > 0, sensitivity A > 0, modality parameter K € N and
discretization parameter n € (0,1)

Output: smallest o > 0 (with respect to Theorem 5) of multi-Gaussian mixture

distribution (28) that satisfies (¢,d)-DP as an additive noise mechanism

Set [ = 0 and r = ANALYTIC_GAUSSIAN(e, (1 —n)d, A)

Set o = BISECTION(I,r,¢(0;n) = 0) where 1(0;n) is the monotonically increasing
privacy shortfall function whose root is sought. The computation of ¥ (o;n) is from
Algorithm 7

return o

We now present Algorithm 6 that computes a value for ¢ > 0 to ensure that the multi-
Gaussian mixture distribution with a given modality parameter K € N and discretization pa-
rameter 1 € (0, 1) satisfies (¢, 6)-DP. Note that this does not guarantee that we find the minimum
possible such o, since the condition (29) for o satisfying (g,9)-DP (c¢f. Theorem 5) is itself a
sufficient condition. However, upon fixing the values of (K,7), we find the smallest value of o
satisfying (29), hence we find the optimal o within the scope of our analysis. In the presentation
of Algorithm 6 we use ANALYTIC_GAUSSIAN(e,d,A) to denote the computation of the standard
deviation o, required by the analytic Gaussian mechanism and BISECTION(I,r,%(o;n) = 0) to
denote the bisection search algorithm to find the root of a monotonic function (-;n) within
the region (I,7). Note that Algorithm 7, which is called within Algorithm 6, numerically com-
putes the integral on the left-hand side of (29) multiple times. In our numerical experiments,
we use the QuadGK package of the Julia programming language and propose some algorithmic

improvements for numerical efficiency.

Theorem 6. For any given K € N and n € (0,1), Algorithm 6 returns the minimum o > 0
A2K?
7

satisfying the (e,8)-DP condition in Theorem 5 in time O(= 5~ (log % + log log %))

2.4 Numerical experiments

In this section, we compare the performance of our mechanisms, namely, the quasi-Gaussian
mixture (cf. §2.2) and the multi-Gaussian mixture (cf. §2.3) mechanisms, with the performance
of the optimal Gaussian distribution (the analytic Gaussian). For each pair of (g,4), we tune
the parameters of the quasi-Gaussian and multi-Gaussian mixture distributions via Algorithms 4
and 6 to satisfy (e,d)-DP. We then evaluate and compare the resulting distributions in terms

of their expected noise amplitudes, EHX ] (I1-loss; results in this section), and noise powers,
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Algorithm 7: Computing the worst-case left-hand side of (29) for a given o > 0.

Input: privacy parameters ¢, > 0, sensitivity A > 0, modality parameter K € N,
discretization parameter ) € (0,1) and scale parameter o > 0

Output: privacy shortfall ¢)(o;n) to be called from Algorithm 6

Initialize: S =) and 8 = A/[A/(vV2m006)]

for ¢ € {0,6,28,...,A} do

Numerically compute the one-dimensional integral
oo
s = / min{e® fin(z;0, K) — fm(z + ¢;0, K),0}dz,
—00
and append § = S U {s}

Set Smin = min{S}
return ¢ (o;n) = Smin + (1 —1)0

E[X?] (Io-loss; results in the appendices), where X is a random variable drawn from each of
these privacy-preserving additive noise distributions. All experiments fix the query sensitivity
to A = 1 without loss of generality since A linearly scales the losses and its impact cancels out
when we report the percentage improvements.

Our Julia (MIT license) implementation is provided in the supplementary materials, where
we rely on the Roots package for the bisection search method in Algorithms 4 and 6, the
Optim package for the golden-section search method in Algorithm 5, and QuadGK for the one-
dimensional integral evaluation in Algorithm 7. All experiments were run on Intel Xeon 2.66GHz
cluster nodes with 16GB of memory in single-core and single-thread mode with a wall-clock time
limit of 1-hour for our algorithms and 24-hour for the numerical-optimization benchmark (Selvi

et al. 2025) for obtaining lower bounds.

2.4.1 Comparison of the quasi-Gaussian mechanism with the analytic Gaussian

mechanism

Recall that the analytic Gaussian mechanism with density o« exp(—z%/(20?)) is the optimal
Gaussian mechanism in the sense that it returns the smallest variance for a zero-mean Gaussian
distribution that satisfies (e,0)-DP. The quasi-Gaussian mechanism (25), on the other hand,
takes the convex combination of such a Gaussian density with another quasi-Gaussian density
o exp(—(|]z| — A)?/(20?)) using mixture weights (proportional to ef). Table 7 demonstrates
that such an approach can offer significant improvements in the expected l1-loss. The entries of

the table represent 100% - (¢ — a)/a where g and a are the expected losses attained by our quasi-
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0d]e— ‘ 0.1 0.25 0.5 0.75 1 2 3 4 5 10

0.0001 -0.71% -1.53% -2.51% -3.07% -3.24% -0.97% 3.70% 8.78% 13.69%  59.40%
0.0005 -0.80% -1.73% -2.82% -3.41% -3.56% -0.70% 5.11% 11.56% 18.10% 56.14%
0.001 -0.84% -1.83% -2.98% -3.59% -3.73% -0.50% 6.01% 13.35% 21.08% 54.48%
0.005 -0.92% -2.08% -3.41% -4.09% -4.16% 0.41% 9.54% 20.79% 37.45% 49.75%
0.01 -0.88% -2.17% -3.62% -4.32% -4.34% 1.20% 12.41% 27.97% 56.58% 47.20%
0.02 -0.72% -2.20% -3.81% -4.55% -4.48% 2.56% 17.43% 53.82% 53.28% 44.20%
0.05 0.01% -1.92% -3.91% -4.70% -4.39% 6.73% 45.29% 47.67% 47.63% 39.27%
0.1 1.46% -1.09% -3.54% -4.29% -3.43% 21.24% 37.64% 41.25% 41.83% 34.41%
0.15 3.00% -0.03% -2.77"% -3.18% -1.25% 23.61% 31.70% 36.35% 37.46% 30.86%
0.25 -2.94% 3.21% 1.90% 6.11% 3.63% 10.04% 21.68% 28.22% 30.29% 25.22%

Table 7: Improvement (% of l1-loss) of the quasi-Gaussian mizture mechanism (green) over the
analytic Gaussian mechanism (red).

Gaussian mechanism and the analytic Gaussian mechanism, respectively. We observe that in
54 of the cases (out of 100) the quasi-Gaussian mechanism improves over the analytic Gaussian
mechanism. Across all instances, the mean improvement is 12.42% (sd 19.52) and the median
improvement is 1.68%. The mean and median would change to 4.44% (sd 8.30) and 1.47%,
respectively, should we revise our improvement metric to 100% - (¢ — a)/ max{1,a} to eliminate

the effect of smaller expected losses.

2.4.2 Comparison of the multi-Gaussian mechanism with the analytic Gaussian

mechanism

Recall that the multi-Gaussian mechanism constructs a mixture of Gaussians such that the
resulting distribution exhibits a peak at every interval of length A. When K = 0, the distribution
is a zero-mean Gaussian distribution, and for K > 0 we obtain the mixture of 2K + 1 Gaussians.
Table 8 shows that mixing multiple Gaussians can significantly outperform the analytic Gaussian
mechanism. The entries of the table represent 100% - (m —a)/a where m and a are the expected
losses attained by our multi-Gaussian mechanism (best of K € {1,...,10}; fixes n = 0.01
in Algorithm 6) and the analytic Gaussian mechanism, respectively. We observe that in 90
of the cases (out of 100) the multi-Gaussian mechanism improves over the analytic Gaussian
mechanism. Across all instances, the mean improvement is 47.88% (sd 36.81) and the median
improvement is 51.48%. The mean and median would change to 28.36% (sd 21.77) and 27.63%,
respectively, should we revise our improvement metric to 100% - (m — a)/ max{1, a} to eliminate
the effect of smaller expected losses.

Appendix 2.C.1 shows that the multi-Gaussian mechanism is near-optimal in low-privacy
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Slle—=] 01 0.25 0.5 0.75 1 2 3 4 5 10
0.0001 0.08% -0.34% 6.20% 23.34% 62.01% 72.86% 81.56% 88.07% 91.67% 95.12%
0.0005 -0.16% -0.16% 11.01% 53.45% 55.73% 69.36% 79.42% 91.87% 94.78% 94.73%
0.001 -0.22% -0.16% 15.89% 49.97% 52.99% 67.43% 78.26% 91.45% 94.53% 94.53%
0.005 -0.29% 0.94%  34.86% 39.39% 42.72% 61.43% 74.74% 90.20% 93.78% 93.96%
0.01 -0.36%  6.48%  27.68% 33.74% 38.03% 57.84% 79.12% 89.54% 93.44% 93.65%
0.02 -0.40% 15.32% 18.67% 27.76% 29.75% 53.27% 77.18% 88.74% 92.95% 93.29%
0.05 8.05%  9.69%  9.57% 17.49% 18.73% 44.93% 73.74% 87.24% 92.09% 92.70%
0.1 8.05%  4.75% -0.13% 13.71% 13.13% 35.70% 70.07% 85.67% 91.33% 92.11%
0.15 2.33% 3.17%  3.47% @ -0.30% 0.85% 35.72% 67.22% 84.48% 90.68% 91.69%
0.25 1.30%  2.26%  2.06% 10.91% 9.64% 24.29% 62.46% 82.50% 89.71% 91.01%

Table 8: Improvement (% of li-loss) of the multi-Gaussian mizture mechanism (green) over the
analytic Gaussian mechanism (red).

regimes, while Appendix 2.C.2 shows that in high-privacy regimes (e.g., (107%,10~%)-DP), the
quasi-Gaussian mechanism may improve over both the analytic Gaussian and the multi-Gaussian

mechanisms.

2.5 The price of privacy in machine learning

Thus far, we have compared privacy mechanisms based on their expected losses. We now evaluate
the performance of these mechanisms in a machine learning task implemented under (g, 4)-DP.
Specifically, we compare the in- and out-of-sample performances of privacy-preserving linear
classifiers. Each classifier is trained under the same (g,0)-DP guarantee and differs only in the
mechanism used to sample the additive noise: A-G (analytic Gaussian), Q-G (quasi-Gaussian mix-
ture), or M-G (multi-Gaussian mixture). This experiment allows us to examine whether privacy
mechanisms with smaller noise levels reduce the price of privacy in a machine learning setting,
following a similar experiment conducted for the numerical optimization-based algorithm (Selvi
et al. 2025, §5.3).

More specifically, we work with a dataset {(x’,4%)}}¥., where each data-point i has feature
vector ' € R? and binary label y* € {—1,1}. We train an [;-regularized logistic classifier h € R?
which minimizes the empirical logistic loss SN log(14-exp(—y'-hTa))+A-||h||1, where A > 0
is the regularization parameter. We then predict the label of a new instance with features x to
be the class that maximizes [14+exp(—y-h'€)]~!. We train the logistic classifier via the proximal
coordinate descent method (Friedman et al. 2010, Parikh et al. 2014, Richtéarik and Takac 2014)
in T' = 100 iterations with P = [d/4] proximal updates per iteration, using a regularization

parameter A = 1078, The DP counterpart of this algorithm is due to the work of (Mangold
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et al. 2022) who inject noise into each proximal update step (which is a scalar update and thus
our mechanisms are applicable), and the post processing property (Dwork and Roth 2014, §2.1)
of differential privacy guarantees that the resulting classifier is also differentially private. The
proximal operator has sensitivity A = 2 assuming the feature vectors are pre-processed so that
|2]|0o < 1, i € [N]. We impose (¢ = 1,5 = 1073)-DP to each proximal update. Note that there
is an extensive literature on how such DP iterations compose cumulatively (Dwork and Roth
2014, Steinke 2022, Altschuler and Talwar 2022) in order to quantify the approximate DP guar-
antee of the final classifier. We omit the compositions, however, since each iteration uses identical
privacy parameters, and we instead compare the performances of the classifiers, ceteris paribus.

Table 9 reports the mean in- and out-of-sample errors (standard deviations are available in
the appendices) across 500 random training-set /test-set (80/20%) splits of various datasets. We
use 13 of the most popular UCI classification datasets (Dua and Graff 2017) (varying licenses);
additionally, since the proximal coordinate descent method is commonly used for datasets where
d > N, we also include the colon-cancer dataset of LIBSVM (Chang and Lin 2011) (BSD-
3-Clause license). All datasets are included in our implementation supplements. Note that
we (i) convert labels with more than two classes into a binary label via binning (if the label
is ordinal) or distinguishing the majority class from all others (if the label is nominal); (i)
apply dummy encoding for the nominal features. For the privacy parameters (g,d) = (1,1073)
we chose, our earlier experiments suggest that the multi-Gaussian mixture mechanism with
K = 9 significantly outperforms all the other mechanisms (and is near-optimal) while the quasi-
Gaussian mechanism is close to (and slightly worse than) the analytic-Gaussian mechanism.
We observe a similar pattern in the in- and out-of-sample errors in Table 9. In 11 out of 14
cases, the classifiers trained via our multi-Gaussian mixture mechanism achieve significantly
better errors, whereas the second-best approach alternates between the quasi-Gaussian mixture
and analytic Gaussian mechanisms. In 3 out of 14 cases, the smallest errors are achieved by
our quasi-Gaussian mixture mechanism despite being noisier than the multi-Gaussian mixture
mechanism. Those cases, however, are degenerate: either the non-private model PCD is worse

than its DP counterparts, or the in-sample errors are better than the out-of-sample errors.

2.6 Conclusions

We presented new additive noise mechanisms for (e, §)-differential privacy (approximate DP)
whose noise distributions are mixtures of Gaussians and quasi-Gaussians. We subsequently de-

veloped efficient algorithms to tune the underlying parameters of these distributions to minimize
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Dataset description In-sample errors Out-of-sample errors

Dataset N d \ A-G Q-G M-G PCD \ A-G Q-G M-G PCD
post-operative 86 14 | 89.75% 39.82% 35.75% 30.02% | 37.44% 37.85% 31.99% 21.58%
adult 45,222 57 | 22.53% 22.50% 22.583% 22.52% | 22.18% 22.16% 22.18% 22.18%

breast-cancer 683 26 4.24%  4.25%  4.17%  4.20% | 5.67%  5.66%  5.56%  5.59%
contraceptive 1,473 18 38.03% 38.02% 37.95% 37.92% | 41.47% 41.39% 41.29% 41.31%
dermatology 366 98 15.48%  15.48% 13.96% 13.27% | 17.60% 17.58% 16.03% 15.66%
cylinder-bands 539 63 28.80% 28.87T% 28.36% 28.14% | 31.96% 31.96% 31.63% 31.18%

annealing 898 42 16.45%  16.34% 16.19% 16.24% | 18.32% 18.18% 18.07% 18.13%
spect 160 23 21.85% 21.96% 18.68% 16.55% | 84.43% 34.59% 31.97% 30.63%
bank 45,211 44 12.34% 12.32% 12.35% 12.31% | 11.73% 11.71% 11.74% 11.70%
abalone 4,177 10 27.07%  27.09% 27.06% 27.04% | 28.55%  28.54% 28.51% 28.53%
spambase 4,601 o8 39.07% 39.04% 39.06% 39.06% | 39.67% 39.63% 39.65% 39.64%
ecoli 336 8 7.65% 7.68% 7.07% 6.75% | 5.43% 5.48% 4.77%  4.41%
absent 740 70 32.85% 33.02% 32.60% 32.52% | 85.54% 35.68% 35.33% 35.14%
colon-cancer 62 2,000 | 12.82% 13.68%  6.09%  0.00% | 30.67% 30.92% 29.63% 29.00%

Table 9: Mean in- and out-of-sample errors of privacy-preserving classifiers under different
mechanisms. Bold: best DP mechanism; Italics: second-best DP mechanism in the row.

their losses subject to pre-specified (e,d)-DP guarantees. Our numerical experiments demon-
strate that, compared to the minimum-variance Gaussian distribution that satisfies (e, d)-DP
(i.e., the analytic Gaussian mechanism), the mixtures of Gaussians achieve significantly lower
levels of expected losses in both high- and low-privacy settings and are near-optimal in low-
privacy regimes. We also showed that adopting our mechanisms in privacy-preserving ML may
yield better generalizations, with an experiment where we train a logistic classifier via the DP
proximal coordinate descent method.

There are several avenues for future research. Firstly, we did not optimize the mixture weights
in our distributions, and tuning them could offer further improvements in our mechanisms.
Similarly, all the distributions that comprise a mixture distribution share the same variance in
our work (i.e., identical o). One can allow for varying the scale parameters o that appear in
these mixtures. Our work considered scalar queries similar to the recent numerical-optimization
based approach Selvi et al. (2025), and extensions to multi-dimensional queries would increase

the applicability of our mechanisms.
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2.A Proofs for Section 2.2

2.A.1 The quasi-Gaussian mixture distribution is well-defined

To show that the density function (25) of the quasi-Gaussian mixture distribution is well-defined,
fix arbitrary o > 0, and note that fy(z;0) > 0 for all € R since all terms in its definition are

nonnegative. Moreover, the density function integrates to 1 since

00 1 00 :UQ (|£U| —A)2
/_oo foqlx;o)de = p /_OO e exp (W) + exp <202> dz
es [ z? 2 [ 1 /z—A\?
—C/OoeXp <_W> dx+c/0 exp <—2 < pu > )dﬁU
e 2 [ 1 /z—A\?
= i\/2ﬁa+ / exp (— (1: ) > dz
c cJo 2 o

e’ 2 o 1,
:?\/2770—1—20 exp —§y dy

—A/o

€ 2 A
= %\/2770 + E\/27ra<1> <>
g

%x/ﬂa (ee + 20 <§)> =1

The first equality follows from Definition 2, the second equality applies algebraic manipulations,

the third equality recognized the first integrand as a Gaussian density function, the fourth
equality applies variable change y = (z — A) /o, the fifth equality recognizes the integrand as a
Gaussian density function, and the final equations rearrange terms and substitute the definition
of c.

In Figure 10, we visualize the probability density function (25) of the quasi-Gaussian mixture

distribution for € = 1.0 for smaller and larger values of o.

2.A.2 The cumulative distribution function of the quasi-Gaussian mixture distri-

bution

For fixed €, A, 0 > 0, the cumulative distribution function Fy(Z; o) of the quasi-Gaussian mixture

distribution is given by:

F@o)= [ o
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Figure 10: The probability density function (25) of the quasi-Gaussian mizture distribution for
e =1 where o is set to 0.25 (left) and 1 (right).

1/ 2 1/ (Jz| — A)?
:C/Ooeeexp <—202>dx—|—c/ooexp <_W dx

(4) (i)

Here, term (7) can be written in closed form:

x
1 /2 2 e - P —
/ e exp _ T dxze—\/QWUCIJ (x):@.
¢ J oo 202 c o A
e 420 ( —
o

Term (7i) can be studied in two cases. For the first case, suppose < 0. We have

1 (Jz] = A)? _ LT (z +A)?
C/_OOGXP<202 dx—c/_ooexp T o2 dx

_ Voo, (:Z‘+A> ‘D<5H;A>

— o
ef + 29 <>
o
For the case £ > 0, we can write term (i¢) as

e (ol =AY . 1 (O (x + A)? e (x — A)?
C/QQeXp( T dx—c/ooexp T dx+c/() exp T d.fU
T _ 2
c o c Jo 20

Cc g
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We thus have

2.A.3 Sampling from the quasi-Gaussian mixture distribution

Since the quasi-Gaussian is a mixture distribution, we decide which of the two distributions
to sample noise from via § ~ Bernoulli(e®/(ef + 2®(A/0))). If § = 1, then we can sim-
ply sample noise from the zero-mean Gaussian distribution with standard deviation o. If
6 = 0, then we sample noise from the distribution with density o< exp(—(|z| — A)?)/(202)).
This could be obtained by sampling from oc exp(—(z — A)?)/(202)) - I[z > 0], where I de-
notes the indicator function, and then flipping the sign of z with 1/2 probability. The den-
sity o< exp(—(z — A)?)/(202)) - I[z > 0] coincides with the truncated Gaussian distribution
with mean A and standard deviation o, whose inverse cumulative density function is given
by A 4+ 0@ Y ®(—~A/o) +p- ®(u/0)), p ~ Uniform(0,1). In summary, we can sample noise
from the quasi-Gaussian mechanism via Algorithm 8, where Uniform(0, 1) denotes the uniform
distribution supported on (0, 1), Bernoulli(1/2) denotes the Bernoulli distribution with success

probability 1/2, and N (0, ) denotes the zero-mean Gaussian with standard deviation o.
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Algorithm 8: Sampling noise from the quasi-Gaussian distribution.

Input: privacy parameter € > 0, sensitivity A > 0, variance parameter o > 0
Output: a sample from the quasi-Gaussian distribution with density (25)
Sample 6 ~ Bernoulli(e®/(ef +2®(A/0))
if 6 =1 then
| Sample x ~ N(0,0)
else
Sample p ~ Uniform(0, 1)
Set 1 = A+ 00 L (®(—-A/o) +p-P(A/0))
Sample s ~ Bernoulli(1/2)
if s =1 then
| Update x = —z

return x

2.A.4 Noise amplitude and power of the quasi-Gaussian mixture distributions

For the noise amplitude of the random variable X with density fq(:;0), we have:

e 00 $2 1 o] (’$| —A)2
Eg(lz]] = c/ || exp <W> derC/ |x| exp (%‘2 dz.

(%) (i4)

Term (i) satisfies:

0 x2 0 $2
/ |x| exp <—2> dx:2/ T exp <—2> dz = 202
— 20 0 20

Term (ii) satisfies:
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where the first equality exploits the symmetry of the absolute value, the second equality applies
variable change u = (x — A) /o, the third equality exploits the linearity of integrals and the final

equality recognizes exp(—u?/2) as the (unnormalized) standard Gaussian density. We conclude

€ 2
Esx[|z]] = € 902 ¢ ! 202 exp _a +20AV27® a
X c c o

202

207 <e€ + exp <—A22>) +20A/27® (A)

20 o

o (o 30 (2))

V2/mo (ee + exp (—ii)) +2AP <A>

(2

et + 2@ (A>
o

where the first equality is derived above, the second equality rearranges terms, and the final

equality cancels the common terms from the numerator and the denominator.

For the noise power of the random variable X with density fq(-;0), we have:

66 [e.e] fL'Q 1 [ee) T —A 2
EX[‘TZ] = C/oo xQ exp <_M> dx +E /OO $2 exp <_(|‘20_2)> dx .

(@) (i2)

Term (7) satisfies

00 x2
/ 22 exp <—2> dz = o®V2r
o 20
since we recognize exp(—x2/(202)) as the (unnormalized) Gaussian density with variance 2.

Term (i) satisfies

o (|2 — A)?
[ oo (<)
00 5 (x—A)Q

[e§) 5 u2
=20 (cu+ A)*exp - du

—AJo
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3 00 5 u2 5 00 u2
=20 u“exp | —— | du + 20A exp | —— | du
—AJo 2 —Ajo 2

=V27®(A /o)

00 u2
+ 402A/ U exp <—> du
—Ajo 2

=exp(—(A%/(202)))

oo 2 A A2
=203 / u? exp “8 ) du +20A%V27® [ = ) +40%Aexp [ ——
2 o 202

—A/o
2 00 00 2
=203 {—u exp (_u)] + 203/ exp (_u) du
2 —Ajo —Ajo 2
=V21®(A /o)
2
+ 20227 ® é + 402 A exp —A—
o 202
2 2
= —20%Aexp <—A2> + 20321 ® <A> + 20A%\27® (A> +40%Aexp (—A>
20 o o 202
2
=202 A exp <—A2> + 20V 21 ® <A> (02 + AQ)
20 o

=20V 2m <<I> <§) (0 +A%) + ;%exp (—3‘2)) .

where the first equality exploits the symmetry of the square and absolute value functions, the

second equality uses the variable change u = (x—A) /o, the third equality breaks down the square
term into three components, exploits the linearity of integral, and recognizes exp(—u?/(202)) as
the (unnormalized) Gaussian density with variance o2, the fourth equality substitutes integrals
with their closed-form expressions except for the first integral, hence the fifth equality uses
integration by parts, the sixth equality writes the expression without an integral, and the final

equalities rearrange terms. We conclude:

melel) = Covam L (2o (0(2) (0400 4 oo (- 113))

o (o (2) 159 en )

g

o (120 (2))
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A oA A?
€42 2 2 _
o +2(<I><U>(o —l—A)—l—mexp( 202))

2.A.5 Proof of Theorem 3
We first introduce an intermediary result that will be used in the proof of Theorem 3.

Lemma 24. An additive noise with density f(x) satisfies (¢,0)-DP if and only if it satisfies
/GA(eaf(fL’—l—cp)—f(x))de—& Vo € [0,A], VA € F,
x
or, alternatively, if and only if it satisfies
/GA(eef(x) —fat)dr> 6 Vee[0,A] VA F.
Proof. An additive noise with density f(z) achieves (e,d)-DP if and only if it satisfies
/ ()~ f@)e 2 —5 Vpe[-AALVAEF
e

as per the definition. We can replace ¢ € [-A, A] with ¢ € [0, A] without loss of generality

since:
/ A(egf(ersO)—f(ﬂf))dxz = Vo €[0,A], VAe F
z€
— / (€ +9) = f(-a))de > = o€ 0,A], VA€ F
z€
— / (€ fa =) = fla)da > = V€ [0,A], VA € F
z€
— / (€St ) = f@)de = 5 Vi € [=A,0], VA € F,
z€
where the first equivalence follows from substituting x = —x as well as from the fact that

{A| Ae F} ={—A| A € F}, the second equivalence uses the symmetry of f, and the final
equivalence substitutes ¢ = —¢. We thus obtained the first representation of the DP constraints

presented in the statement of this Lemma. Applying analogous steps to the DP definition
[ @r@-gerenaez =5 weelAlvAeF
€A
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concludes the proof. ]

Proof of Theorem 3. From Lemma 24 it suffices to show that
/ (€ fqlz + p;0) — fq(z;0))dz > —0 Vo € [0,A], VA e F
z€A

holds. To this end, in the rest of this proof, we will show that for an arbitrary ¢ € [0, A] and
A € F, the desired inequality holds. We first break down the left-hand side of the inequality

into three cases by exploiting the linearity of integrals:

/EA(eafq(ac +;0) — fq(z;0))dz

_ / (€ fo(@ + ¢30) — fola;0))dz + (302)
reA:x<—A—¢p
/ (¢ fale + 030) — falw:0))dz + (30D)
z€EAN[—A—p,A—¢]
/ (¢ fult + 93 0) — fula; 0))dr. (300)
zEA:Z>A—¢

To complete the proof, we show that the sum of (30a), (30b) and (30c) is greater than or equal

to —4¢. The first terms are studied next:

(30a): For any x < 0, we have

D o) = (2 e () L (L2E AN (D)
9z 1 T 92 ) TP\ T g2 c 202 P 202
where all terms are nonnegative as we have < —A — ¢ < 0. This concludes that fq(z;0)

is increasing in the region (—oo, —A) and we thus have:
e fqlz + ¢y 0) — fqlz;0) > folx+ @;0) — fq(z;0) > 0.
(30b): We have

eefq(x + ¢ U) - fq(l';o-) > eefq,min(o') - fq($;0) > fq,max(o') - fq(x;o-) > Ov

where the first inequality holds since x+¢ € [-A, A] and f4(- ; o) is symmetric, the second
inequality holds since ¢ > o9 as specified in the statement of this theorem, and the final

inequality is due to x < A — p < A.
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This concludes that (30a) + (30b) > 0, and it will thus be sufficient to show (30c) > —6.

(30c): We have

/ (e fq(x + ¢;0) — fq(z;0))dx = (30c)
rEA:x>A—p

v

/ (¢ fol + As o) — fu(s 0))der
zeA:x>A—p

2/ (e fqlz + As0) — fy(x;0)) da
r€EAx>A—p
Z/ (e fqlx + As0) = fy(z;0)) da (31)
x>0
where z~ denotes the negative part of z, (i.e., 2= = min{0, z}). Here, the first inequality

follows since, analogously to the case of (30a), %fq(x; o) is decreasing in region x € (A, 00)
and as a result fq(z + ¢) > fq(z + A) holds. The second and third inequalities follow
as any z € R satisfies z > 2z~ and 0 > z7, respectively. The domain {z : z € R} of
integration in (31) can be replaced with {z : z > e0?/A} without loss of generality since

the term whose negative part is taken satisfies:

e fqlz + A) — fo(z;0)

oo (=) e (5 o () oo (- 550

which is nonnegative if and only if

(x 4+ A)? (x — A)?
S el AP e AN PR .
¢ 202 ¢ 202 £= 202 - A

We can thus conclude:

G092 (602 [ (halet Aio) - fulsio)ds

x>e02/A

RN S (x+ A)? (x —A)?
= /502/A e exp < 552 exp 552 dx

e/ 2770(1) eo A 1 /OO o (z — A)? de
= _—— = — —_ = X _——
c A o ¢ Jeo2/n P 202
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625\/271'0'(1) _sﬁ_é B 2o _€£+é
N c A o c A o
1 <2€ ( o A) <5a A>>
= el == -P -+ =
65+2®<A A0 i
o
hi(o)
- >_5
ho(o)/0 —

Here, the first two inequalities were proved earlier, the four equalities that follow derive
the integral in closed form by recognizing the integrands as Gaussian density functions,
the final equality substitutes h1 (o) and ha(o) as defined in (26b), and the final inequality
follows from o > oy where o) is defined in (26a). Note that while the final inequality is
straightforward for ¢ = o1 by the definition of o1, to have the same conclusion for any

o > 01, we rely on Lemma 20.

We conclude the proof since the left-hand side of the DP constraints, that needs to be greater
than or equal to —d, can be written as (30a) + (30b) + (30c), where (30a), (30b) > 0 and
(30c) > —o. O
2.A.6 Proof of Lemma 20

To prove that the desired monotonicity, we investigate the derivative of the function of interest.

To this end, note that

d
—h
do 1(o)

L (_E LB\ (B _ (e _ ANy o A

— < A+02>(D( A 0) ( A 02>(I>< ATS

_ (e A Lo AN 1 (e A 1(_eo AV

/o A2 )P 2\A o or \A o2 xp 2 A o
2

V2ro? 2 Ao

where the first equality follows from the chain rule, the second equality uses the definition of the

Gaussian probability density function, and the final equality is by using the algebraic property
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(a +b)? = (a — b)? + 4ab. Moreover, we have

d A (A 2A 1 (A
—_ = —2 —@l — = — —_— —
dah2(0) 502 <O’> \/%025exp< 2 (0> )

which concludes that

d
15 (o) + h2(0)]

2 e (3 (2+2)) - e (3(2))
e (300 (0 (-350) )

which is positive whenever ¢ —e202/(2A2) > log § which is equivalent to o < \/2(c — logJ)A/e.
To conclude the function is nonnegative for o > /2(e — log §)A/e, note that

hi(o) + ha(o) >hi(o) + 26

[ X A
> — [ J—

where the first inequality holds since e > 1 and ®(A /o) > ®(0) = 0.5 and the second inequality
follows from removing the positive part from the definition of hi(c). The expression (32) is
trivially nonnegative for 6 > 0.5. To conclude the proof, we next show that (32) is nonnegative
for § < 0.5. To this end, suppose 6 < 0.5. Note that eo/A — A/o is monotonically increasing
with respect to o, so the fact that o > \/mA/E implies

%—62\/2(5—log6)— < e —2logd (33)

o V/2(e —log ) - V/2(e —log )

By using the substitution ¢ = (¢ — 2logd)/+/2(e — log §), we can further bound (32) via

eo A 1 g2 — 4(e — log §) log §
2 (-3 +5) o0 e (g ) 349
) g2
~ v (i) )

where the first inequality is due to (33) and the second inequality is due to Mill’s inequality,
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asserting that for ¢t > 0 we have ®(—t) < (1/v/2mt) exp (—t*/2). This allows us to conclude the

proof as:

0 g2
2) > 20 — -
(32) 220 Vort eXp( 4(6—10g5)>
> 20 L e 752 0
_ «p [ —
- Vvmlog?2 P 4(e —logd)
>6>0.

Here the first inequality follows from (34), the second inequality follows from

L € —2logd S e—logd 5—10g5>\/log2
V2(e —logd) ~ \/2(c —logd) 2 - 2

and the third inequality is due to the fact that 1/y/mlog2 < 1.
Finally, to conclude that e +2 > §~! implies the function is nonnegative everywhere, we

investigate the limiting case where

lim hy (o) = —1

o—0

and

lim ho (o) = (¢ +2)6,

o—0
hold, hence the function hy (o) + ha(o) > (e +2)d —1 > 0 is nonnegative everywhere under this
condition.
2.A.7 Proof of Lemma 21

We first state the unabridged lemma here.

Lemma 21. For any o > 0 let

A VAT g A+ VAT o2 A
T = ) , To = 5 , g(x) = —e® + pra g

20A — A2
202 '

The following statements hold for ming,cpo A] fq(7;0) and maxge(o,a) fo(z;50):

(i) If A* < 402, then x = A solves min,eg a) fq(250). Moreover, fq(x;0) is unimodal on
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the interval (0, A/2) with a unique mazimum. The mazimizer of this unimodal region also
solves maxye(o A] fq(750).

(it) If A? > 40? and g(x2) < 0, then x = A solves mingep ] fo(x;0). Moreover, fq(x;0) is
unimodal on the interval (0,x1) with a unique mazimum. The mazimizer of this unimodal

region also solves max,e(o A fq(T;0).

(iii) If A% > 402 and g(z2) > 0, then fq(z;0) is unimodal on the interval (A/2,x2) with
a unique minimum. FEither x = A or the minimizer of this unimodal region solves
mingeo A] fq(7;0). Moreover, fq(x;0) is unimodal on the interval (0,21) with a unique

mazimum. The mazimizer of this unimodal region also solves max,cp a] fq(T;0).

Since this lemma explores the minimizer and maximizer of f,(z;0) over a nonnegative in-

terval z € [0, A], we can rewrite it without an absolute value as

fo(z;0) = %anp <—f) + %eXp <—($—A)2> : (36)

202

and its derivative as

0 ef x 22 1/ z—A z—A)?
B2 3 2255 52

= % exp < xQ) [—669& + (A —xz)exp (Mﬂ ; (37)

co 202 202

where the first equality follows from the chain rule and the second equality rearranges terms.

We now state and prove an intermediary lemma that will be used in the proof of Lemma 21.
Lemma 25. For any x € [0,A/2), we have fq(x;0) > fq(A —xz;0).

Proof. We can use (36) and show

falai0) = Fu & =) = < (e (—2;> e (-”‘;UA)Q)) |

For z € [0,A/2), we have (x — A)?2 > 22, which implies exp(—%) > exp(—(xg_ﬁ)z) and as a

result concludes that the expression above is positive. O

We can now prove the unabridged version of Lemma 21.
Proof of Lemma 21. Since we fix 0 > 0, we will use the shorthand fq(z) and fg(x) for

fq(z;0) and Ofy(x;0)/0x, respectively. We will study the sign of the derivative (37) over [0, A]
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in order to conclude the proof. To this end, we first plug in € {0, A/2, A} in (37) and note:
f4(0) >0, fi(A/2) <0, fo(A) <0. (38)

From the continuity of f(’l, there exists some small enough constant £ > 0 such that fé(a:) >0

for all z € [0,¢]. For x € [, A], we can thus multiply the expression (37) by z/x and obtain:

p x x? . A—x 22A — A2
falr) = e (g ) |7C F o T )|

=g+ (z) =:g(x)

Here, we have g*(x) > 0 for all z € [0,&]. Thus, the sign of f;(z) coincides the sign of g(x) in
the region = € [¢, A]. Then, (38) implies that:

9(§) >0, g(A/2) <0, g(A) <0, (39)

In order to explore the sign of g(x), we further compute its derivative

ig(x) =:g'(z) = exp (%A > AQ) (A = A)

dz 202 x o2 22
A 20A — A2 ,
WGXP (M) (CL‘(A*ZE)*O’ ),
=g (x) =)

where the first equality follows from the chain rule and the second equality rearranges terms.
Since g"'(z) > 0 for all z € [¢, A], we investigate the sign of ¢"?(z) by investigating three cases.

Case 1 (A? < 40?): Since 2(A — ) < A?/4 for all z € R, this case implies that g’?(x) < 0
for all z € [¢,A], and allows us to conclude that g is monotonically decreasing for z € [£, A].
Such monotonicity implies in (39) that there exists some z¢ € (£, A/2) satisfying g(x) > 0 for
all z € (§,w0) and g(x) < 0 for all z € (wg, A]. Thus, f; is positive on [0,20) and negative
on (xo,A], hence xg is the maximizer of f, and the minimizer is at the extreme point. From
Lemma 25 we can conclude that A is the minimizer. This discussion also shows that fq(x) is
unimodal on (0, A/2). We thus proved item (%) of this lemma.

Case 2 (A? > 40?): Since ¢'(z) = 0 if and only if ¢"*(z) = 0, and since g’?(x) is a quadratic
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function, we can solve ¢'(z) = 0 and obtain two roots

A —AZ — 452 . A+ VA2 — 452 (40)
fry 5 2 = .
2 2

I

These roots, along with the fact that ¢’(£) < 0 and ¢’(A/2) > 0 imply that g(z) is decreasing

in z € [¢,z1] and increasing in x € [z1, x2]. This monotonicity implies
9(z1) < g(A/2) <0, (41)

since A/2 € (z1,x2) and g(A/2) < 0.

Thus far we discussed that g(§) > 0 (cf. equation 39), g(z1) < 0 (¢f. equation 41) and
¢ (z) < 0in (& z1) (cf. equation 40). This concludes that there exists some ymax € (§, 1) such
that g(z) > 0 for € (£, ymax) and g(x) < 0 for € (Ymax,71), and f}(z) exhibits a similar
pattern as its sign coincides with the sign of g(z). This shows that fq(x) is unimodal in the
region (0,z1) and has a local maximizer ymax. To investigate the behavior of f,(z) in the region

[x1, A], we further focus on two cases:

e Suppose that we have g(z2) < 0. Given that g(z) is increasing in [z1, z2], this implies
that g(x) < 0 for all x € [x1,z2]. Furthermore, since we have no roots in (z2, A], the fact
that g(A) < 0 implies that g(x) < 0 for all x € (z2,A]. Hence, fg(x) < 0 holds for all
x € [z1,A], which implies that the function fy(x) is decreasing in [z, A]. We can conclude
that f,(z) achieves minimum at the extreme point A since fq(A) < f4(0) (¢f. Lemma 25),

and a maximum at ymax € (0,21). We thus proved item (i) of this lemma.

e Suppose now that g(xz) > 0. We investigate the behavior of the function in four regions:
Ri1=10,21], Re = [x1,A/2], R3 = [A/2, 23], R4 = [x2,A]. Note that Lemma 25 implies
that the maximizer must lie in [0, A/2) = R1UR2 and the minimizer in [A/2, A] = R3UR4.
We already discussed that f,(x) is unimodal on R; with a maximizer ymax € (£, 1) for
an arbitrarily small £ > 0. We can discard Rz since we also discussed that g(x) < 0 for
x € Ry (i.e., the function f,(z) is decreasing in R3). Since g(A/2) < 0, g(z2) > 0, and
g () > 0, = € R3 simultaneously hold, there exists a local minimum y;, € (A/2,29) in
Rs. Analogously, for R4, we have g(x2) > 0 and g(A) < 0, and since there is no root of
g () = 0 in (x2,A), the function g(z) is decreasing in R4. This allows us to conclude
that there exists a local maximizer of fq(z) in R4, but we can ignore this as we only seek

minimizers in this region. In this case, the minimizer of R4 is one of the extreme points (z2

128



or A), but since we already found a local minimum in R3, the only candidate minimizer

for fq(x) is A. We thus proved item (%ii) of this lemma.

Since we proved each of the three items in the statement of this lemma, we conclude the proof.
O

2.A.8 Proof of Lemma 22

Let fqmax(o) = max,c[o,A| fq(z;0) and fomin(o) = minge(o,A] fq(x;0). We consider the three
cases studied in Lemma 21 and show that fqmax(0)/fqmin(0) is decreasing in each of these
cases.

For the first case, suppose A% < 4¢2. In this case, Lemma 21 implies:

1. A?
fq,min(a) = fq(A;U) = Ee €xXp _ﬁ . (42>
Its derivative satisfies:
d 1 _A2 A2
g = 1 G o (~33) o

Moreover, for zmax € (0, A/2) being the solution that satisfies fymax(0) = fq(Tmax; o), we

have

0 . . e’ Lmax l“?nax 1 Tmax — A (xmax - A)2 .
% x:xmaqu(x7a) - ? (_ O'2 )exp <_ 20’2 > + E (_ 0'2 eXp B 20’2 - 0
2 _ A)Q

X X
- _eaxmax exp _Laéx + (A - xmax) exp _(maXiQ =0
20 20
Tmax X (xmax - A)2
:> e__ 9 e iﬂ = e e —
A Trmax *P < 202 > *P ( 202 ’

where the first equality follows from the definition of the partial derivative of fq(x;0) in z
as derived in Section 2.A.7 (which is equal to 0; ¢f. Lemma 21), the implication that follows
multiplies the expression by the positive quantity co?, and the final implication divides the
expression by the positive quantity A — xmax. The final equality can be substituted in the

definition of fy(Zmax; o) to conclude:

es x2 < T A)2
fo(Tmax; o) = —exp < 2“;; > + —exp <_( ma;(ﬂ ) > 7
1 € A xIQnax
T A wpa : 44
Ce A_-KL'maLX exp< 202 ( )



Note that max is a function of o since it is the solution that maximizes fq(x;0) on (0,A/2).
However, it can be treated as constant when computing the derivative of fq(Zmax; o) in o, since
Zmax 1S a local minimum. To better reflect this, use a generic z(o) instead of Zyax, Wwe can use

the chain rule and show:

d 9 d ) ,
o fa@l@)o) = o fa(wio)  mw(o) + 55 fa(z(0); o),

=0 when z(0)=Tmax
and evaluating this derivative at x(0) = Tmax gives us

d 0
P fQ(x(U);U) = aio_fq(xmaXQO')a

dU x(U):$max

that is, zmax can be treated as a constant. We thus have:

d 9 1 Az masx
7fq,max(0') = 7fq(xmax§0') = - exXp <_ > . (45)

do oo ¢ A — 2Ty 0°

We will conclude the desired result for this case if we can show

<m>, <0. (46)

We have
f ,maX(U) '
<fq@ X é,max(g)fq,min((f) - fé7min(0')fq,max(0—)
q,min

_ 1 8#1.1211&)( xIQHaX 1 € Aiz

N ce A — Tpax 03 P 202 ce P 202
1 o A2 . A2 1 o A . x?nax
Tef T expl =) 2t T exp [ =
& g3 P 202 ) ¢ A — ZTmax P 202

X————exp | ——= | exp [ —=2Ra&x E—
A — Trax P 7952 P 202 o3 o3

2 2

T A

x—5F — — <0
o g

Here, the first step uses the quotient rule and ignores the positive quantity fq7min(0)_2, the
second step uses equations (42), (43), (44) and (45), the third step ignores the positive term
(€ /c)?, the fourth step ignores the exponential terms (as they are positive) as well as A/(A —

Tmax) (since Tmax € (0,A/2)), and the final inequality follows from xpyax € (0, A/2).
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For the second case, suppose A? > 402 and g(x2) < 0 where 2o and g are defined as in
Lemma 21. Similarly to the first case the minimizer of fy(,.,) over [0, A] (for fixed o) is x = A.
The maximizer is the local maximizer in the unimodal region (0, x;), which is a smaller region
than the one in the first case (z; < A/2), hence the above analysis applies analogously here.

For the third case, suppose A% > 402 and g(z2) > 0 where x5 and g are defined as in
Lemma 21. Let xmax be the solution that satisfies fqmax(0) = fq(@max; o), and zmin be the
solution that satisfies fqmin(0) = fq(@min; o). From Lemma 21 it follows that xmax is the local
maximum of fy(z;0) over the unimodal region « € (0, z1) for z; as defined in Lemma 21. On the
other hand, i, is either equal to A, or it is the local minimum of f,(x;0) over the unimodal
region x € (A/2,x9) for x5 as defined in Lemma 21. If z,;, = A, the proof follows analogously
as in the first two cases. Hence, for the rest of the proof, we assume without loss of generality

that:

(1) Zmin is the local minimum of fq(z;0) over the unimodal region z € (A/2,z9) for zp =

A/2 4+ A% — 402 )2;

(71) Tmax is the local maximum of fq(x;0) over the unimodal region x € (0,z1) for z; =

A/2 — A% —4052)2.

Since fqmax(0) and fq min(0) are positive functions, a sufficient condition for fq max(0)/ fqmin(0)

being decreasing in o is 10g( fqmax(0)/ fqmin(0)) being decreasing in 0. We have:

i tog (240 ) = 0 () = 108 min())]

do fqmin(7)
_ fcll,max(o-) . cll,min(a)
fqymaX(U) fq,min(U) '
—— N——

() (i7)

We will thus show that (7) < (i¢) and conclude the desired result. From (45) and (44), we have:

2
1 £ A xmaX zlznax
/ ( ) e T 3 CXP( T2 2
gmax\?) _ ¢ A—Tpax O _ Tmax
= = .
fQ7maX(U) }68 A eXp (_ x?nan ) g
¢ A — Tmax 20

With analogous calculations, we have:

/
q,min (U) . -'L'?nin

fq,min(a) o3’
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Since Tmin € (A/2,A/2 + VAZ —402/2) and Zmax € (0,A/2 — VA2 — 402/2), we always have
ZTmax < Tmin, hence (1) < (ii).

We conclude the proof of monotonicity since we showed that, regardless of the case, the
derivative of fqmax(0)/ fqmin(c) is negative. We can ignore the end-points of the cases since all
the functions and their derivatives investigated in this proof are continuous in.

Finally, to see that the function of interest is upper bounded by e at o = \/A2/(2¢), note
that

ax fq(x;0) < ! a ax e i ax e (o] - A)*
max fq(z;o max{ max exp | —=— |, max exp | ———————
2c0,A] "N T e z€[0,A] P {7252 ) 2€[0,A] P 202

! ma € 0 € 0

= xqexp | —=—= | ,exp | —=—
2mo P 202 )’ P 202
1

2mo

where the inequality holds since fq(-; o) is the convex combination of two distributions, hence the
maximum of fy(-; o) is upper bounded by one of the maxima of each of these two distributions,
the first equality holds by solving the inner max-problems, and the second equality holds by

noting that both inner max problems have the same optimal value. Analogously, we can show

min  fy(z;0) > = min{ min exp <_x2> min exp (—W>}
2€[0,A] T 2o 2€[0,A] 202 ) " 2€[0,A] 202
I A? A?
— o min{ewn (<5 ) vew (502 )}

1 . ( A2>
= X - .
mU P 20’2

We thus have

1
max fq(z;0
z€[0,A] al )< 2ro
min fy(z;0) = 1 A?
q
z€[0,A] 5 Xp | —53

and plugging in 0 = VA2/(2¢) sets the above quantity to e°.
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2.A.9 Plots for Section 2.2

We visualize the monotonicity of the constraint of o in (26a), as discussed in Lemma 20. We
visualize a case where A = 1, and plot two cases: the left plot uses (¢,0) = (1,0.1) and the
right plot uses (g,9) = (1,0.25). In the first plot, we observe that the function of interest is
monotonically increasing on (OWA /e) and is nonnegative beyond this region. The
point where the function hits 0 is also visualized as 1. In the second case, we have e +2 > 61,

and thus the function is nonnegative (hence o1 = 0).

V2 — logd)A/=
@ ~

Figure 11: The constraint of (26a) as a function of ¢ under A =1, (,0) = (1,0.1) (left) and
(e,0) = (1,0.25) (right).

Finally, in Figure 12, we visualize Lemmas 21 and (22) that are used in finding o9 in (27a),
for an instance with A = 1 and € = 1. The left figure plots fy(z;0) on z € [0, A] for fixed o = 0.2
and marks the maximizer and minimizer of this function over this range. We can observe what
Lemma 21 proves: the maximizer xmay is the local maximum of the function on the unimodal
region (0,z1), and the minimizer i, is the local minimum of the function on the unimodal
region (A/2,z2). The term fq(Tmax;0)/fq(Tmin; o) — €°, as a function of ¢, is monotonically

decreasing as proved in Lemma (22), which is displayed in the right figure.

2.A.10 Proof of Theorem 4

For the correctness of the algorithm, note that the o1 computed coincides with the o1 in The-
orem 3, which is found via a bisection search method due to the monotonicity presented in
Lemma 20. This lemma also gives an upper bound for ¢ as beyond this upper bound the func-
tion is nonnegative, and Algorithm 4 accordingly restricts the search to a bounded region. Note

that the if condition in this algorithm also ensures that we apply the bisection search method
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fq(xmax; O—)/fq(mmin; U) —ef

0.00 0.25 0.50 0.75 1.00

Figure 12: (Left) The density fq(x;0) onx € [0,A] for A=1,e =1, and o = 0.2. The notation
Z1, T2, Tmax aNd Tmin comes from Algorithm 5. (Right) The term fo(Tmax; )/ fq(Tmin; o) — €°

displayed as a function of o where A =1 and € = 1. The point that sets this expression to 0 is
the o2 of (27a).

only in the case if the function is not nonnegative everywhere, as presented by Lemma 20. The
oo computed in this algorithm, similarly, coincides with oo of Theorem 3. This value can be
found via a bisection search restricted to (0,/A?/(2¢)) due to Lemma 22. Each evaluation of
the bisection search relies on Lemma 21 where the if-else if-else condition shows the cases pre-
sented in this lemma (the cases are elaborated in the unabridged version of the lemma). Finally,
Algorithm 4 returns ¢ as the maximum of oy and o3, and therefore from Theorem 3 we conclude
the feasibility of the returned value.

For the runtime complexity, first note that we treat the tolerances in the bisection and golden-
section search methods as constants. Note that one needs to be careful in implementation since
numerically the tolerances should be reflected in the presentation of § to ensure feasibility.

Now, note that Algorithm 4 has two bisection search methods implemented. The first one has

a search radius of 1/2(e — log §)A /e and the evaluation of v is constant assuming computation
of ®(-) is constant. The complexity of the first bisection search is thus:

O (log(\/mA/e)> — O (log(c — log ) + Olog A) — O(loge)
=0 <log <5—i0g5>> + O(log A)

o <10g <1°§5>) + O(log A).

On the other hand, the second bisection search has a radius of \/AZ2/(2¢) where each iteration
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relies on Algorithm 5 which, in the worst case, calls a golden-section search method whose
search region is a subset of (0, A). The computation of f,(z;0) during the golden-section search
evaluations is constant, hence the golden section has complexity O(log A). The complexity of

the bisection search is overall:

2
O<logA.,/A> :o(mogA)
2e 5

The sum of the complexities of both bisection search methods concludes the complexity presented

in the statement of this theorem.

2.B Proofs for Section 2.3

2.B.1 The multi-Gaussian mixture distribution is well-defined

To show that the density function (28) of the multi-Gaussian mixture distribution is well-defined,
fix arbitrary ¢ > 0 and k € N, and note that fn,(x;0,K) > 0 for all z € R since all terms in
its definition are nonnegative. Moreover, observe that the density function integrates to 1 since

each ¢-term is the unnormalized Gaussian density function where only the mean varies, that is,
o0
/ d(x; kA, 0)dx = V270,
—0o0

hence by the linearity of integrals, the density (28) integrates to 1. We can also simply represent

the cumulative distribution function Fy,(z;0) via Gaussian cumulative distribution functions:

K T
Fu(z;0) = ;{ Z e_lkls/ o(x; kA, o)dx
k=—K -

K
1 T — kA
= — g e_|k|5v27ra<1><$ i )
CK
k=—K

g

K _
! S ey Emon <x - ’“A)
- K

o2ro Z,I::_K eIkl . o

K
1 T — kA
- - —|kle L=
ZK —|k|e kz € ® ( o ) ’

k=—K € ——K

where the first equality exploits the linearity of integrals, the second equality replaces the

integral via a closed-form term using the Gaussian cumulative distribution, the third equality
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Figure 13: The probability density function (28) of the multi-Gaussian mizture distribution for
e =1 and 0 = 0.25 where K is set to 1 (left) and 3 (right).

substitutes the definition of ck, and the final equality cancels the v27wo terms.
Figure 13 visualizes the probability density function (28) of the multi-Gaussian mixture
distribution for ¢ = 1.0 and o0 = 0.25 for K = 1 and K. = 3. For a better intuition, one can

rewrite (28) as:

K
fm(z;0,K) = c; (z;0,0) + Z e R (p(x; kA, 0) + ¢(z; —kA, 0))
k=1

Note that sampling from this distribution is straightforward since for k € {—K,..., K}, we

sample from the kA-mean Gaussian distribution with standard deviation o with probability
e HIef Syl
2.B.2 Noise amplitude and power of the multi-Gaussian mixture distributions
For the noise amplitude of the random variable X with density fi(+; 0, K), we have:
1 & [
Byl = > e [ jolo(aiha, o)
K Tk —00

The integral can be written as

o r—kA)?
/Oo\x| exp (—(202)> dz

e’} y2
—/Oo\y+ kA|exp (_W> dy
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—kA y2 [ee) y2
=- / (y + kA)exp (—%2> dy +/ (y + kA) exp <—202> dy

—00 —kA

—kA Y2 —kA Y2
o] yQ [e'S) yQ
+ /kAyexp <_M) dy + kA /kA exp (_W) dy
—kA 2 00 2
= [ ven (<) avr [ vew (< ) kavae (o (52) o (-52))
— 00 g —kA 20 o o
00 2 —kA 2
:/ yexp <2yQ> dy2/ Yy exp (y2> dy+k:A\/%o <<I> <k‘A> ‘I><m>)
Lo o oo 20 o o
—kA 2
:—2/ 1y exp (—y2> dy + kAV27mo (q) <kA> _q)<_m>)
oo 20 o o
2 —kA
=—2|—c%exp Y + kAV27o | @ kA - _kA
202 )|, o o

2 A2
=202 exp (—k A ) + kAV27o <1 — 20 <_k‘A>) .

202 o

Here, the first equality is due to variable change, the second equality partitions the integral
region into two regions, the third equality exploits the linearity of integrals, the fourth equality
replaces the Gaussian density integrals with their closed form representation, the fifth equality
breaks down its second integral (from —kA to oo) as the subtraction of two integrals (from —oo
to oo and from —oo to —kA), the sixth equality notes that the first integral is the expected value
of a 0-mean Gaussian, and the following two equalities compute the definite integral. Hence, we

have

E ¢ [|2|] L i e Ikle [202 exp (—k5A2> + kAV 270 <1 —20 (—kA))] .

2
C o g
K="k

For the noise power of the random variable X with density fm(+;0, K), we similarly have:
1 & o0
E;[z%] =— Z e'kls/ 22 (x; kA, o)d.

C
K =k -

The integral can be written as
00 — kA 2
/ z? exp <_(x2)> dx
—o 20
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oo 2
:/ (y + kA)? exp <—2i2> dy

7oo 9 y2 9 o 00 yQ 00 y2
:/Ooy exp (—M> dy +k~A /Oo exp (_M> dy+2kA/ooyexp <_%c2) dy
=+v2703 :\/%0 =0

=V2710® + k2 A% 210

where the first equality is due to variable change, the second equality expands the squared term,
and the final equality uses the fact that exp(—y?/20?) is the (unnormalized) density function of

a Gaussian distribution with 0 mean and o2 variance. This concludes that:

K
1
E ¢ [2?] b Z e~ kle(Varo® + K2 A%V 270)
k=—K
1 K
:K— Z €_|k|8(02 +k2A2).

—|k|e
DK€ I k=—K

2.B.3 Proof of Theorem 5

We first state and prove an intermediary result.

Lemma 26. For a multi-Gaussian mizture distribution with parameters o, Ao > 0 and K € N,

and for any 0 < o1 < w9 < A, we have:

& \/2/m
/ |fm(z + 150, K) — fn(2 + 250, K)|dw < U/(wz — 1)
—0o0

Proof. Since o > 0 and K € N are fixed, we denote by f/ (z;0, K) the derivative of fy, in x. By
using this notation, the left-hand side of the inequality in the statement can be upper bounded

by

/Oo|fm($+¢1;U,K) — fm(z + @250, K)|dz = /OO

—0o0

¥2
/ fr(z+ ¢;0,K)dp|dx
©

1

0 rp2
S/ / | fiu(@ + @50, K)| dp da
—0o0 Jp1

@2 oo
=/ / |fi(@ + ;0. K)| dz de,
@1 J—oo

(%)
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where the first equality follows from the fundamental theorem of calculus, the inequality follows
from the triangle inequality of the absolute value, and the final equality changes the order of

integrals via Fubini’s theorem. Finally, term (i) satisfies

()= [ |fulwio.5)]da

oL 6|k|e/°° 0 (e—kA?
Tk oo | O P 202

1 o] _ _ 2
- L e—|k|e/ e B G el Y A
o2 202

k=—K -

dx

where the first equality follows from variable change x = x+ ¢, the inequality uses the definition
of fm(z;0,K) and exploits the triangle inequality of the absolute value, the second equality
explicitly writes the derivative term, the third equality follows from variable change y = x — kA,
the fourth equality explicitly writes the expression for cx as well as notes that the integral
computes the expected absolute value of a random variable that follows a Gaussian distribution
with 0 mean and o2 variance (cf. term (i) of Appendix 2.A.4), and the final equality cancels

common terms. Using this upper bound for (i) back allows us to conclude

7 s eomlarae < [V ap = T, )
o1 J—o0

©1 o

which coincides with the right-hand side presented in the lemma. O

We can now prove Theorem 5.
Proof of Theorem 5. Given n € (0,1) fix any 8 < v/27nod, and assume the condition in the

statement of this theorem holds:
/ min{e® fu, (250, K) — fm(x + p;0,K),0}dz + (1 —n)d >0 Ve €{0,5,28,...,A}. (47)

To show the desired result, we should show that this condition guarantees the following definition
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of (g,8)-DP (cf. Lemma 24):
/ (¢ (10, K) — fnl + 2 0, K))da > —6 Vo € [0,A], YA € F
x€A
. glgf{ [ (€ nlaio ) = fule + a,K»dx} > 5 Yeeln.Al

— /OO min{e® fo (z;0, K) — fm(z + ¢;0,K),0}dx > —6 Vo € [0, Al (48)

Here, the first equivalence follows from taking the infimum of the left hand side over A € F,
and the second equivalence follows since the worst-case event A does not include points x with
€€ fm(x;0,K) — fm(z + ¢;0,K)) > 0. We will show (47) = (48).

Fix an arbitrary ¢ € [0, A], let &’ € N be the index that satisfies |¢ — k'8| < /2, and note
that the left-hand side of (48) satisfies:

/ Z min{(¢° fun(2;0, K) — fun( + 050, K)), 0}da
E/megﬂmmK%ﬁMw+%mK%@®
- /Z min{(fn(; 0, K) = fu(w + K30, K)) = (fm(z + ¢ 0, K) = fun(2 + K'B; 0, K)), 0}
> /_Z min{ fu(2;0, K) = fin(z + K80, K),0} = | fu(z + 930, K) — fun(z + k' B; 0, K)|da

:/_OO min{ fy(z;0, K) — fm(x + k'B;0,K),0}dz

(4)
-/ S fnle + 010, K) — fnla + K Bs 0, K)|da

—00

(i7)

Here, the first inequality follows from e® > 1, the equality that follows adds and subtracts the
common term fy,(z + k'B; 0, K) in the min-term, the second inequality is due to the fact that
for any a,b € R we have min{a — b,0} > min{a,0} — |b|, and the final equality exploits the
linearity of integrals. To conclude this proof, we will now show that (i) — (i) > —¢.

The fact that ¢ € [0, A] implies that k'S € {0, 3,20, ..., A}, hence from (47) we have:

(1) = =(1 =n)o.
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Moreover, term (i7) can be upper bounded by

ﬁ

2/m 1
— kBl <
e —kpl < o

where the first inequality follows from Lemma 26, the second inequality is due to the definition

of ¥ € N, and the final inequality is due to the definition of §3.

(1) < B < nd,

Putting these terms together finally concludes the proof since (i) —(ii) > —(1—n)d—nd = —4.
U

2.B.4 Proof of Lemma 23
Throughout this proof, we will use the representation
K

1
fm(z;0,K) = N(z; kA, o),
E?:*K e_|k|6 kZ_:K

where

N(z;p,0) = \/;mexp <(:C2_05)Q>

denotes the normalized Gaussian density function. Using such notation, we first provide an

intermediary result.

Lemma 27. For fizede >0, 5 € (0,1), A >0, K €N, and ¢ € [0,A], define
Uz;0) =€ fm(z;0,K) = fm(z + @50, K)

as the integrand of the left-hand side of the constraint (29) for any o > 0. For all o' > o > 0,

we have
Uz;0") = (U(;0) @N (50, Vo2 — 02))(2),

where @ denotes the convolution operator defined as (f ® g)(z) := ffooo fly)g(z —y)dy.

Proof. For ¢’ > o, if we denote by 7 = V0’2 — 02, then from (Bromiley 2003) the following
identity holds:

N(z; kA, 0') = N(z; kA, 0) @ N (230, 7).
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Note that we have a slight breach of notation since with N (z;kA, o) ® N(x;0,7) we mean
(N( kA, 0) @ N(+;0,7))(x). We can now show

K
1
fm(l‘;o",K):— N(l';kA,o',)
Zé{:_K C_‘k‘a k::Z_K
1 K
=S 2 NEka o) N @0,

K
_ Z:Kl—ke [( Z ./\/(.CC;kIA,O’)) ®N($;077)]

k=—K © k=K
K

_ (1 3 N(x;kA,U)) © N (2;0,7)
=K

K —|k
d k=K € [kle k

= fm(z;0,K) @ N(2;0,7),

where the first equality is due to the definition of f,, the second equality is due to the convolution
property, the third equality is due to the distributivity property of the convolution operator,
the fourth equality is due to the associativity property of the convolution operator with scalar
multiplication, and the final equality substitutes the definition of fy,(z;0, K). Thanks to this

identity, we can derive

Uz;0') = € fum(2;0", K) — fum(z + 950, K)
= e fu(r;0, K) @ N(2;0,7) — fm(x + 50, K) @ N (2;0,7)
= (€ fm(w; 0, K) = fm(z + 950, K)) @ N (;0,7)
=l(z;0) @ N (z;0,7),

which coincides with the statement of this intermediary lemma. O

We now prove Lemma 23.
Proof of Lemma 23. For the given n € (0,1), select any f < /27500 and assume a given
o > 0 satisfies (29). Such selection of 3 is also valid for ¢/ > o. Hence, for any fixed ¢ €
{0,8,28,...,A}, if we denote by {(z;0) := € fi(z;0,K) — fm(z + ¢;0, K), then we should
show that

/_OO min{{(z;0’),0}dz > /_00 min{{(z;0),0}dz (49)
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holds to conclude the proof. The min-term on the left-hand side of inequality (49) satisfies

oo
min{/(z;0’),0} = min {/ Uz —t;0, K)N(t;0,7)dt, 0}
- —0o0
> / min{/(z — t; 0, K),0}N (t; 0, 7)dt, (50)
—0o0
where the equality follows from Lemma 27 as well as the definition of the convolution operator,
and the inequality follows from Jensen’s inequality applied to the concave function ¢ — min{¢t, 0}

which is applicable since N (¢;0,7) is a density function. Hence, the desired inequality is shown

as:

/_ Z min{¢(z; '), 0}dz > /_ Z /_ Z min{l(z — t: 0, K), ObN (£ 0, 7)dtdz
_ /_Z [/: min{(z — t; 0, K), 0} (£;0, T)dx] at
_ /Z [/Z min{ﬁ(m;o),O}N(t;O,T)daf} dt
_ / ZN(t;o,T) { / Z min{z(x;a),c)}dx] dt
_ [ /_ ZN(t;O,T)dt] [ /_ : min{f(az;a),()}dx]

=1

_ / Z min{((z; o), 0}dz.

Here, the inequality follows from (50), the equalities that follow change the order of the integral,
apply variable change * = x — t, rearrange constants within integrals, note that N (¢;0,7) is
a density function integrating to 1. The monotonicity proof is complete since we proved the
desired inequality (49).

Now, to see that o = o, satisfies (29), consider the stronger condition
o0
/ min{e® fin(z;0, K) — fm(x 4+ ¢;0,K),0}dz + (1 —n)d >0 Ve € [0,A],
—0o0

which coincides with the definition of (g, (1 — 7)0)-DP (cf. proof of Theorem 5). A sufficient

condition for this is when each mixture density \/2170 exp(—(z—pu)?/(20%)) of (28) satisfies (e, (1—
7)0)-DP since approximate DP is closed under mixtures (Selvi et al. 2025, §2.1). Moreover, since

approximate DP is also closed under shifting distributions (cf. proof of Lemma 24), it is sufficient
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to show the zero-mean Gaussian density \/2170 exp(—x2/(20?)) satisfies (g, (1 —n)d)-DP. We can
therefore borrow the standard deviation o, needed for the Gaussian mechanism (Dwork and Roth
2014, Thm 3.22) or the analytic Gaussian mechanism (Balle and Wang 2018), and conclude that

a sufficient condition for (29) is o = o,. O

2.B.5 Proof of Theorem 6

The correctness of Algorithm 6 follows directly from Lemma 23. The first step of this algorithm
is to compute the analytic Gaussian mechanism, which sets o, in Lemma 23. In light of the
monotonicity presented in this lemma, the bisection method finds the smallest o value so that
any o’ > o satisfies condition (29). The computation for checking whether a given o satisfies this
condition is given in Algorithm 7, which simply evaluates the left-hand side of the constraint (29)
for every ¢ in the grid. Note that this grid is of ¢ is a function of 5. To make sure that (i)
B < v2mnod and also (i) B divides A, Algorithm 6 sets 8 as A/[A/(vV2mnod)].

For the runtime, similarly to the proof of Theorem 3, we assume that the optimality tol-
erances are fixed, independent of the § value. Note that Algorithm 6 first finds the standard
deviation r = o, needed by the analytic Gaussian mechanism. The implementation of the ana-
lytic Gaussian (Balle and Wang 2018) is via a bisection search method where the root of a sought
in a region with an upper bound for o, as O((A/e)4/log(d=1)). The function, however, can be
evaluated in constant time. Given that Algorithm 6 applies a bisection search within (0,r), the
runtime of the rest of this algorithm dominates the computation of the analytic Gaussian. We
borrow the upper bound r = O((A/e)4/log(6—1)) for the analysis of our bisection search method
next.

Our bisection method is restricted to an interval of radius O((A/e)4/log(d~1)), and the

number of iterations is therefore:
A
@] (log (E\/log 51>) . (51)

The iterations of this bisection search, as shown in Algorithm 7, computes an integral, in total

o(3)

times. The computation of this integral has complexity
O((KA)-K) (53)
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§lle—] 01 0.25 0.5 0.75 1 2 3 4 5 10

0.0001 0.16%  -0.59% 10.31% 37.51% 96.51% 98.09% 95.34% 95.89% 97.22% 95.42%
0.0005 -0.40%  -0.33% 20.86% 95.53% 95.13% 97.01% 94.64% 88.29% 92.43% 95.05%
0.001 -0.62% -0.37% 32.53% 95.21% 95.64% 96.81% 94.27% 87.56% 92.02% 94.87%
0.005 -1.41%  3.16%  93.47% 93.14% 92.16% 95.71% 92.32% 85.40% 89.76% 94.33%
0.01 -2.30% 27.67%  88.0%  91.71% 92.49% 94.90% 82.22% 82.67% 88.96%  94.04%
0.02 -3.14%  85.54% 74.29% 90.40% 84.15% 95.75% 80.50% 81.07% 88.18%  93.69%
0.05 62.64% 73.57% 53.51% 76.82% 68.49% 99.27% 76.32% 79.06% 87.23% 93.12%
0.1 54.21% 38.45% -0.94% 77.78% 59.67% 90.37% 76.08% 78.29% 86.86% 92.54%
0.15 18.53% 24.45% 26.63% -1.87% 4.45% 96.96% 77.97% 78.85% 87.25% 92.11%
0.25 7.69%  22.86% 15.72% 76.32% 57.09% 70.02% 85.53% 81.96% 88.92% 91.41%

Table 10: Optimality gap (% of l1-loss) of the analytic-Gaussian mizture mechanism closed by
the multi-Gaussian mizture mechanism.

because the integral can be approximated on a fixed support of radius O(K A) since the Gaussian
tails vanish infinitely fast, and the evaluation of fy,(x; o, K) takes time O(K). The multiplication

(51) x (52) x (53) concludes the runtime represented in the statement of this theorem.

2.C Omitted details in numerical experiments

2.C.1 Optimality gaps closed

In the numerical experiments, we compared our mechanisms against the analytic Gaussian mech-
anism in terms of expected losses of the noise. Here, we focus on the suboptimalities of mech-
anisms, that is, we investigate optimality gaps compared to the best possible loss any additive
noise mechanism can attain under (e, d)-DP. To this end, we use the work of (Selvi et al. 2025),
who propose a sequential numerical optimization approach to construct a distribution, where in
each iteration the upper bounds (the losses attained by the distribution) and the lower bounds
(an associated lower bound that ) provably converge. Since in practice this convergence can
take a significant amount of time, we run the algorithm until the upper and lower bounds are
almost equal with a tolerance of 1073, and then use the lower bound as a tight estimation of the
ideal loss one can attain under (g,0)-DP. If we denote by o this estimation, than the analytic
Gaussian mechanism has an optimality gap of 100% - (a — 0)/o. Table 10 reports how much of
this optimality gap is closed with the multi-Gaussian mixture mechanism, that is, each entry of
this table presents 100% - (a — m)/(a — 0). While the mean and median gaps closed are 67.67%
(sd 34.78) and 85.47%, respectively, we observe that the multi-Gaussian mixture distribution is

closer to the lower bounds in low-privacy regimes.
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§lle—]01 025 05 075 1 2 3 4 5 10
0.0001 4 10 10 10 9 8 8+ 4x 4+ 5
0.0005 3 1 10 9 7 8 8 9 9= 5«
0.001 5 2 10 8 9 8 8 9 9 5
0.005 3 10 8 6 5 8 8 9 9 5
0.01 2 10 7 5 4 8 9 9 9 5
0.02 6 8 6 4 4 8 9 9% 9 5
0.05 7 5 4 3 3 8 9 9 9 5
0.1 4 3 2 2+ 2+ 8 9 9 9 5
0.15 2« 2% 2+ 2 2.9 9 9 9 5
0.25 1 1 1 1 1,9 9 9 9 5

Table 11: K € [10] values that attain the best l1-loss for the multi-Gaussian mizture. The star
sign indicates instances where quasi-Gaussian outperforms multi- Gaussian with K = 1.

2.C.2 Comparing the quasi-Gaussian mechanism with the multi-Gaussian mecha-

nism

Table 11 reports the values of K € {1,...,10} that yield the smallest [;-loss for the multi-
Gaussian mechanism across the 100 combinations of (g,0) considered. The results show that all
values within the grid are being chosen, demonstrating the importance of tuning K. Although
both the multi-Gaussian mechanism with K = 1 and the quasi-Gaussian mechanism produce
distributions with three modes, there is no clear hierarchy between them. In fact, entries marked
with a red star indicate cases where the quasi-Gaussian mechanism outperforms the multi-
Gaussian mechanism with K = 1.

Moreover, Sections 2.4.1, 2.4.2, and 2.C.1 may suggest that if we tune K € [10] (not
K =1 fixed), then the multi-Gaussian mixture mechanism consistently outperforms the quasi-
Gaussian mechanism. However, this is inaccurate. Table 12 compares the quasi-Gaussian,
multi-Gaussian, and the analytic Gaussian mechanisms, simultaneously, on a revised grid ¢ €
{0.0001, 0.0005,0.001,0.005,0.01,0.05}. We can observe that, for smaller ¢ and J, the quasi-

Gaussian mechanism outperforms the multi-Gaussian mechanisms (for all K € [10]).

2.C.3 Additional tables for the numerical experiments

Tables 13-17 are the ls-counterparts of Tables 7-12, respectively, and one can draw similar
conclusions. Table 18 presents the standard deviations corresponding to the errors displayed in
Table 9.
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§1le—| 0.0001  0.0005 0.001 0.005 0.01 0.05

0.0001 0.09% -0.01% -0.01% -0.05% -0.09% -0.38%
0.0005 0.02% 0.01% 0.01% -0.04%  -0.09% &= -0.43%
0.001 0.04% 0.03% 0.02% -0.03% -0.09% -0.26%
0.005 0.21% 0.20% 0.19% 0.10% 0.02% -0.19%
0.01 0.42% 0.41% 0.40% 0.30% 0.21% -0.12%
0.02 -0.09% 0.84% 0.82% 0.71% 0.60% 0.36%
0.05 17.33% 17.07% 16.75% 14.28% 12.79% 11.66%
0.1 13.12% 13.00% 12.84% 11.63% 10.14% 10.59%
0.15 16.65% 16.58% 16.49% 15.75% 14.83% 8.17%
0.25 1.14% 1.24% 1.26% 1.00% 1.27% 1.70%

Table 12: Improvement (% of l1-loss) of the quasi-Gaussian (blue) and multi-Gaussian (green)
mizture mechanisms over the analytic Gaussian mechanism (red).

0lle— ‘ 0.1 0.25 0.5 0.75 1 2 3 4 5 10

0.0001 -1.20% -2.62% -4.33% -5.29% -5.58% -1.39% 7.23% 16.50% 25.21% 83.49%
0.0005 -1.33% -2.91% -4.81% -5.85% -6.11% -0.86% 9.75% 21.29% 32.47% 80.73%
0.001 -1.38% -3.06% -5.05% -6.13% -6.36% -0.49% 11.31% 24.28% 37.14% 79.24%
0.005 -1.38% -3.35% -5.65% -6.85% -6.99% 1.14% 17.26% 35.96% 59.67% 74.71%
0.01 -1.19% -3.37% -5.88% -7.14% -7.22% 2.50% 21.84% 46.18% 79.05% 72.08%
0.02 -0.67% -3.17% -5.99% -7.35% -7.32% 4.77% 29.44% 74.39% 75.75% 68.82%
0.05 1.30% -2.03% -5.58% -7.14% -6.82% 11.36% 62.07% 67.11% 69.54% 63.06%
0.1 4.98% 0.52%  -4.01% -5.69% -4.67% 31.45% 50.72% 58.54% 62.41% 56.91%
0.15 8.86% 3.54% -1.62% -2.95% -0.43% 30.00% 40.89% 51.34% 56.55% 52.12%
0.25 -0.53% 12.26% 9.46% 14.04% 5.36% 2.92% 22.28% 38.11% 46.01% 43.98%

Table 13: Improvement (% of la-loss) of the quasi-Gaussian mixzture mechanism (green) over the
analytic Gaussian mechanism (red).

2.C.4 Implementation supplements

In addition to our submission, we are submitting implementation supplements that document
our Julia codes, provide further mathematical and experimental details behind the proximal co-
ordinate descent experiments, compare our mechanisms with the truncated Laplace mechanism,

and provide detailed reports on the runtimes of our algorithms.
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§lle—=| 01 0.25 0.5 0.75 1 2 3 4 5 10
0.0001 0.16% = -0.67% 11.37% 39.88% 80.96% 87.07% 91.81% 95.32% 97.45% 99.72%
0.0005 -0.33% -0.31% 19.44% 72.53% 74.79% 83.51% 89.79% 94.84% 97.30% 99.67%
0.001 -0.43% -0.31% 27.07% 68.58% 70.94% 81.38% 88.61% 94.29% 97.04% 99.65%
0.005 -0.58%  1.65%  50.19% 55.34% 58.92% 73.88% 84.62% 92.50% 96.18% 99.57%
0.01 -0.72% 11.42% 40.01% 48.12% 53.14% 68.78% 83.43% 91.37% 95.65% 99.53%
0.02 1.53% 26.77% 26.20% 40.59% 39.50% 61.66% 80.21% 89.88% 94.97% 99.47%
0.05 23.31% 21.65% 14.70% 25.82% 22.16% 46.75% 73.80% 87.01% 93.68% 99.37%
0.1 25.14% 15.19%  2.24%  22.87% 15.91% 30.38% 65.96% 83.62% 92.21% 99.27%
0.15 14.18% 11.55% 9.57%  -0.31%  1.57% 35.73% 59.17% 80.78% 91.00% 99.19%
0.25 4.49%  7.72%  8.68% 20.98% 13.65% 15.03% 46.33% 75.55% 88.83% 99.05%

Table 14: Improvement (% of la-loss) of the multi-Gaussian mizture mechanism (green) over the
analytic Gaussian mechanism (red).

0lle— ‘ 0.1 0.25 0.5 0.75 1 2 3 4 5 10

0.0001 0.24% -0.90% 14.46% 49.51% 98.57% 99.72% 98.48% 98.13% 98.24%  99.90%
0.0005 -0.57%  -0.48% 27.40% 97.89% 97.77% 99.53% 98.10% 96.8% 97.44%  99.89%
0.001 -0.86% -0.52%  40.72% 97.53% 97.04% 99.61% 97.90% 96.44% 97.18%  99.88%
0.005 -1.73% 3.77% 95.30% 94.96% 94.22% 99.70% 97.10% 95.35% 96.07%  99.86%
0.01 -2.50% 31.38% 87.92% 93.30% 94.41% 98.47% 95.23% 94.45% 95.56%  99.84%
0.02 5.62% 87.90% 68.94% 91.95% 80.18% 95.02% 95.17% 93.74% 94.92%  99.83%
0.05 75.69% 80.03% 48.95% 74.65% 56.30% 81.80% 95.78% 92.63% 93.94%  99.83%
0.1 70.63% 53.03% 8.41% 78.71% 49.02% 62.79% 98.85% 92.33% 93.34% 99.85%
0.15 36.97% 37.54% 36.22% -1.14% 5.38% 79.27% 96.05% 93.11% 93.33%  99.89%
0.25 11.18% 37.16% 33.56% 79.26% 51.84% 38.72% 80.72% 96.64% 94.30% 100.00%

Table 15: Optimality gap (% of la-loss) of the analytic-Gaussian mixture mechanism closed by
the multi- Gaussian mizture mechanism.

dlle— ‘ 0.1 025 05 07 1 2 3 4 5 10
0.0001 4 10 10 10 9 8« 8% 4x 4% 5
0.0005 3 1 10 9 7 8 8 9%« 9% 5%
0.001 5 2 10 8 7 8 8 9 9 5%
0.005 3 10 8 6 5 8 8 9 9 5
0.01 4 10 7 5 4 8 9 9 9 5
0.02 10 8 6 4 4 8 9 9% 9 5
0.05 7 5 4 3 3 8x 9 9 9 5
0.1 4x 3x 2% 2% 2% 1 9 9 9 5
0.15 3 2 2 1 1 1 9 9 9 5
0.25 1% 1% 1% 1% 1 1 9 9 9 5

Table 16: K € [10] values that attain the best la-loss for the multi-Gaussian mizture. The star
sign indicates instances where quasi-Gaussian outperforms multi- Gaussian with K = 1.
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dlle— ‘ 0.0001 0.0005 0.001 0.005 0.01 0.05

0.0001 0.01% -0.01% -0.01% -0.07% -0.14% -0.64%
0.0005 0.05% 0.03% 0.02% -0.06% -0.14% & -0.70%
0.001 0.10% 0.08% 0.06% -0.03% -0.12% -0.53%
0.005 0.49% 0.47% 0.45% 0.31% 0.18% -0.33%
0.01 0.99% 0.97% 0.95% 0.78% 0.62% -0.22%
0.02 -0.15% 1.95% 1.93% 1.74% 1.54% 1.74%
0.05 41.91% 41.53% 41.06% 37.29% 32.64% 31.23%
0.1 35.74% 35.55% 35.30% 33.38% 30.96% 27.20%
0.15 40.69% 40.58% 40.44% 39.32% 37.91% 26.97%
0.25 14.45% 14.36% 14.26% 13.42% 12.38% 4.91%

Table 17: Improvement (% of la-loss) of the quasi-Gaussian (blue) and multi-Gaussian (green)

mizture mechanisms over the analytic Gaussian mechanism (red).

Dataset description

In-sample errors

Out-of-sample errors

Dataset N d | A6 Q-G MG PCD | A-G Q-G M-G PCD

post-operative 86 14 | 542% 5.52% 4.40% 2.41% | 13.73% 14.24% 11.15%  5.14%
adult 45222 57 | 1.43% 1.44% 1.41% 1.44% | 1.44% 1.46% 1.42%  1.45%
breast-cancer 683 26 | 0.80% 0.82% 0.79% 0.75% | 1.59%  1.58%  1.49% 1.44%
contraceptive 1,473 18 | 1.62% 1.55% 1.62% 1.62% | 2.60%  2.64%  2.65%  2.62%
dermatology 366 98 | 2.83% 2.79% 2.51% 2.52% | 4.48%  47T%  4.25%  4.36%
cylinder-bands 539 63 | 2.37% 229% 2.21% 220% | 3.62% 3.74%  3.66%  3.46%
annealing 898 42 2.13% 2.10% 2.08% 2.09% | 2.77%  2.79%  2.73%  2.77%
spect 160 23 | 3.77% 3.90% 3.38% 2.79% | 5.04% 521% 4.07%  3.23%
bank 45211 44 | 0.57% 0.48% 0.66% 0.50% | 0.55%  0.48%  0.66%  0.49%
abalone 4,177 10 | 0.57% 0.57% 0.57% 0.55% | 0.42%  0.40%  0.43%  0.41%
spambase 4,601 58 | 1.86% 1.87% 1.86% 1.88% | 1.82% 1.82% 1.86% 1.83%
ecoli 336 8 211% 218% 1.72% 1.51% | 2.61%  248%  1.98%  1.70%
absent 740 70 | 257T% 2.59% 249% 2.54% | 4.14%  4.15%  3.97%  3.95%
colon-cancer 62 2,000 | 4.50% 4.58% 4.69% 0.09% | 12.93% 13.39% 11.04% 11.88%

Table 18: Standard deviations of the in- and out-of-sample errors of privacy-preserving classifiers

under different mechanisms.
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Chapter 11

Robust Machine Learning

This chapter presents my work on the intersection of robust optimization and machine learning
(ML), which develops ML models that are robust against overfitting and adversarial attacks.
In the following, Section 3 is based on the following work (Belbasi et al. 2025):

Reza Belbasi, Aras Selvi, Wolfram Wiesemann (2025). It’s all in the mix: Wasser-
stein classification and regression with mixed features. Under Review.
- A preliminary version of this work (Selvi et al. 2022a), focusing solely on logistic regression and

additionally co-authored by Martin Haugh, appeared in NeurIPS (2022).

Section 4 is based on the following work (Selvi et al. 2022a) that I completed during a
research internship at JP Morgan Al Research:

Aras Selvi, Eleonora Kreacic, Mohsen Ghassemi, Vamsi Potluru, Tucker Balch,
Manuela Veloso (2025). Distributionally and adversarially robust logistic regression via
intersecting Wasserstein balls. UAI (oral paper).

- 2024 INFORMS Data Mining Society Best Student Paper Competition (Finalist)

- 2024 INFORMS Workshop on Data Science (Accepted)
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3 1It’s All in the Mix: Wasserstein Classification and Regression

with Mixed Features

Abstract

Problem definition: A key challenge in supervised learning is data scarcity, which can cause
prediction models to overfit to the training data and perform poorly out of sample. A contem-
porary approach to combat overfitting is offered by distributionally robust problem formulations
that consider all data-generating distributions close to the empirical distribution derived from
historical samples, where ‘closeness’ is determined by the Wasserstein distance. While such for-
mulations show significant promise in prediction tasks where all input features are continuous,
they scale exponentially when discrete features are present.

Methodology /results: We demonstrate that distributionally robust mixed-feature classification
and regression problems can indeed be solved in polynomial time. Our proof relies on classical
ellipsoid method-based solution schemes that do not scale well in practice. To overcome this
limitation, we develop a practically efficient (yet, in the worst case, exponential time) cutting
plane-based algorithm that admits a polynomial time separation oracle, despite the presence of
exponentially many constraints. We compare our method against alternative techniques both
theoretically and empirically on standard benchmark instances.

Managerial implications: Data-driven operations management problems often involve predic-
tion models with discrete features. We develop and analyze distributionally robust prediction
models that faithfully account for the presence of discrete features, and we demonstrate that
our models can significantly outperform existing methods that are agnostic to the presence of

discrete features, both theoretically and on standard benchmark instances.

3.1 Introduction

The recent application of machine learning tools across all areas of operations management
has led to a plethora of data-driven and end-to-end approaches that blend predictive models
from machine learning with optimization frameworks from operations research and operations
management. Notable examples include inventory management (Ban and Rudin 2019, Bertsimas
and Kallus 2020), logistics (Bertsimas et al. 2019a, Behrendt et al. 2023) and supply chain
management (Glaeser et al. 2019), assortment optimization (Kallus and Udell 2020, Feldman
et al. 2022) and revenue management (Ferreira et al. 2016, Alley et al. 2023) as well as healthcare
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operations (Bertsimas et al. 2016b, Bastani and Bayati 2020, Bertsimas and Pauphilet 2023).
The machine learning algorithms used for prediction are prone to overfitting the available
data. Overfitted models perform well on the training data used to calibrate the model, but their
performance deteriorates when exposed to new, unseen data. This undesirable effect is ampli-
fied if the output of a machine learning model is used as input to a downstream optimization
model; this phenomenon is known by different communities as the Optimizer’s Curse (Smith and
Winkler 2006) or the Error-Mazimization Effect of Optimization (Michaud 1989). Traditionally,
overfitting is addressed with regularization techniques that penalize complex models character-
ized by large and/or dense model parameters (Hastie et al. 2009, Murphy 2022). A contempo-
rary alternative from the robust optimization community frames machine learning problems as
Stackelberg leader-follower games where the learner selects a model that performs best against
a worst-case data-generating distribution selected by a conceptual adversary (‘nature’) from a
predefined ambiguity set (Ben-Tal et al. 2009, Rahimian and Mehrotra 2022, Bertsimas and
den Hertog 2022). We talk about Wasserstein machine learning problems when the ambiguity
set constitutes a Wasserstein ball centered around the empirical distribution of the available
historical observations (Mohajerin Esfahani and Kuhn 2018, Blanchet and Murthy 2019, Gao
and Kleywegt 2016). Over the last few years, Wasserstein machine learning problems have at-
tracted enormous attention in the machine learning and optimization communities; we refer to
Kuhn et al. (2019, 2025) for recent reviews of the literature. Interestingly, Wasserstein learning
problems admit dual characterizations as regularized learning problems (Shafieezadeh-Abadeh
et al. 2015, Shafieezadeh-Abadeh et al. 2019, Gao et al. 2022), and they thus contribute to a
deeper understanding of the impact of regularization in machine learning. We note that other
classes of ambiguity sets have been explored as well, such as moment ambiguity sets and those
based on ¢-divergences (such as the Kullback-Leibler divergence). We will not delve into the
comparative advantages of different ambiguity sets, and we instead refer the interested reader to
the existing literature (see, e.g., Van Parys et al. 2021, Kuhn et al. 2019, 2025 and Lam 2019).
Although Wasserstein formulations of many classical machine learning tasks admit formu-
lations as convex optimization problems, these formulations scale exponentially in the discrete
input features. This limitation has, thus far, confined the use of Wasserstein machine learning
models primarily to datasets with exclusively continuous features. This constitutes a major
restriction in operations management, where estimation problems frequently include discrete
features. Recent examples include Qi et al. (2022), who apply Wasserstein-based quantile re-

gression to a bike sharing inventory management problem characterized by numeric and discrete
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features (e.g., the weather conditions, the hour of the day as well as the day of the week);
Samorani et al. (2022), who study appointment scheduling problems where most features are
discrete (e.g., the day of the week, the patient’s marital status and her insurance type); Li
et al. (2023), who detect human trafficking from user review websites (here, the discrete fea-
tures describe the presence or absence of indicative words and phrases); Chan et al. (2023),
who predict the macronutrient content of human milk donations using discrete features such as
the infant status (term vs preterm); and Duchi et al. (2023), who enforce fairness in offender
recidivism prediction through the use of discrete features such as the offender’s race, gender and
the existence of prior misdemeanour charges. More broadly, at the time of writing, 240 of the
496 classification and 64 of the 159 regression problems in the popular UCI machine learning
repository contain discrete input features (Dua and Graff 2017).

We will demonstrate that naively replacing discrete features with unbounded continuous
features leads to pathological ambiguity sets in the Wasserstein learning problem whose worst-
case distributions lack theoretical appeal and whose resulting prediction models underperform
in practice. We also show that replacing discrete features with continuous features that are
supported on suitably chosen convex hulls of the discrete supports leads to ambiguity sets that
are equivalent to those resulting from faithfully accounting for discrete features. Unfortunately,
however, tractable reformulations of the Wasserstein learning problem over such bounded con-
tinuous features are only available for piece-wise affine convex loss functions, where we will
demonstrate empirically that their solution times can be prohibitively long.

This work studies linear Wasserstein classification and regression problems with mixed (con-
tinuous and discrete) features from a theoretical, computational and numerical perspective. Our

work makes several contributions to the state-of-the-art:

(i) From a theoretical perspective, we demonstrate that while linear Wasserstein classification
and regression with mixed features are inherently NP-hard, a wide range of problems can
be solved in polynomial time. Also, contrary to problems with exclusively continuous
features, we establish that mixed-feature linear Wasserstein classification and regression
do not reduce to regularized problems. On the other hand, we demonstrate that mixed-
feature linear Wasserstein classification and regression problems are equivalent to bounded

continuous-feature problems with suitably chosen supports.

(i) From a computational perspective, we propose a cutting plane scheme that solves progres-
sively refined relaxations of the linear Wasserstein classification and regression problems

as convex optimization problems. While our overall scheme is not guaranteed to terminate
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in polynomial time, we show that the key step of our algorithm—the identification of the
most violated constraint—can be implemented efficiently for broad classes of problems,

despite the presence of exponentially many constraints.

(11i) From a numerical perspective, we show that our cutting plane scheme is substantially
faster than an equivalent polynomial-size problem reformulation via bounded continuous
features. We also show that our model can perform favorably against classical, regularized

and alternative robust problem formulations on standard benchmark instances.

Our work is most closely related to the recent work of Shafieezadeh-Abadeh et al. (2015) and
Shafieezadeh-Abadeh et al. (2019). Shafieezadeh-Abadeh et al. (2015) formulate the Wasserstein
logistic regression problem as a convex optimization problem, they discuss the out-of-sample
guarantees of their model, and they report numerical results on simulated and benchmark
instances. Shafieezadeh-Abadeh et al. (2019) extend their previous work to a wider class of
Wasserstein classification and regression problems. Both works focus on problems with exclu-
sively continuous features, and their proposed formulations would scale exponentially in any
discrete features. In contrast, our work studies linear Wasserstein classification and regres-
sion problems with mixed features: we examine the theoretical properties of such problems, we
develop a practically efficient solution scheme, and we report numerical results. Our work also
relates closely to a recent stream of literature that characterizes Wasserstein learning problems
as regularized learning problems (Shafieezadeh-Abadeh et al. 2015, Shafieezadeh-Abadeh et al.
2019, Blanchet et al. 2019, Gao et al. 2022). In particular, we demonstrate that our mixed-
feature Wasserstein learning problems do not admit an equivalent representation as regularized
learning problems, which forms a notable contrast to the existing findings from the literature.

The present work constitutes a completely revised and substantially expanded version of a
conference paper (Selvi et al. 2022a). While that work focuses on logistic regression, the present
work studies broad classes of linear Wasserstein classification and regression problems. This
expansion necessitates significant adaptations of the proof for the computational complexity of
the Wasserstein learning problem (¢f. Theorem 9 in Section 3.4), an entirely new proof for
the absence of regularized problem formulations (¢f. Theorem 10 in Section 3.4) that applies
to any loss function (as opposed to only the log-loss function in Selvi et al. 2022a) and any
non-trivial Wasserstein learning instance, as well as a substantially generalized cutting plane
scheme (cf. Algorithms 9 and 10 as well as Theorem 8 in Section 3.3). We also show that
the mixed-feature Wasserstein learning problem is equivalent to a bounded continuous-feature

formulation, and we present a considerably augmented set of numerical results that encompass
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both classification and regression problems (cf. Section 3.6).

The remainder of this work is organized as follows. Section 3.2 introduces the mixed-feature
linear Wasserstein classification and regression problems of interest, and it develops a unified
representation of both problems as convex programs of exponential size. Section 3.3 presents
and analyzes our cutting plane solution approach for this exponential-size convex program. Sec-
tion 3.4 shows that while mixed-feature linear Wasserstein classification and regression problems
are generically NP-hard, important special cases can be solved in polynomial time. We also show
that mixed-feature linear Wasserstein classification and regression problems do not reduce to
regularized problems. Section 3.5 contrasts our mixed-feature model against formulations that
replace discrete features with (bounded or unbounded) continuous ones. We report on numerical
experiments in Section 3.6, and we offer concluding remarks in Section 3.7. Exponential-size
convex reformulations of the mixed-feature linear Wasserstein classification and regression prob-
lems, which are unified by our representation in Section 3.2, as well as all proofs are relegated
to the e-companion. All datasets and source codes accompanying this work are available open
source.’

Notation. We denote by R (R, R_) the set of (non-negative, non-positive) real numbers,
by N the set of positive integers, and we define B = {0,1} as well as [N] = {1,...,N} for
N € N. For a proper cone C C R", we write € <¢ «’ and & <¢ =’ to abbreviate ' — x € C
and 2’ — x € int C, respectively. The dual norm of |-|| is ||[Z|l« = supgerniz '@’ : ||2'| < 1},
and the cone dual to a cone C is C* = {z’ : 'z’ >0 Vo e C}. The support function of a set
X C R" is Sx(x) = sup{x 2’ : o’ € X}. For a function L : X — R, we define the Lipschitz
modulus as lip(L) = sup{|L(x) — L(z')| / ||z — 2| : =, o’ € X, x # a'}. The set Py(Z) contains
all probability distributions supported on =, and the Dirac distribution d € Po(R™) places unit
probability mass on € R™. The indicator function 1[£] attains the value 1 (0) whenever the

logical expression £ is (not) satisfied.

3.2 Mixed-Feature Wasserstein Classification and Regression

We study learning problems over N data points £" = (™, 2",y") € E =X xZ x Y, n € [N],
where ™, z" and y" represent the numerical features, the discrete features and the output
variable, respectively. We assume that the support X of the numerical features is a closed and
convex subset of RMx. The support Z of the K discrete features satisfies Z = Z(ky) x ... x Z(kx),

where k,,, € N\ {1} denotes the number of values that the m-th discrete feature can attain,

"Website: https://anonymous.4open.science/r/Wasserstein-Mixed-Features-088D/.
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m € [K], and Z(s) = {z € Bs~! : > ic[s—1) % < 1} is the one-hot feature encoding. We let
M, = Eme[ K](km — 1) denote the number of coefficients associated with the discrete features.
The support Y of the output variable is {—1, +1} for classification and a closed and convex subset

of R for regression problems, respectively. We wish to solve the Wasserstein learning problem

minimize sup  Eqllg(x, z,9)]
QeB.(By) (54)

subject to B = (B, By, B,) € RITMx+Mz,

where the ambiguity set B.(Py) = {Q € Py(E) : W(Q,Py) < ¢} represents the Wasserstein
ball of radius € > 0 that is centered at the empirical distribution ]?’N = % ZnE[N] d¢n placing
equal probability mass on the N data points £, n € [N], as per the following definition.

Definition 4 (Wasserstein Distance). The type-1 Wasserstein (Kantorovich-Rubinstein, or

earth mover’s) distance between two distributions P € Py(Z) and Q € Py(E) is defined as

W(P,Q) :=  inf {/_2 d(¢, &) T1(d€, dg) + TI(dE, E) = P(d¢), I1(E,dE') = @(dé’)}7

TIePy(E2)

where the ground metric d on = satisfies
d(&, &) = ||lx — @'|| + kudy(2,2) + Kydy (y,y) V€= (z,2,y) €E, & = (2/,2',y)) €E (55a)

with K., ky > 0 as well as, for some p > 1,

1/p

1 Y = {1, 41},
S et and dy)={ V7Y TEE RN g

me[K] ly —y'|  otherwise.

dz(z> Z/) =

The loss function lg(x, z,y) : X X Z x Y — R, in problem (54) satisfies

Lly-[Bo+ B+ 6,T2]) if Y={-1,+1},

lﬁ (wa z, y) =
L(Bo+Bx'x+B,"2—y) otherwise,

where L : R — R, measures the similarity between the prediction Sy + By '« + 3, z and the
output y. With a slight abuse of terminology, we also refer to L as the loss function whenever

the context is clear. For both classification and regression problems, we consider two settings:
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(i) L is convex and Lipschitz continuous with Lipschitz modulus lip(L), X = RMx and Y =
{—1,+1} (for classification problems) or Y = R (for regression problems);

ii) L satisfies L(e) = max;c;{a;e + b;}, and X C RMx and Y C R are closed and convex.
ISBIAS] J

In either case, we assume that L is not constant.

The Wasserstein learning problem (54) offers attractive generalization guarantees. While the
classical choice of Wasserstein radii suffers from the curse of dimensionality (Mohajerin Esfahani
and Kuhn 2018), recent work has developed asymptotic (Blanchet et al. 2019, Blanchet and Kang
2021) as well as finite sample guarantees (Shafieezadeh-Abadeh et al. 2019, Gao 2023) that apply
to Wasserstein radii of the order O(1/v/'N).

We next review a result that expresses the Wasserstein learning problem (54) as a convex

optimization problem.

Observation 6. The Wasserstein learning problem (54) admits the equivalent formulation

mig’i){gize Ae —l—% Z Sn
ne[N]
subject to sup  {lg(x,z,y) — M|z — x"|| — Aeydy(y,y")} — ARpdy(2,2") < sy (56)

(z,y)EXXY
Vn € [N], Vz € Z

ﬂ = (BO’ﬁX)ﬁZ) S R1+MX+MZ, A E R+, CES Rf

Problem (56) contains embedded maximization problems, and it comprises exponentially
many constraints. We next prove the existence of equivalent reformulations of (56) for clas-
sification and regression problems, respectively, that do not contain embedded optimization
problems. Since the resulting reformulations exhibit an exponential number of constraints, the
next section will develop a cutting plane approach to introduce these constraints iteratively.

Our equivalent reformulations of (56) leverage the unified problem representation

mineimize fo(0,0)
o
subject to  fi(9ni(6,€",;2)) — hni(0,€",;d,(2,2")) < op Vne€[N],VieZ VzeZ

00O, oc Rf,
(57)
where £, = (", y") and Z is a finite index set. To ensure that (57) is convex, we stipulate that
fo : RMe x Rf — R and fp; : R = R are convex, gn; : RM0 x (X x Y) x RM» — R is bi-affine in

0 and z for every fixed €7, hp; : RMo x (X x Y) x R — R is concave in @ for every fixed £",
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and every fixed value of its last component, n € [N] and i € Z, and © C RM@ is a convex set.

We further assume that fj is non-decreasing in o so that (57) is not unbounded.
Theorem 7. The following problems admit equivalent reformulations in the form of (57):

(1) the mized-feature Wasserstein classification and regression problems with convex and Lip-

schitz continuous loss functions L as well as the continuous feature support X = RMx.

(i) the mized-feature Wasserstein classification and regression problems with piece-wise affine

conver loss functions L(e) = max;c(y{aje + b} as well as the continuous feature support

X = {x e RM . Cx <¢ d} for some C € R™Mx d € R"

and proper convex cone C CR"

for classification problems as well as the support

XxY= {(w,y) e RMx+1 . Cix+cy-y<c d} for some Cx € R™*Mx ¢ € R", d € R"

and proper convex cone C C R"

for regression problems, assuming that the supports admit Slater points.

The Appendices A and B in the e-companion prove Theorem 7 for classification and regression
problems; respectively. The proofs follow similar arguments as those of Shafieezadeh-Abadeh

et al. (2019), adapted to the presence of discrete features as well as our ground metric.

3.3 Cutting Plane Solution Scheme

The unified problem representation (57) of the mixed-feature Wasserstein regression and classi-
fication problems (c¢f. Theorem 7) is convex, but it comprises constraints whose number scales
exponentially in K, the number of discrete features. We therefore develop a cutting plane ap-
proach that iteratively introduces only those constraints that are most violated by a sequence
of incumbent solutions.

Algorithm 9 outlines our cutting plane scheme, which follows the standard methodology
of this class of techniques. The algorithm iteratively solves a sequence of relaxations of prob-
lem (57), where each relaxation only includes a subset W of the constraints indexed by [N]xZ xZ.
Consequently, any optimal solution (6*,6*) obtained from the relaxation gives rise to a valid
lower bound for the optimal value of problem (57). At each iteration, the algorithm identifies

and incorporates the most violated constraint from problem (57) with respect to the current
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Algorithm 9: Cutting Plane Scheme for Problem (57)
Input: (Possibly empty) initial constraint set W C [N] X Z X Z
Output: Optimal solution (8*,0*) to problem (57)
Initialize (LB, UB) = (—o00, +00) as lower and upper bounds for problem (57)
while LB < UB do

Let (8*,0™) be optimal in the relaxation of (57) involving the constraints
(n,i,z) e W

for n € [N] do

Identify, for each ¢ € Z, a most violated constraint

z(n,i) € argerrzlax {fni(gni(6%,€",; 2)) — hni (0%, €™ 5 dy(2,2")) — 0y }

associated with (6*,0*) and (n, i), and denote the constraint violation by
¥(n, 1)
Let i(n) € argmax{d(n,i) : i € Z} and add (n,i(n), z(n,i(n))) to W if
| 9(n,i(n)) >0
Define 9* € RY via 9% = max{d(n,i(n)), 0}, n € [N]
| Update LB = fo(6*,0*) and UB = min{UB, fo(8*,0* + 9*)}

solution (6*,0*). This procedure ensures the generation of a monotonically non-decreasing se-
quence of lower bounds, which is guaranteed to converge to the optimal value of problem (57) in
a finite number of iterations. A common challenge in cutting plane techniques is the derivation
of upper bounds, which allow us to quantify the optimality gap, particularly when the algorithm
is terminated prematurely, such as when reaching a predefined time limit. In our case, the spe-
cial structure of problem (57) enables us to obtain such upper bounds efficiently: We adjust the
optimal solution (6*,0*) of the relaxation by increasing the slack variables o* so as to account
for the maximum constraint violations 9¥*.

The next result formalizes our intuition.

Proposition 9. Algorithm 9 terminates in finite time with an optimal solution (0*,0*) to
problem (57). Moreover, LB and UB constitute monotonic sequences of lower and upper bounds

on the optimal value of (57) throughout the execution of the algorithm.

A key step in Algorithm 9 concerns the identification of a constraint (n,i,z) € [N] X Z X Z
that is most violated by the incumbent solution (6*,0*). We next argue that the underlying
combinatorial problem can be solved efficiently by Algorithm 10.

Algorithm 10 determines a most violated constraint index, denoted as z(n,i), for a given

incumbent solution (6*,0*) and a given constraint group (n,i) € [N] x Z in the optimization
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Algorithm 10: Identification of a Most Violated Constraint in Problem (57)

Input: Incumbent solution (6*,0*) and constraint group index (n,) € [N] x Z.
Output: A most violated constraint index z(n,4) in constraint group (n,1).
Initialize the candidate constraint index set Z = ();

Let (w,wp) € RM= x R be such that g,;(6*,£",;2) = w'z + wy;

for u e {£1} do

Compute 2, € argmax{ - Wy, Zm : 2m € Z(km) \ {z}} for all m € [K7;
Compute a permutation 7 : [K] — [K] such that

B Watmy (Zrn) = Zmy) 2 1 Wain) | (Zry = Zagy) VL <m <m/ < K.

for § € [K]U {0} do
L Add z(9) to Z, where z,,(0) = 2z, if m(m) < §; = 2" otherwise, m € [K];

Select z(n, i) € argmax{ fni(gni(0",£"5; 2)) — hni(0%,&" ;5 du(2,2")) — 0}, : 2 € Z};

n

problem (57). We obtain such a constraint by maximizing the constraint left-hand side in (57),

fri(gni(0%, €245 2)) — hni (607, €2 55 dy (2, 27)),

over z € Z. Note that the constraint function comprises two distinct terms. The second
term, hpi(60*,£",;d,(z,2")), depends on z only through the distance metric d,(z, 2") within
the ground metric d (c¢f. Definition 4). Consequently, we can decompose the maximization
of the difference of both terms into two steps. In a first step, we maximize the first term
fri(gni(0%,€",; 2)) over all z € Z that satisfy d,(z,2") = ¢ for any fixed 6 € [K]U{0}. This is

what the inner for-loop in Algorithm 10 accomplishes, and it results in K + 1 candidate solutions

z(0). In a second step, we can then select an optimal solution z(§*) that maximizes
fni(gm'(e*a £Ez; 2(5))) - hni<0*7 E’ﬁz; 6)

across all § € [K] U {0} by evaluating the constraint left-hand side for the K + 1 candidate
solutions z(0). This is what the final step in Algorithm 10 implements.

To maximize fp;(gni(0*,&",;2)) over all z € Z satisfying d,(z,z") = J, note first that fp;
is assumed to be univariate and convex. Thus, its maximum over any compact set X C R is
attained either at min{z : = € X'} or max{z : x € X'}. Hence, to maximize fp;(gni(0*,€",;2))
over all z € Z with d,(z,2") = §, we only need to maximize and minimize the inner function

gni(0*,€",; z) over all z € Z with d,(z,2") = 0. The maximization and minimization of g, is
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unified by the outer for-loop in Algorithm 10, which maximizes p - g,;(0*,&",; z) for p € {£1}.

We claim that the optimization of ¢,;(6*,&",;z) over z € Z with d,(z,2") = 0 can be
decomposed into separate optimizations over z,, € Z(ky,), m € [K]. Indeed, note that g,; is
affine in z for fixed 8*, which allows us to express the mapping 2z +— g,,;(6*,€",:2) as w' z +wy

for some w € RM» and wy € R. Moreover, the distance metric d,(z, 2") only counts the number

n

., without considering the magnitude of the

of subvectors m € [K] where z,, differs from z
difference (as both vectors are one-hot encoded). Finally, we recall that Z is rectangular, that
is, Z = Z(k1) x ... X Z(kg). Taken together, the aforementioned three observations imply
that the optimization of g,;(0*,&",;z) over z € Z with d,(z,2z") = 0 can be broken into two
interconnected steps: We need to select the d subvectors mq < ... < mg where z differs from 2",
and for each differing subvector m, we need to select a solution 2z, that optimizes w,, ' (2, —27,)
across all z,, # 2. To this end, Algorithm 10 first computes for every m € [K] a solution z},
that optimizes w,, " (2, —21) over z,, # 27 (first step inside the outer for-loop), it subsequently
sorts the contributions w,, ' (2%, — 2%,), m € [K] (second step inside the outer for-loop), and it
finally selects the 0 largest (smallest) contributions to maximize (minimize) g,; (inner for-loop).

We formalize the above intuition in the next result.

Theorem 8. For a given incumbent solution (6*,0*) and a constraint group index (n,i) €
[N] X Z in problem (57), Algorithm 10 identifies a most violated constraint index z(n,1) in time

O(M, + KT + Klog K), where T is the time required to compute fni, gni and hp;.

3.4 Complexity Analysis

Despite its exponential size, our unified problem representation (57) admits a polynomial time
solution for the classes of loss functions that we consider in this work. In fact, it follows from

Theorem 8 that Algorithm 10 provides a polynomial time separation oracle for problem (57).

Theorem 9 (Complexity of the Unified Problem Representation (57)). Assume that the sub-
gradients of the functions fn; and —hy; in problem (57) can be computed in polynomial time and
that © is compact, full-dimensional and admits a polynomial time weak separation oracle. Then

problem (57) can be solved to 6-accuracy in polynomial time.

Recall that an optimization problem is solved to d-accuracy if a J-suboptimal solution is
identified that satisfies all constraints modulo a violation of at most é. The consideration of §-
accurate solutions is standard in the numerical solution of nonlinear programs where an optimal

solution may be irrational. We show in the Appendices A and B that the subgradients of f,;
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and —h,,; can be computed in polynomial time and that © can be assumed to be compact in the
Wiasserstein classification and regression problems that we consider. The regularity assumptions
imposed on problem (57) are crucial in this regard. In fact, it follows from Theorem 2 of Selvi
et al. (2022a) that if the functions f,; in problem (57) were allowed to be non-convex, then the
problem would be strongly NP-hard even if Mg =0, N = |Z| = 1 and hj; vanished.

While Theorem 9 principally allows us to solve problem (57) in polynomial time, the available
solution algorithms (see, e.g., Lee et al. 2015) rely on variants of the ellipsoid method and are
not competitive on practical problem instances. For this reason, we rely on our cutting plane
algorithm throughout our numerical experiments.

A by now classical result shows that when K = 0 (absence of discrete features) and X = RMx
the Wasserstein learning problem (54) reduces to a classical learning problem with an additional
regularization term in the objective function whenever the output weight xy in Definition 4
approaches oo (Shafieezadeh-Abadeh et al. 2015, Shafieezadeh-Abadeh et al. 2019, Blanchet
et al. 2019, Gao et al. 2022). It turns out that this reduction no longer holds when discrete

features are present.

Theorem 10 (Absence of Regularizers). Fiz any convex Lipschitz continuous or piece-wise
affine convex loss function L that is not constant, any Wasserstein classification or regression
instance (cf. Theorem 7 as well as Appendices A and B) with any number N > 1 training
samples, non-zero numbers My of continuous and K of discrete features, X = RMx, as well as
any K, > 0 and any p > 1 in the definition of the Wasserstein ground metric. For sufficiently

large radii € of the ambiguity set, the objective function

sup  Eq[lg(w, z,y)],
QE%E(PN)

of the Wasserstein learning problem does not admit an equivalent reformulation as a classical

reqularized learning problem,
Es, llg(@. z,y)] + R(B)  for any R : RIFTMAM: R

even when the weight ky of the output distance dy approaches co.

We emphasize that Theorem 10 applies to any loss function L and any reguarlizer SR. We

are not aware of any prior results of this form in the literature.
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3.5 Comparison with Continuous-Feature Formulations

We next contrast the mixed-feature Wasserstein learning problem (56) with an wunbounded
continuous-feature formulation that replaces the support Z of the discrete features z with RM=
(Section 3.5.1), as well as with a bounded continuous-feature formulation that replaces Z with
its convex hull conv(Z) (Section 3.5.2). This section focuses on a qualitative comparison of the
three formulations; a quantitative comparison in terms of runtimes and generalization errors on

benchmark instances is relegated to our numerical experiments (Section 3.6).

3.5.1 Comparison with Unbounded Continuous-Feature Formulation

Our reformulation (56) of the mixed-feature Wasserstein learning problem scales exponentially
in the discrete features. It may thus be tempting to replace the support Z with RM», which
would allow us to solve problem (56) in polynomial time using the reformulations proposed by
Shafieezadeh-Abadeh et al. (2015) and Shafieezadeh-Abadeh et al. (2019). We next present a
stylized example to illustrate that disregarding the discrete nature of the features z can result
in pathological worst-case distributions that lack relevance to the problem.

Consider a classification problem where the single feature is binary and follows the Bernoulli
distribution z ~ %5,1 + %51, and where the output variable y € {—1,+1} is related to the feature
z via Prob(y = z | z) = 0.8. Note that in slight deviation from our earlier convention, the binary
feature is supported on {—1,+1} instead of {0, 1}; this allows us to present the example without
the use of an intercept Sy, which in turn will simplify our exposition. We set the label mismatch
cost to Ky = 1, and we use a non-smooth Hinge loss function. We generate random datasets

comprising N = 10 samples, and we compare the following three formulations:

(i) Empirical risk model. This model replaces the worst-case expectation in the Wasserstein

learning problem (54) with an expectation over the empirical distribution @N.

(ii) Mized-feature Wasserstein model. We solve the Wasserstein learning problem (56) with
the discrete support Z = {—1,+1}.

(11i) Unbounded continuous-feature Wasserstein model. We solve the Wasserstein learning prob-

lem (56) with the unbounded continuous support Z = R.

For the fixed hypothesis 5, = 1 and across 10,000 randomly generated datasets, the mean ex-

pected Hinge loss of the empirical risk model evaluates to 0.41. The worst-case expected Hinge
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Figure 14: (Worst-case) distributions for our three formulations. The bars represent the mean
probabilities, and the whiskers indicate the corresponding standard deviations, computed over
10,000 statistically independent simulations.

loss of the mixed-feature Wasserstein learning problem varies from 0.41 to 2; the largest worst-
case expected loss is attained for large Wasserstein radii €, where the worst-case distributions
approach any mixture of 641 _1) and 6_1 41). The worst-case expected Hinge loss of the un-
bounded continuous-feature Wasserstein learning problem, on the other hand, diverges as the
Wasserstein radii € increase. In fact, for sufficiently large e the worst-case distributions place a
probability mass of 0.1 on a non-sensical atom (+c, £1), where ¢ increases with e.

Figure 14 illustrates the (worst-case) distributions of the three formulations for an interme-
diate Wasserstein radius of e = 0.85. As can be seen from the figure, the bounded continuous-
feature Wasserstein learning problem places a mean probability mass of 0.063 (std. dev. 0.048)
on an atom (%c¢, £1), where c¢ is instance-specific and where |c| lies in [1.5,7.5] (mean 2.29).

One might argue that an illogical worst-case distribution is less concerning in practical appli-
cations, where the primary role of Wasserstein learning may be viewed as providing a regularizing
effect through the worst-case formulation. However, our numerical results will demonstrate that
the unbounded continuous-feature formulation is consistently outperformed by our mixed-feature
formulation in terms of generalization error, even when the Wasserstein radii € are chosen via

cross-validation.
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3.5.2 Equivalence to Bounded Continuous-Feature Formulation

It is natural to ask whether the mixed-feature Wasserstein learning problem (54) is equivalent to
its bounded continuous-feature counterpart that replaces the support Z of the discrete features
with its convex hull, conv(Z). We show in the following that this is indeed the case, but we
argue that this equivalence bears little computational consequence.

To construct the bounded continuous-feature model, fix any s > 2 and define U(s) as the

convex hull of the one-hot discrete feature encoding Z(s). One readily observes that

Us) = Suel0, 1! > w <1
i€[s—1]

Indeed, we have Z(s) C U(s) by construction. To see that U(s) C conv(Z(s)), on the other
hand, we note that any uw € U(s) can be represented as u = Ao - 0 + Zie[sfl} Ai - e;, where
0 € Z(s) is the vector of all zeros and where e; € Z(s) is the i-th canonic basis vector in R*!,

with \; = u; and \g =1 — Zie[sfl] Ai. Defining U as the convex hull of Z, we observe that

U = conv(Z) = X conv(Z(ky)) = X conv(U(ky)),
me[K] me[K]
where the second identity follows from Exercise 1.19 of Bertsekas (2009). Since the ground
metric d, from Definition 4 is only suitable for pairs of discrete feature vectors, we replace it

with the ground metric

1/p

1 1
dulu ) = | D7 5l — i+ 517 (i — )
me[K]

that extends to pairs of continuous feature vectors. One readily verifies that d is a metric, that
is, it satisfies the identity of indiscernibles, positivity, symmetry and the triangle inequality. The

proof of Proposition 10 below will also show that d, and d,, coincide over all pairs of discrete
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features. We finally define the bounded continuous-feature model as

1

e A L

mlg}/{’rlslze €+ N E Sn
ne[N]

subject to sup  {lg(x,u,y) — M|z —x"|| — Arydy (v, y")} — Akzdu(u, 2") < sp (56")
(x,y)eXXY
Vn € [N], Vu € U

/6 = (5076){762) S R1+MX+MZ, A E R+, LRSS RN,

where u and U serve as the continuous representations of the discrete features z and their support
Z, respectively. Note that in this formulation, the features u € U can be readily absorbed in
the continuous feature set € X; we keep the distinction for improved clarity.

We next state the main result of this section.

Proposition 10. The mized-feature Wasserstein learning problem (56) and its corresponding
bounded continuous-feature counterpart (56°) share the same optimal value and the same set of

optimal solutions.

The proof of Proposition 10 crucially relies on the concavity of the family of mappings
u — dy(u,u’), ' € Z. Indeed, the equivalence stated in the proposition would not hold if we
were to replace d,, with d/,(u,u’) = (Zme[K] |t — u;lHoo)l/p, despite d, being a metric on U.

Unfortunately, the equivalence of Proposition 10 does not lead to more efficient solution
schemes for the mixed-feature Wasserstein learning problem (56). Indeed, we are not aware of any
finite-dimensional convex reformulations of the bounded continuous-feature counterpart (56’)
when the loss function L is convex and Lipschitz continuous. When L is piece-wise affine and
convex, on the other hand, problem (56) indeed admits a finite-dimensional convex reformulation
of polynomial size. We will see in our numerical experiments, however, that our cutting plane
scheme from Section 3.3 is much faster than the monolithic solution of this reformulation. This
is due to the fact that the reformulation comprises a large number of decision variables as well

as a constraint set that lacks desirable sparsity patterns.

3.6 Numerical Results

We compare empirically the performance of our mixed-feature Wasserstein learning problem (54)
with classical and regularized learning methods as well as continuous-feature formulations of

problem (54). To this end, Section 3.6.1 compares the out-of-sample losses of our mixed-feature
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Figure 15: Mean out-of-sample losses for various classification (left) and regression (right) tasks

when the number of discrete features that are treated as such varies. All losses are scaled to [0, 1]
and shifted so that the curves do not overlap.

Wasserstein learning problem (54) with those of the unbounded continuous-feature approxima-
tion when the Wasserstein radius is selected via cross-validation. Section 3.6.2 compares the
runtime of our cutting plane solution scheme for the mixed-feature Wasserstein learning prob-
lem with that of solving the equivalent bounded continuous-feature formulation monolithically.
Finally, Section 3.6.3 compares the out-of-sample performance of our formulation (54) with that
of alternative methods on standard benchmark instances.

All algorithms were implemented in Julia v1.9.2 using the JuMP package (Lubin et al. 2023)
and MOSEK v10.0, and all experiments were run on Intel Xeon 2.66GHz cluster nodes with 8GB
memory in single-core and single-thread mode (unless otherwise specified). All implementations,

datasets and experimental results are available on the GitHub repository accompanying this work.

3.6.1 Comparison with Unbounded Continuous-Feature Formulation

Section 3.5.1 demonstrated that modeling discrete features in the Wasserstein learning prob-
lem (54) as continuous and subsequently solving an unbounded continuous-feature formulation
may inadvertently hedge against pathological worst-case distributions.

We now explore whether the findings from Section 3.5.1 have implications on the out-of-
sample performance of the mixed-feature and unbounded continuous-feature formulations when
the Wasserstein radius € is selected via cross-validation. We generate synthetic problem in-
stances to be in full control of the problem dimensions. In particular, we generate 100 synthetic
instances for each of the 6 loss functions considered in Appendices A and B: log-loss (LR),

non-smooth Hinge Loss (SVM), smooth Hinge loss (SSVM), Huber loss (RR), 7-insensitive loss
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(SVR) and pinball loss (QR), assuming that the loss functions explain a large part (but not
all) of the variability in the data. All instances comprise N = 20 data points, no numerical
features, and K = 20 binary features. The small number of data points ensures that distribu-
tional robustness is required to obtain small out-of-sample losses. For each instance, we solve a
mixed-feature Wasserstein learning problem that treats some of the features as binary, whereas
the other features are treated as continuous and unbounded. In particular, the extreme cases
of modeling all and none of the features as binary correspond to our mixed-feature Wasserstein
learning problem (54) and its unbounded continuous-feature approximation, respectively. We
cross-validate the Wasserstein radius from the set e € {0.005,0.01,0.015,...,0.1}, and we choose
(Kz, ky,p) = (1,1,1) as well as ||-|| = |||+ in our ground metric (55). We refer to the GitHub
repository for further details of the instance generation procedure. Figure 15 reports the average
out-of-sample losses across 100 randomly generated problem instances for the different loss func-
tions. The figure reveals an overall trend of improved results when the number of binary features
that are treated as such increases. Qualitatively, we observe that this conclusion is robust to
different choices of the e-grid used for cross-validation; we refer to the GitHub repository for

further details.

3.6.2 Comparison with Bounded Continuous-Feature Formulation

In Section 3.5.2, we showed that our mixed-feature Wasserstein learning problem (54) is equiva-
lent to a bounded continuous-feature model that replaces the support Z of the discrete features
with its convex hull conv(Z). In this section, we compare the runtimes of solving the mixed-
feature formulation via our cutting plane method with those of solving the bounded continuous-
feature formulation via an off-the-shelf solver.

When the loss function L in the mixed-feature Wasserstein learning problem (54) is piece-
wise affine and convex, the equivalent bounded continuous-feature model admits a reformulation
as a polynomial-size convex optimization problem. However, solving this reformulation is com-
putationally expensive since it involves O(N -J - K') decision variables, where N, J and K denote
the numbers of data points, affine pieces in the loss function and discrete features, respectively.
Moreover, the reformulation lacks desirable sparsity features. The consequences are illustrated
in Table 19, which compares the monolithic solution of the bounded continuous-feature refor-
mulation with the solution of the mixed-feature model using our cutting plane approach. The
table reports median runtimes over 100 datasets with N € {500, 1,000, 2,500} data points.
All instances contain 30 features, out of which 25%, 50%, 75% are discrete with 4 possible
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values, whereas the rest are continuous. We set the Wasserstein radius e = 1072 and use
(Kz, ky,p) = (1, K, 1) for our ground metric. Further details of the implementation are available
on the GitHub repository. We observe that our cutting plane scheme is significantly faster than

the solution of the equivalent bounded continuous-feature model.

N = 500 N = 1,000 N = 2,500
Method | %25 %50 %75 | %25 %50 %75 | %25 %50 %75

SVM-cut 0.05 020 025 | 013 021 045 | 0.29 0.61 1.23
SVM-piece | 6.35 11.80 15.25 | 12.48 2299 40.97 | 30.4 109.78 146.62

QR-cut 0.15 024 036 | 028 057 1.18 | 1.08 1.64 3.08
QR-piece 335 559 924 | 871 1995 26.1 | 2283 4834 114.19

SVR-cut 0.12 022 024 | 026 044 0.55 | 0.76 0.92 2.73
SVR-piece | 4.35 9.20 17.29 | 10.2 16.78 35.46 | 27.13 52.02  95.08

Table 19: Median runtimes in secs to solve the mized-feature model (-cut; using our cutling
plane method) and the bounded continuous-feature model (-piece; solving a polynomial-size convex
reformulation) for the hinge (SVM), pinball (QR; with 7 = 0.5) and T-insensitive (SVR; with
7 =1072) loss functions.

Although no polynomial-size convex reformulations are known for the equivalent bounded
continuous-feature model when the loss function L in the mixed-feature Wasserstein learning
problem (54) is Lipschitz continuous, we can approximate such loss functions to any desired
accuracy via piece-wise affine convex functions. To this end, we take the pointwise maximum
of tangent lines at equally spaced breakpoints and subsequently solve the bounded continuous-
feature formulation for piece-wise affine convex loss functions. This provides a lower bound on
the original problem, whose value approaches the optimal value of the original problem as the
number of affine pieces in the approximated loss function increases. Table 20 reports the median
runtimes for 100 datasets; we use the same problem parameters as in our previous experiment,
and we report results for loss function approximations with J € {5,10,25} affine pieces. Similar
to our previous experiments, the table shows that our cutting plane scheme is significantly
faster than the solution of the equivalent bounded continuous-feature model. We note that the
approximated loss functions would require more than 25 pieces to guarantee a suboptimality of

0.1% or less; details are relegated to the GitHub repository.
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N = 500 N = 1,000 N = 2,500

Method %25 %50 %5 %25 %50 %75 %25 %50 %75
LR-cut 0.16 0.61 1.32 0.22 0.60 1.48 0.56 0.67 1.87
LR-piece [5] 42.08 108.0 157.06 127.97 382.6 608.76 743.01  2,371.29* NaN
LR-piece [10] 50.32 133.0 186.56 482.51 236.94* 339.82*% | 3,107.19* NaN 2,595.02*
LR-piece [25] 526.72 280.11  499.72 | 2,178.79* 1,634.96* 1,137.18* NaN NaN NaN
SSVM-cut 0.14 0.31 0.54 0.22 0.46 0.63 0.6 0.61 1.57

SSVM-piece [5] 20.54 59.6 84.11 44.43 125.33 201.43 460.29 349.74 612.18*
SSVM-piece [10] | 34.85 80.19 114.63 82.52 166.36 277.17% | 1,924.21*%  439.99* 730.46*
SSVM-piece [25] | 90.25 198.32* 332.86* | 221.74* 406.68 763.53* NaN 1,161.48*% 1,996.73*

RR-cut 0.16 0.19 0.3 0.27 0.3 0.52 0.7 0.78 1.31
RR-piece [5] 9.87 23.23 38.57 23.13 55.95 87.75 73.02 171.16 269.98
RR-piece [10] 16.52 38.92 60.38 37.69 87.57 143.39 105.4 281.6 464.49
RR-piece [25] 43.16 95.53 155.26 93.21 222.79 373.44%* 296.18* 824.93*  1,584.85*

Table 20: Median runtimes in secs to solve the mized-feature model (-cut; using our cutting plane
method) and the bounded continuous-feature model (-piece [J][; solving a polynomial-size convex
reformulation) for the logistic (LR), smooth hinge (SSVM) and Huber (RR; with 6 = 0.05) loss
functions. A NaN indicates that more than half of the instances could not be solved within an
hour of runtime. An asterisk (*) indicates that at least one instance could not be solved within
an hour of runtime.

3.6.3 Performance on Benchmark Instances

In Section 3.6.1, we observed that the mixed-feature Wasserstein learning problem (54) can
outperform its unbounded continuous-feature approximation in terms of out-of-sample losses.
In practice, however, loss functions merely serve as surrogates for the misclassification rate (in
classification problems) or mean squared error (in regression problems). Moreover, Section 3.6.1
considered synthetically generated problem instances, which may lack some of the intricate
structure of real-life datasets. This section therefore compares the out-of-sample misclassification
rates and mean squared errors of problem (54) with those of alternative methods on standard
benchmark instances. In particular, we selected 8 of the most popular classification and 7 of
the most popular regression datasets from the UCI machine learning repository (Dua and Graff
2017). We processed the datasets to (i) handle missing values and inconsistencies in the data,
(7i) employ a one-hot encoding for discrete variables, and (i) convert the output variable (to
a binary value for classification tasks and a [—1, 1]-interval for regression tasks). All datasets,
processing scripts as well as further results on other UCI datasets can be found in the GitHub
repository.

Tables 21-26 report averaged results over 100 random splits into 80% training set and 20%

test set for both the original datasets as well as parsimonious variants where only half of the data
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points are available. In the tables, the column groups report (from left to right) the problem in-
stances’ names and dimensions; the results for the unregularized implementations of the nominal
problem as well as the mixed-feature Wasserstein learning problem (54) using (kz,p) = (1,1),
Il = II/li and ky € {1, K} in our ground metric (55); the results for the corresponding lo-
regularized versions; and the results for two unbounded continuous-feature approximations of
problem (54). For the unregularized mixed-feature and continuous-feature Wasserstein learn-
ing problems, we cross-validate the hyperparameter e from the set {0,107°,1073,107'}. For
the regularized nominal model, we cross-validate the regularization penalty a from the set
{0}U{c-107P: c € {1,5}, p=1,...,6}. For the regularized mixed-feature Wasserstein learning
problem, finally, we cross-validate the hyperparameters (e, ) from the Cartesian product of the
previous two sets. The method with the smallest error in each column group is highlighted in
bold, and the method with the smallest error across all column groups has a grey background.
For instances where a version of the mixed-feature Wasserstein learning problem attains the
smallest error across all column groups, the symbols  and i indicate a statistically significant
improvement of that model over the nominal and regularized nominal learning problem as well
as over the better of the two continuous-feature approximations, respectively, at a p-value of
0.05. Most nominal models were solved within seconds, most continuous-feature models were
solved within minutes, and most of the mixed-feature models were solved within 10 minutes. We
relegate the details of the statistical significance tests and runtimes to the GitHub repository.
Overall, we observe from the tables that the mixed-feature Wasserstein learning problems
outperform both the (regularized) nominal problems and the unbounded continuous-feature
approximations in the classification and regression tasks. The outperformance of the mixed-
feature Wasserstein learning problems over the continuous-feature approximations tends to be
more substantial for problem instances with many discrete features, which further confirms our
findings from Sections 3.5.1 and 3.6.1. Also, the mixed-feature Wasserstein learning problems
tend to perform better on the parsimonious versions of the problem instances. This is intuitive
as we expect robust optimization to be particularly effective in data sparse environments. Reg-
ularizing the mixed-feature Wasserstein learning problem does not yield significant advantages
in the classification tasks, but it does help in the regression tasks. Finally, while we do not ob-
serve any significant differences among the classification loss functions, the Huber loss function

performs best on the regression problem instances.
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3.7 Conclusions

Wasserstein learning offers a principled approach to mitigating overfitting in supervised learning.
While Wasserstein learning has been studied extensively for datasets with exclusively continu-
ous features, the existing solution techniques cannot handle discrete features faithfully without
sacrificing performance in real-world applications.

In this work, we propose a cutting plane algorithm for Wasserstein classification and re-
gression problems that involve both continuous and discrete features. While the worst-case
complexity of our method is exponential, it performs well on both synthetic and benchmark
datasets. The core of our algorithm is an efficient identification of the most violated constraints
with respect to the current solution. Despite the discrete nature of the problem, we show that
it can be solved in polynomial time. We also study the complexity of mixed-feature Wasser-
stein learning more broadly, and we investigate its connections to regularized as well as different
continuous-feature formulations.

Our work opens several promising directions for future research. Most notably, it would
be instructive to explore whether similar algorithmic techniques can be developed for other
supervised learning models, including decision trees, ensemble methods, and neural networks.
Furthermore, it would be valuable to investigate the development of polynomial-time solution
schemes that avoid reliance on the ellipsoid method and that overcome the scalability limitations
of monolithic reformulations. For example, the fact that our algorithm for the mixed-feature
problem relies on a sorting argument to identify the most violated constraint could potentially
pave the way to developing robust counterparts using standard convex reformulations of sorting-

type constraints.
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Dataset N My M, K | Reduced? ‘ Nom  MixF (ky =1) MixF (ky = K) ‘ r-Nom  r-MixF (ky =1) 1-MixF (ky = K) ‘ ConF (ky =1) ConF (ky = K)

balancescale 625 0 16 4 ® 0.56% 0.44% 0.40% 11 0.52% 0.52% 0.48% 0.48% 0.44%
patance-scaie 2 v 1.65% 1.65% i 1.65% i 1.92% 1.92% 1.92% 1.73% 1.91%
brenstcancr 277 0 42 o ® 30.10% 28.91% 29.64% 29.46% [ 28.64% T 29.36% 29.18% 29.55%
T v/ 31.87% 30.93% 30.30% 29.58% 28.68% 28.46% 11 31.69% 36.45%
edivaooroval 690 6 36 0 ® 13.59% 13.48% 13.01% 1| 13.70% 13.59% 13.12% 13.95% 13.23%
credi-approval v 16.30% 15.00% 15.10% 14.58% 14.94% 14.43% } 14.92% 15.64%
evlinderbands 539 10 43 14 ® 22.85% 22.52% 22.38% 22.90% [22:24% ¢ 23.18% 22.90% 22.52%
cyncer-bancs v 27.37% 28.55% 26139% 77| 27.18% 27.25% 27.12% 26.81% 26.47%
mshoraohy 148 0 42 18 ® 17.24% 16.90% 17.24% 15.86% 16.90% 14.83% 11 18.97% 17.10%
JHprography v 23.98% 22.22% 19.10% 17.96% [ 17.67% 1F 18.30% 25.51% 19.43%

o 30 0 95 17 ® 13.51% 13.51% 14.40% 14.25% 13.73% 14.33% 13.81% 14.55%
prmacy v 15.89% | 13.99% T 15.30% 14.70% 14.34% 14.73% 14.09% 15.10%
ot st 0 23 9 *® 20.28% 19.43% 19.25% 20.09% 19.25% 17.35% 11 20.28% 20.00%
Spect v 23.22% 21.13% 19197% T8 23.34% 22.44% 20.34% 22.50% 20.88%
etaetoe s 0 18 o ® 1.94% 1.70% 1.70% 1.70% 1.70% 1.70% 1.70% 1.70%
telacloe ° ' v 2.75% 1.70% t 1.70% § | 181% 1.67% 1.66% 1.70% 1.70%

Table 21: Mean classification error for the logistic regression loss function. N, My, M, and
K refer to the problem parameters from Section 3.2. The column ‘Reduced?’ indicates whether
the full or sparse version of the dataset is being considered. Nom, MixF and ConF refer to
the nominal problem formulation, the mized-feature Wasserstein learning problem (54) and its
unbounded continuous-feature approximation, respectively. The prefix ‘r-’ indicates the use of an
lo-reqularization.

Dataset N My M, K | Reduced? ‘ Nom  MixF (ky =1) MixF (ky = K) ‘ r-Nom  r-MixF (ky = 1) 1-MixF (ky = K) ‘ ConF (ky =1) ConF (ky = K)
balance-scale 625 0 6 4 x 4.20% 4.08% 4.20% 3.36% 3.08% Tt 3.28% 3.88% 4.20%
- v 5.91% 5.56% t 5.88% 5.69% 6.23% 5.64% 5.64% 5.68%
breast-cancer w0 42 9 x 30.27% 30.09% % 30.82% 30.46% 30.82% 30.18% 35.18% 36.00%
I v 31.66% 31.15% 30.69% 31.05% 30.93% 29.58% Tt 31.96% 36.78%
credit-approval 690 6 36 9 x 13.84% 13.88% 13.51% 14.06% 14.02% 13.59% 13.62% 14.06%
gredii-approval v 15.86 % 16.21% 15.81% 14.84% 15.98% 14.83% % 15.22% 18.62%
cvlinder-bands 539 19 43 14 3 23.22% 23.08% 22.52% 1t 23.08% 23.04% 22.85% 22.85% 24.11%
ylinder-bands v 28.47% 27.86% 27.29% i1 | 28.55% 28.99% 28.05% 27.97% 27.88%
lvmphosraphy 148 0 2 18 3 19.14% 18.97% 20.52% 18.79% 17.41% 17.24% 1t 18.28% 19.83%
IPLograply v 20.28% 20.91% 21.25% 19.49% 19.77% 18.64% t1 23.92% 21.31%
imacy 339 0 25 17 x 14.03% 13.73% 13.28% 13.36% 13.73% 13.13% 1 13.81% 13.66%
primacy o ’ v 15.96% 15.05% 15.47% 14.53% 14.68% 14.51% 1 14.78% 15.00%
spect %7 0 22 2 x 20.19% 20.76% 18.96% t1 21.04% 20.85% 19.34% 21.23% 20.28%
Speck v 24.16% 21.50% 1 21.97% 22.031% 22.06% 21.91% 23.28% 21.53%
tie-tac-toe 058 0 8 9 x 1.70% 1.70% 1.70% 1.70% 1.70% 1.70% 1.70% 1.70%
I ’ ’ v 2.58% 1.65% 1.65% 1.65% 1.65% 1.65% 1.65% 1.65%

Table 22: Mean classification error for the hinge loss function. We use the same abbreviations
as in Table 21.
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Dataset N My M, K | Reduced? ‘ Nom  MixF (ky =1) MixF (ky = K) ‘ r-Nom  1-MixF (ky =1) 1-MixF (ky = K) ‘ ConF (ky =1) ConF (ky = K)

balmcescale 625 0 16 4 x 1.36% 0.40% 0.40% 11 1.52% 0.48% 0.48% 1.32% 1.36%
Dalance-scale ‘ 3.15% 2.15% 2.01% 3.25% 2.08% 1.81% 11 3.20% 3.31%
breastcancer 277 0 42 o x 20.55% | 28:82% § 20.18% 30.18% 32.27% 29.64% 30.36% 20.18%
Dreast-cancer v 31.30% 31.36% 30.36% 28.55% 28.52% 27.41% 11 20.88% 29.94%
ereditaanorol 690 6 36 9 x 13.44% [ 18:37% 13.41% 13.44% 13.37% t 13.41% 13.66% 14.46%
greci-approva; v 15.59%  15.16% 15.52% 14.65% 14.53% 14.52% t1 15.30% 15.75%
L ® 23.27% [ 21078% i 22.43% 23.04% 22.52% 22.85% 22.57% 22.71%
cylinder-bands 539 19 43 14 v 27.43% | 26.50% ti 27.57% 27.09% 27.40% 27.37 % 27.11% 27.40%
mohoaanhy 148 0 42 18 x 1931%  17.76% 18.97% 16.38% 16.55% 15.52% f 20.52% 15.86%
YImpRography v 21.31% 21.93% 20.91% 18.47% 18.35% & 18.47% 20.11% 20.34%
e 50 0 95 17 x 13.51% [112:99% & 13.51% 13.13% 13.43% 13.21% 13.66% 14.18%
primacy ° v 1510%  14.80% 15.03% 14.38% 14.58% 14.41% 14.06% 14.66%
et w1 0 99 2 x 20.28% 18.77% 18.30% 19.25% 19.25% 17.08% t1 21.04% 21.13%
spect v 23.16% 21.97% 20.53% 23.16% 22.34% 20.34% t1 21.09% 21.50%
etactoe s 0 18 o ® 1.73% 1.70% 1.70% 1.70% 1.70% 1.70% 1.70% 1.70%
HEAC08 o : v 2.77% 1.65% 1.65% 1.65% 1.65% 1.65% 1.65% 1.65%

Table 23: Mean classification error for the smooth hinge loss function. We use the same
abbreviations as in Table 21.

Dataset N M, M, K

Reduced? ‘ Nom MixF (ky =1) MixF (ky = K) ‘ r-Nom  1r-MixF (ky =1) r-MixF (ky = K) ‘ ConF (ky =1) ConF (ky = K)

ik ao 4 a1 s x 210.23 210.23 210.23 210.23 210.23 210.23 210.23 210.23
bike ; ° 210.82 210.81 t1 210.81 210.84 210.84 210.84 213.47 213.60
" 0 10 s 4 x 123.33 123.33 11 1231335570 123.48 123.33 11 124.74 149.03 149.04
fre ° v 132.71 117.42 111.50 11 | 114.39 113.56 112.98 120.41 118.30
. L6 0 a1 o x 198.10 198.10 198.10 198.87 198.86 198.86 198.10 198.10
fare ’ v 199.85 199.84 199.84 200.09 200.09 200.09 199.61 199.60
oments 1197 7 22 4 x 363.11 363.40 366.48 362.55 362.57 362.60 363.36 364.38
garments 4, v 890.81 367.76 368.95 368.15 367.29 1 367.84 367.64 368.97
) , x 442.71 289.01 302.02 311.08 269107 %F 270.94 289.19 300.18
imports 193 14 45 10 v 660.04 377.26 368.77 352.79 334.54 t1 336.18 384.48 370.93
x 379.13 379.20 383.07 378.66 378.12 378.66 379.15 383.80
student 395 13 26 A7) 411.98 412.32 413.51 384.20 | 384.07 i 384.77 1211 396.66
. , x 232,330.88 533.63 514.45 479.91 479.92 479.91 ¢ 520.72 482.06
vegas 504 5 106 14 . e . P
veeas v 287,615.23 605.27 554.18 493.60 493.60 § 493.79 581.52 494.27

Table 24: Mean squared errors for the Huber loss function (with § = 0.5). We use the same
abbreviations as in Table 21.
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Dataset N My M, K | Reduced? Nom MixF (ky =1) MixF (ky = K) ‘ r-Nom r-MixF (ky =1) r-MixF (ky = K) ‘ ConF (ky =1) ConF (ky = K)

bike 739 4 3 s ® 217.87 217.87 217.87 217.85 217.82 217.87 217.86 217.87
e ' o 218.17 218.17 218.16 218.17 218.18 218.17 218.16 218.21
fre s7 10 31 4 x® 124.36 124.36 124.29 11 130.45 124.36 124.45 142.59 124.33
e ° ‘ v 120.54 110.76 109.71 116.67 109.60 1} 109.60 109.74 109.81
fare o660 21 o ® 218.56 218.62 218.87 218.27 219.26 204.93 11 218.55 218.54
e ' v 2,230.29 750.89 752.05 215.22 215.22 202.78 11 215.98 215.80
rments 1197 7 99 4 ® 374.08 373.77 377.32 373.32 373.76 374.70 373.79 377.65
garmens 5 v 894.07 376.12 375.77 } 377.78 377.06 376.58 376.05 377.07
) ® 671.67 299.63 305.48 351.66 292.86 289.26 11 311.48 319.25
imports 19314 45 10 v 726.46 379.16 408.11 371.56 348.24 1} 349.712 406.18 389.03
, ‘ ® 399.65 399.65 397.63 383.57 383.57 } 386.14 399.66 405.33
student 305 13 26 17 v 451.85 451.89 397.59 1} 403.51 398.50 393.65 451.95 408.27
. o0 5 106 1 3 232,332.44 529.55 500.85 503.37 503.37 490.76 11 538.10 503.46
Yeeas ° ‘ v 287,597.53 580.67 505.11 507.74 507.74 500.22 1} 592.46 511.80

Table 25: Mean squared errors for the pinball loss function (with T = 0.5). We use the same
abbreviations as in Table 21.

Dataset N My M, K | Reduced? Nom MixF (ky =1) MixF (ky = K) ‘ r-Nom  r-MixF (ky =1) r-MixF (ky = K) ‘ ConF (ky =1) ConF (ky = K)

ik a4 s s x 217.87 217.87 217.87 217.88 217.87 217.88 217.86 217.87
bike : 5 218.18 218.17 21816 | 218.15 218.15 218.15 218.14 218.20
e 10 a4 x 133.10 133.02 132.64 136.26 132.90 132.67 11 133.05 132.82
fire ° v 185.04 128.05 12438 F 7| 125.23 125.30 125.02 126.67 124.93
e s 0 o1 o x 212.93 212.95 213.20 215.49 215.40 211.44 1} 212.92 212.94
fare : ' v 1,562.88 532.37 359.82 232.67 210.53 207.05 11 209.49 209.28
e 1107 7 2 4 x 369.10 368.65 371.72 370.08 369.07 370.17 368.65 371.67
garments 1,16 v 871.46 370.90 372.19 370.72 370.77 370.68 37117 372.03
N 621.38 [ 28881} 300.38 331.36 300.22 299.10 306.61 322,70
imports v 761.05 370.96 394.00 370.97 338.80 338.07 i1 392.60 380.75
, x 309.65 399.66 397.60 387.07 386.27 385.75 ¢ 309.68 105.34
‘ V.

student 395 1326 A7) 451.85 451.89 397.59 403.51 308.50 393.65 11 451.95 408.27
, , % | 23232347 530.00 500.36 493.28 493.29 489.17 11 538.51 503.48

vegas 504 5 106 14
vegas v/ | 28760759 580.52 504.85 517.85 517.86 497.64 1 592.31 511.76

Table 26: Mean squared errors for the T-insensitive loss function (with 7 = 0.1). We use
the same abbreviations as in Table 21.
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3.A Wasserstein Classification with Mixed Features

This section derives exponential-size convex reformulations of the mixed-feature Wasserstein
learning problem (56) for classification problems with convex and Lipschitz continuous as well
as piece-wise affine and convex loss functions L. One readily confirms that the resulting refor-
mulations are special cases of our unified representation (57), which implies that our results in

this appendix prove Theorem 7 for the case of classification problems.

Proposition 11. Consider a classification problem with a convex and Lipschitz continuous loss
function as well as X = RMx. In this case, the Wasserstein learning problem (56) is equivalent
to ]

mlg})r\’rélze A€ + N n;\q Sn
lg(x",z,y") — Akyd,(2,2") < s
lg(x", z,—y") — Akzdy (2, 2") — Aky < s
lip(Z) - 1Bl < A
B = (Bo, B, B,) € RMFMHM N e R, s e RY.

subject to }Vn €[N],VzeZ (58)

Formulation (58) emerges as a special case of our unified representation (57) if we set Z =
[£1),0 = (B.X), 0 = 5, fo(6,0) = A + 1 Tocin s Fuile) = L(e), 90i(0,€7,:2) = iy
[Bo + Bx' " + B, 2], hni(0,€",:d,(2,2")) = Akydy(2,2") + Ay - 1[i= 1] and © = {0 :
lip(L) - ||Bx][«+ < A\, A € Ry} One verifies that this choice of Z, 8, o, fo, fni, gni, hni and ©

satisfies the regularity conditions imposed on problem (57) in the main text.

Proposition 12. If B in problem (58) is restricted to a bounded hypothesis set H, then X can

be restricted to a bounded set as well.

Proposition 11 covers Wasserstein support vector machines with a smooth Hinge loss,

1/2—e if e <0,
Lie) =14 (1/2)- (1 —e)? ifee(0,1),

0 otherwise,
where the Lipschitz modulus is lip(L) = 1, and logistic regression with a log-loss,
L(e) = log(1 + exp[—e]),
where again lip(L) = 1. We provide the corresponding reformulations next.
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Corollary 2. The first set of inequality constraints in (58) can be reformulated as follows.

(i) For the smooth Hinge loss function:

1 + _n T,..n T 2 o+ n
5 \Wzn =Y (Bo+Bx' "+ B, 2)) +1—wi, — Asdy(z,2") < 5y
Vn € [N], Vz € Z

1
5 (w;n -y (60 + ﬁXTmn + /BZTZ))2 - )\’izdz(z> zn) < sp
(ii) For the log-loss function:
log (1 +exp [—y” (Bo + BT + ﬂZTz)]) — Meigdy(z,2") < 8p Vn € [N], Vz € Z

Here, wj,n € R are auziliary decision variables. The second set of inequality constraints in (58)
follows similarly if we replace wj’n € R with additional auziliary decision variables w, € R,

replace —y" with +y" and subtract the expression Aky from the constraint left-hand sides.

We now provide a reformulation of problem (56) without embedded maximizations when the

loss function L is piece-wise affine and convex.

Proposition 13. Consider a classification problem with a piece-wise affine and convex loss
function L(e) = maxjecis{aje + b}, and assume that X = {@ € RM< : Cx ¢ d} for some
C e R™Mx d e R" and proper convex cone C C R". If X admits a Slater point 8 € RMx such

that Cx® <¢ d, then the Wasserstein learning problem (56) is equivalent to

. 1
minimize e + N Z Sn

P804, ne[N]
subject to q;[jT(d - Cz") + ajyn ~(Bo + Bmen + BZT'Z) — Meydy (2, 2") + bj <s,
q,; (d—Cz") —ay" - (Bo+ B " + B, 2) = Miydy(2,2") — Ay +b; < s

Vn € [N], Vj € |J], Vz € Z
Hajyn By — CTq:L_]H* <A\ ||ajyn By + CTq;j”* <A Vn € [N]’ Vj € [J]
/8 = (BO7ﬁX7/6Z) S R1+MX+MZ7 A E R+, CES Rf
41 q,; €C*,ne[N] and j € [J].
(59)

Formulation (59) emerges as a special case of our unified representation (57) if we set i =

(j)t)a T = [']] X {il}a 0 = (/87>\aqni)7 o =S, f0(070-) = )‘6+ %ZnE[N] Sn, fnz(e) = aje +

bj7 gni(07£ﬁz;z) = tyn : [BO + BXTCC” + Bsz]; hni(07£ﬁz;dz(z7zn)) = _qniT(d - Cmn) +
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Neigdy (2, 2") + Ay - Lt = —1] and © = {0 : |la;y™ - Bx —t - C T qnill« < AV(n,i) € [N] X Z, qn;i €
C*V(n,i) € [N] x Z, A € Ry }. One verifies that this choice of Z, 6, &, fo, fni, 9ni, hni and ©

satisfies the regularity conditions imposed on problem (57) in the main text.

Proposition 14. If 3 in problem (59) is restricted to a bounded hypothesis set H, then (¢, @ )n.i

and A can be restricted to a bounded set as well.
Proposition 13 covers Wasserstein support vector machines with a (non-smooth) Hinge loss,
L(e) = max {1l —e, 0},
which is a piece-wise affine convex function with J = 2, a1 = —1, by = 1, as = 0 and by = 0.
We provide the corresponding reformulation next.

Corollary 3. For the (non-smooth) Hinge loss function, the first set of inequality constraints

in (59) can be reformulated as
;' (d—Ca") —y"(Bo+ Bx 2" + B, 2) — Misddy(2,2") +1 <5 Y €[N], ¥z € Z.

The second set of inequality constraints in (59) follows similarly if we replace —y™ with +y" as

well as q;F with q;; and subtract the expression Aky from the constraint left-hand sides.

3.B Wasserstein Regression with Mixed Features

This section derives exponential-size convex reformulations of the mixed-feature Wasserstein
learning problem (56) for regression problems with convex and Lipschitz continuous as well as
piece-wise affine and convex loss functions L. One readily confirms that the resulting reformu-
lations are special cases of our unified representation (57), which implies that our results in this

appendix prove Theorem 7 for the case of regression problems.

Proposition 15. Consider a regression problem with a conver and Lipschitz continuous loss
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function L and (X,Y) = (RM<R). In this case, the Wasserstein learning problem (56) equals

C 1
mlg}/\%lze A€ + N nez[]:v] Sn
subject to Ig(x", z,y") — Akyd,(2,2") < sy Vn € [N], Vz € Z
Hp(L) - [|Bxlls < A
lip(L) < Aky
B = (Bo, Bx, B,) € RITMAM N e R, s e RY.

Formulation (60) emerges as a special case of our unified representation (57) if we set 8 =

1
(:Ba )‘)7 g =S, fo(e, U) = AE""N Zne[N] Sn;s fm(e) = L(e)7 gm’(9767—1z3 Z) = ﬁO"'/@xTwn“‘BZTZ_
Y, hni(0,€",;d,(2,2")) = Akydy(z,2") and © = {0 : lip(L) - ||B«ll« < A, lip(L) < Aky, X €
Ry}. One verifies that this choice of 0, &, fo, fni, gni, hni and © satisfies the regularity

conditions imposed on problem (57) in the main text.

Corollary 4. If B3 in problem (60) is restricted to a bounded hypothesis set H, then A can be

restricted to a bounded set as well.
Proposition 15 covers Wasserstein regression with a Huber loss,

(1/2) - €? if le] <6,
5-(le] = (1/2)-9) otherwise,

where 6 € R, determines the boundary between the quadratic and the absolute loss, implying

that lip(L) = §. We provide the corresponding reformulation next.

Corollary 5. For the Huber loss function, the first set of inequality constraints in (60) can be

reformulated as

1
i(ﬁo + /BXT"-U” + /Bsz - yn - pz,n)2 + 5pz,n - Aﬁzdz(za zn) < s
Vn € [N], Vz € Z,

1
5(@3 + ﬂXTmn + IBZTZ —y" = pz,n)2 — 0Pz — Mgy (2,2") < sp

where p, , € R are auziliary decision variables.

We now provide a reformulation of problem (56) without embedded maximizations when the

loss function L is piece-wise affine and convex.
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Proposition 16. Consider a regression problem with a piece-wise affine and convex loss function
L(e) = maxje{aje+b;}, and assume that X x Y = {(z,y) € RMt! : Cyx + ¢y -y <¢ d} for
some Cyx € R™Mx cy € R", d € R" and proper convex cone C C R". If this set admits a Slater
point (z°,y°) € RMxTL such that Cyx® + ¢y - y° <¢ d, then problem (56) is equivalent to
minimize €+ — S
BA5,dns N "
ne[N]
subject to q;{j(d —Cix" —cy-y")+aj- (Bo+ Bla"+ 8, z —y") — Akydy(z, 2") + bj < sp
Vn € [N], Vje[J],Vze€ Z
laj - B — CxTanjll« < A |—aj — ] anj| < Ay Vn € [N], Vj € [J]
B = (Bo,Bx,B,) e RIFMHMN e Ry, s eRY
gnj €C*,ne[N]andj € [J].
(61)

Formulation (61) emerges as a special case of our unified representation (57) if we set Z = [J],

0 = (B,\qn), o = s, fo(0,0) = Xe + %ZnG[N] sny fni(e) = aie + bi, 9ni(0,€",2) =
5o —{—BXTJ;” +,82Tz —y", hni(0,€",:d,(z,2™)) = —qm-T(d— Cix™ —cy - y") + Akydy (2, 2") and
© =1{0: ||la;- Bx — CTqnill« < AV(n,i) € [N] X I, |—a; — €] qni| < AryV(n,i) € [N] X I, qn; €
C*V(n,i) € [N] x Z, A € Ry}. One verifies that this choice of Z, 0, o, fo, fni, gni, hni and ©

satisfies the regularity conditions imposed on problem (57) in the main text.

Corollary 6. If 3 in problem (61) is restricted to a bounded hypothesis set H, then (gni)n: and

A can be restricted to a bounded set as well.

Proposition 16 covers Wasserstein support vector regression with an 7-insensitive loss func-
tion,
L(e) = max{le| — T, 0}

with robustness parameter 7 € R, which is a piece-wise affine convex function with J = 3,
a1 =1,b1 = —7,a2 = —1,bg = —7, a3 = 0 and b3 = 0. It also covers Wasserstein quantile

regression with a pinball loss function,
L(e) = max{—7e, (1 —17)e}

with robustness parameter 0 < 7 < 1, which is a piece-wise affine convex function with J = 2,

a1 =-7,b1 =0, a3 =1—7 and by = 0. We provide the corresponding reformulations next.

Corollary 7. The first set of inequality constraints in (61) can be reformulated as follows.
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(i) For the T-insensitive loss function:

a1l (dy — C1z") + v,y (do — Coy™) + (Bo + By 2" + B, 2z — y"

)
—T — Akydy(z,2") < sy
T n T n T,.n T n VTLE[N],VZEZ
tho (dy — C1z") +vp2 (dy — Coy™) — (Bo+Bx " + B, z—y")
—T — Akgdy(z,2") < sy

(ii) For the pinball loss function:

ta1 (di — C1@") +vn1 ' (d2 — Coy™) —7(Bo+ B 2" + B, 2 — y")
—ARyd,(z,2") < sy

tna (d — C12"™) + vp ! (do — Coy™) + (1 —7)(Bo + Bx " + B, 2z —y")
—Akydy(z,2") < sy

Vn € [N], Vz € Z

3.C Proofs

Proof of Observation 6. The statement follows from similar arguments as in the proof of
Theorem 1 by Shafieezadeh-Abadeh et al. (2015). Details are omitted for the sake of brevity. [

Proof of Proposition 9. We first show that LB and UB constitute lower and upper bounds
on the optimal value of (57) throughout the execution of the algorithm, and then we conclude
that Algorithm 9 terminates in finite time with an optimal solution (6*,0*) to problem (57).

Algorithm 9 updates LB to fp(6*,0™) in each iteration of the while-loop. Since (6*,0%)
is an optimal solution to the relaxation of problem (57) that only contains the constraints
W C [N] x I x Z, LB indeed constitutes a lower bound on the optimal value of (57). Moreover,
since no elements are ever removed from W, the sequence of lower bounds LB is monotonic.

To see that UB constitutes an upper bound on the optimal value of (57) throughout the
execution of Algorithm 9, we claim that in each iteration, (8*,0* + 19*) constitutes a feasible
solution to problem (57). Indeed, we have (6*,0*) € © x RY and ¥* € RY by construction,
while for all n € [N], i € 7 and z € Z, we have that

ri(gni(07,€" 55 2)) = hni(07, €75 du(2, 2")) < of +9(n,i) < o +9(n,i(n)) < of +97,

that is, (0%, 0* +19*) is indeed feasible in problem (57). Moreover, the sequence of upper bounds

UB is monotonic by construction of the updates.
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To see that Algorithm 9 terminates in finite time, finally, note that each iteration of the while-
loop either adds a new constraint index (n,i(n), z(n,i(n))) to W, or we have J(n,i(n)) < 0 for
all n € [N]. In the latter case, however, we have 9* = 0 and thus LB = UB at the end of the

iteration. The claim now follows from the fact that the index set [N] x Z x Z is finite. O

Proof of Theorem 8. For fixed (8*,0%), finding the most violated constraint index z(n, i) in

constraint group (n,4) amounts to solving the combinatorial optimization problem

maximize  fni(gni(0%,€",; 2)) — hni(07,€",; du(2,2")) — 03,
z

subject to z € Z.

We can solve this problem by solving the K 4 1 problems

maximize  fi(gni(0%,&" ,; 2)) — hpi (0*,E" ,;0) — o)
z

subject to  d,(z,2™) =0 vé € [K]U{0},
zel

where each problem conditions on a fixed number § of discrepancies between z and z™, and
subsequently choosing any solution z(J) that attains the maximum optimal objective value
among those K + 1 problems. Removing constant terms from those K + 1 problems, we observe

that the §-th problem shares its set of optimal solutions with the problem

maximize  fi(gni(0*,&",; 2))
subject to  d,(z,2") = 4§
z € 7.

Since the outer function f,; in the objective function is convex, the objective function is maxi-
mized whenever the inner function g,; in the objective function is either maximized or minimized.

We thus conclude that the §-th problem is solved by solving the two problems

maximize - gni(0,€",; 2)
z
subject to  d,(z,2") =4 V€ {£1}
zeZ

and subsequently choosing the solution z(u, §) that attains the larger value fy,;(gni(0*, €™ ,; 2(1,0))

among those two solutions (with ties broken arbitrarily). Fixing p to either value, adopting the
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notation for w and wy of Algorithm 10 and ignoring constant terms, we can write the problem

as
maxizmize u-[ Z mezm]
me[K]
subject to  d,(z,2") =0
z € Z.

The rectangularity of Z implies that the decisions of this problem admit a decomposition into
the selection M C [K] of ¢ discrete features m € [K| along which z,, differs from 2 and, for
those features m € [K] where z,, # 2], the choice of z,, € Z(ky,) \ {z]}:
o - Zm € Z(km) \ {z]%} Ym e M
maximize max{ (- [ Z Wi, zm] :
M z Zm = 2] Vm e [K]\ M

subject to M C [K], |[M|=4.

Noticing that the embedded maximization problem decomposes along the discrete features m €

[K], we can adopt the notation for z}, of Algorithm 10 to obtain the equivalent formulation

L T T
maximize [ Z [ Wiy z,*n} + [ Z W Wy, 20
meM me[K)\M

subject to M C [K], |[M|=24.

The two summations in the objective function of this problem admit the reformulation

X mwaTzn | Y wewn Tz = [ pewn e 4| 2 e (2 2.

meM me[K\M me[K] meM
and ignoring constant terms once more simplifies our optimization problem to

max}/lmize E - wpy (25 — 20)

meM
subject to M C [K], |[M|=24.

This problem is solved by identifying M with the indices of the § largest elements of the sequence
pewy (25 —20), ..., p-wg ! (25 — 2%), and this problem can be solved by a simple sorting
algorithm. One readily verifies that Algorithm 10 adopts the solution approach just described

to determine a maximally violated constraint index z(n,1).
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The runtime of Algorithm 10, finally, is dominated by determining the 2K maximizers zJ,,
m € [K] and p € {£1}, which takes time O(M;) due to the one-hot encoding employed by Z,
o

sorting the 2K values p-w,, ' (25, — z"), which takes time O(K log K), as well as determining a

maximally violated constraint among the 2K +2 candidates z € Z, which takes time O(KT). O

Proof of Theorem 9. Recall from Grotschel et al. (1988, Corollary 4.2.7) that problem (57)
can be solved to d-accuracy in polynomial time if (i) the problem admits a polynomial time
weak separation oracle and if (i) the feasible region of the problem is a circumscribed convex
body. We prove both of these properties next.

Fix a convex and compact set K C R™ and a rational number § > 0. Grotschel et al. (1988,
Definition 2.1.13) define a weak separation oracle for K as an algorithm which for any vector g €
R™ either confirms that g € S(K,0), where S(K,0) = {r e R : ||r — /|| < ¢ for some ' € K}
is the d-enclosure around K (i.e., q is almost in K), or finds a vector ¢ € R™ with ||¢|oc = 1
such that ¢'p < ¢"q+ 6 for all p € S(K, —6), where S(K,—0) = {r € K : S({r},5) C K} is
the d-interior of KC (i.e., ¢ is an almost separating hyperplane). We construct a weak separation
oracle for problem (57) as follows. Denote the feasible region of problem (57) by K C © x RY,
and fix any ¢’ = (0',0') € RMe x RN, If ¢/, < 0 for any n € [N], then our algorithm returns
the separating hyperplane ¢' = (07 —e,"). If @ ¢ O, then we can augment the weakly
separating hyperplane ¢ € RMe for the set © to a weakly separating hyperplane (c—r OT) for
problem (57). Otherwise, we leverage Algorithm 10 to obtain a strong separation oracle for K,
which Grétschel et al. (1988, Definition 2.1.4) define as an algorithm which for any vector g € R”
either confirms that q € K or finds a vector ¢ € R™ such that ¢"p < ¢'q for all p € K. To this
end, we execute Algorithm 10 for all constraint group indices (n,i) € [N] x Z to identify most
violated constraint indices z(n,?) along with the constraint violations ¥(n,%). If ¥(n,i) < 0 for
all (n,i) € [N] xZ, then ¢’ is feasible in problem (57) and our oracle terminates. If ¥(n*,i*) > 0
for some (n*,i*) € [N] x Z, on the other hand, then our oracle computes a subgradient ¢ of the

function

*

(8,0) = furin(gneir (60,6753 2(n", ")) = i+ (8, €75 dy(2(n", %), 2™7)) — e
at (0,0) = (0',0'). We have
c'(0,0) < c'(0,6)+r(0,0)—r0,0) < c' (0,06 v(0,0) € K,
where the first inequality is due to the definition of subgradients and the fact that r is convex, and
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the second inequality holds since 7(0’, ) > 0 while 7(0, o) < 0 for all (8, 0) € K. In conclusion,
c is a strong separating hyperplane for (6’,0') as desired. Note that by construction, a strong
separation oracle is also a weak separation oracle. Finally, the assumptions in the statement of
our theorem, together with Theorem 8, imply that our oracle runs in polynomial time.

We next turn to the claim that the feasible region X C O X Rf of problem (57) is a
circumscribed convex body. According to Grotschel et al. (1988, Definition 2.1.16), this is the
case whenever K is a finite-dimensional, full-dimensional, closed and convex subset of a ball
whose finite radius we can specify. By construction, K is finite-dimensional, closed and convex.
Moreover, K is full-dimensional since © is full-dimensional by construction and the constraints
have an epigraphical structure. To see that I can be circumscribed by a ball whose finite radius
we can specify, we note that © is bounded by assumption and o is non-negative by construction.
Since the objective function fj in (57) is non-decreasing in o, we can without loss of generality

include in (57) the additional constraints o, < &, for

Tn = max max rgg%{fm(gm(G,E_z;Z)) — hni(0,€",:d,(2,2")},  nme[N]

Note that all 7, are finite since © is compact, Z and Z are finite sets and the objective function
is continuous. We thus conclude that o can be bounded as well, and thus X can indeed be

circumscribed by a ball whose finite radius we can specify. O

Proof of Theorem 10. Fix any Wasserstein classification or regression instance as described
in the statement of the theorem, fix any ambiguity radius € > x,K /P, any non-zero numbers
My of continuous and K of discrete features, and denote the training set as {£" } ¢y with
& = (x",2",y"), n € [N]. Our proof proceeds in three steps. We first derive a closed-form
expression for the objective function of the Wasserstein learning problem (54) at a judiciously
chosen model B Our derivation will show that this objective function constitutes the sum of
the empirical loss N~ - >nein L5(€") and a function hg({€" }ne(n]). We then construct two
sets of data points {én}nE[N] and {é”}ne[N] at which hB({én}ne[N]) # hB({én}ne[N]), showing
that hg({€"}nen)) exhibits a dependence on the dataset {£"},¢n) that cannot be replicated

by any data-agnostic regularizer R(3).
Fix the model 3 = (Bo, B, BZ) with By € R and By # 0 selected arbitrarily. Fix any discrete
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feature realization 2* € Z \ {z!} as well as the discrete feature coefficients

2 A
2 Rlp(L) - 1Bl - du(z )i 2L, = 1,

me

Bomi=4 @ for all m € [K] and i € [kp),

9 .
7 kdip(L) - ||Bx||« - dy(2*, 2')  otherwise

where d’' = (d/de)L(e) ‘e:m’ is the derivative of the loss function L at any point ' € R where the

derivative does not vanish. Such points 2’ exist due to Rademacher’s theorem, which ensures that

a Lipschitz continuous function is differentiable almost everywhere, as well as the assumption

that the loss function L is non-constant. We make two observations that we will leverage later

on in this proof:

(1)

(i)

We have d' - Bumi - (Zmi — 2L;) > 0 for all z € Z, m € [K] and i € [kp,]. Indeed, fix any
zeZ,me [K]andi € [ky). If 2}, = 0, then d' - Bymi = 2- K, ip(L) - || B« - du (2%, 21) > 0
and zpy,; — zL. > 0. If z1 . =1, on the other hand, then d’ - BAZ,mi = —2- g,lip(L) - HBXH* .

d,(2*,2') <0 and z,; — 2}, < 0. In particular, we have d-B,"(z—2z') >0forall z € Z

We have d' - 8,7 (2* — z') > rlip(L) - ||Byls - du(2*, 21). Indeed, since z* # z', there
is at least one m* € [K] and i* € [kp+] where 2. — 21 . # 0, and thus d’ - B, e -
(28 ie — 25 ) = 2 K lip(L) - || B« - du(2*, 21) > K lip(L) - || Bxls - dy(2*, 21). The claim
now follows from the fact that d’ - B, mi - (2mi — zL,;) > 0 for all other m € [K] and i € [kyy,]

thanks to our previous observation (7).

Note that piece-wise affine loss functions are Lipschitz continuous. For our selected problem

instance, Proposition 11 from Appendix A therefore implies that the objective function of the

Wasserstein classification problem becomes

1
miniglize e + N Z Sn
née[N]
lg n77n_)\de7n<
subject to B(w =" Fada(2,2") < sn
La(x", 2, —y") — Akpdy(2,2") — Aky < sp,
lip(Z) - 18]l < A

}Vne[]\ﬂ, VzeZ
B
AeRy, seRY,

and Proposition 15 from Appendix B implies that the objective function of the Wasserstein

186



regression problem becomes

1
m1n17rsnlze e + N nEZ[N} Sn
subject to  l5(x", z,y") — Akzds(2,2") < s Vn € [N], Vz € Z
lip(L) - [|Bx]l+ < A
lip(L) < Aky
A€eRy, seRY.

When xy — oo, the second set of constraints in the classification problem and the third constraint
in the regression problem become redundant since A > lip(L) - ||Bx|ls > 0 because Bx # 0. For
all n € [N], we can then replace each s, with a maximum of the left-hand side of the first
constraint set over all z € Z in either problem to obtain the unified formulation
minimize  A\e + i Z max {l 3(x", 2, y") — )\f@zdz(z,z”)}
Y N s

zZ€Z
ne[N]

subject to  Lip(L) - || By« <A
Ae Ry

of the objective function of both the classification and the regression problem. Note that the
non-negativity of s, for n € [IN] is preserved in the unified formulation since d,(z",z") = 0
and l5(z", 2", y") = 0 for all n € [N] by definition of the loss function L that underlies I5. We
claim that A\* = lip(L) - ||B«||+ at optimality. Indeed, any increment AX > 0 in A will cause an
increase of A)- e and a maximum decrease of A) -k, K /P in the objective function, and we have
€ > Kk, K'/P by assumption. Hence, the objective function of the Wasserstein classification and
regression problem simplifies to
R 1
FBAE new) = Xe+ - > max {ig@”, 2,") = Xhady(2,2") }

z€Z
née[N]

— % Z 15(8") + hs({€" bneny):

ne[N]
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In contrast, the objective function of a generic regularized learning problem has the form

FaBAE Y aci) = v O 15(E") +R(B).

ne[N]

By construction, R(3) does not vary with {£"},c[n]. In contrast, we claim that hB({ﬁn}ne[N])
varies with {£"},¢(nv). To this end, we will construct two sets of data points {£"},¢(n) and
{€" hnern) at which hg({€" nepn) # ha({€" }nern))- The two datasets {€"}ney) and {€" }eqy
are identical to {Sn}ne[N] except for the realization x! of the continuous features in sample 1.
In other words, we have (2", 2", 4") = (&", 2", y") = (x", 2", y") for all n € [N]\ 1 as well as
(2h,9") = (219" = (z',y").

We select &' such that the maximum in the definition of hB is strictly positive at sample
n = 1. To achieve this, we choose @' such that 3" - [30 + ﬁxTil + BZTél] = 1/ for classification
problems and BO + BXTﬁzl + BZTél — g =/ for regression problems, respectively, where 2’ was
defined earlier as a point where the derivative of the loss function does not vanish. Note that

this is always possible since BX =% 0. We then have

r;leza%(lg(a'bl,z,yjl) —lg(@', 21, 9Y) — Nrudy(2, 21)

> lg(@', 2%, 5') — lg(@!, 21, 9") — Nrudy (27, 21)
= L&' + B, (2" — 2Y) — L(2) — Nkydy(2*, 1)
; d
T ~1
2 P (25— 27) - - L(e) |
= d'- B, (2" = 2") = wlip(L) - [|Bu - du(2*, 2") > 0,

— Nryd, (2%, 21)

e=x'

where the first inequality holds since z* € Z, the first identity uses the definitions of 3 and &',
the second inequality exploits the convexity of L, the second identity uses the definition of d’
as well as \*, and the third inequality follows from our earlier observation (7). Since the term
inside the maximum in the definition of hB is strictly positive for z = z* at sample n = 1, the
maximum is guaranteed to be positive at sample n = 1 as well.

We choose @' such that the term inside the maximum in the definition of hB is strictly
negative at sample n = 1 for all z € Z\ {'}. Consider the case where d’ > 0; the alternative
case where d’ < 0 follows from analogous arguments. Since L is non-negative and convex, we
have that

lim iL(e) |

z——00 de

<0, (62)

e=xr —
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which in turn implies that for all z € Z \ {2}, we have

. - d
. T Sl - T Sl
wEIPOOL(x +8, (z—2"))—L(z) < xEI—noo B, (z—2")- @L(e) ‘e::}:«k,@z—r(zfil) < 0, (63)

where the first inequality exploits the fact that the derivative of a convex function is non-

decreasing and the second inequality holds because d’ - ﬁZT(z — 2') > 0 due to our earlier

iL(e) | iL(e) | _. <0

de e=1+03,T (2—2') — limg —oe de e=r —
by equation (62). Moreover, for n = 1 and for all z € Z\ {2}, we have

observation (i) and the fact that lim,_,

lim lﬁ(ilazygl) _lﬁ(ilvzlagl)_)‘*’dez(zazl)

By Tl >—o0

= lim L"+8,T(z—2Y) — L(@") — Nkypdy(2, 2Y)

' ——o00

< —Nrydy(2,2') < 0,

where the identity applies the change of variables g!- [BO —|—BXT561 +/CEIZT21] = 2" for classification
problems and Bg + BXTil + BZTél — ¢t = 2" for regression problems, respectively, the first
inequality uses (63), and the last inequality is due to the fact that \*, s, and d,(z, £!) are all
strictly positive. Since the term inside the maximum in the definition of h 4 is strictly negative at
sample n = 1 for all z € Z\ {£'}, the maximum is guaranteed to evaluate to 0 for n = 1. Given
that the datasets {én}ne[N} and {én}nG[N] are identical for all other samples n € [N]\ 1, this
implies that hg({én}ne[m) # hB({én}ne[N]) and confirms that hs({€" }ne(n)) has a dependency

~

on the dataset {£" },,cy) that cannot be replicated by any data-agnostic regularizer R(3). [

Proof of Proposition 10. We prove the statement of the proposition in three steps. We first
show that our revised ground metric d, coincides with the original ground metric d, over all
pairs of discrete feature vectors z, 2z’ € Z. This implies that the left-hand sides of the constraints
indexed by u € Z in (56’) reduce to their counterparts in (56). In other words, problem (56’) is
a restriction of (56) since it contains all of the constraints of (56). We then prove that d,(u, z’)
is concave in u for every fixed 2’ € Z. Our third step leverages this intermediate result to
show that every feasible solution to our mixed-feature Wasserstein learning problem (56) is also

feasible in the bounded continuous-feature formulation (56).
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In view of the first step, fix any z,z’ € Z and observe that for any m € [K], we have

: o/
0 if z,, = 2,

7

1 1 1 z z
Nem — 2zl + 21T (2 — 20)| = *H(lfﬁm)_ (1—1? ! )H -
2 2 2 * Fm /11 1 otherwise.

Here, the first identity applies basic algebraic manipulations, and the second identity holds since

(20,1 -172,) and (2/],1—172/)) are canonic basis vectors in R¥m. We thus conclude that

1/p

1 1
du(z2) = | 30 Slam =2+ 5t @m =2l | = D0 (M # 2P = do(2,2')
me[K] me[K]

as claimed.

As for the second statement, fix any 2’ € Z. We then find that

du(u,2') = (; ST ey =00t + Uzl =10 (1= umy)] +

me([K] jE[km—1]

1/p
% Z []l[z:n:O]'1Tum—|—]l[z7’n740]'(1—1Tum)}) ,
me[K]

where the first summation evaluates the 1-norm differences between u,, and z;, and the second
summation computes the absolute values in d,, respectively. The above reformulation shows
that the mapping u — dy(u, z’) can be represented as f(g(u)), where f(x) = z'/? and g : U —
R is affine. It then follows from §3.2.2 of Boyd and Vandenberghe (2004) that the mapping
u +— dy(u, z’) is concave.

In view of the third statement, finally, fix any feasible solution (3, \,s) to problem (56).

Since the objective functions of (56) and (56’) coincide, we only need to show that (3, A, s)
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satisfies the constraints of problem (56). To this end, we observe that for all n € [N], we have

sup  {lp(@ w.y) — A& — 2| — Meydy (5, 5™)} — Mesdu(w,2") <5, VueU

(x,y)eXxY
< sup{lg(z,u,y) — M|z — x"|| — Arydy(y,y")} — Akzdu(u, 2") < sy V(x,y) e X xY
uel
— sup{lg(x,u,y) — Ar,dy(u, 2")} — M|z — x"|| — Asydy(y,¥")} < sn V(z,y) e XxY
ueclU
> sup{lg(®, z,y) — Arzdu(z, 2")} — M|z — &"|| — Arydy(y,y")} < sn V(z,y) eXXY
z€Z
< sup{lg(x, z,y) — Ae.ds(2,2")} — Mz — 2" || — Akydy(y,y")} < sn V(x,y) e XxY
zZ€E€Z
< sup {lg(x, z,y) — Ak,dy(2,2")} — ||z — 2"|| — Aeydy(y,4")} < sp Vz € Z.
(x,y)eXxY

Here, the first, the second and the last equivalences reorder terms. As for the third equivalence,
recall that dy(u, z™) is concave in u for every fixed 2™ € Z. Thus, the expression inside the
supremum in the third row is convex in w, which implies that it attains its maximum at an
extreme point of U. The equivalence then follows from the fact that Z coincides with the
extreme points of U. The fourth equivalence, finally, leverages the first step of this proof, which

showed that d,, and d, agree over all pairs of discrete feature vectors z, 2’ € Z. ]
The proof of Proposition 11 utilizes the following lemma, which we state and prove first.

Lemma 28. Assume that the loss function L is convex and Lipschitz continuous. For fized

a, " € RMx ag € R and A € Ry, we have

Lia™z" + « if ip(L) - ||all« < A,
sup L(a'x+ap) — Nz —x"|| = ( o) iflip(L)-fler| (64)
xcRMx +00 otherwise.

Lemma 28 generalizes Lemma 47 of Shafieezadeh-Abadeh et al. (2019) in that it includes a

constant ag in the argument of the loss function L and that it extends to the case where A = 0.

Proof of Lemma 28. Consider first the case where a # 0. We conduct the change of variables
w = x + d, where d € RMx is any vector such that a'd = . Note that d is guaranteed to
exist since a # 0. Setting w" = a™ + d, the left-hand side of (64) can then be written as

sup L(a' 'z +ap) — Mz —z"||= sup L(a'w)—Nw—d— (w"—d)|

rERMx weRMx

= sup L(a'w)— \w—w"|
weRMx
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If A > 0, then Lemma 47 of Shafieezadeh-Abadeh et al. (2019) can be directly applied:

LiaTw") iflip(L) - ||all, < A,
sup L(aTw) —Mw — w"|| = ( ) p(L) - [« <

weRh +00 otherwise,

L(a'@" +ao) if lip(L) - [lex]ls <A,

+00 otherwise.

Note that Lemma 47 of Shafieezadeh-Abadeh et al. (2019) assumes A > 0. For the case where
A = 0, the left-hand side of (64) evaluates to +oo since L is assumed to be non-constant
(cf. Section 3.2) and convex. The right-hand side of (64) also evaluates to +o0o since lip(L) -
|l|l« > A due to L being non-constant and a # 0. Hence, the equivalence also extends to the
case where A = 0.

Now consider the case where & = 0. There is no d such that a'd = ag unless ag = 0.
However, when o = 0, the left-hand side of (64) has the trivial solution & = x™, and the right-
hand side of (64) simplifies to L(ayp) since 0 < A always holds. Thus, the equivalence still holds,
which concludes the proof. O

Proof of Proposition 11. The statement can be proven along the lines of the proof of The-
orem 14 (ii) by Shafieezadeh-Abadeh et al. (2019) if we leverage Lemma 28 to re-express the

embedded maximization over & € X. Details are omitted for the sake of brevity. O

Proof of Proposition 12. For ease of exposition, we adopt the notation introduced after prob-
lem (58). By construction of problem (58), A is lower bounded by 0. To see that we can bound
A from above as well, we observe that there are optimal solutions for which A does not exceed
A = max{\{, Ao}, where
A1 = sup lip(L) - B«
BeH

with the bounded set H C R!*Mz+M= containing all admissible hypotheses 3, and

N l,@(wnwzazyn) .
Ao = : "1)p. 65
2 Zgg 7?61%37(] Ner r;lea%{mzdz(z,z") + Ky - 1[i = —1] (z,9) # (=", 1) (65)

Indeed, selecting A > \; ensures that all hypotheses 3 € H are feasible, and selecting A > Xo
implies that for any 8 € H, all left-hand sides in the first two constraint sets of problem (58)

are non-positive, and thus all of these constraints are weakly dominated by the non-negativity
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constraints on s. Note that the numerator in the objective function of (65) is bounded since
all suprema and maxima in (65) operate over bounded sets and lg is Lipschitz continuous.
Moreover, the denominator in the objective function of (65) is bounded from below by a strictly

positive quantity since (z,7) # (2",1) and k,, ky > 0. O

Proof of Corollary 2. The proof is similar to those of Corollaries 16 and 17 by Shafieezadeh-
Abadeh et al. (2019). Details are omitted for the sake of brevity. O

Proof of Proposition 13. The statement can be proven along the lines of the proof of Theo-
rem 14 (i) by Shafieezadeh-Abadeh et al. (2019). We omit the details for the sake of brevity. [

Proof of Proposition 14. For ease of exposition, we adopt the notation introduced after prob-
lem (59). Our proof proceeds in two steps. We first show that without loss of generality, we can
impose bounds on each variable g,;, n € [N] and ¢ € Z, and we afterwards show that we can
impose non-restrictive bounds on A as well.

To see that each g,; can be bounded, n € [N] and ¢ € Z, we proceed in two steps. We
first argue that g,;' (d — Cz™) > 0 for all n and 4, that is, larger values of q,; weakly increase
the left-hand sides in the first two constraint sets of (59). Due to the non-negativity of fy in s
in problem (59), larger values of g,; thus weakly increase the objective function in (59). Non-
zero values for g,; can therefore only be optimal if they allow to reduce A via the constraints
la;y™ Bx—t-CT quill« < X. We then derive a bounded set Q such that ||a;y"™ Bx —t-C T guil|« >
la;y™ - Bg||x for all n € [N], i = (j,t) € Z, all admissible 3 and all g,; ¢ Q, that is, the choice
gni = 0 € C* dominates any feasible choice of q,; outside of Q. In view of the first step, note that
d — Cz" € C by construction of X and the fact that " € X. We thus have g,; ' (d — Cz") >0
since gn; € C*. As for the second step, consider for each n and ¢ the orthogonal decomposition
of the vectors g,; € C* into gn; = q°, + q:{i where ¢, € Null(C'") is in the nullspace of C'T and
g, € Row(C") is in the row space of CT. There is a bounded set @t C Row(C") such that
lajy™ - Bx —t- CTqt|l« > |lajy™ - Bxl|« for all n € [N], i = (j,t) € Z, all admissible B and all
g, ¢ QF; note in particular that ||a;y™ - Bx||« is bounded due to the assumed boundedness of the
hypothesis set and the fact that Z and Z are finite sets. Similarly, there is a bounded set Q° C
Null(C'") such that for all ¢/, € Null(C ")\ Q° satisfying g, +¢/,; € C* for some ¢, € OF there
is g0, € QU satisfying g, + 0, € C* such that (¢, +¢%,) " (d— Cz") < (¢}, +q.;) " (d— Cz"),
that is, ¢°,"d < ¢/, "d, across all n € [N] and i = (j,t) € Z. Thus, we can without loss of
generality restrict the choice of gy; to the bounded set Q = C* N (Q" + Q*), where the sum is

taken in the Minkowski sense.
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To see that A can be bounded as well, note that by construction, A is bounded from below by
0. To see that we can bound A from above as well, we observe that there are optimal solutions

to problem (59) for which A does not exceed A = max{\;, A2}, where

2 = sup max max max ||ay"Bx —t - C' g
565 ne[N] i=(j,t)€T qni€ H 7Y Px qu*

with the bounded set # C RI*M=+M= containing all admissible hypotheses 3, and

Ao = sup max Imax max max
2 D Kyody (2, 2™) + Ky - 1t = —1]

_ @i (d— Cx™) +ajty™ - (Bo+ Bx " + B, 2) +b;
ﬁe’;—[ nG[N] i:(j,t)EZ z€Z qniEQ

s (z,t) # (2" 1)}

Indeed, selecting A > A; ensures that all hypotheses 3 € H are feasible, and selecting A > Xo
implies that for any B8 € H, all left-hand sides in the first two constraint sets of problem (59)
are non-positive, and thus all of these constraints are weakly dominated by the non-negativity
constraints on s. Note that the numerator in the objective function of Ay is bounded since all
suprema and maxima operate over bounded sets. Moreover, the denominator in the objective
function of A is bounded from below by a strictly positive quantity since (z,t) # (2",1) and

Kz, Ky > 0. We thus conclude that variable A in problem (59) can be bounded as well. t

Proof of Corollary 3. The proof is similar to that of Corollary 15 by Shafieezadeh-Abadeh
et al. (2019). Details are omitted for the sake of brevity. O

The proof of Proposition 15 relies on two lemmas that we will state and prove first.

Lemma 29. The compound norm |[c,v]|lcomp = ||| + k||, @ € RM< v € R and k > 0,

satisfies
v
e, vlcomp = max{ua,,*, ll}

Proof of Lemma 29. By definition of the dual norm, we have that

maxir}}ize oz + vy
H[a7V]HCOmp* = (z,y) ERMx xR

subject to  ||x|| + kly| < 1.

Note that the optimization problem on the right-hand side satisfies Slater’s condition since the

feasible region includes the interior point (x,y) = (0,0). The optimization problem thus has a
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strong dual. To derive the dual problem, we consider the Lagrange dual function for v > 0,

T
g )= suwp  a z+vy—(zl]+kly - 1).
(z,y) ERMx xR
Note that the maximization is separable over & and y. Focusing on the variable y, in order for
the Lagrange dual function to attain a finite value, we need to have |v| < vk so that y* = 0.

Under this condition, the Lagrange dual function simplifies to

g(v) = sup o'z — |zl + 1.

xrERMx

We can now apply Lemma 28 with L being the identity to obtain the equivalent reformulation

v i el <y, v <k,
g(v) =

+o00 otherwise.

The dual problem therefore is

minimize 7y
2

subject to  |v| <k
el <~
v E R-H

which has the optimal solution ||[et, V]||comp* = 7* = max{||a|«, |v|/K}. O

Lemma 30. Assume that the loss function L is convex and Lipschitz continuous. For fized

a,z” € RMx ag,y" €R, k>0 and A € Ry, we have

sup  L(a'@ —y+ag) — Az —2"(| - Axly —y"|

(z,y)ERMx xR
L(a'x" —y" 4+ ag) iflip(L) - max {k[|a«, 1} < Ak,

+00 otherwise.

Proof of Lemma 30. Concatenating the variables  and y to w = [z, y]" € RMx*1 letting

n=[a’,~1]T and w" = [(z")",y"]" and defining the compound norm ||[&, y]||comp = ||Z| +
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k|y|, we can write the left-hand side of the equation in the statement of the lemma as

sup L(nT'w + o) — Allw — w"||comp-
wERMs+1

Now we can apply Lemma 28 directly to conclude that

L(n"w" +ag) if lip(L) - [0lcompr < A,
sup L(nTw + ap) — A|lw — w" || comp =
weRMx+1 400 otherwise.

The statement now follows from Lemma 29, which implies that lip(L) - ||9||comp* < A if and only
if lip(L) - max{||a|«, |—1]/k} < A O

Proof of Proposition 15. The statement can be proven along the lines of the proof of The-
orem 4 (ii) by Shafieezadeh-Abadeh et al. (2019) if we leverage Lemma 30 to re-express the

embedded maximization over (x,y) € RMx x R. Details are omitted for the sake of brevity. [

Proof of Corollary 4. The proof is similar to that of Proposition 12. Details are omitted for
the sake of brevity. O

Proof of Corollary 5. The proof is similar to that of Corollary 5 by Shafieezadeh-Abadeh
et al. (2019). Details are omitted for the sake of brevity. O

Proof of Proposition 16. The statement can be proven along the lines of the proof of Theo-
rem 4 (i) by Shafieezadeh-Abadeh et al. (2019). We omit the details for the sake of brevity. [

Proof of Corollary 6. The proof is similar to that of Proposition 14. Details are omitted for
the sake of brevity. m

Proof of Corollary 7. The proof is similar to those of Corollaries 6 and 7 by Shafieezadeh-
Abadeh et al. (2019). Details are omitted for the sake of brevity. O]
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4 Distributionally and Adversarially Robust Logistic Regression

via Intersecting Wasserstein Balls

Abstract

Adversarially robust optimization (ARO) has emerged as the de facto standard for training
models that hedge against adversarial attacks in the test stage. While these models are robust
against adversarial attacks, they tend to suffer severely from overfitting. To address this issue,
some successful methods replace the empirical distribution in the training stage with alternatives
including (i) a worst-case distribution residing in an ambiguity set, resulting in a distributionally
robust (DR) counterpart of ARO; (i) a mixture of the empirical distribution with a distribu-
tion induced by an auxiliary (e.g., synthetic, external, out-of-domain) dataset. Inspired by the
former, we study the Wasserstein DR counterpart of ARO for logistic regression and show it
admits a tractable convex optimization reformulation. Adopting the latter setting, we revise the
DR approach by intersecting its ambiguity set with another ambiguity set built using the auxil-
iary dataset, which offers a significant improvement whenever the Wasserstein distance between
the data generating and auxiliary distributions can be estimated. We study the underlying
optimization problem, develop efficient solution algorithms, and demonstrate that the proposed

method outperforms benchmark approaches on standard datasets.

4.1 Introduction

Supervised learning traditionally involves access to a training dataset whose instances are as-
sumed to be independently sampled from a true data-generating distribution (Bishop 2006,
Hastie et al. 2009). Optimizing an expected loss for the empirical distribution constructed from
such a training set, also known as empirical risk minimization (ERM), enjoys several desirable
properties in relatively generic settings, including convergence to the true risk minimization
problem as the number of training samples increases (Vapnik 1999, Chapter 2). In real-world
applications, however, various challenges, such as data scarcity and the existence of adversarial
attacks, lead to deteriorated out-of-sample performance for models trained via ERM.

One of the key limitations of ERM, particularly as it is designed to minimize an expected
loss for the empirical distribution, emerges from the finite nature of data in practice. This
leads ERM to suffer from the ‘optimism bias’, also known as overfitting (Murphy 2022), or the
optimizer’s curse (DeMiguel and Nogales 2009, Smith and Winkler 2006), causing deteriorated

197



out-of-sample performance. A popular approach to prevent this phenomenon, distributionally
robust optimization (DRO; Delage and Ye 2010), optimizes the expected loss for the worst-case
distribution residing within a pre-specified ambiguity set.

Another key challenge faced by ERM in practice is adversarial attacks, where an adversary
perturbs the observed features during the testing or deployment phase (Szegedy et al. 2014,
Goodfellow et al. 2015), also known as evasion corruption at test time (Biggio et al. 2013).
For neural networks, the paradigm of adversarial training (AT; Madry et al. 2018) is thus
designed to provide adversarial robustness by simulating such attacks in the training stage.
Several successful variants of AT, specialized to different losses and attacks, have been proposed
in the literature to achieve adversarial robustness without significantly reducing performance
on training sets (Shafahi et al. 2019, Zhang et al. 2019, Gao et al. 2019, Pang et al. 2022).
Some studies (Uesato et al. 2018, Carlini et al. 2019, Wu et al. 2020) investigate the adversarial
robustness guarantees of various training algorithms, leading to a research direction focused on
heuristic improvements to such models (e.g., Rade and Moosavi-Dezfooli 2022). Our work aligns
with another recent line of research (Xing et al. 2022b, Bennouna et al. 2023) on adversarially
robust optimization (ARO), which constrains ERM to guarantee an ezact, pre-specified level of
adversarial robustness while maximizing training accuracy.

Recently, it has been observed that the two aforementioned notions of robustness can be
at odds, as adversarially robust (AR) models suffer from severe overfitting (robust overfitting;
Raghunathan et al. 2019, Yu et al. 2022, Li and Spratling 2023). Indeed, it is observed that
robust overfitting is even more severe than traditional overfitting (Rice et al. 2020). To this end,
some works address robust overfitting by revisiting AT algorithms and adding adjustments for
better generalization (Chen et al. 2020, Li and Li 2023). In a recent work, Bennouna et al. (2023,
Thm 3.2) decompose the error gap of robust overfitting into the statistical error of estimating
the true data-generating distribution via the empirical distribution and an adversarial error
resulting from the adversarial attacks, hence proposing the simultaneous adoption of DRO and
ARO.

In this work, we study logistic regression (LR) for binary classification that is adversarially
robust against £,-attacks (Croce et al. 2020). To address robust overfitting faced by the adver-
sarially robust LR model, we employ a DRO approach where distributional ambiguity is modeled
with the type-1 Wasserstein metric. We base our work on an observation that the worst-case
logistic loss under adversarial attacks can be represented as a Lipschitz continuous and convex

loss function. This allows us to use existing Wasserstein DRO machinery for Lipschitz losses,
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Figure 16: Traditional ARO optimizes the expected adversarial loss over the empirical distribution
Py constructed from N i.i.d. samples of the (unknown) true data-generating distribution PV.
Replacing Py with a worst-case distribution in the ball B.(Py) gives us its DR counterpart.
To reduce the size of this ball, we intersect it with another ball %g(ﬁﬁ) while ensuring PV is

still included with high confidence. The latter ball is centered at an empirical distribution @N
constructed from N iid. samples of some auxiliary distribution P. Recent works using auxiliary
data in ARO propose optimizing the expected adversarial loss over a mizture Quix of Py and
ﬁﬁ; we show that this distribution resides in B.(Px) N %g(@ﬁ) under some conditions.

and derive an ezact reformulation of the Wasserstein DR counterpart of adversarially robust LR
as a tractable convex problem.

Our main contribution lies in reducing the size of the Wasserstein ambiguity set in the DRO
problem mentioned above, in order to create a less conservative problem while preserving the
same distributional robustness guarantees. To accomplish this, we draw inspiration from recent
work on ARO that leverages auxiliary datasets (e.g., Gowal et al. 2021, Xing et al. 2022b) and
revise our DRO problem by intersecting its ambiguity set with another ambiguity set constructed
using an auxiliary dataset. Examples of auxiliary data include synthetic data generated from a
generative model (e.g., privacy-preserving data release), data in the presence of distributional
shifts (e.g., different time periods/regions), noisy data (e.g., measurement errors), or out-of-
domain data (e.g., different source); any auxiliary dataset is viable as long as its instances
are sampled independently from an underlying data-generating distribution whose Wasserstein
distance to the true data-generating distribution is known or can be estimated. Figure 16
illustrates our framework.

The section unfolds as follows. In Section 4.2, we review related literature on DRO and
ARO, with a focus on their interactions. We examine the use of auxiliary data in ARO and
the intersection of Wasserstein balls in DRO. We discuss open questions for LR to motivate
our loss function choice in this work. Section 4.3 gives preliminaries on ERM, ARO, and type-1

Wasserstein DRO. In Section 4.4, we discuss that the adversarial logistic loss can be reformulated
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as a Lipschitz convex function, enabling the use of Wasserstein DRO machinery for Lipschitz
losses. Our main contribution (¢f. Figure 16) is in Section 4.5, where we provide an explicit
reformulation of the distributionally and adversarially robust LR problem over the intersection
of two Wasserstein balls, prove the NP-hardness of this problem, and derive a convex relaxation
of it. Our work is mainly on optimization where we focus on how to solve the underlying problems
upon cross-validating Wasserstein ball radii, however, in Section 4.6 we discuss some preliminary
statistical approaches to set such radii. We close the section with numerical experiments on
standard benchmark datasets in Section 4.7. We borrow the standard notation in DR machine

learning, which is elaborated on in our Appendices.

4.2 Related Work

Auxiliary data in ARO. The use of auxiliary data appears in the ARO literature. In par-
ticular, it is shown that additional unlabeled data sampled from the same (Carmon et al. 2019,
Xing et al. 2022a) or different (Deng et al. 2021) data-generating distributions could provide ad-
versarial robustness. Sehwag et al. (2022) show that adversarial robustness can be certified even
when it is provided for a synthetic dataset as long as the distance between its generator and the
true data-generating distribution can be quantified. Gowal et al. (2021) and Xing et al. (2022b)
propose optimizing a weighted combination of ARO over empirical and synthetic datasets. We
show that the latter approach can be recovered by our model.

DRO-ARQO interactions. In this work, we optimize ARO against worst-case data-generating
distributions residing in an ambiguity set, where the type-1 Wasserstein metric is used for dis-
tances since it is arguably the most common choice in machine learning (ML) with Lipschitz
losses (Shafieezadeh-Abadeh et al. 2019, Gao 2023). In the literature, it is shown that stan-
dard ARO is equivalent to the DRO of the original loss function with a type-oo Wasserstein
metric (Staib and Jegelka 2017, Khim and Loh 2018, Pydi and Jog 2021, Regniez et al. 2022,
Frank and Niles-Weed 2024). In other words, in the absence of adversarial attacks, training
models adversarially with artificial attacks provide some distributional robustness. Hence, our
DR ARO approach can be interpreted as optimizing the logistic loss over the worst-case dis-
tribution whose 1-Wasserstein distance is bounded by a pre-specified radius from at least one
distribution residing in an co-Wasserstein ball around the empirical distribution. Conversely,
Sinha et al. (2018) discuss that while DRO over Wasserstein balls is intractable for generic losses
(e.g., neural networks), its Lagrange relaxation resembles ARO and thus ARO yields a certain
degree of (relaxed) distributional robustness (Wu et al. 2020, Bui et al. 2022, Phan et al. 2023).
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Such literature suggests that, when there is no concern about the statistical errors caused by us-
ing empirical distributions (e.g., in very high-data regimes), one can train DR models to obtain
adversarial robustness guarantees. However, as discussed by Bennouna and Van Parys (2022),
when statistical errors exist, then we need to be simultaneously robust against adversarial at-
tacks and statistical errors. To the best of our knowledge, there have not been works optimizing
a pre-specified level of type-1 Wasserstein distributional robustness (that hedges against over-
fitting, Kuhn et al. 2019) and adversarial robustness (that hedges against adversarial attacks,
Goodfellow et al. 2015) simultaneously. To our knowledge, the only approach that considers the
exact DR counterpart of ARO is proposed by Bennouna et al. (2023), who model distributional
ambiguity with ¢-divergences for neural networks.

Intersecting ambiguity sets in DRO. Recent work started to explore the intersection of
ambiguity sets for different contexts (Awasthi et al. 2022, Wang et al. 2024) or different metrics
(Tanoumand et al. 2023). Our idea of intersecting Wasserstein balls is originated from the
“Surround, then Intersect” strategy (Taskesen et al. 2021, §5.2) to train linear regression under
sequential domain adaptation in a non-adversarial setting (see the work of Shafahi et al. 2020
and Song et al. 2019 for robustness in domain adaptation/transfer learning). The aforementioned
work focuses on the squared loss function with an ambiguity set using the Wasserstein metric
developed for the first and second distributional moments. In a recent study, Rychener et al.
(2024) generalize most of the previous results and prove that DRO problems over the intersection
of two Wasserstein balls admit tractable convex reformulations whenever the loss function is the
maximum of concave functions. They also discuss why distributions lying in the intersection
of two Wasserstein balls are more natural candidates for the unknown true distribution than
those that are Wasserstein barycenters or mixture distributions of the empirical and auxiliary
distributions (referred to as heterogeneous data sources; see Example 1, Proposition 2, and
Corollary 1).

Logistic loss in DRO and ARO. Our choice of LR aligns with the current directions and
open questions in the related literature. In the DRO literature, even in the absence of adversarial
attacks, the aforementioned work of Taskesen et al. (2021) on the intersection of Wasserstein
ambiguity sets is restricted to linear regression. The authors show that this problem admits
a tractable convex optimization reformulation, and their proof relies on the properties of the
squared loss. Similarly, Rychener et al. (2024) discuss that the logistic loss fails to satisfy the
piece-wise concavity assumption and is inherently difficult to optimize over the intersection

of Wasserstein balls. We contribute to the DRO literature for adversarial and non-adversarial
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settings because we show that such a problem would be NP-hard for the logistic loss even without
adversarial attacks, and develop specialized approximation techniques. Our problem recovers
DR LR (Shafieezadeh-Abadeh et al. 2015, Selvi et al. 2022a) as a special case in the absence
of adversarial attacks and auxiliary data. Answering theoretical challenges posed by logistic
regression has been useful in answering more general questions in the DRO literature, such as
DR LR (Shafieezadeh-Abadeh et al. 2015) leading to DR ML (Shafieezadeh-Abadeh et al. 2019)
and mixed-feature DR LR (Selvi et al. 2022a) leading to mixed-feature DR Lipschitz ML (Belbasi
et al. 2025). Finally, in the (non-DR) ARO literature, there are recent theory developments on
understanding the effect of auxiliary data (e.g., Xing et al. 2022b) specifically for squared and
logistic loss functions.

Single-step adversarial training and single-shot ARO. Our work proposes a single-
shot convex optimization procedure to train logistic models that are both adversarially and
distributionally robust. Although the terminology may resemble the recent work on single-step
adversarial training for neural networks (Wong et al. 2020, Lin et al. 2023, 2024), the two ap-
proaches operate differently. Single-step adversarial training generates adversarial perturbations
using a single gradient computation at each iteration of iterative model training and improves
robustness through updates, with performance typically assessed at intermediate checkpoints. In
contrast, our method solves a convex optimization problem once to obtain a model that satisfies
both forms of robustness by design. To enable tractability, this approach leverages the convexity
and Lipschitz continuity of the loss function under adversarial attacks, which hold for the logistic
loss function. While single-step adversarial training applies broadly to general classes of models
such as neural networks, our framework offers a complementary, optimization-based perspective

in the logistic regression model, where structural properties can be fully exploited.

4.3 Preliminaries

We consider a binary classification problem where an instance is modeled as (z,y) € E :=
R™ x {—1,+1} and the labels depend on the features via Prob[y | ] = [1 4+ exp(—y -8 x)]~!
for some B € R™; its associated loss is the logloss {g(x,y) :=log(1 + exp (—y - Bx)).

Empirical risk minimization. Let P(Z) denote the set of distributions supported on
Z and P? € P(Z) denote the true data-generating distribution. One wants to minimize the
expected logloss over PV, that is

Anf Epo [ls(z,y)]. (RM)
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In practice, P? is hardly ever known, and one resorts to the empirical distribution Py =
+ > ic[n] 0gi Where ¢ = (z',y"), i € [N], are i.i.d. samples from PY and ¢ denotes the Dirac
distribution supported on €. The empirical risk minimization (ERM) problem is thus

ot Ee, [6p(@, ) (ERM)

Distributionally robust optimization. To be able to define a distance between distribu-

tions, we first define the following feature-label metric on =.

Definition 5. The distance between instances € = (x,y) € Z and &' = (x’,y’) € E for k > 0
and g > 1 1is

d(&.&) =llz—a'|lg+ -1y #y'].
Using this metric, we define the Wasserstein distance.

Definition 6. The type-1 Wasserstein distance between distributions Q,Q" € P(Z) is defined as

WQ.Q) = inf { /

Hec(@QQ) \J=

=XE=

4(€.€)TI(de, d&’)} ,

where C(Q, Q') is the set of couplings of Q and Q'.

In finite-data settings, the distance between the true data-generating distribution and the
empirical distribution is upper-bounded by some € > 0. The Wasserstein DRO problem is thus
defined as

s iy A Eqlla(x,y)], (DRO)
where B.(P) := {Q € P(E) : W(Q,P) < ¢} denotes the Wasserstein ball centered at P € P(E)
with radius . We refer to Mohajerin Esfahani and Kuhn (2018) and Kuhn et al. (2019) for the
properties of DRO and estimating e.

Adversarially robust optimization. The goal of adversarial robustness is to provide
robustness against adversarial attacks (Goodfellow et al. 2015). An adversarial attack, in the
widely studied £,-noise setting (Croce et al. 2020), perturbs the features of the test instances
(z,y) by adding additive noise z to . The adversary chooses the noise vector z, subject to

|lz||p < @, so as to maximize the loss £g(x + z,y) associated with this perturbed test instance.

203



Therefore, ARO solves the following optimization problem in the training stage to hedge against

adversarial perturbations at the test stage:

inf Ep,[ sup {lg(x+zy)}. (ARO)

ARO reduces to ERM when a = 0. Note that ARO is identical to feature robust training (Bert-
simas et al. 2019b) which is not motivated by adversarial attacks, but by the presence of noisy
observations in the training set (Ben-Tal et al. 2009, Gorissen et al. 2015).

DRO-ARO connection. A connection between ARO and DRO is noted in the litera-
ture (Staib and Jegelka 2017, Proposition 3.1, Khim and Loh 2018, Lemma 22, Pydi and Jog
2021, Lemma 5.1, Regniez et al. 2022, Proposition 2.1, Frank and Niles-Weed 2024, Lemma 3,
and Bennouna et al. 2023, §3). Namely, problem ARO is equivalent to a DRO problem

s e Eqlls(e,y)l; (66)
where the ambiguity set B2°(Py) is a type-oo Wasserstein ball (Givens and Shortt 1984) with
radius a.. Hence, in non-adversarial settings, ARO provides robustness with respect to the type-
oo Wasserstein distance. In the case of adversarial attacks, it suffers from robust overfitting
as discussed earlier. To address this issue, one straightforward approach is to revisit (66) and
replace a with some o/ > «. This approach, however, does not provide improvements for the
out-of-sample performance since (i) the type-oo Wasserstein distance employed in problem (66)
uses a metric on the feature space, ignoring labels; (ii) type-oo Wasserstein distances do not
provide strong out-of-sample performances in ML (unlike, e.g., the type-1 Wasserstein distance)
since the required radii to provide meaningful robustness guarantees are typically too large
(Bennouna and Van Parys 2022, §1.2.2, and references therein). We thus study the type-1

Wasserstein counterpart of ARO, which we initiate in the next section.

4.4 Distributionally and Adversarially Robust LR

Here we derive the Wasserstein DR counterpart of ARO that will set the ground for our main

result in the next section. We impose the following assumption.
Assumption 4. We are given a finite € > 0 value satisfying W(PY, Py) < ¢.

The assumption implies that we know an ¢ > 0 value satisfying PY € B.(Py). Typically,

however, ¢ is either estimated through cross-validation or finite sample statistics, with the as-
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sumption then regarded as holding with high confidence (see §4.6 for a review of related results

we can borrow). The distributionally and adversarially robust LR problem is thus:

inf sup Eg[ sup {{g(z+z2,9)}] (DR-ARO)
PER"QeB.(Py)  zzlp<a

By employing a simple duality trick for the inner sup-problem, as commonly applied in robust
optimization (Ben-Tal et al. 2009, Bertsimas and den Hertog 2022), we can represent DR-ARO
as a standard non-adversarial DRO problem with an updated loss function, which we name the

adversarial loss.

Observation 7. Problem DR-ARO is equivalent to

inf sup E [Ea(mvy)L
BER" QeB. (Py) e

where the adversarial loss Eg is defined as

(5@, y) = log(1 +exp(~y - B e +a-||B,)),
for p* satisfying 1/p + 1/p* = 1. The univariate representation L(z) := log(1l + exp(—z + « -
1Bllp+)) of £5 is convex and has a Lipschitz modulus of 1.

As a corollary of Observation 7, we can directly employ the techniques proposed by Shafieezadeh-
Abadeh et al. (2019) to dualize the inner sup-problem of DR-ARO and obtain a tractable refor-

mulation.

Corollary 8. Problem DR-ARO admits the following tractable convexr optimization reformula-

tion:

| X
ﬁu}\fs eX+ N ; 8;
s.t. Eg(azi,yi) < s Vi € [N]
Eg(azi, —y) = X6 < s Vi € [N]
1Bllg- < A
BER", A>0, seRY,
for ¢* satisfying 1/q+ 1/¢* = 1.

205



The constraints of this problem are exponential cone representable (derivation is in the
appendices) and for ¢ € {1,2, 00}, the yielding problem can be solved with the exponential cone
solver of MOSEK (MOSEK ApS 2023) in polynomial time (Nesterov 2018).

4.5 Main Result

In §4.4 we discussed the traditional DRO setting where we have access to an empirical distribu-
tion Py constructed from N i.i.d. samples of the true data-generating distribution PY, and we
are given (or we estimate) some ¢ so that PV € B_(Py). Recently in DRO literature, it became a

key focus to study the case where we have access to an additional auxiliary empirical distribution

~

Pg

the increasing availability of useful auxiliary data in the ARO domain, we explore this direction

constructed from N i.i.d. samples gj = (2, 97), j € []/\\f], of some other distribution @; given

here. We start with the following assumption.

Assumption 5. We are given finite ¢, > 0 values satisfying W(P?,Py) < & and W(PO,@N) <

E.

The assumption implies that we know &, > 0 values satisfying P* € B.(Py) N %g(fﬁ’ﬁ).
In practice, this assumption is ensured to hold with high confidence by estimating the e and &
values; methods across various domains which we can adopt are reviewed in §4.6. We want to

~

optimize the adversarial loss over the intersection B.(Py) N B(Pg):

inf 3 . -
BIGHR”Q sup  Eq[l3(x,y)] (Inter-ARO)
€B:(Pn)NB:(Pg)

Note that Assumption 5 implies that € and € guarantee that B.(Py) O‘Bg(]/P\’ﬁ) is nonempty, and
problem Inter-ARO is thus feasible. This problem is expected to outperform DR-ARO as the
ambiguity set is smaller while still including P?. However, problem Inter-ARO is challenging to
solve even in the absence of adversarial attacks (a = 0) as we reviewed in §4.2. To address this
challenge, we first reformulate Inter-ARO as a semi-infinite optimization problem with finitely

many variables.
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Proposition 17. Inter-ARO is equivalent to:

-~ 1 Y 1 &
inf eA+eEA+ =) si+ =) 5
B N; ’ Nz; ’
s,8 7 A A
. ~ 1=yt =R 1 —=177)~
st sup {£5(@,1) — N2 — ], — A& — ]} < 5 + “(Qy)A +5+ MA
xTcR™

V(’L,],l) € [N] X []/\7] X {_131}
BeER", A>0, >0, scRY, 5eRY.

Even though this problem recovers the tractable problem DR-ARO as & — oo, it is NP-hard
in the finite radius settings. We reformulate Inter-ARO as an adjustable robust optimization
problem (Ben-Tal et al. 2004, Yanikoglu et al. 2019), and borrow tools from this literature to

obtain the following result.

Proposition 18. Inter-ARO is equivalent to an adjustable RO problem with (’)(N-N) two-stage

robust constraints, which is NP-hard even when N = N=1.

The adjustable RO literature has developed a rich arsenal of relaxations that can be leveraged
for Inter-ARO. We adopt the ‘static relaxation technique’ (Bertsimas et al. 2015) to restrict the

feasible region of Inter-ARO and obtain a tractable approximation.

Theorem 11 (main). The following convex optimization problem is a feasible relazation of Inter-
ARO:

. 1 1 X
inf EXN+EN+ — S$i + = 5
BAN,S,5 N ; "N Z !

18— 2Ll <A
(Inter-ARO*)
V(Zh]?l) € [N] X [N] X {_171}

szl'qu* <A

V(Z7j7l) € [N] X [N] X {_171}
BER", >0, A>0, scRY, scRY

2l €R", (3,5,0) € [N] x [N] x {~1,1}.
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Similarly to DR-ARO, the constraints of Inter-ARO* are exponential cone representable
(¢f. appendices).

Recall that for € large enough, Inter-ARO reduces to DR-ARO. The following corollary shows
that, despite Inter-ARO* being a relaxation of Inter-ARO, a similar property holds. That is,
“not learning anything from auxiliary data” remains feasible: the static relaxation does not force

learning from P 5> and it learns from auxiliary data only if the objective improves.

Corollary 9. Feasibility of ignoring auxiliary data: Any feasible solution (B, A, s) of DR-ARO

can be used to recover a feasible solution (3, A, :\\, s, s, z;j'-, z;) for Inter-ARO* with = 0,5=0,

+ -
and z;; —zij—O.

Convergence to Inter-ARO: The optimal value of Inter-ARO* converges to the optimal value

of Inter-ARO, with the same set of B solutions, as € — oo.

In light of Corollary 9, Appendix 4.D.1 discusses that some simulations in our numerical
experiments chose not to incorporate the auxiliary data by setting a sufficiently large . We
close the section by discussing how Inter-ARO can recover some problems in the DRO and
ARO literature. Firstly, recall that Inter-ARO can ignore the auxiliary data once £ is set large
enough, reducing this problem to DR-ARO. Moreover, notice that o = 0 reduces {3 to £g, hence
for « = 0 and & = oo Inter-ARO recovers the Wasserstein LR model of Shafieezadeh-Abadeh
et al. (2015). We next relate Inter-ARO to the problems in the ARO literature that use auxiliary
data. The works in this literature (Gowal et al. 2021, Xing et al. 2022b) solve the following

1 ) o
inf ———— sup {lg(z'+ 2", y")}+
BER™ N + wN [zez[]:\f] ziEBp(a){ IB( } (67)
w Yy sup {Lg(@ +27,7)}],
o 27 eBp(a)
JEN]

for some w > 0, where By(«) := {z € R" : ||z||, < a}. We observe that (67) resembles a variant

of ARO that replaces the empirical distribution Py with its mixture with 1@1\7:

Observation 8. Problem (67) is equivalent to

inf Eq_, [¢3

where(@mix::)\-}P’N—l—(l—/\)‘@ﬁfor)\:LA

We give a condition on ¢ and & to guarantee that the mixture distribution introduced in
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Proposition 8 lives in B.(Px) N Bz(Pg), that is, the distribution Quix will be feasible in the
sup problem of Inter-ARO.

Proposition 19. For any A € (0,1) and Quix = A - Py + (1 — ) -I@ﬁ, we have Quix €
B.(Py)N %g(@ﬁ) whenever € + € > W(IP’N,}/I\D]\A,) and g =2

For \ = ﬁ, if the intersection B.(Py) N %g(@ﬁ) is nonempty, Proposition 19 implies
that a sufficient condition for this intersection to include Qu;x is £/ = N/ N , which is intuitive
since the radii of Wasserstein ambiguity sets are chosen inversely proportional to the number of

samples (Kuhn et al. 2019, Theorem 18).

4.6 Setting Wasserstein Radii

Thus far, we have assumed knowledge of DRO ball radii € and € that satisfy Assumptions 4 and
5. In this section, we employ Wasserstein finite-sample statistics techniques to estimate these
values.

Setting ¢ for DR-ARO. In the following theorem, we present tight characterizations for ¢
so that the ball B.(Py) includes the true distribution P? with arbitrarily high confidence. We
show that for an e chosen in such a manner, DR-AROQO is well-defined. The full description of

this result is available in our appendices.

Theorem 12 (abridged collection of results from Fournier and Guillin 2015, Kuhn et al. 2019,
Yue et al. 2021). For light-tailed distribution P° and e > O(%)U" for n € (0,1), we have:
(i) PO € B.(Py) with 1 —n confidence; (ii) DR-ARO overestimates the expected loss for P with
1—mn confidence; (iii) DR-ARO is asymptotically consistent P*-a.s.; (iv) worst-case distributions

for optimal solutions of DR-ARQO are supported on at most N + 1 outcomes.

We next derive an analogous result for Inter-ARO.

Choosing ¢ and ¢ in Inter-ARO. Recall that Inter-ARO revises DR-ARO by intersecting
B.(Py) with ‘Bg(]/P\’ﬁ). We need a nonempty intersection for Inter-ARO to be well-defined. A
necessary and sufficient condition follows from the triangle inequality e +& > W(Py, P %), Where
W(Py, P &) can be computed with linear optimization as both distributions are discrete. We also
want this intersection to include P? with high confidence, in order to satisfy Assumption 5. We
next provide a tight characterization for such ¢,&. The full description of this result is available

in our appendices.
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Theor(zn 13 (abridged). For light-tailed P° and P, if ¢ > O(%)l/" and € > W(PY P) +
(9(%)1/" for mi,ma € (0,1) with n:=mn +m2 < 1, we have: (i) P° € B.(Py) ﬂ%g(@ﬁ) with

1 —n confidence; (ii) Inter-ARO overestimates true loss with 1 —n confidence.

Remark 1. Inter-ARO is not asymptotically consistent, given that N — 0o will let & — W (P, @)
due to the non-zero constant distance between the true distribution PO and the auxiliary distri-

bution P. Inter-ARO is thus not useful in asymptotic data regimes.

Remark 2. The assumption that true data-generating distributions are light-tailed is satisfied
when = is compact, and it is a common assumption for even simple sample average approximation
techniques (Mohajerin Esfahani and Kuhn 2018, Assumption 3.3).

Knowledge of W(]P’O,}IA”). In Theorem 13, we use W(IP)O,I/EB) explicitly. This distance, how-
ever, is typically unknown, and a common approach is to cross-validate it®. This would be
applicable in our setting thanks to Corollary 9, because the relaxation Inter-ARO* does not
force learning from the auxiliary data unless it is useful, that is, one can seek evidence for
the usefulness of the auxiliary data via cross-validation. Moreover, there are several domains
where W(PO,@) is known exactly. For some special cases, we can use direct domain knowl-
edge (e.g., the “Uber vs Lyft” example of Taskesen et al. 2021). A recent example comes from
learning from multi-source data, where P is named the target distribution and P is the source
distribution (Rychener et al. 2024, §1). Another domain is private data release, where a data
holder shares a subset of opt-in data to form Py, and generates a privacy-preserving synthetic
dataset from the rest. The (privately generated) synthetic distribution has a known nonzero
Wasserstein distance from the true data-generating distribution (Dwork and Roth 2014, Ullman
and Vadhan 2020). See (Rychener et al. 2024, §5) for more scenarios that enable quantifying
W(PY, f”) Alternatively, one can directly rely on W(Py, f”) if it is known, especially when syn-
thetic data generators are trained on the empirical dataset. By employing Wasserstein GAN,
which minimize the Wasserstein-1 distance, the distance between the generated distribution and
the training distribution is minimized. This ensures that the synthetic distribution remains

within a radius of the training distribution (Arjovsky et al. 2017).

4.7 Experiments

We conduct a series of experiments, each having a different source of auxiliary data, to test the

proposed DR ARO models. We use the following abbreviations, where ‘solution’ refers to the

5In practice, distance between the unknown true and auxiliary data-generating distributions is also cross-
validated in the transfer learning and domain adaptation literature (Zhong et al. 2010).
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optimal B to make decisions:

- ERM: Solution of problem ERM (i.e., naive LR);

ARO: Solution of problem ARO (i.e., adversarially robust LR);

ARO+Aux: Solution of problem (67) (i.e., replacing the empirical distribution of ARO with

its mixture with auxiliary data);

DRO+ARQ: Solution of DR-ARO (i.e., the Wasserstein DR counterpart of ARO);

- DRO+ARO+Aux: Solution of Inter-ARO* (i.e., relaxation of Inter-ARO that intersects the
ambiguity set of DR-ARO with an auxiliary Wasserstein ball);

All parameters are 5-fold cross-validated from various grids. The Wasserstein radii use the grid

{1076,1075,107%,1073,1072,107%,0,1, 2,5, 10}, which is sufficient to ensure that the rule-of-

thumb € = O(1/v/N) is included around the center of this grid for all experiments conducted.

~

To ensure that the intersections of Wasserstein balls are nonempty, we compute W(Py,Pg)
once, and discard all combinations (e,&) with € + & < W(]P’N,I@N). The weight parameter w
of ARO+Aux is cross-validated from the grid {1076,1075,107%,1073,1072,107%,0,1}. We fix the
norms defining the feature-label metric and the adversarial attacks to £1- and £s-norms, respec-
tively. The parameter £ (cf. Definition 5) is cross-validated from the grid {1, /n,n}, and since
n is the number of features, this grid includes cases where label uncertainty is equivalent to un-
certainty of a single feature (k = 1), label uncertainty is equivalent to uncertainty of all features
combined (k = n), and an intermediary case (k = y/n). The case of ignoring label uncertainty
(k = 00) is purposely not included in the grid, since one of the key reasons behind robust overfit-
ting is that while ARO is equivalent to a distributionally robust model, the underlying ambiguity
is only around the features (c¢f. our discussion in §4.2). All simulated adversarial attacks are
worst-case {,-attacks that are instance-wise at test time, and the experiments assume we know
the strength o and norm ¢, of the adversarial attacks.

All experiments are conducted in Julia and executed on Intel Xeon 2.66GHz processors with
16GB memory in single-core mode. We use MOSEK’s exponential cone optimizer to solve all
problems. To interpret the results accurately, recall that DRO+ARO and DRO+ARO+Aux are the
DR models that we propose. Note also that ERM, ARO, and DRO+ARO do not utilize auxiliary
data, while DRO+ARO+Aux and ARO+Aux have access to the same auxiliary datasets across all
experiments (i.e., we do not sample different auxiliary distributions for different methods to
ensure that our comparisons are made ceteris paribus). Moreover, while ARO does not have

access to auxiliary data, one can interpret ARO+Aux as a generalization of ARO that also has
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Data ERM ARO ARO+Aux DRO+ARO DRO+ARO+Aux

absent 44.02% 38.82%  35.95% 34.22% 32.64%
anneal 18.08% 16.61%  14.97% 13.50% 12.78%
audio 21.43% 21.54% 17.03% 11.76% 9.01%
breast-c  4.74%  4.93% = 3.87T% 3.06% 2.52%
contrac  44.14% 42.86%  40.98%  40.00% 39.65%
derma 15.97% 16.46%  13.47% 12.78% 10.84%
ecoli 16.30% 14.67% 13.26% 11.11% 9.78%
spam 11.35% 10.23% 10.16% 9.83% 9.81%
spect 33.75% 29.69%  25.78% 25.47% 21.56%
p-tumor 21.84% 20.81% 17.35% 16.18% 14.78%

Table 27: Out-of-sample errors of UCI experiments with la-attacks of strength o = 0.05.

access to auxiliary datasets since it takes a mixture (with mixture weight w) of the empirical
dataset with the auxiliary dataset. For example, w = 1 would simply revise ARO by appending

the empirical dataset with the auxiliary dataset.

4.7.1 UCI Datasets (Auxiliary Data is Synthetically Generated)

We compare the out-of-sample error rates of each method on 10 UCI datasets for binary classi-
fication (Kelly et al. 2023). For each dataset, we run 10 simulations as follows: (i) Select 40%
of the data as a test set (Nie o< 0.4); (%) Sample 25% of the remaining to form a training set
(N 0.6 -0.25); (i) The rest (N o 0.6 - 0.75) is used to fit a synthetic generator Gaussian
Copula from the SDV package (Patki et al. 2016), which is then used to generate auxiliary data.
The mean errors on the test set are reported in Table 27 for f>-attacks of strength a = 0.05.
The best error is always achieved by DRO+ARO+Aux, followed by DRO+ARQO, DRO+Aux, ARO, ERM,
respectively. In our appendices, we report similar results for attack strengths o € {0,0.05,0.2},

and share data preprocessing details and standard deviations of out-of-sample errors.

4.7.2 MNIST/EMNIST Datasets (Auxiliary Data is Out-of-Domain)

We use the MNIST digits dataset (LeCun et al. 1998) to classify whether a digit is 1 or 7.
For an auxiliary dataset, we use the larger EMNIST digits dataset (Cohen et al. 2017), whose
authors summarize that this dataset has additional samples collected from a different group
of individuals (high school students). Since EMNIST digits include MNIST digits, we remove
the latter from the EMNIST dataset. We simulate the following 25 times: (i) Sample 1,000
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Attack ERM ARO ARO+Aux DRO+ARO DRO+ARO+Aux

No attack (a =0)  1.55%  1.55%  1.19%  0.64% 0.53%
01 (o = 68/255) 217%  1.84%  1.33%  0.66% 0.57%
0 (a=128/255)  99.93%  3.36%  2.54%  2.40% 2.12%
loo (0 =8/255)  100.00%  2.60%  2.38%  2.20% 1.95%

Table 28: Out-of-sample errors of MNIST/EMNIST experiments with various attacks.
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Figure 17: Out-of-sample errors under varying attack strengths (left) and runtimes under varying
numbers of empirical and auxiliary instances (right) of artificial experiments.

instances from the MNIST dataset as a training set; (i) The remaining instances in the MNIST
dataset are our test set; (744) Sample 1,000 instances from the EMNIST dataset as an auxiliary
dataset. Table 28 reports the mean out-of-sample errors in various adversarial attack regimes.
The results are analogous to the UCI experiments. Additionally, note that in the absence of
adversarial attacks (o = 0), DRO+ARO coincides with the Wasserstein LR model of Shafieezadeh-
Abadeh et al. (2015), and the results thus imply that even without adversarial attacks, we can

improve the state-of-the-art DR model by revising its ambiguity set in light of auxiliary data.

4.7.3 Artificial Experiments (Auxiliary Data is Perturbed)

We generate empirical and auxiliary datasets by controlling their data-generating distributions
(more details in the appendices). We simulate 25 cases, each with N = 100 training, N = 200
auxiliary, and N, = 10,000 test instances and n = 100 features. The performance of benchmark
models with varying attacks is available in Figure 17 (left). ERM provides the worst performance,
followed by ARQO. The relationship between DRO+ARO and ARO+Aux is not monotonic: the former
works better in larger attack regimes, conforming to the robust overfitting phenomenon. Finally,
Adv+DRO+Aux always performs the best. We conduct a similar simulation for datasets with

n = 100, and gradually increase N = N to report median (50%+15% quantiles shaded) runtimes
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of each method (c¢f. Figure 17, right). The fastest methods is ARO, followed by ERM, ARO+Aux,
DRO+ARO, and DRO+ARO+Aux. The slowest is DRO+ARO+Aux, but the runtime scales graciously.

4.8 Conclusions

We formulate the distributionally robust counterpart of adversarially robust LR. Additionally,
we demonstrate how to effectively utilize appropriately curated auxiliary data by intersecting
Wasserstein balls. We illustrate the superiority of the proposed approach in terms of out-of-
sample performance and confirm its scalability in practical settings.

From a theoretical point of view, it would be natural to extend our work to more loss
functions, as is typical for DRO studies stemming from LR. To be able to optimize Inter-
ARO* for very large-dimensional datasets, an interesting future work is to investigate first-
order optimization methods that do not rely on off-the-shelf solvers. We also believe a cutting-
plane method tailored for Inter-ARO* can also help us scale this problem for large-dimensional
problems, since we would avoid monolithically optimizing a problem with O(N - N ) exponential
cone constraints.

From a practical perspective, the ability to optimize Inter-ARO* in high-dimensional set-
tings would also enable fine-tuning the final layer of a pre-trained neural network for binary
classification, since this corresponds to logistic regression under a sigmoid activation. In our
image recognition experiments, we used the MNIST dataset, as EMNIST served as a natural
choice for auxiliary data. Identifying a suitable auxiliary dataset for CIFAR (Krizhevsky et al.
2009) could similarly support new experimental directions.

Finally, recent breakthroughs in foundation models naturally pose the question of whether
our ideas in this work apply to these models. For example, Ye et al. (2022) use a pre-trained
language model (PLM) to generate synthetic pairs of text sequences and labels which are then
used to train downstream models. It would be interesting to adapt our ideas to the text domain

to explore robustness in the presence of two PLMs.

4.A Notation

Throughout this section, bold lowercase letters denote vectors, while standard lowercase letters
are reserved for scalars. A generic data instance is modeled as € = (x,y) € Z:=R" x {—1,+1}.

For any p > 0, |||/, denotes the p-norm (Z?:ﬂ:ci\p)l/p

and ||x||,~ is its dual norm where 1/p +
1/p* = 1 with the convention of 1/14+1/00 = 1. The set of probability distributions supported on

E is denoted by P(Z). The Dirac measure supported on § is denoted by d¢. The logloss is defined

214



as £g(x,y) = log(1+exp(—y-B' z)) and its associated univariate loss is L(z) = log(1+exp(—2))
so that L(y - B'x) = £g(x,y). The exponential cone is denoted by Kexp = cl({w € R? : wy >
wa - exp(ws/ws), w1 > 0, wy > 0}) where cl is the closure operator. The Lipschitz modulus of a
univariate function f is defined as Lip(f) := sup, ycr {|f(2) — f(2')|/|z — #'| : 2 # 2} whereas
its effective domain is dom(f) = {z : f(z) < +oo}. For a function f : R" — R, its convex
conjugate is f*(2) = supgepn z' T — f(z). We reserve a > 0 for the radii of the norms of

adversarial attacks on the features and € > 0 for the radii of distributional ambiguity sets.

4.B Missing Proofs
4.B.1 Proof of Observation 7

For any B € R™, with standard robust optimization arguments (Ben-Tal et al. 2009, Bertsimas
and den Hertog 2022), we can show that

sup {lg(x +z,y)}

zil|z[lp<er

— sup {log(1+exp(—y-B' (x+2)))}

zl|zllp<a

< log (1 + exp ( sup {—y-,@T(:I: + z)}))

zi||z[lp<e

< log (1 + exp (—y Blz+a- sup {-y- ,BTz})>

2|z, <1
= log(1+exp(~y-B 'z +a- |-y Blp))
= log(1+exp(~y- Bz +a-|B]p)),

where the first step follows from the definition of logloss, the second step follows from the fact
that log and exp are increasing functions, the third step takes the constant terms out of the
sup problem and exploits the fact that the optimal solution of maximizing a linear function
will be at an extreme point of the £)-ball, the fourth step uses the definition of dual norm, and
finally, the redundant —y € {—1, +1} is omitted from the dual norm. We can therefore define the
adversarial loss ((z, y) := log(1 +exp(—y-BTx+a-||B|p+)) where o models the strength of the
adversary, 3 is the decision vector, and (z, y) is an instance. Replacing sup..|,|,<a{¢s(x+2,9)}
in DR-ARO with ﬁg (z,y) concludes the equivalence of the optimization problem.

Furthermore, to see Lip(L*) = 1, firstly note that since L%(z) = log(1+exp(—z+a-||B||p+)) is
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differentiable everywhere in z and its gradient L% is bounded everywhere, we have that Lip(L%)

is equal to sup,cp{|L*(2)|}. We thus have:

—exp(—z+a-[|B[p*) -1
LY(2) = P — e (—1,0
B = T ep(z+a-18l,) T+ epG—a- 8l <"
and |[L%(2)| = [1 + exp(z — - ||B]lp+)] " — 1 as z — —oc. O

4.B.2 Proof of Corollary 8

Observation 7 lets us represent DR-ARO as the DR counterpart of empirical minimization of
(07%
EB.

minimize sup Eq [5%(% y)]
B QEB. (Py) (69)
subject to B € R™.

Since the univariate loss L%(z) := log(1 + exp(—z + a - || B||p+)) satisfying the identity L*({y -
z,3)) = {3(x,y) is Lipschitz continuous, Theorem 14 (iz) of Shafieezadeh-Abadeh et al. (2019)

is immediately applicable. We can therefore rewrite (69) as:

1
mg’ﬁ/{flisze Ae+ N Z S;
1€[N]
subject to L*((y' - =, 8)) < s Vi € [N]
L(~y' - 2,8)) = Ak <s; Vi€ [N]
Lip(L?) - [Bllg- < A
IBERTL7 AZO, SGRN.

Replacing Lip(L*) = 1 and substituting the definition of L® concludes the proof. O

4.B.3 Proof of Proposition 17

We prove Proposition 17 by constructing the optimization problem in its statement. We will
thus dualize the inner sup-problem of Inter-ARO for fixed 3. To this end, we present a sequence

of reformulations to the inner problem and then exploit strong semi-infinite duality.
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By interchanging € = (x,y), we first rewrite the inner problem as

maximize /geE E,%(E)Q(dﬁ)

QILI

subject to / d(&,€NT(dg, de’) < e

I XY=
| mag.a¢) = Ba(ae) Vg ez
[S=)
/6 (A€, dé’) = Q(dé) VE e S
/GE

/ d(¢,&NTI(dg,d¢’) <&
£,£7e=2

(d¢,d¢’) = Po(d¢") Ve e =

JN
o 4
[1]

=

VE e =

P
m
1]
=
o,
A
oL
L3
[l
=}
ol
~

Here, the first three constraints specify that Q and Px have a Wasserstein distance bounded by
¢ from each other, modeled via their coupling II. The latter three constraints similarly specify
that Q and P & are at most £ away from each other, modeled via their coupling II. As Q lies in
the intersection of two Wasserstein balls in Inter-ARO, the marginal Q is shared between II and

II. We can now substitute the third constraint into the objective and the last constraint and
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obtain:

mi o T(d¢, de’
maximize ces 3(8) /5'65 (dg,dg”)

ILiT

subject to /£€ d(€,¢NT1(de, de’) < ¢
'652

[1]

I1(d¢, d¢’) = Pn(d¢’) Vg e

€=

d(¢,&)T0(d¢,de’) <&

——

£'ez?
_Ti(dg, dg’) = Pg(dg") Ve’ € =
c=
fi(de, d¢’) = / TI(dE, de’) Ve € =
g'e= ¢'e=
Il € P(Z2), Il € P(Z2).

Denoting by Q(d¢) := II(d¢ | &%) the conditional distribution of IT upon the realization of
¢’ = &' and exploiting the fact that Py is a discrete distribution supported on the N data points
{¢& }ze (N], We can use the marginalized representation T1(d¢, d¢’) = & Z 1 0¢i(d€)Q(dE). Sim-
ilarly, we can introduce Ql(dﬁ) = H(dE | g ) for {El}Z e to exploit the marginalized represen-

tation ﬁ(d&, d¢’) = ﬁ Z;V 1 (5@ (dé’)@j (d€). By using this marginalization representation, we

can use the following simplification for the objective function:

/&Ee%(ﬁ) /g/@ I1(d¢, d¢’) Z/ / Jei (d€")Q(d€) Z/ge_ £)Q(dg).

Applying analogous reformulations to the constraints leads to the following reformulation of the
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inner sup problem of Inter-ARO:

maximize
Q,Q

subject to

(3(6)Q'(dé)

2|~
—
(11

@
Il
—

d(€.6)Q(dE) < ¢

[1

2=
1=
%N

@
Il
—

3§/d@wmwsg

N 5 Jee=

1 & 1
N;@&bﬁgwm>%@

Qi e P(E), @V € P(T) Vi € [N], Vj € [N].

We now decompose each Q into two measures corresponding to y = %1, so that Q*(d(z,y)) =
Q';(dz) for y = +1 and Q*(d(z,y)) = Q" (dz) for y = —1. We similarly represent each Q7

via @il and @]_ ; depending on y. Note that these new measures are not probability measures

as they do not integrate to 1, but non-negative measures supported on R” (denoted € P4 (R")).
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We get:

.. 1 al i o _ i
maximize ; /m o z, +1)Q4  (dw) + £3(x, —1)Q%, (dx)]
1 X - -
subject to NZ/ x,+1),£)Q% (dx) + d((z,-1),£")QL (dx)] < ¢
i—=1 JZER"
| & .
=< 17j/\j d d 7_]-7/\j/\j—d SA
N;/ﬁn z,+1), )0, (02) + d((@, 1), 8)Q (4o
[ @)+ @ (o) =1 vi € [V]
xreR™
[ @aae)+ (0 - vj € V)
xreR™
1L 1 X
NZle(da;) = ﬁz %1 (dz) Va € R"
i=1 j=1
1ML LN
N ZQil(daj) = ﬁ ZQj_l(da:) Vx € R"
i=1 j=1
i € PL(RY), @,y € Py(RY) Vi€ [N], j € [N].

Next, we explicitly write the definition of the metric d(-,-) in the first two constraints as well as

use auxiliary measures Ay; € P, (R™) to break down the last two equality constraints:
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N

1 / X A
maximize — [03(x,+1)Q% (dx) + £3(x, —1)Q" , (dx)]
Ax1,Qe1,00 N ; TER™ p i p '

1 . .
subject to  — / [K . Q% (dz) + K - Z QY (dx)+

N reR™ ; i : i

1€[N]:yt=—1 1€[N]:yt=+1

N
>l = @l - (@1 (de) + @y (de)]| <

=1
1 ~ .
= s Y e +s Y QL a)+
VISR e gi=1 JE[NFI=+1
N
> llz =&l (@ (do) + QL (de)]] <2
j=1
L Q(de) + QL (de) = 1 Vi € [N]
xrER™
 @lde)+ @y (d2) =1 vj € [N]
xrER™
1 N
N 2 Qi(de) = A (de) va € R®
=1
1 N o~
= > Q) (dz) = Ay (de) Vo € R"
j=1
1L
7 2 Qi (de) = Ay (dz) Vo € R"
=1
1 al ~
=) @ (dz) = A_4(da) Yz € R"
N =
Asr € PL(RY), Qy; € P(RY), @, € PL(RY) Vi € [N], j € [N].

The following semi-infinite optimization problem, obtained by standard algebraic duality, is a

strong dual to the above problem since ¢, > 0 (Shapiro 2001).
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N N
. 1 ~
minimize ~ Nel+ NEX + g S + g s]]

AA,8,8,p41,P+1

subject to K y A+ \||x? —:B||q+sz+p+]1\§x) > lg(x,+1) Vi€ [N], Vx e R"
/@1 2?A+A\\wj—a:]]q+s]+p+]l,\;x)ZO Vj € [N], V& € R"
n1+yi/\+>\||:ci—:c\|q+si+p ;\;x) > (3(x,—1) Vie[N], Ve e R"
legji+X||fc\j—m||q+§j+ﬁ—]1éx) >0 Vj € [N], Yz € R"

pi1(x) +pia(x) <0

p1(x) +p_1(x) <0

AeR,, AR+, seRY, 5eRY
+1:R" =R, py1 : R" — R.

To eliminate the (function) variables p1; and py1, we first summarize the constraints they

appear

%

. 1—
pyi(x) > N - [Eg(w,—i-l) —si— A" —x|,— & 2y /\] Vi € [N], Vo € R"

P L
Pri(x) >N - |=5; = A|@! — x|l — & 5 A Vj € [N], V& € R"
p+1(x) +pyi(x) <0 Ve € R",

and notice that this system is equivalent to the epigraph-based reformulation of the following
constraint

_ yi
2

==

o i 1 ~ N 1_@7/\
(5(x,+1) — 5 = A|z" — ||y — A — | =5 = A2 — x| — & 5 Al <0

Vi € [N], Vj € [N], V& € R".
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We can therefore eliminate p11 and p11. We can also eliminate p_; and p_; since we similarly
have:

( ey i 14‘yi . n
p—1(x) > N - {Eﬁ(m,—l) —si— A" —z|,— & A} Vi e [N], Ve € R

2
p_i1(x) >N |=5; —AN&? — x|y — & 5 A Vj € [N], Vo € R"
p—1(x) +p-1(x) <0 Vo € R"

. 1 @ N ~ 14739~
= 5@, —1) — si — M|z’ — x|, — & ;yHN.[_gj_Aumﬂ—muq—ﬂ +2y X <o

Vi € [N], Vj € [N], Vx € R".

This trick of eliminating p+1, p+1 is due to the auxiliary distributions A4; that we intro-

duced; without them, the dual problem is substantially harder to work with. We therefore obtain
the following reformulation of the dual problem

N N

1 ~
minimize — N€A+N§/\+Zsi+2§j
A,)\,S,g N i=1 321
. o i j?A =j
subject to  sup {{g(z, +1) — A|z" — x|, — A2’ —=z[;} <
xeR"
l—y' N [ 1-px . RSP
si+ K 5 )\+N-[sj—|—/<a 5 )\} Vi € [N], Vj € [N]
o i jiA =J
sup {£5(@, —1) = Az’ —zfly — A2 —zfq} <
reR"
1+y . N [ 147« -
si+ K ;yA+N.[sj+n Zy A} Vi € [N], Vj € [N]

A>0,A>0, scRY, §eRY,

where we replaced the V& € R™ with the worst case realizations by taking the suprema of the
constraints over . We also added non-negativity on the definition of s and 8 which is without
loss of generality since this is implied by the first two constraints, which is due to the fact that

in the primal reformulation the “integrates to 1” constraints (whose associated dual variables are
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s and 8) can be written as
/ i (dz)+ Q' (dz) <1 Vie[N],
TeR™

@, (dz) + Q7 (de) <1 Vj € [N],
xeR"”

~

Ne ~ N
due to the objective pressure. Relabeling N)\ as A and 5 as 5 simplifies the problem to:

1 Y 1 X

minimize e\ +EN+ — Si + —= S
&Xsﬁ' AT;E; ' AT;E; !

subject to  sup {£§(x, +1) — A|&' — x|, — M@ — z||,} <

xER?

2

L

1—yi

si+ K A+35+5 h) Vi € [N], Vj € [N]

sup {£3(z, —1) = Allz’ — a||, — A& — af|,} <
xceR”

i 14+ 77~ ~
+Y J;y ) Vi € [N], Vj € [N]

1
S; + K 5

A+5+kK
A>0,A>0, scRY, 5eRY.

Combining all the sup-constraints with the help of an an auxiliary parameter [ € {—1,1} and

replacing this problem with the inner problem of Inter-ARO concludes the proof. O

4.B.4 Proof of Proposition 18

We first present a technical lemma that will allow us to rewrite a specific type of difference
of convex functions (DC) maximization problem that appears in the constraints of Inter-ARO.
Rewriting such DC maximization problems is one of the key steps in reformulating Wasserstein
DRO problems, and our lemma is inspired from Shafieezadeh-Abadeh et al. (2019, Lemma
47), Shafieezadeh-Abadeh et al. (2023, Theorem 3.8), and Belbasi et al. (2025, Lemma 1) who
reformulate maximizing the difference of a convex function and a norm. Our DRO problem Inter-
ARO, however, comprises two ambiguity sets, hence the DC term that we investigate will be the
difference between a convex function and the sum of two norms. This requires a new analysis

and we will see that Inter-ARO is NP-hard due to this additional difficulty.
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Lemma 31. Suppose that L : R — R is a closed convex function, and ||-||q is a norm. For

vectors w,a,a € R™ and scalars A\, A\ > 0, we have:

sup {L(w' @) — A|a — x|, — Alla — |}

TER™
= sup —L'O)+0-wat+b-inf{z'(@—a): 0] |w—=zlF<X\ 0]z <A}
fcdom(L*) zeR™

Proof. We denote by f.,(x) = w'x and by g the convex function g(z) = g1(x) + g2(x) where

g1(x) := A||a — x|/ and go(x) := M@ — x4, and reformulate the sup problem as

sup L(w'x) —g(x) = sup (Lo fo)(@) —g(@) = sup ¢°(z) — (Lo fu)"(2),

reR? xreR™ z€R™”
where the first identity follows from the definition of composition and the second identity employs
Toland’s duality (Toland 1978) to rewrite difference of convex functions optimization.

By using infimal convolutions (Rockafellar 1997, Theorem 16.4), we can reformulate g*:

§"(2) = il {gi(21) + g3(=2) ¢ 21+ 2 =2}

= inf {zla+z]a : zi+zm =2z |aly <A [2le <AL

where the second step uses the definitions of ¢7(z1) and ¢3(z2). Moreover, we show

(Lo fu)"(z) = sup z'@ — L(w'x)
zeR™

= sup {z'x—Lt) : t=w'x}
teR, xeR™

= inf sup zax—LEt) -0 (wax—t
0€R tcR, xzeR™ ®) ( )

— inf sup sup (z—0 -w) x—L(t)+6-t
OE€R teR xR

‘ —L(t)+60-t if-w==z
= inf sup
0ER teR | oo otherwise.

L*(0) ifb-w==z

= in
PR | 400 otherwise.

= inf L*0) : 0 -w=
Oedgr}l(L*){ (9) w =2z},
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where the first identity follows from the definition of the convex conjugate, the second identity
introduces an additional variable to make this an equality-constrained optimization problem,
the third identity takes the Lagrange dual (which is a strong dual since the problem maximizes
a concave objective with a single equality constraint), the fourth identity rearranges the expres-
sions, the fifth identity exploits unboundedness of x, the sixth identity uses the definition of
convex conjugates and the final identity replaces the feasible set # € R with the domain of L*
without loss of generality as this is an inf-problem.

Replacing the conjugates allows us to conclude that the maximization problem equals

sup ¢"(z)+ sup {-L*(0) : 0 -w=2z}
z€ERn gedom(L¥)
sup {g*(z) = L*(0) : 0 -w=2z2}
z€Rn”, fcdom(L*)
sup g*(0-w) — L*(0)

fedom(L*)

sup —L*0)+ inf {zla+zja : z1+2z0=0 w, z1llgx < A, ||z2llgr < A}
9edom(L*) z1,22€R"

sup —L*(0)+6- inf n{lea +zga : z1t+z=w, 0] [zl <A, (0] |22l < A}
fcdom(L*) z1,22€R

sap —L*@0)+0-w'a+0- infn{zT(a —a) : 0] |lw—zlg <A 0] ||zl < A}
9edom(L*) zeR

Here, the first identity follows from writing the problem as a single maximization problem, the
second identity follows from the equality constraint, the third identity follows from the definition
of the conjugate g*, the fourth identity is due to relabeling z; = 6 - z; and z5 = 6 - 29, and the

fifth identity is due to a variable change (21 = w — z9 relabeled as z). O

DC maximization terms similar to the one dealt by Lemma 31 appear on the left-hand side
of the constraints of Inter-ARO (c¢f. formulation in Proposition 17). These constraints would
admit a tractable reformulation for the case without auxiliary data because the inf-term in the
reformulation presented in Lemma 31 does not appear in such cases. To see this, eliminate the
second norm (the one associated with auxiliary data) by taking A= 0, which will cause the

constraint || - ||z]|y < X to force z = 0, and the alternative formulation will thus be:

sup  {—L*(0) +60-w'a} if suppeqom(r-) {10} - 1z[lg+ <A
9cdom(L*)

+00 otherwise
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L(w"a) if Lip(L) - [|z[l+ <A

400 otherwise,

where we used the fact that L = L™ and suppeqom(r)|f] = Lip(L) since L is closed con-
vex (Rockafellar 1997, Corollary 13.3.3). Hence, the DC maximization can be represented with
a convex function with an additional convex inequality, making the constraints tractable for the
case without auxiliary data. For the case with auxiliary data, however, the supyinf, structure
makes these constraints equivalent to two-stage robust constraints (with uncertain parame-
ter # and adjustable variable z), bringing an adjustable robust optimization (Ben-Tal et al.
2004, Yanikoglu et al. 2019) perspective to Inter-ARO. By using the univariate representation
05(x,y) = Ly - BT x), Inter-ARO can be written as

1 Y 1 &
minimize e\ 4+ X+ — sit+ —= S;
BAINs,8 Nz_; ’ Nzl ’
j= i=
subject to  sup {L*(B"a) — Az’ — |, — A\|# — ||} <
xER”
—yi R 1_/y\jA ) ) ~
sit+h— A+5+k A Vi € [N], Vj € [N]
sup {La(_ﬁTw) - )‘”33Z - qu - )‘Hﬁj - qu} <
xR
1+ N 1477~ R
itk —;y)\—FSj—l-K L\ Vi € [N], Vj € [N]

BER", A>0, A>0, scRY, 3RV,
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and applying Lemma 31 to the left-hand side of the constraints gives:

1
minimize e\ + A+ — Z sj+ = Z

B.\)\,8,8
subject to sup  — LO‘*( )+ 0-BTal +0- inf {z7(@ —x) : |0]-]|B—z|lg <A, 0] ]2]lg < 3\\} <
fedom(L*) z€R"
11—y -7~ S
it h—L N+ + 5 y)\ Vi € [N], Vj € [N]
sup  —L%(0) —0-BTa' +0- inf {zT(@ —a') : |0]-|-B -zl <A 0] 2]l <A} <
fcdom(L*) z€R"
149 147~ ~
Sit LA+ 5+ K y>\ Vi € [N], Vj € [N]

BER", A>0, A>0, scRY, scRY. (70)

Which, equivalently, can be written as the following problem with 2N - N two-stage robust

constraints:

N
~ 1
minimize e\ + &N+ — g
BANSE N =1

L

2>\

. . . 1-—
—L*O0)+0-BTxl+0-2" (27 —x') <s; +r
subject to |V6 € dom(L*), 3z € R" : 6] 118 — 2l < A
0] - 1zl <A
Vi € [N], Vj € [N]

. . . 1 t
L) —0-BTx'+0-2T (27 —2') <s;+r +
V0 € dom(L%), 3z € R™ = {19 .||-8 — 2| < A

0] - [|zllg- < X
Vi € [N], Vj € [N]

BERY A>0, 1>0, scRY, 5cRY. (Inter-adjustable)

By using adjustable robust optimization theory, we show that this problem is NP-hard even
in the simplest setting. To this end, take N = N =1aswellas k = 0; the formulation presented
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in Proposition 17 reduces to:

minimize e\+EéX+s+5
B?A7A7s7/8\

subject to  sup {{z(x,[) — Mzt — x|, — NG x|} <si+s5 Vie{-1,1}
xrcRn?

BER" A>0,A>0,s>0,35>0.

The worst case realization of [ € {—1,1} will always make (§(z,1) = log(1 + exp(—! Blx+a-
1Bllp+)) equal to ¢§(z) = log(1 + exp(|l - B x|+ a-|B|p+)), where ¢ inherits similar properties
from /£: it is convex in B and its univariate representation S¢ has the same Lipschitz constant

with L®. We can thus represent the above problem as

minimize e\+EX+s+5
B?A7A7s7/8\

subject to  sup {S%(8" @) — A|z' — x|, — M|z — x|} < s+7
xeR?

BER" A>0,A>0,s>0,35>0.

Substituting s+ § into the objective (due to the objective pressure) allows us to reformulate
the above problem as

minimize e + EA + sup {S*(B8Tz) — A|z! — x|, — N — |, }
BN zcR? (71)

subject to B € R™ A >0, h) >0,
and an application of Lemma 31 leads us to the following reformulation:
inf  sup  inf {EAFEA—SO)+0-8 at +0-2 (@ —a') : 0] 8 —zlq <A 0] 2]l <A

BER™  gedom(s*) 2ER™
A>0,A>0 1 (2)

The objective term (1) has a product of the uncertain parameter # and the adjustable variable z,
and even when (2) is linear such as in the case of ¢ = 1 the product of the uncertain parameter

with both the decision variable 3 and the adjustable variable z still appear since:
0] 18— zlloo <A <= —A<O8—0z <A
This reduces problem (71) to a generic two-stage robust optimization problem with random
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recourse (Subramanyam et al. 2020, Problem 1) which is proven to be NP-hard even if S** was
constant (Guslitser 2002). O

4.B.5 Proof of Theorem 11

Consider the reformulation Inter-adjustable of Inter-ARO that we introduced in the proof of

Proposition 18. For any i € [N] and j € [N], the corresponding constraint in the first group of

‘adjustable robust’ (V, 3) constraints will be:

11—yt 11—

—L*0)+0-BTxi+0-2T (27 —x') <s;+k 5 A+3Sj+k 5 h\
V0 € dom(L"),3z € R" : ¢ 19| . |8 — 2zl <A
0] 12l <X
By changing the order of V and 3, we obtain:
—L*0)+0-BTxi+0- 2T (37 —x') <s;+k _Qyi)\—i-é\j + e _2??/)\\

dz € R",V0 € dom(L") : 0] 118 — 2|l < A

6] - [1zllg+ < A

Notice that this is a safe approximation, since any fixed z satisfying the latter system is a feasible
static solution in the former system, meaning that for every realization of § in the first system,
the inner 3z can always ‘play’ the same z that is feasible in the latter system (hence the latter
is named the static relaxation, Bertsimas et al. 2015). In the relaxed system, we can drop V6

and keep its worst-case realization instead:

2

-
2

A

supgedom(L*){—Lo‘*(G) +0-8Tx'+0-2T (@ —x)} <s +r Y\ +5+k

3z €R™:  suppeqomr) {101} 18 — 2]+ < A

SUPpedom(r) {101} - 12]lg < A-
The term supgeqom(r-){—L**(0) +0- BTxi+60-2" (27 —x')} is the definition of the biconjugate
L (BTxi+ 2T (27 —x')). Since L is a closed convex function, we have LY** = L® (Rockafellar

1997, Corollary 12.2.1). Moreover, supgeqom(r+)1|0|} is an alternative representation of the
Lipschitz constant of the function L* (Rockafellar 1997, Corollary 13.3.3), which is equal to 1
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as we showed earlier. The adjustable robust constraint thus reduces to:

. . . 1—yl R 1_:{/\3/\
LB Tz + 2" (@0 —x) <s;+ kK 5 AFE RS A

e R": 118 - z]l <A

IZllg < A

as a result of the static relaxation. This relaxed reformulation applies to all i € [N] and j € [Kr ]
as well as to the second group of adjustable robust constraints analogously. Replacing each

constraint of Inter-adjustable with this system concludes the proof. O

4.B.6 Proof of Corollary 9

To prove the first statement, take A = 0 and observe the constraint ||z£qu* < X implies zll-j =0

for all [ € {—1,1}, ¢ € [N], j € [N]. The optimization problem can thus be written without

those variables:

1 & 1 &
minimize e\ + — S; + —= S
BAss N Z; "N ; ’

1— 1y’
2

subject to L(IB8Tx%) < s; 4+ k A+5; Vie{-1,1}, Vi€ [N], Vj € [N]

1Bllg < A i
BER", A>0, seRY, seRY.

Notice that optimal solutions should satisfy s; = s; for all 7,7/ € [N]. To see this, assume
for contradiction that 37, € [N] such that 5; < 5. If a constraint indexed with (I,4, j) for
arbitrary [ € {—1,1} and ¢ € [N] is feasible, it means the consraint indexed with (I, 4, j') cannot
be tight given that these constraints are identical except for the 5; or 5; appearing on the right
hand side. Hence, such a solution cannot be optimal as this is a minimization problem, and

updating 5; as 5; preserves the feasibility of the problem while decreasing the objective value.
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We can thus use a single variable 7 € R, and rewrite the problem as

N

1
e Ao L A
mﬁlan;r;l%ze € +N;(Sz+7’)
. T 1—y’ .
subject to LY(B'x') < s;+ Kk 5 A+T7  Vie[N]
, 14
L(-BTz) < si+n Y Ayr Vie|N]

1Bllgr < A A
BER", A>0, scRY, scRY,

where we also eliminated the index [ € {—1,1} by writing the constraints explicitly. Since s;
and 7 both appear as s; + 7 in this problem, we can use a variable change where we relabel
s; + 7 as s; (or, equivalently set 7 = 0 without any optimality loss). Moreover, the constraints

with index i € [N] are

LYBTa?) <s;+7 Loyt -BTax)) <sj+7
LY(-BTx)) <s;j+rA+T Lo(—y' - BTa)) <s;+ KA+ T

if 4* = 1, and similarly they are

LYBTx!) <s;+rA+ T LY(—y'-BTa!) < s; + KA+ T
LY(—BTx) < s;+7 Loyt -BTx) <s;+7
if 4 = —1. Since these are identical, the problem can finally be written as

1N

minimize 6)\—1-—5 S;

B.\,s N 4 -
1=

subject to log(1 +exp(—y' - B al + a - ||Bp)) < si Vi € [N]
log(1+exp(y’- BTz +a-||Bl,+) — A <s; Vi€ [N]

1Bllgx < A
BeR” A>0, seRY,

where we also used the definition of L®. This problem is identical to DR-ARO, which means that
feasible solutions of DR-ARO are feasible for Inter-ARO* if the additional variables (3\\, s, zﬁj)
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are set to zero, concluding the first statement of the corollary.

The second statement is immediate since £ — oo forces A = 0 due to the term £\ in the
objective of Inter-ARO”*, and this proof shows in such a case Inter-ARO* reduces to DR-ARO
(which is identical to Inter-ARO when € — oo by definition). O

4.B.7 Proof of Observation 8

By standard linearity arguments and from the definition of Quix, we have
sup {lg(z + z, y)}]

z€By ()

= up {15(@ + 2,9)) AQuin( (2, 9)
(z,y)eR?x{—-1,+1} zeBp(a)

]EQmix

N
= sup {La(® + 2,)} APy ((, 1)+
N + wN J(@,y)eR?x{-1,41} zeBy(a)

wN .
— sup {{g(z + 2,9)} dPz((z,y))
N +wN J(@y)eRrx{-1,41} zeBy(a) s N

N 1 S N 1 R
==y sup {lg(='+2",y")} + A sup {lg(@’ +2/,9)}
N +wN ie[V] zieB,(a) N+wN N je[]\Af} 2i€Bp ()
1 i i T
T —= _Sup {gﬁ(m +z ay)}+w Z _Sup {Kﬁ(ag]—l—z],yj)} )
N+ wN i€[N] zteBp(a) €N zieBp(a)

which coincides with the objective function of (67). Since we have

EQmix Sup {eﬂ(a} + z7 y)} = EQmix [g,%(a:? y)]
z€By(a)

we can conclude the proof. O

4.B.8 Proof of Proposition 19

We first prove auxiliary results on mixture distributions. To this end, denote by C(Q,P) C
P(E x E) the set of couplings of the distributions Q € P(E) and P € P(E).

Lemma 32. Let Q,P',P?2 € P(E) be probability distributions. If II' € C(Q,P') and 1% €
C(Q,P2), then, A\ -TI' + (1 —N) -T2 € C(Q, X - P! + (1 — \) - P?) for all A € (0,1).
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Proof. Let T = X-TI' 4+ (1 = A)- T2 and P = A-P! + (1 — \) - P2. To have II € C(Q,P) we need
I1(d¢, 2) = Q(d€) and II(Z,d¢") = P(d¢’). To this end, observe that

=3-Q+(1-1-Q=Q
where the second identity uses the fact that II' € C(Q,P!). Similarly, we can show:
(2, d¢) = A -TT'(Z,dE) + (1 — A) - T1*(Z, d€)

=XA-Pl+(1-))-P?2 =P,

which concludes the proof. O
We further prove the following intermediary result.

Lemma 33. Let QP P2 € P(Z) and P = X - P + (1 — \) - P2 for some A € (0,1). We have:
W(QP) <A W(QPH)+ (1)) W(Q,P?).

Proof. The Wasserstein distance between Q, Q' € P(Z) can be written as:

W)= i { [ aeeme.ae).

and since d is a feature-label metric (¢f. Definition 5) the minimum is well-defined (Villani 2009,
Theorem 4.1). We name the optimal solutions to the above problem the optimal couplings. Let
IT' be an optimal coupling of W(Q,P!) and let II?> be an optimal coupling of W(Q,P?) and
define TI¢ = X - IT! + (1 — \) - TI2. We have

W(Q,P) = min ){/ _de.e)n (d&d&')}

Iec(Q,P

< / d(€,€)Te(dé, d¢')

—A/: A€, €T (Ag, ") + (1-N) - [ d(e.&)T2(de, ag’)
A-W(QPY) + (1-3) - W(Q,P?),

where the first identity uses the definition of the Wasserstein metric, the inequality is due to

234



Lemma 32 as II¢ is a feasible coupling (not necessarily optimal), the equality that follows uses
the definition of II¢ and the linearity of integrals, and the final identity uses the fact that II'

and TI? were constructed to be the optimal couplings. O

We now prove the proposition (we refer to Qp;ix in the statement of this lemma simply as Q).
To prove Q € B.(Px) N %g(@ﬁ), it is sufficient to show that W(Py,Q) < ¢ and W(I/PSN, Q) <

jointly hold. By using Lemma 33, we can derive the following inequalities:

g

-~

W(PxN,Q) <A W(PN,Px) +(1 = A) - W(Py, Pg)
—————

=0
W(Ps,Q) <A W(Py,Pg) + (1- 1) W(Pg, Pr).
=0

Therefore, sufficient conditions on W(Px,Q) < e and W(@ﬁ, Q) < £ would be:

(1—A) - W(Py,P
A W(Py,Pg) <

§) <S¢
3

Moreover, given that € + & > W(Py, @ﬁ), the sufficient conditions further simplify to

(I-=X)-<X-¢ .
= A-e=(1-)) ¢

, concluding the proof. O

which is implied when 1 £
€

4.B.9 Proof of Theorem 12

Since each result in the statement of this theorem is abridged, we will present these results
sequentially as separate results. We review the existing literature to characterize B.(Py), in a
similar fashion with the results presented in (Selvi et al. 2022a, Appendix A) for the logistic loss,
by revising them to the adversarial loss whenever necessary. The N-fold product distribution of

PO from which the training set Py is constructed is denoted below by [PY]V.

Theorem 14. Assume there exist a > 1 and A > 0 such that Epolexp(]|€]|*)] < A for a norm

|-l on R™. Then, there are constants c1,c2 > 0 that only depend on P° through a, A, and n,

235



such that [P}V (P° € B.(Py)) > 1 — n holds for any confidence level n € (0,1) as long as the

Wasserstein ball radius satisfies the following optimal characterization

(6] -N C2

<10g(01/77)>1/ max{n,2} i > log(c1/m)

otherwise.

Proof. The statement follows from Theorem 18 of Kuhn et al. (2019). The presented decay rate
O(N~'/") of ¢ as N increases is optimal (Fournier and Guillin 2015). O

Now that we gave a confidence for the unknown radius ¢ satisfying P € B.(PPy), we analyze
the underlying optimization problems. Most of the theory is well-established for logistic loss
function, and in the following we show that similar results follow for the adversarial loss function.
For convenience, we state DR-ARO again by using the adversarial loss function as defined in

Observation 7:

minimize sup Eq[lg(x,y)]
QeB:(Pn) (DR-ARO)
subject to B € R™.

Theorem 15. If the assumptions of Theorem 1/ are satisfied and ¢ is chosen as in the statement
of Theorem 14, then

[P | Epolfge (z,y)] < sup  Eqllf.(z,y)] | =11
QeB:(Pw)

holds for all m € (0,1) and all optimizers 3* of DR-ARO.

Proof. The statement follows from Theorem 19 of Kuhn et al. (2019) given that {3 is a finite-

valued continuous loss function. O

Theorem 15 states that the optimal value of DR-ARO overestimates the true loss with
arbitrarily high confidence 1 — 7. Despite the desired overestimation of the true loss, we show
that DR-AROQ is still asymptotically consistent if we restrict the set of admissible 3 to a bounded

set”.

"Note that, this is without loss of generality given that we can normalize the decision boundary of linear
classifiers.
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Theorem 16. If we restrict the hypotheses B3 to a bounded set H C R"™, and parameterize € as
en to show its dependency to the sample size, then, under the assumptions of Theorem 1/, we

have

sup  Eq[l3(z,y)] — Epo[(3.(x,y)] P°-almost surely,
QEBe y (P) N=roo

whenever en is set as specified in Theorem 14 along with its finite-sample confidence ny, and
they satisfy > ey N < 00 and imy oo en = 0.

Proof. If we show that there exists £ € = and C' > 0 such that (5(x,y) < C(1+d(&, ¢%)) holds
for all B € H and & € = (that is, the adversarial loss satisfies a growth condition), the statement
will follow immediately from Theorem 20 of (Kuhn et al. 2019).

To see that the growth condition is satisfied, we first substitute the definition of Eg and d
explicitly, and note that we would like to show there exists £ € = and C > 0 such that

log(1+exp(~y- Bz +a-||Blp) < C+ & — 2’y + - Ly # y°])

holds for all B € H and & € Z. We take £° = (0,9") and show that the right-hand side of the

inequality can be lower bounded as:

O+l —a’g+r- Ly #y°) = O+ [lally + 5 - Ly # )
> C(1+ |lzflq)-

Moreover, the left-hand side of the inequality can be upper bounded for any 8 € H C [-M, M]"
(for some M > 0) and & = (x,y) € E as:

1+exp(|B8Tz| +a-|Bp))

log(1 +exp(—y - Bz + - [|B]p+)) < log(
log(2 - exp(|8" 2| + a - [|Blp))
(
og(

| /\

=log(2) + B8 |+ a-||Blly

2)+ sup {|B'z[}+a- sup {||Blp}
Be[-M,M]" Be[-M,M]"

| /\

log(2) + M - ||z|| + M - «
<log(2) + M -n4= V9. ||g||; + M - o

where the final inequality uses Holder’s inequality to bound the 1-norm with the g-norm. Thus,
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it suffices to show that we have
log(2) + M -n' V9 x|, + M-a < C(1+ ||, VEeE,

which is satisfied for any C' > max{log(2) + M - o, M -n(?=1/4} This completes the proof by

showing the growth condition is satisfied. O

So far, we reviewed tight characterizations for £ so that the ball B.(Py) includes the true
distribution P? with arbitrarily high confidence, proved that the DRO problem DR-ARO over-
estimates the true loss, while converging to the true problem asymptotically as the confidence
1 — 7 increases and the radius € decreases simultaneously. Finally, we discuss that for optimal
solutions 3* to DR-ARO, there are worst case distributions Q* € B.(Py) of nature’s problem

that are supported on at most N 4 1 outcomes.

Theorem 17. If we restrict the hypotheses 3 to a bounded set H C R™, then there are distribu-
tions Q* € B.(Py) that are supported on at most N + 1 outcomes and satisfy:

Eq-[(3(x,y)] = sup Eql[lg(z,y)].
Qe%e(PN)

Proof. The proof follows from (Yue et al. 2021). O

See the proof of Selvi et al. (2022a, Theorem 8) and the discussion that follows for insights

and further analysis on these results presented.

4.B.10 Proof of Theorem 13

Firstly, since P & 1s constructed from i.i.d. samples of @, we can overestimate the distance &1 =
VV(]?D > @) analogously by applying Theorem 14, mutatis mutandis. This leads us to the following
result where the joint (independent) N-fold product distribution of P and the N-fold product
distribution of P is denoted below by [P0 x ]/P\’}N xN.

Theorem 18. Assume that there exist a > 1 and A > 0 such that Epo[exp(||€]|*)] < A, and
there exist @ > 1 and A > 0 such that Eﬂg[exp(HSHa)] < A for a norm ||-|| on R"™. Then, there are
constants c1,cg > 0 that only depends on PV through a, A, and n, and constants ¢1,¢a > 0 that
only depends on P through @, A, and n such that [P° x @]NXN(IP)O € B.(Py)N %g(@ﬁ)) >1—n
holds for any confidence leveln € (0,1) as long as the Wasserstein ball radii satisfy the following
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characterization

log(e1/m) 1/ max{n,2} N> log(c1/m)
co- N - C2
log 61/7]1 1/a th
o N otherwise
(log c1/m) 1/ maxin,2} i & > losC/m)
£> W(P°,P) + €2 \/a @
<A(1/l72)> otherwise
2 N

for some m1,ma > 0 satisfying m +n2 = 1.
Proof. Tt immediately follows from Theorem 14 that [P]V(P? € B.(Py)) > 1 — 1y holds. If we

take &1 > 0 as

( 8(@/m) >”mx{"2} ¢ 5 > los@/m)
A2 N /0\2
< o8 (1 /An > otherwise,

-N

then, we similarly have [@]N (@ € Bz (]/I\Dﬁ)) > 1 — ny. Since the following implication follows

from the triangle inequality:

Pe B (Py) = POE“BAJFW(JPOP)( 7

)) > 1 — 2. These results, along with the facts that I/P\’N and Py

we have that [@]N(PO € %5(@1?7
are independently sampled from their true distributions, imply

\_/
~—

[P0 x BN (PO ¢ %3 (Py) v PO ¢ BB
<[P* x BNV (B0 ¢ B.(B)) + [ x BV
POV (B0 ¢ B, () + [B)Y (P° ¢ B(P

2>

(P° ¢ B=(Pg))
5) <m+n

implying the desired result [PV x IP]NXN(]P’O € B.(Py) N B(P 5)>1—n. O
The second statement immediately follows under the assumptions of Theorem 18: Inter-ARO

overestimates the true loss analogously as Theorem 15 with an identical proof
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4.C Exponential Conic Reformulation of DR-ARO

For any i € [N], the constraints of DR-ARO are
log(1 + exp(—y - BTa +a- [Bl)) < 5.
log(1 +exp(y’ - Bla’ +a-[|Bllp)) — A~k < 54,
which, by using an auxiliary variable u, can be written as
log(1 +exp(—y'- BT &' +u)) < s

log(1+exp(y’ - BTa' +u)) = A-k <s;

a- By < u.

Following the conic modeling guidelines of MOSEK ApS (2023), for new variables vf , w;r € R,

the first constraint can be written as

{U;r + wj <1, (v;r, 1 [~u+y - ﬂTaci) — 8] € Kexp, (w1, —s;) € Kexp,

i

by using the definition of the exponential cone Keyp. Similarly, for new variables v, ,w; € R,

the second constraint can be written as

{v;—}—w;gl, (07, L, [~u—y' BTx] —8i = A+ K) € Kexp, (0;,1,—5; — A+ k) € Kexp-

i
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Applying this for all i € [N] concludes that the following is the conic formulation of DR-ARO:

s 1
minimize A-e+ N Z Si

B, A\, s, u )
vt wt v, w™ i€[N]
subject to  v” +w;" <1 Vi € [N]
(v, 1, [~u+y' - BTl — 8i) € Kexp, (Wi, 1,—-8;) € Kexp Vi € [N]
v; +w; <1 Vi € [N]

(v;,l,[—u—yi-ﬂ—rmi] —8i— A K) € Kexp, (w; ,1, =5, — X K) € Kexp Vi € [N]
a- Bl <wu

18llg= < A

BeR X>0, scRY, ueR, vh,wh,v-,w™ € RV,

4.D Further Details on Numerical Experiments
4.D.1 UCI Experiments

Preprocessing UCI datasets. We experiment on 10 UCI datasets (Kelly et al. 2023) (c¢f. Table
29). We use Python 3 for preprocessing these datasets. Classification problems with more than
two classes are converted to binary classification problems (most frequent class/others). For all
datasets, numerical features are standardized, the ordinal categorical features are left as they
are, and the nominal categorical features are processed via one-hot encoding. As mentioned in
the main section, we obtain auxiliary (synthetic) datasets via SDV, which is also implemented
in Python 3.

Detailed misclassification results on the UCI datasets. Table 30 contains detailed
results on the out-of-sample error rates of each method on 10 UCI datasets for classification.
All parameters are 5-fold cross-validated: Wasserstein radii from the grid
{1076,107%,107%,1073,1072,1071,0,1, 2, 5,10}, & from the grid {1, /n,n} the weight parame-
ter of ARO+Aux from grid {107%,107°,1074,1072,1072,1071,0,1}. We fix the norm defining the
feature-label metric to the #1-norm, and test £s-attacks, but other choices with analogous results
are also implemented.

Finally, we demonstrate that our theory, especially DRO+ARO+Aux, contributes to the DRO
literature even without adversarial attacks. In this case of @ = 0, ERM and ARO would be equiv-

alent, and DRO+ARO would reduce to the traditional DR LR model (Shafieezadeh-Abadeh et al.
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J/\} Ntc

DataSet N n

absent 111 333 296 74
annealing 134 404 360 41

audiology 33 102 91 102
breast-cancer 102 307 274 90
contraceptive 220 663 590 23
dermatology 53 161 144 99
ecoli 50 151 135 9

spambase 690 2,070 1,841 58
spect 24 72 64 23
prim-tumor 50 153 136 32

Table 29: Size of the UCI datasets.

Data « ERM ARO ARO+Aux DRO+ARO DRO+ARO+Aux
Abeent 0.05 44.02% (& 2.89) 38.82% (4 2.86) 35.95% (& 3.78)  34.22% (& 2.70) 32.64% (& 2.54)
0.20 73.65% (+4.14) 51.49% (+ 3.39) 49.56% (& 3.80)  45.61% (4 2.32) 44.90% (+ 2.30)
annealing 0.05 18.08% (+ 1.89) 16.61% (+ 2.16) 14.97% (& 1.39)  13.50% (4 2.98) 12.78% (+ 2.78)
020 37.31% (& 3.92) 23.08% (+2.82) 21.30% (&£ 1.93) 20.70% (+ 1.32) 19.53% (& 1.42)
audiology 0.05 21.43% (+ 364) 2L54% (&3, 92) 17.03% (+2.90)  11.76% (+ 3.28)  9.01% (+ 3.54)
0.20 37.91% (+ 6.78) 29.34% (+ 5.89) 20.44% (& 2.75)  20.00% (& 3.01) 17.91% (+ 3.28)
brenstcancer 008 ATA% (£1.26)  4.93% (& L 75) B8T% (£ 117)  3.06% (+0.79)  2.52% (% 0.50)
020  9.93% (+ 1.73)  8.14% (+£2.01)  6.09% (+ 1.79)  5.04% (+ 1.11)  4.67% (& 0.99)
contraceptive 005 44-14% (& 2.80)  4286% (+259)  40.98% (+0.95)  40.00% (= 133)  39.65% (+ 1.15)
020 66.19% (+ 5.97) 43.49% (+2.24) 42.71% (£ 147) 42.71% (& 1.47) 42.71% (& 1.47)
qermatology 003 1997% (£ 2.64) 16.46% (& L67)  13.47% (& L9T)  1278% ( 161)  10.84% (= 1.24)
: V' 020 30.07% (£ 4.24) 28.54% (£ 3.25) 21.53% (£ 2.17)  22.64% (£ 2.15) 20.21% (& 1.58)
ol 0.05 16.30% (+ 4.42) 14.67% (+ 5.13) 13.26% (& 3.07) 11.11% (+ 5.52)  9.78% (& 2.61)
020 51.41% (+ 3.37) 42.67% (+2.91) 41.85% (& 2.95) 39.70% (4 2.68) 38.89% (& 2.57)
spambase 0.05 11.35% (£ 0.77) 10.23% (& 0.54) 10.16% (& 0.56)  9.83% (£ 0.37)  9.81% (& 0.38)
020 27.32% (+ 2.11) 15.83% (+ 0.77)  15.70% (& 0.76)  15.67% (+ 0.72)  15.50% (& 0.68)
spect 0.05 33.75% (+ 5.17) 29.69% (+ 5.46) 25.78% (& 3.06)  25.47% (+ 3.38) 21.56% (& 2.74)
0.20 54.22% (+ 9.88) 37.5% (& 3.53) 35.16% (& 2.47)  33.75% (& 2.68) 30.16% (& 3.61)
‘ 0.05 21.84% (+4.55) 20.81% (+3.97) 17.35% (& 3.59)  16.18% (4 3.83) 14.78% (& 2.89)
PHIM-EUMOT 0 o 3410% (+ 6.17) 25.37% (+ 4.58) 21.62% (£ 3.45)  21.84% (£ 3.34) 19.63% (£ 2.71)

Table 30: Mean (£ std) out-of-sample errors of UCI datasets, each with 10 simulations. Results
for adversarial (03-)attack strengths o = 0.05 and o = 0.2 are shared.

2015). ARO+Aux would be interpreted as revising the empirical distribution of ERM to a mixture

(mixture weight cross-validated) of the empirical and auxiliary distributions. DRO+ARO+Aux, on

the other hand, can be interpreted as DRO over a carefully reduced ambiguity set (intersection

of the empirical and auxiliary Wasserstein balls). The results are in Table 31. Analogous results

follow as before (that is, DRO+ARO+Aux is the ‘winning’ approach, DRO+ARQ and ARO+Aux alter-

nate for the ‘second’ approach), with the exception of the dataset contraceptive, where ARO+Aux
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Data ERM ARO ARO+Aux DRO+ARO DRO+ARO+Aux

absent 36.28% 36.28%  31.86% 28.31% 27.74%
annealing 10.61% 10.61%  7.64% 7.14% 7.14%
audiology 14.94% 14.94% 12.97%  10.11% 7.69%
breast-cancer  6.64%  6.64% = 5.22% 2.55% 2.15%
contraceptive 35.00% 35.00% 33.75%  34.56% 33.85%
dermatology  16.04% 16.04%  11.60% 9.93% 8.06%
ecoli 6.74%  6.74% 4.96% 5.19% 4.37%
spambase 8.95% 8.95%  8.52% 8.34% 8.16%
spect 30.74% 30.74%  24.69% = 22.35% 18.75%

prim-tumor  22.79% 22.79% 17.28%  15.07% 13.97%

Table 31: Mean out-of-sample errors of UCI experiments without adversarial attacks.

outperforms others.

Cross-validated Wasserstein radii. In Corollary 9, we discussed the feasibility of ignoring
the auxiliary data when its data-generating distribution is distant from the true data-generating
distribution. To examine whether large values of € are selected via cross-validation in our exper-
iments, we investigated their histograms and observed that this indeed occurs frequently. For
example, as shown in Table 31, when there are no adversarial attacks, DRO+ARO and DRO+ARO+Aux
yield identical errors on the ‘annealing’ dataset. This is because the two models become equiv-
alent: DRO+ARO+Aux selects a large € (either 5 or 10), which ensures that the intersection of the
Wasserstein balls reduces to the empirical distribution. With o = 0.05, DRO+ARO+Aux selects a
large £in 7 out of 10 simulations, while in the remaining 3 it selects a smaller value, resulting in a
nontrivial intersection and, in turn, improved performance over DRO+ARO. We conclude that our
method selects a nontrivial € only when there is evidence that the auxiliary data is useful, that
is, when its data-generating distribution is sufficiently close to the true one. For instance, on the
‘absent’ dataset, we always have £ € {1072,1071}. We also revised our numerical experiments
by modifying the Gaussian copula synthesizer to enforce uniform marginals (which results in
significant information loss), and in this setting, our models consistently selected large £ values.

Different training/auxiliary dataset ratio. Recall that in the UCI experiments, we
sampled 15% of the original dataset as the training set, and used 45% to generate a synthetic
auxiliary dataset. This setup was chosen to simulate scenarios with limited training data, where
overfitting is a particular concern. If we reverse these proportions and use 45% of the origi-
nal dataset for training and 15% for generating auxiliary data instead, we find that the best-

performing method remains DRO+ARO+Aux, and the relative ranking among the models remains
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Attack ERM ARO ARO+Aux  DRO++  DRO+ARO DRO+ARO+Aux

No attack (o = 0) 1.55% 1.55% 1.19% 0.72% 0.64% 0.53%
01 (o = 68/255) 217% 1.84% 1.33% 1.40% 0.66% 0.57%
ly (o = 128/255) 99.93% 3.36% 2.54% 2.72% 2.40% 2.12%
U (a0 = 8/255) 100.00% 2.60% 2.38% 2.31% 2.20% 1.95%

Table 32: Additional MNIST/EMNIST Benchmark.

qualitatively similar. One notable difference is that the improvement of the auxiliary-data-
oblivious DRO+ARO method over the non-DR, ARO+Aux model becomes less significant, and is even
reversed in the case of a = 0.05 on the ‘ecoli’ dataset: ERM (14.59%), ARQ (11.41%), ARO+Aux
(9.04%), DRO+ARQ (9.41%), DRO+ARO+Aux (8.89%). As expected, since more data is drawn from
the true data-generating distribution, all methods exhibit improved out-of-sample performance

compared to the original setup. However, in this case, DRO+ARQO no longer outperforms ARO+Aux.

4.D.2 MNIST/EMNIST Experiments

The setting in the MNIST/EMNIST experiments is similar to that in the UCI experiments.
However, for auxiliary data, we use the EMNIST dataset which we accessed via the MLDatasets
package of Julia.

Moreover, in §4.2 we reviewed the literature showing that when statistical error is not a
concern, that is, when optimizing over the empirical distribution cannot cause overfitting (e.g.,
in high-data regimes), then adversarial training is equivalent to a type-oo Wasserstein DRO
problem with radius ¢ = «. Hence, a natural question is whether increasing the value of ¢
further also provides distributional robustness. To this end, in Table 32, we revise Table 28 and
add an additional benchmark DRO++. Here, we take ¢ = o + ¢/, and cross-validate &’ from the
same grid that we cross-validated e for methods DRO+ARO and DRO+ARO+Aux. We observe that
DRO++ does not improve over DRO+ARQO, which is expected given that type-co Wasserstein DRO
does not provide better generalizations, unlike type-1 Wasserstein DRO (¢f. the discussion at
the end of §4.3). Yet, this method improves over ARO in all cases, and even over ARO+Aux in the

no-attack or fo-attack settings.

4.D.3 Artificial Experiments

Data generation. We sample a ‘true’ 3 from a unit £s-ball, and generate data as summarized in

Algorithm 11. Such a dataset generation gives NV instances from the same true data-generating
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distribution. In order to obtain N auxiliary dataset instances, we perturb the probabilities
p* with standard random normal noise which is equivalent to sampling i.i.d. from a perturbed
distribution. Testing is always done on true data, that is, the test set is sampled according to
Algorithm 11.

Algorithm 11: Data from a ground truth logistic classifier

Input: set of feature vectors x*, i € [N]; vector 3
Output: (x¢,y), i € [N]
forie {1,...,N} do
Find the probability p = [1+ exp(—8T@)]
Sample v = U(0, 1);
if p' > u then
|y =4
else
Ly =1

Strength of the attack and importance of auxiliary data. In the main section we dis-
cussed how the strength of an attack determines whether using auxiliary data in ARO (ARO+Aux)
or considering distributional ambiguity (DRO+ARQ) is more effective, and observed that unifying
them to obtain DRO+ARO+Aux yields the best results in all attack regimes. Now we focus on
the methods that rely on auxiliary data, namely ARO+Aux and DRO+ARO+Aux and explore the
importance of auxiliary data P & in comparison to its empirical counterpart Py . Table 33 shows
the average values of w for problem (67) obtained via cross-validation. We see that the greater
the attack strength is the more we should use the auxiliary data in ARO+Aux. The same rela-
tionship holds for the average of /& obtained via cross-validation in Inter-ARO, which means
that the relative size of the Wasserstein ball built around the empirical distribution gets larger
compared to the same ball around the auxiliary data, that is, ambiguity around the auxiliary
data is smaller than the ambiguity around the empirical data. We highlight as a possible fu-
ture research direction exploring when a larger attack per se implies the intersection will move
towards the auxiliary data distribution.

More results on scalability. We further simulate 25 cases with an fs-attack strength of
a = 0.2, N = 200 instances in the training dataset, N = 200 instances in the auxiliary dataset,
and we vary the number of features n. We report the median (50% + 15% quantiles shaded)
runtimes of each method in Figure 18. The fastest methods are ERM and ARO among which the

faster one depends on n (as the adversarial loss includes a regularizer of 3), followed by ARO+Aux,
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Attack  ARO+Aux (cross-validated w) DRO+ARO+Aux (cross-validated €/¢)

a=20 0.002 0.0120
a=0.1 0.046 0.172
a=0.25 0.086 0.232
a=0.5 0.290 0.241

Table 33: Mean w in problem (67) and /€ in problem Inter-ARO across 25 simulations of
cross-validating w, €, and €.

DRO+ARO, and DRO+ARO+Aux, respectively. DRO+ARO+Aux is the slowest, which is expected given

that DRO+ARO is its special for large €. The runtime however scales graciously.

0.12 -
—A— DRO+ARO+Aux —
—o— DRO+ARO — -
t [—@— ARO+Aux
0.10 ARO

o
o
©

time (seconds)
o
o
[e)]

20 40 60 80 100 120 140 160 180
number of variables (n)

Figure 18: Runtimes under a varying number of features in the artificially generated empirical
and auziliary datasets.

Finally, we focus further on DRO+ARO+Aux which solves problem Inter-ARO with O(n- N - N )
variables and exponential cone constraints. For n = 1,000 and N = N = 10,000, we observe

that the runtimes vary between 134 to 232 seconds across 25 simulations.
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Chapter 111
Nonconvex Optimization

In the previous two chapters, I encountered NP-hard problems in their respective domains and
tackled them using tools from stochastic and robust optimization. As I find these tools valuable,
I have also worked on extending them by developing efficient approximation methods with strong
performance guarantees. This chapter presents my contributions in this area.

In this chapter, Section 5 is based on the following work (Selvi et al. 2022b):

Aras Selvi, Aharon Ben-Tal, Ruud Brekelmans, Dick den Hertog (2022). Convex
maximization via adjustable robust optimization. INFORMS Journal on Computing.

- 2021 INFORMS Computing Society Student Paper Award (First Place)

Note: An earlier version of this work appeared in my master’s thesis at Tilburg University,
where I focused on convex maximization subject to linear constraints. At the beginning of
my doctoral studies, I broadened the scope to include nonlinear constraints and conducted
additional experiments. I include the present version in this thesis because one of its extensions
(see Section 5.A) builds directly on the work in Chapter 6, which I developed entirely during
my doctoral studies. I therefore view Chapters 5 and 6 as complementary components of my
research on nonconvex optimization.

Section 6 is based on the following work (Selvi et al. 2023):

Aras Selvi, Dick den Hertog, Wolfram Wiesemann (2023). A reformulation-

linearization technique for optimization over simplices. Mathematical Programming.
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5 Convex Maximization via Adjustable Robust Optimization

Abstract

Maximizing a convex function over convex constraints is an NP-hard problem in general. We
prove that such a problem can be reformulated as an adjustable robust optimization (ARO)
problem where each adjustable variable corresponds to a unique constraint of the original prob-
lem. We use ARO techniques to obtain approximate solutions to the convex maximization
problem. In order to demonstrate the complete approximation scheme, we distinguish the case
where we have just one nonlinear constraint and the case where we have multiple linear con-
straints. Concerning the first case, we give three examples where one can analytically eliminate
the adjustable variable and approximately solve the resulting static robust optimization problem
efficiently. More specifically, we show that the norm constrained log-sum-exp (geometric) max-
imization problem can be approximated by (convex) exponential cone optimization techniques.
Concerning the second case of multiple linear constraints, the equivalent ARO problem can be
represented as an adjustable robust linear optimization (ARLO) problem. Using linear decision
rules then returns a safe approximation of the constraints. The resulting problem is a convex
optimization problem, and solving this problem gives an upper bound on the global optimum
value of the original problem. By using the optimal linear decision rule, we obtain a lower bound
solution as well. We derive the approximation problems explicitly for quadratic maximization,
geometric maximization, and sum-of-max-linear-terms maximization problems with multiple lin-
ear constraints. Numerical experiments show that, contrary to the state-of-the-art solvers, we
can approximate large-scale problems swiftly with tight bounds. In several cases, we have equal
upper and lower bounds, which concludes that we have global optimality guarantees in these

cases.

5.1 Introduction

We propose a new approximation method for the convex maximization problem:

A
max  f(Az+9)

s.t. xzeU,

where U C R™ is a compact set defined by convex constraints and f : R” +— R is a closed convex

RmX?’L

function with an arbitrary linear input Ax + b for A € , and b € R™. The seminal paper
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of Tuy (1964) is regarded as the first approach to solve convex maximization problems, where
U is a polyhedron.

There are many real-life problems that can be reformulated as convex maximization prob-
lems. Rebennack et al. (2009) show that the fixed charge network flow problem can be formulated
as a convex maximization problem. Moreover, Zwart (1974) shows that two important prob-
lem classes are equivalent to convex maximization problems, namely cost minimization problems
with the cost function being subject to economies of scale, and linear optimization problems that
involve ‘yes’ or ‘no’ decisions (binary variables). Many machine learning (ML) problems can be
formulated as convex maximization problems, for instance Mangasarian (1996) shows that fun-
damental problems in ML, misclassification minimization and feature selection, are equivalent
to convex maximization problems. The same author more recently proposes the use of abso-
lute value inequalities for classifying unlabeled data, which results in a problem of minimizing
a concave function on a polyhedral set (Mangasarian 2015). Other important examples from
data science are variants of principal component analysis (PCA). Zass and Shashua (2007) show
that the nonnegative PCA problem and the sparse PCA problem are convex quadratic max-
imization problems. Additionally, a popular approach to solve difference of convex functions
(DC) programs is the convex-concave method, which iteratively solves convex minimization and
convex maximization problems (assuming the constraints are convex) (Lipp and Boyd 2016).
DC programming is being used to solve many problems in machine learning, data science, biol-
ogy, security and transportation (Le Thi and Pham Dinh 2018). Also many problems arising in
graph theory can be formulated as convex maximization problems, a well known example is the
MAX-CUT problem (Goemans and Williamson 1994). A lot of variations of integer linear and
integer quadratic optimization problems over polyhedra can be written as convex maximization
problems (Benson 1995). Convex maximization naturally appears in robust optimization when
finding the worst-case scenario of a constraint which is a convex function of the uncertain pa-
rameter. A similar problem appears when one applies the adversarial approach (Bienstock and
Ozbay 2008) to solve a robust convex optimization problem. In this approach, at the step of
adding worst-case uncertainty realization to the discrete uncertainty set, one needs to maximize
convex functions.

A local or global solution of the convex maximization problem is necessarily at an extreme
point of the feasible region (Rockafellar 1997), hence there exist many methods to solve convex
maximization problems by searching for extreme point solutions, but this approach is itself

very hard. It is shown that the convex maximization problem is NP-hard in very simple cases
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(e.g., quadratic maximization over a hypercube), and even verifying local optimality is NP-
hard (Pardalos and Schnitger 1988). Hence, there are many papers to approximate the convex
maximization problem (Benson 1995). The survey paper (Pardalos and Rosen 1986) collects such
works until the 1980s. Most of the proposed methods use linear underestimator functions, which
are derived by the so-called convex envelopes. These algorithms have a disadvantage, namely,
the size of the sub problems grows in every new iteration, which makes them impractical in
general. Moreover, the proposed methods in the literature are designed only for some specific
cases (e.g., (Zwart 1974)). All of the well-accepted methods to solve the most studied convex
maximization problem, quadratic maximization, are based on cutting plane methods, iterative
numerical methods such as the element methods, and techniques of branches and borders based
on the decomposition of the feasible set as summarized in (Audet et al. 2005, Andrianova et al.
2016). These papers also indicate that such methods do not provide solutions in reasonable time
for practical problems.

Convex maximization is frequently being studied in the scope of DC programming in re-
cent optimization research. As summarized by Lipp and Boyd (2016), the early approaches
reformulated the DC programming problems as convex maximization problems (Tuy 1986, Tuy
and Horst 1988, Horst et al. 1991). One can see how the methods in convex maximization are
adopted for DC programming literature in the work of Horst and Thoai (1999). Lipp and Boyd
(2016) provide a thorough literature review in convex maximization, and state that the literature
to solve such problems mostly relies on branch and bound or cutting plane methods which are
very slow in practice. In this respect, in order to be able to cope with large DC programming
problems, Lipp and Boyd (2016) propose a heuristic algorithm to find a decent local solution of
the convex maximization problem.

In this work a new method to approximately solve the convex maximization problem is pre-
sented. The method starts by reformulating the convex maximization problem as an adjustable
robust optimization (ARO) problem. The ARO problem has a number of adjustable variables
equal to the number of the original constraints. The adjustable variables appear nonlinearly,
hence the ARO problem is still a hard problem. Therefore, we apply approximation methods
used in the ARO literature in order to approximate the ARO problem. This way we derive
convex optimization problems which provide upper and lower bounds of the original convex
maximization problem.

The rest of the section is organized as follows. In Section 5.2, we present our main theorem

for single constrained convex maximization, and show how to reformulate the convex maximiza-
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tion problem as an ARO problem. We exploit the relationship between equivalent formulations
to show how to obtain a solution in the original problem by using the solution of the ARO
problem. We give three cases of convex maximization over a single norm constraint, show how
to analytically eliminate the adjustable variable, and (approximately) solve the resulting static
robust optimization problem. The approximate solution of the ARO problem gives an upper
bound to the convex maximization problem, and by using this solution we show how to obtain
a lower bound for the original problem. In Section 5.3, we derive the ARO reformulation of a
general convex maximization problem with arbitrary convex constraints, and show that one way
to approximately solve this ARO problem is by relaxing adjustable variables to static variables.
We specifically investigate the case of convex maximization over multiple linear constraints. It
is shown that the ARO reformulation of this case is an adjustable robust linear optimization
(ARLO) problem. Adoption of linear decision rules for the adjustable variables enables one to
derive efficient upper and lower bound approximation problems. Explicit approximations are
obtained for convex quadratic, geometric, and sum-of-max-linear-terms maximization problems.
The numerical experiments follow in Section 5.4, which illustrate that our approximation prob-
lems can be solved significantly faster than the state-of-the-art optimization solvers, and provide
tight optimality gaps in most of the cases. In cases where the upper bound is equal to the lower
bound, a guarantee of global maximizer is obtained. We conclude the work in Section 5.5 by

discussing our findings and giving future research directions.

5.2 ARO Reformulation of Single-Constrained Convex Maximization

In this section we show how to reformulate a single convex constrained convex maximization
problem as an equivalent ARO problem, and how to (approximately) solve it. In the next section
we will generalize these results to problems with multiple constraints.

Let f:R™ — R and g : R” — R be closed convex functions. We assume that 3z € R" :
9(Z) < p for scalar p € R. Moreover, let A € R™*™ and b € R™. We consider the following

convex maximization problem with a single convex constraint:

max f(Az +b) )

s.t. g(z) <p.

The feasible set is denoted by U, i.e., U = {z € R" : g(z) < p}. Let f* denote the convex

conjugate of f. The perspective of f is defined as zg f (%) for zp > 0, and our understanding for
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0f(%) is the recession function liIJ% 20f(£) (Rockafellar 1997) for the rest of the section. The
20
following theorem shows that problem (72) is equivalent to an ARO problem where w € dom f*

is the uncertain parameter and A > 0 is the adjustable variable.

Theorem 19. The optimal objective value of problem (72) is equal to the optimal objective value

of the following adjustable robust optimization problem:

innfg T
TE

ATw T (73)
s.t. Ywedomf* IN>0: Ip+ Ag* — +b'w— f*(w) <.

The solution x that attains this value satisfies T € argsup {(ATQD)T.%' T € U} with w € dom f*

being the parameter realization where the constraint of (73) is tight at optimality.

Proof. Problem (72) can be written as:

inf 7T
r€R (74)
s.t. f(Ax+b) <7, Vel

Since f is a closed convex function, we have:

@) =)= swp {zTw—f(w)

wedom f*

where f** is the biconjugate of f. Hence, the constraint of problem (74) becomes:

VeeU: f(Az+b) <7 <=VzecU: sup {(Az+b)lw— f*(w) <7

weEdom f*
T,AT T *
<:>sup{ sup {(A'w) z4+b w— f"(w)}, <7 (75a)
zeU | wedom f*

< sup {sup {(ATw)TJ:} +b'w— f*(w)} <, (75b)
wedom f* \zeU

where in step (75a) we exploit the fact that if a constraint holds for the worst-case then it holds
for any case, and in step (75b) we change the order of the supremum operators. We replace the

inner problem (linear maximization over a convex set) with its Lagrangian dual problem and
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obtain:

sup {(ATw) Tz g(a) < o} = inf {sgp{mwm g} + Ap}

= nt {xoup {‘AT;”)T ) RV Y
= inf {)\g* <A;w> + )\p}. (76b)

We substitute (76b) into (75b) to conclude:

VeeU: f(Ax+0b) <t

: * ATw T *
< sup inf <Ap+Ag" | —— ) p+b w— ff(w)p <7 (77a)
wedom f* A=0 A
* * ATw T *
<= VYw edom f*, IN>0: A\p+ Ag 3 +b w— ff(w) <7 (77b)

Minimizing 7 over (77b) gives problem (73). The optimal solution & of problem (72) can be
retrieved from the optimal solution of ARO problem (73). Firstly, notice that Z solves the
outer problem of (75a) and the inner problem of (75b). Let (A, w) denote the solution of the
optimization problem (77a), where X is a function of w due to the inner problem. By the
equivalence introduced above, w solves problem (75b), hence we can retrieve Z from the inner

problem of (75b), i.e.,:

T € argsup {(ATU))T.I s g(z) < p} , (78)
which is a convex optimization problem. ]

Remark 3. If g is differentiable and the inverse of its gradient (V~1g(-)) ewists, then we can
analytically obtain the solution as T =V lg (%) which follows from (76a). |

In the ARO reformulation (73) the adjustable variable A appears nonlinearly, hence this is
also a difficult problem. However, there is only one adjustable variable, and it appears in a single
(semi-infinite) constraint. In the following, we consider three cases where one can derive explicit
expressions for A (e.g., the analytic worst case for A, as a function of w), which circumvents the
nonlinearity. In these examples we do not show how to derive the convex conjugate of various

g(z) functions, but these can be found in, e.g., (Boyd and Vandenberghe 2004).
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Corollary 10 (2-norm Constraint). Let g(x) := ||z — a||, in problem (72), where a € R™ is a

parameter. Then, the global optimum value T of this problem is

"= sup pHATwH +a"ATw+b"w— f*(w). (79)
wedom f* 2

Furthermore, if the domain of f* consists of linear inequalities, an upper bound value of T* can

be found by solving a convex relazation of (79). A corresponding lower bound solution of problem

(72) is z* = (ATw*)ﬁ + a, where w* € dom f* is the upper bound solution.
w2

Proof. Let the feasible set of problem (72) be defined as:
1 1
U= {96 ER": g(z) = 3 lz — a3 < 2P2}~

The conjugate of the squared norm is g*(z) = 3 ||2]|5+ 2" a, hence, minimizing 7 over constraint

(77) is minimizing 7 subject to:

. 1 2 % AT'LU T %
— — <
wezgpf*{ig%{2p A+ Ag ( 3 >}+b w— f*(w) T
T

1 1
<= sup {min{2p2/\+)\

wedom f*

& sup {pHATwH +a"ATw+b"w— f*(w)} <,
wéedom f* 2

where the last step holds since the inner minimization problem is a convex problem with the

optimal decision rule A\ = p~! HATwHZ. Therefore, for the feasible set Uy, problem (72) is

equivalent to the following optimization problem:

7" = sup pHATwH +a"ATw4b"w— f*(w). (80)
wéedom f* 2
Notice that at the original problem (72) with U = Uy, the constraint is convex and the convexity
of the objective function f(Az + b) makes the problem non-convex, whereas in problem (80)
maximizing — f*(w) is fine and the 2-norm makes the problem non-convex.
Although we conclude that problem (80) is non-convex, there exist strong approximation

methods, and an example is when the domain of f* consists of linear inequalities, i.e.,
dom f* ={w : o w< gy, i=1,...,d},
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for a; € R™, B; € R. In this setting, the only difficult part is maximizing the sum of a convex
function and a concave function over linear constraints. To be able to approximate problem (80)
with a convex problem we use the reformulation-linearization technique (RLT'), whose details can
be found in (Sherali and Adams 2013). We also tighten the RLT relaxation by using a ‘positive
semi-definite cut’ (Sherali and Fraticelli 2002) and obtain (derivation is in Appendix 5.A of the

supplements):
sup pV/tr(ATVA) +a" ATw +b"w — f*(w)
Vesmxm weRm
s. t. a;—w—ﬂigo, 1=1,...,d
CkiTVOéj — (ﬂiaj + Bjai)Tw + 525] >0, 1<j=1,....d (81)

Vw>_0
w' 1) 7

where tr(-) denotes the trace operator. For instance, suppose f is the log-sum-exp function. Since
f*(w) is the negative entropy of w in its domain (standard m-dimensional simplex), problem
(81) is an exponential-cone representable problem. It can further be proved that for this case
the semi-definite constraint is redundant, and the optimal value of V is the diagonal matrix
Diag(w) (Selvi et al. 2023). So the only variable is w € R™ and we can solve problem (81) with
the exponential cone solver of MOSEK (MOSEK ApS 2019).

Going back to the general setting of f, it is straightforward to see that problem (81) upper
bounds the optimal objective value of problem (80) since an optimal solution @ in problem (80)
is feasible in problem (81) by taking V = ww . We can also obtain a lower bound on problem
(80) by using the upper bound solution. Solving € argsup {(AT’U_})TJL' T € Ul}, the optimal
%) = (ATw)m +a. Since we approximate w of
problem (80) with w* in problem (81), a lower bounding approximation of the optimal solution

7 value can be recovered by z = V™ lg (

T isat = (ATw*)m + a. Moreover, the constraint of the original convex maximization
problem is indeed tight for z*, i.e., 3|[z* — a||3 = £p®. This shows us that this method gives
us an extreme point lower bound solution, which is desirable as otherwise z* cannot even be
locally optimal, i.e., every local and global solution of problem (72) is at an extreme point of

the feasible set. ]

Numerical experiments of Corollary 10 are in Section 5.4.1
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Corollary 11 (Box Constraints). Let g(z) := ||z — al|, in problem (72), where a € R" is a

parameter. Then, the global optimum value T of this problem is

7" = sup pHATwH +a"ATw4b"w— f*(w), (82)
wedom f* 1

which can be solved via mized-integer convex optimization. Furthermore, the optimal solution
Z of problem (72) that attains T can be found by solving the linear optimization problem T €

argsup{(ATw) "z : ||z —al, < p}, where w is the solution of (82).
Proof. The feasible region defined by box constraints is:
Up={z eR": g(z) = |lz —al < p}.

Although box constraints are actually a collection of multiple constraints, by using the oco-norm

we can apply our theorem for a single constraint. Using the conjugate

. zla if ||z||; <1
9°(2) =

oo otherwise,

in (77), we obtain that problem (72) is equivalent to minimizing 7 over:

sup {min{)\p—i— a' ATw: HATle < /\} +b'w— f*(w)} <T

wedom f* A>0
& sup {pHATwH +aTATw+bTw—f*(w)} <,
wedom f* 1
since the minimizer of the inner problem is A = HATle. This also shows that the piecewise

linear decision rule (LDR) is optimal for this problem, as A has the structure of a piecewise
LDR. We can conclude that if the uncertainty set is Us, the optimal value of problem (72) is
given by:

= sup p HATwH +a" ATw+b"w— f*(w). (83)
wedom f* 1

Notice that (83) is still a hard problem due to the convexity of p HATwﬂl. However, this 1-norm
can be represented by linear terms using extra binary variables for absolute values (see, e.g.,

(Lofberg 2016)). There are many efficient solvers which can solve the resulting mixed-integer
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convex optimization problem. For example, if f is a log-sum-exp function, then f* is the negative
entropy (with linear domain constraints), hence problem (83) will be a mixed-integer exponential
cone representable problem and MOSEK can efficiently solve these type of problems.

From Theorem 19 it follows that the optimal solution Z of the original problem that attains
)T

the value 7* can be retrieved by solving Z € argsup {(ATU_) T x€E UQ} (as we cannot derive

a closed-form solution due to the co-norm). O

Numerical experiments of Corollary 11 can be found in Section 5.4.2.

Corollary 12 (p-norm Constraint). Let g(z) := ||z — al|, in problem (72), where p > 1 and

a € R™ is a parameter. Then, the global optimum value T of this problem is

™= sup p HATwH +a" ATw4b"w— f*(w), (84)
wedom f* q

where q is given by 1/q+ 1/p = 1. The solution T that attains this value in problem (72) is

obtained by solving T € argsup{(ATw) 'z : |z — all, < p}, where w is the solution of (84).

Proof. The dual norm of the p-norm is the ¢g-norm, where ¢ is given by % + % = 1. The rest

of this proof is analogous to the proof of Corollary 11, hence we can conclude that the optimal

objective value of problem (72) is 7" = sup p ”ATw‘}q+aTATw+bTw—f* (w). The solution
dom f*

we
Z can be found by similar arguments as in Corollary 11. O

Corollary 12 generalizes the previous two corollaries, i.e., p = 2,00. Solving problem (84)
is in general difficult, however the non-convexity of this problem is not due to f*(w), but the
dual norm of the original g(x). This may in turn significantly simplify solving the convex
maximization problem. In Corollary 10 we showed cases where we can efficiently approximate
problem (84) for p = 2 and obtain the corresponding lower bound solution, and in Corollary 11
we showed how to globally solve problem (84) by mixed-integer convex optimization, along with

the corresponding solution of problem 72 for p = oc.

5.3 ARO Reformulation of Multiple-Constrained Convex Maximization

In this section, we first extend Theorem 19 to convex maximization problems with multiple
convex constraints. Then, we give tractable upper and lower bound relaxation problems for the

case of multiple linear constraints.
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5.3.1 Convex Maximization over Multiple Convex Constraints

Let f : R™ — R be a closed convex objective function, and g; : R" — R,j = 1,...,¢q be closed
convex functions. We assume that 3z; € R" : g;(Z;) < p;j for j = 1,...,¢. Similarly to the
previous setting, let A € R™*™ and b € R™. We consider the following convex maximization

problem with multiple convex constraints:

max f(Az +b) (85)

s.t. gi(x)<pj, j=1,....q.

Let U={z € R": gi(z) < p;, i =1,...,q} denote the feasible set of problem (85).

Theorem 20. The optimal objective value of problem (85) is equal to the optimal objective value

of the following adjustable robust optimization problem:

inf 7
T
Z; T N
DI Aipg + i Nigi <>+b w— frw) <7
S-t'vwGdomf*,HAERi,zeRan; J=1"9F) i=1"NiY; N
Z?:1Zj:ATw7

(86)

where z; denotes the j-th column of z, and R4 is the set of nonnegative real numbers. The optimal
solution T that attains this value satisfies T € argsup {(ATU_})TCC T € U} with w € dom f*

being the parameter realization where the first constraint of (86) is tight at the optimal solution.

Proof. From the proof of Theorem 19 we see that problem (85) can be written as the minimiza-

tion of 7 over:

sup {sup {(ATw)Tw} +b w— f*(w)} <T. (87)

wedom f* \xeU

Consider the inner problem in constraint (87). Taking its Lagrangian dual problem gives:

sp (v}

q q
= inf < sup {(ATw)THS — Z )\igi(x)} + Z Ajpj
=1 =1

AERY | zeRn
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q « q
- juf (;Aigi) <ATw>+j§:IAjpj : (88)

*
To simplify (Zgzl )\igi) , we use the fact that the conjugate of sum of convex functions can be

written as the infimal convolution of these functions (Rockafellar 1997). This equivalence gives:

q q
(3ona) amer =t {3 ey 3o -
- z1,...i,rzl§€R" ZA gz (ZZ) ’

’L

.
where the last step holds since \;g} (f\—i) = \; sup { zﬁ\f — g (x)} = (X\igi)*(zi). Therefore, (88)
x

becomes:

ATw ,

q q
5.

inf E)‘"-i- inf E)\-*—Ztg'

AER? = LC o= po i <)\z> j:lz]

and so constraint (87) reduces to:

Ran
wéedom f* | z€ Rq

q
sup inf Z)\]pj —{—Z)\@gz ( ) +b'w— ff(w) : sz = Aw <7. (89)
j=1

Minimizing 7 over (89) gives us us the global optimum value of problem (85). The optimal
w)'z : zeU}

where w € dom f* maximizes the left-hand side of (89) (the reasoning is identical to Theorem

solution Z of the original problem can be retrieved by solving & € argsup {(AT

19, i.e., such w maximizes (87) equivalently). O

One way to approximate the ARO problem (86) is to use static variables for the adjustable
variables. Assume without loss of generality that in problem (85) we have x € R’}. It is possible
to verify that this problem is equivalent to problem (86) with the last constraint being 23:1 2 >

ATw (instead of equality). By relaxing the adjustable variables to static variables, we obtain

a tractable approximation of the problem. Hence, the following convex optimization problem
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returns an upper bound to the original problem:

inf T
TER,AGRi,zeRan
wedom f*
sup  {A]w} < D i1 gy i=1,...,n.
wedom f*

Moreover, we know that solving argsup {(ATEJ)T:L‘ -3, S\zgl(:ﬁ)} gives us the global opti-
z€RT

mum solution, where (\,w) solves the optimization problem of (89). Since we used a safe-
approximation for this problem, we can use the X\ value which solves problem (90) as an approx-
imation of A, and try n + 1 many scenarios for w solving each supremization problem in (90),
in order to obtain a lower bound Zz. Such a lower bound approach is thoroughly described in
Section 5.3.2 where we approximate the problem of maximizing a convex function over linear
constraints.

When the constraints are linear, problem (86) is linear in the adjustable variables, hence this

deserves a separate treatment which is done in the next subsection.

5.3.2 Convex Maximization over a Polyhedron

In this subsection, we consider problem (85) in which the feasible set is a polyhedron with
a nonempty interior. Application of Theorem 20 yields an attractive adjustable robust linear
optimization reformulation, for which efficient approximations exist in the literature. We first
illustrate how the problem can be approximated with lower and upper bounds. Then, we consider
special cases of the objective function f: quadratic, log-sum-exp (geometric), and sum-of-max-
terms.

Formally, we work on the following problem for D € R?*™ and d € R™:

max f(Az +b)
z€RY (91)
s.t. Dz <d,

which is a special case of problem (85) with

U={zecR}: Dx<d}. (92)
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Let D(;y denote the j-th row of D. Then, the j-th constraint of U is given by
gj(x) <p; = D(])x < dj.

By Theorem 20, the optimal objective values of problem (91) and the following problem are

equal:
d"A+bTw— f*(w) <7
Tlrel]% 7 s.t.Vw e dom f*,IN e RY, 2z e R : {2 < DiyAi, i=1,...,q
T
25:1 zj=A"w,
Constraints 2321 2j = ATw and 2z < DpyAiy i = 1,...,q together can be written as ATw <

DT\ Therefore, problem (91) has the same optimal objective value as the ARO problem:

d"A+b"w— f*(w) <7

1111% T s.t.Vwedom f*;IANeRT: ¢ DIA> ATw (93)
TE

A>0.

Notice that the final problem is a linear ARO problem with fixed recourse (linearity is obtained
by lifting the —f*(w) term to the uncertainty set). There are many possible methods one can
use to solve such a problem, for example, one can solve this problem to optimality by eliminating
the adjustable variables via Fourier-Motzkin Elimination for ARO (Zhen et al. 2018), which is
efficiently applicable for small-sized problems. We refer to Yanikoglu et al. (2019) for a survey
of alternative methods to solve this linear ARO problem. In the remaining of this section we
show how to derive tractable problems to find upper and lower bounds on the optimal objective
value of problem (91).

In Appendix 5.B of the supplements it is shown that by using linear decision rules, one

obtains a (tractable) safe approximation of the constraints of ARO problem (93) as:

-
d"(u+Vw+rw) +b"w+wy —7 <0, V(wo wT> (94a)
- T T T
inf T =D ' (u+Vw+rwy) +A w<0, (wo wT) (94b)
u€RY,V ERIXM reRI TER
-
—(u+Vw+rw) <0 < wo wT> W, (94c)
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with W = {(wp w")" € R™"!: wy + f*(w) < 0}, which is used to prove the following result.

Theorem 21. The optimal objective value of the following problem is an upper bound to the

optimal objective value of problem (91):
VTd+b
T T
d u+(1+d r>f<m> <r
1+d'r>0

—D]u+ (—D;r'r) f <AZ__D‘{FTTDZ> <0

-D/r>0

VI
—m+(—m)f( @) <0

T

;

(95a)

i=1,...,n (95b)

inf T s.t.
u€eRI,VERI*X™ rcRI,7€R

i=1,...,q9 (95¢)
—TiZO.

Here, Vi3 stands for the i-th row of V' where A;, D; are the i-th columns of A, D.

Remark 4. Problem (95) is a convexr optimization problem whose complexity depends on the
perspective of f. If f is positively homogeneous, the perspective function is zof(%) = f(z) which

in turn makes problem (95) easier (without variable ). [

Remark 5. When problem (95) is hard to solve, the adversarial approach (Bienstock and Ozbay
2008) could be a valuable alternative, which avoids directly solving this problem. This approach
takes the equivalent safe approzimation problem (94), replaces W with a finite set W, and solves
the resulting linear optimization problem (LP). Then, the (wo wT>T € W walues that violate
each of the constraints the most are added to set W. Iterating this procedure until there is no
violation guarantees optimality at termination. Obuviously, this approach does not use perspective

functions, but if the number of LPs solved is large, then this also becomes a hard problem. W

The solution of the upper bound problem can be used to obtain a (potentially good) lower
bound for problem (91) by using what was proposed for two-stage fixed-recourse robust con-
straints by Hadjiyiannis et al. (2011) and extended by Zhen et al. (2017). Theorem 20 states that
the global optimum solution of problem (91) can be obtained by solving z € argsup{(A'w) z :
x € U} where w € dom f* is the scenario where the first constraint of (93) is tight. However,
finding w is as hard as solving (93) (see the proof of Theorem 20), while for any w € dom f*,

solving argsup{(ATw) 2 : 2 € U} gives us a feasible (lower bound) solution of problem (91).
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Hence, we generate a finite set W, which will be used to obtain good lower bound solutions, i.e.,

for each w € W we solve:
z € argsup{(ATw) z}, (96)
zeU

and the best solution is the one giving the best objective f(Az+b). The set W can be generated
in multiple ways, and we use our upper bound solution for this purpose, namely (ﬂ,f,v,%)
standing for optimal (u,r, V,7) values in (95). We plug this solution in the safe approximation
(94) of the ARO problem (93) that is equivalent to the original convex maximization problem.
Then, we generate elements of W as the worst-case parameter realizations in each constraint of
(94), independently. For example, the first element of W is obtained from the first constraint
(94a) as:

W' e argsup{ sup dT(ﬁ—f—Vw—i—fwo) +bTw + wy —%}
wedom f*  wo<—f*(w)

= argsup{ sup (1+d " MDwo+ @ V+b)w+d a—+}
wedom f*  wo<— f*(w)

= argsup {—(1 +d A (w)+ (dV+bw+d o — %} :

wedom f*
We thus construct W as W = W' U Ui, Wf] U UL, W?] with:
W'e aé(% quE)* {—(1 +d" ) ffw)+(dTV+bDw+dTa— %} , (97)
W?G aé"g,sujpc)*{(D;rr)f*(w)+(A;F—D;rf/)w—DzTa}, i=1,...,n (98)
W?E aé(%su})*{—&i—viw—i—fif*(w)}, 1=1,...,q. (99)

In the above notation W is a finite set of n+¢-+1 many w scenarios. With this approach, we aim
to represent w (the worst-case parameter realization of the original ARO problem) as accurately
as possible by plugging the optimal LDR from the upper bound relaxation problem (95) and then
collecting the worst-case parameter realization in each constraint of the safe approximation. We
emphasize that the solution of the upper bound relaxation is directly being used in the process
of obtaining a lower bound. Hence, the upper bound problem is not only being solved to get
an upper bound value, but more importantly also to obtain a good solution to the original

problem. The upper/lower bound approximation scheme is summarized in Appendix 5.C of the
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supplements.

We next derive the approximations for specific problems, namely convex quadratic maxi-
mization, convex log-sum-exp (geometric) maximization, and convex sum-of-max-linear-terms
maximization. The results are shared in Tables 34, 35, and 36. Complete derivations can be
found in Appendix 5.D of the supplements. In summary, we see that the upper bound ap-
proximation of the convex quadratic maximization problem is found by solving a second-order
cone optimization problem, and from the solution of this problem the lower bound scenarios can
be collected analytically. For geometric maximization, the upper bound problem is a convex
exponential cone optimization problem, and the lower bound scenarios can also be collected by
solving multiple exponential cone optimization problems. Finally, for sum-of-max-linear-terms
maximization, the upper bound problem is a linear optimization problem, and the lower bound
scenarios can be found analytically. All of the original problems are known to be very hard
problems, while the approximation problems are mainstream convex optimization problems and
there exist many powerful solvers to solve such problems. In the numerical experiments, we
use Mosek as a conic optimization solver and CPLEX (IBM ILOG CPLEX 2014) as a linear

optimization solver.
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‘ Problem

Parameters and Assumptions

Convex Maximization Formulation

g(z) =2TQx +¢Tx, convex quadratic funtion

max g(z)=z'Qr+ "z

Quadratic Maximization Q >0, positive semi-definite matrix z€Ry
leR™, linear coefficients vector s.t. Dz <d
f(2) =log (322, exp(z)), log-sum-exp function max f(Az +b) =log (301", exp(Ag)z + bi))
Geometric Maximization A e R™™, linear coefficients matrix z€R%
beR™, linear constants vector s.t. Dx<d

Sum-of-Max-Linear-Terms
Optimization

f(z)= Zi:l max {zj}, sum-of-max-terms function
JEL

K >0, number of max-terms

I C{1,...,m}, indexes for k-th max term
I.NZy =0, for k # ¢, wlo.g.

UK T, ={1,....m}, wlog.

A e Rm*", linear coefficients matrix
beR™, linear constants vector

R

s.t. Dxr <d
Note: By using logical programming one can
reformulate as mixed integer optimization

max fAz +b) =370, ;%%{A(J)W +0;}

"
Y

Table 34: Quadratic, Geometric, and Sum-of-Maz-Linear-Terms Maximization problems. In
each case we introduce the problem setting, and share the main conver mazximization problem
that we are interested in solving. All problems have the same linear constraints Dx < d for

D e R?*™ d e RY.

Problem ‘

Upper Bound Problem

Problem Type and Variables

(zj(l)‘ 14+d"r, (Vde +bj -7+ dTu)) € Kexp, 7=1,...,m,

inf T
_ VTd
St dTu+oTd—(1 2 <0
s u+ 1+7)/ +‘(ﬁTd+(1—7—)/2)2*
¢ L.—VTD Second-order Cone Optimization Problem
Quadratic Maximization ~DJu+ 57 —9'D; + H ([,;2 _ i,T[;,) ‘ <0, i=1...,n TeRueR, v eRL DRV € RI¥™,
7T ! ‘ L is obtained by decomposition Q@ = LT L
—u; — T+ <7 @] <o, i=1,...,q
—0;
2
inf 7
T, (1)
st 14+dTr>30 2

Exponential Cone Optimization Problem

2 . RY R7,V € RI*™ R,
Geometric Maximization -Dl'r> Z;nzl Z;(j>~ i=L...,n (?14)6,E ]RI’/L“ E(2) E’Rnim (3)72 Degqx'm
(=, =DTr, (i) = VI Dy = DI W) € Kesps G =1ocom, i=1,.oim N o - "
ij i qlv(f) J i i expy J = s ’ A Kexp denotes the exponential cone
—ri > Y, ), i=1....q
(5, =ris (-Vi = w)) € Ky, J=lo..m  i=l...gq
inf 7
K
) st dlu+ Yp, ma.x{V]Td +b;} <7 Linear Optimization Problem
Sum-of-Max-Linear-Terms . KJGIA' T weERLYV € RI™M 7 € R
Optimization =D u+ 37 max{4; ;) - V,'Di} <0, i=1,...,n ) X g g
X J€Tk for linearity use auxiliary variables
—ui Yy max{Vi ) } <0, i=1.g
J€Tk

Table 35: For each of the

three problems, we show the upper bound approximation problems.

These problems are special forms of upper bound problem (95) of Theorem 21.

5.4 Numerical Experiments

In this section we present numerical experiments to support the theory developed in this work.
We use YALMIP through MATLAB 2018b (MATLAB 2018) to call various solvers, and report

the solver times below (we do not reflect the problem formulation times in YALMIP). Numer-

ical experiments are obtained by using a standard personal computer with an 8-th Generation
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Problem Lower Bound Scenarios Problem Type

P _h (((IT@ j/(?i T)/?))

1

(VD
W; = 0;/2— D% , i=1,...,n
1

i 7T
=3 h _Vm .
Wi = —0; , i=1,....q,
1

where h_() normalizes its input.
W e arg sup 1+ dTT)(Z;”:] )+ (@ V+d)w+du—7

Quadratic Maximization Analytic Scenarios

w,te
s. t. (Lwj, tj) € Kexp, j=1,...,m
Z;n:l wj =1
w2 _pT mo T_pT _pT
Wie argsup (=D, r)(X7Lt) + (A — D/ V)w—Dju
Geometric Maximization e ; i=1,...,n Each scenario collection is
” st (Lwjty) €Kep, J=1,..., m o an exponential cone problem

Yiwi=1
Wi e argsup (=) (i t) + (= Vip)w —
s. t. (L, wj, tj) € Kexp, j=1,...,m i=1,...,q
E;'ﬂ:1 wj =1
W e argsup d' (u+Vw)+bTw—r7

w

s.t. w; >0, j=1,...,m
Z]Ezkwjzl, k=1,...,K

=2
Sum-of-Max-Linear-Terms Wi e arg sup A;:r“’ - D;r(u +Vuw) Each optimization problem can be
Obtimiz 1ti011 o sut w; >0, j=1 m i=1,...,n split to K optimization problems
- Lt >0, sy ’
P 2761k wj=1, k=1,....K that are analytically solvable

W? € argsup —u; — Viyw
w

s.t. w; >0, j=1,...,m
Z]Ekaj:L k=1,...,K

Table 36: For each of the three problems, we share the lower bound scenario collection steps.
As discussed before, these scenarios will help us to find a lower bound solution by solving linear
optimization problems corresponding to each scenario.

Intel(R) Core(TM) i7-8750H processor. The details of the data and codes of these experiments
are shared in Appendix 5.G of the supplements.

5.4.1 Log-Sum-Exp Maximization over a 2-norm Constraint

Consider problem (72) with g(z) := ||z — a||2. In Section 5.2 under Corollary 10 we discussed
that for f(z) = log(> /%, exp(z;)), the upper bound approximation problem is exponential-
cone representable, and we can analytically obtain the lower bound solution immediately. The
approximation problem (81) is solved by MOSEK.

To benchmark our approximation, we used general-purpose nonlinear optimization solvers
Artelys Knitro (Byrd et al. 2006), IPOPT (Wéchter and Biegler 2006), and BMIBNB of YALMIP
(Lofberg 2004). Knitro appeared to yield the best result, so we report Knitro as a benchmark.
Although Knitro does not guarantee global optimality it can find the global optimum value faster
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and more often compared to the other solvers we tried. We also compare our approximation

with the global optimization solver BARON. The results can be found in Table 37.

Knitro Knitro Multi-Start BARON Approximation

Problem - : - -

value time value start time  value time upper lower time
#1 (n="5,m=25) 9.7890 0.05 - - - 9.7890 0.40  10.0186 9.7816 0.22
# 2 (n =20,m = 15) 54.0329 0.18  55.8913 2 0.43 25.0731 1,800.00 56.0521  55.7287 0.22
#3  (n=100,m = 120) 241.1606 1.61 - - - NA 1,800.00 241.1606 241.1606 0.23
#4 (n = 20,m = 40) 156.6875 0.40 179.1224 5 5.52 NA 1,800.00 179.1224 179.1224 0.24
#5  (n=50,m=100) 324.8785 1.17  370.9066 3 6.55 NA 1,800.00 370.9066 370.9066 0.27
#6  (n=100,m = 100) 428.7200 2.37  472.0475 2 8.86 NA 1,800.00 472.0475 472.0475 0.25
#7  (n=200,m = 30) 551.3160 0.68 570.8467 20 1845 NA 1,800.00 570.8467 570.8467 0.23
#8  (n=400,m = 80) 570.7248 3.51 601.6886 4 14.35 NA 1,800.00 601.6886 601.6886 0.25
#9 (n =50,m = 20) error 0.62 - - error  1,800.00 890.7722 890.7722 0.24
# 10 (n = 10,000, m = 100) NA 1,800.00 - - - - - 456.6373  455.5054 0.29
411 (n=1,000,m = 1,000) 156.4414 1311.00 . - . . . 178.4665 141.9482 0.59
# 12 (n=2,000,m =700) 238.4521 1,800.00 - - - - - 325.0580 311.7564 0.51

Table 37: Comparison of our approzimation method with Knitro and BARON for the 2-norm
constrained log-sum-exp maximization problem. The first column gives the problem numbers,
and gives the dimension of these problems (recall the decision variable x is an n-dimensional
vector and the function f(Ax+b) takes m-dimensional vector input, hence A is a matrixz of size
m x n). The ‘value’ column stands for the best objective value computed by the corresponding
solver, and ‘time’ stands for how many seconds it took for the solver to compute this. ‘start’
means the minimum number of starting points for Knitro to find the corresponding value. The
column ‘upper’ is our upper bound approzimation, and ‘lower’ is the lower bound approximation.
We allow 30-minutes for solvers, hence ‘NA’ means that the solver cannot find any feasible point
in the time limit, otherwise the best solution found is written. The entry ‘error’ means that there
are numerical errors and the solver terminates.

These results show that BARON can only find the global optimum value (and guarantee
optimality) in the first problem, which is the smallest one. For the other problems BARON is
not usable, which is mainly due to the fact that the log-sum-exp function is highly nonlinear
as well as evaluating it is a hard task due to the exponential-terms. Moreover, we see that our
approximation method (except Problems 1 and 2) is faster than Knitro without multi-start which
is designed to find a local optimum. For Problems 4-7 Knitro cannot find the global optimum
without using the multi-start option (which needs manual tuning) and there is no guarantee
of global optimality at the end, while our method solves the problem with a global optimality
guarantee (upper bounds are equal to lower bounds). For Problem 1 and Problem 2 we cannot
find the global optimum value, which shows our method does not necessarily find the global
optimum in all of the cases. Problem 9 is a problem where the exponential summands in the
logarithm operator get very large and the computers accept these terms as infinity, so the solvers

cannot compute any solution, and they do not automatically scale the problem. However, since
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our upper bound approximation does not compute the log-sum-exp function directly, it does
not suffer from such numerical issues. To compute a lower bound we need function evaluations
and to address the numerical issues we automatically scale the problem. Problem 10 has 10,000
variables, so none of the solvers can find an initial solution within 1,800 seconds, whereas our
method finds the upper and lower bounds within 0.29 seconds. Problem 11 has m = 1,000 and
n = 1,000. This problem has a larger approximation gap, which may be a result of the increasing
dimension (recall that the proposed approximation problem has m variables). Finally, Problem
12 has a large dimension in terms of m and n. Knitro returns a feasible solution within 1,800
seconds but it is not a local optimum (large n increases the dimension of the main problem).

We also have a gap between the upper and lower bound approximations in this problem.

5.4.2 Log-Sum-Exp Maximization over an co-norm Constraint

We consider problem (72) with g(z) := ||z — a||s. In Corollary 11 we discussed that we can
find the global optimum value of problem (72) by solving a mixed-integer convex optimization
problem. In light of our findings, when f is a log-sum-exp function, we can represent this problem
as a mixed-integer exponential-cone optimization problem and MOSEK can solve these types of
problems efficiently. We use the same solvers as in the previous subsection as benchmarks. In
this problem, we find the exact global optimum value, i.e., we do not approximate this value.
The solutions that attain the global optimum values are also efficiently retrieved, as problem

(78) is maximizing a linear function over box constraints. The results are presented in Table 38.

Knitro Knitro Multi-Start BARON Exact
Problem : ; ; ;
value time value start time value time value time
#1 (n=5m=25) 9.10 0.03 15.00 2 0.04 15.00 0.06 15.00 0.28
#2 (n=20,m=2>5) 46.34 0.04 54.50 3 0.11 23.50 1,800.00 54.50 0.39
# 3 (n=>50,m = 20) NA 0.20 - - - NA 1,800.00 1,723.30 48.00

#4 (n=180,m=20) 54.39 0.50 57.70 15 6.17 NA  1,800.00 57.70 149.80
# 5 (n=30,m=300) 35.76 0.50 39.62 30 3391 NA 1,800.00 39.62  18.37

Table 38: Comparison of our exact method with Knitro and BARON for co-norm constrained
log-sum-exp mazimization. The meanings of common columns are the same as Table 37, and
similarly time is in seconds. Here, ‘Exact’ section stands for our method which computes exactly
the global optimum value as shown in Corollary 11.

In general, our method’s computation time is higher compared to the previous problem,
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mainly because we solve a mixed-integer exponential cone optimization problem. However,
contrary to Knitro (even with multi-start), our method provides a global optimality guarantee.

Similarly to the previous example, BARON is not scalable for larger problems.

5.4.3 Convex Quadratic Maximization over Linear Constraints

We consider the first problem type from Table 34, e.g., maximizing a convex quadratic function
with respect to linear constraints. The state-of-the-art solver for convex quadratic maximization
is CPLEX (version 12.6 onwards), which uses a branch-and-bound method based on McCormick
relaxations and SDP cuts. The algorithm terminates at a global optimum, but as for any branch
and bound algorithm, this may take an exponential number of steps (Boyd and Mattingley
2007). On the one hand, our upper bound approximation method solves a second-order cone
optimization problem, so we use MOSEK for this purpose. On the other hand, our lower bound
approximation method solves multiple linear optimization problems after collecting lower bound

scenarios analytically, hence we use CPLEX for this purpose. The results are given in Table 39.

CPLEX Upper Bound Lower Bound

Problem ; ) . .
value time restricted value time value time
#1 (n=20,q=10) 394.75 0.08 394.75 702.05 043 394.75 0.16
# 2 (n=20,q=10) 884.75 0.10 884.75 1,192.10  0.43 884.75 0.15
#3 (n=10,q =15) 4,674.70 0.15 4,674.70 4,753.10  0.01 4,674.70 0.17
#4 (n=50,q=062) 175,710.00 0.81 175,710.00 177,640.00  0.29 175,710.00 0.02

#5 (n=100,g = 130)  692,610.00 16.50  692,610.00  707,520.00 2.30  692,610.00 1.40
#6 (n=200,q = 240) 6,020,800.00  466.00 6,020,800.00 6,100,200.00 25.00 6,020,800.00 3.40
# 7 (n = 240, q = 280) 7.303.00  3,600.00 7.303.00 1,961,700.00 31.21 1,855,700.00 4.18

Table 39: Comparison of our approximation method and CPLEX with multiple linear constrained
conver quadratic maximization. Here the column names that are used in the previous tables have
the same meaning, and time is similarly in seconds. Recall that q is the number of (linear)
constraints. The ‘Upper Bound’ section is our proposed upper bound, and ‘Lower Bound’ is the
proposed lower bound. In ‘restricted’ column of CPLEX, we are giving a time limit of the total
time needed by our approximation method (upper + lower) and record the best CPLEX can find.
Note that when the ‘restricted’ case finds the same value as its ‘value’ (e.g., the unlimited time
case), it means CPLEX finds the global optimum solution but cannot guarantee global optimality
yet.

Problems 1-3 are small-sized problems where we see that CPLEX finds the global optimum
faster than our approximation method’s total time. In Problems 4-5 CPLEX finds the global

optimum slower than our approximation, while with a time limit of the time our approximation
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takes CPLEX still finds the global optimum, but cannot guarantee global optimality. A similar
argument holds for Problem 6, but the run-time of CPLEX increases significantly. Finally in
Problem 7, CPLEX cannot find the global optimum solution in an hour (3,600 seconds). In
general, we see that our lower bound values are all equal to the global optimum value (except
for Problem 7) with a reasonable run-time, however we cannot guarantee global optimality or

give tight upper bounds, unlike in our other experiments.

5.4.4 Log-Sum-Exp Maximization over Linear Constraints

We consider the second problem type from Table 34, where we are interested in maximizing a
log-sum-exp function over linear constraints. We use the state-of-the-art general purpose global
optimization solver BARON as the main solver. We also use Knitro as a local optimization
solver. Since our upper and lower bound problems are exponential cone representable problems,

we use MOSEK solver for solving this problem. The results can be found in Table 40.

Knitro Knitro Multi-Start Baron Upper Bound Lower Bound

Problem - - - - -
value time value start  time value time value time value time
# 1 (size= 10) 16.8763 0.05  35.2008 3 0.10  35.2008 0.32 35.2008 0.05  35.2008 0.01
# 1 (size=40) 248.7589 0.29 - - - 248.7589 0.36  248.7589 1.13  248.7589 0.01
Jf 1 (size=60) 282.6632 0.48 386.0733 5 1.95 384.6207 114.38%  386.0733 2.95 386.0733 0.01
# 1 (size=100) 667.0963 2.19 676.8081 20  37.77 547.8524 10.94*%  676.8080 9.98 676.8080 0.01
# 2 (size= 20) 64.5087 0.10 64.8926 10 0.43  64.6196 0.28%  65.2268 0.37  64.8926 0.30
# 3 (size=50) 102.5824 0.32 145.3380 50 11.24 144.1676 0.64* 145.3380 9.73 145.3380 0.01
# 4 (size=100) 166.8399 1.85 176.1074 50  77.05 166.8399 3.17% 176.1074 241.57 176.1074 0.01
# 5 (size= 10) 34.8293 0.05  45.0356 3 0.10  45.0356 1,000.00 45.0356 0.18  45.0356 0.01
# 6 (size= 30) 74.8013 0.17  76.0362 15 1.86  76.0362 0.72*  76.1283 14.71  76.0362 4.37

Table 40: Comparison of our approximation method with Knitro and BARON. Size of the problem
means n = q = m and these are equal to the given size, i.e., the number of variables, number of
constraints, and input dimension of the log-sum-exp function are equal. A star (*) next to the
solution-time of BARON means the solver encountered numerical issues and it returns the best
solution in the reported time.

Except for Problems 2 and 6, we find global optimum upper and lower bounds, enabling
us to guarantee global optimality. For Problems 2 and 6 we obtain tight upper bounds, and
our lower bounds are globally optimal. Our upper bound approximation problem works fast,
however it is an exponential cone problem with 2g 4+ ¢m variables in total. Depending on the
size of the problem, our approximation may get slower as shown in Problem 4. However, in such
large-scale problems Knitro also needs a lot of multiple starting points, and as it cannot find an

upper bound to the solution obtained, it cannot guarantee optimality. Knitro needs multi-start
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to find the global optimum in all of the problems except for Problem 1 with n = 40. Also,
it should be noted that BARON cannot guarantee global optimality in several cases. This is

because BARON has numerical difficulties in these problems.

5.4.5 Sum-of-Max-Linear-Terms Maximization over Linear Constraints

Finally, we consider the third problem type from Table 34. For this problem, we solve our
approximation problems (which are all linear problems) with CPLEX. We also compare our
approximations with directly solving this convex maximization problem via GUROBI version
9.0 (Gurobi Optimization 2018). Although GUROBI does not solve sum-of-max-linear-terms
maximization problems explicitly, YALMIP gives the mixed integer linear optimization problem
reformulation of this problem successfully (by applying logical programming). The reason we
chose GUROBI as a benchmark solver is because it gives a better performance than CPLEX in
our numerical experiments. Therefore, we compare our linear approximation problems to the
performance of GUROBI on mixed integer optimization to solve the problem to global optimality.
Recall that mixed integer optimization is NP-hard (Nemhauser and Wolsey 1988). The results
are given in Table 41.

Our method does not necessarily yield a global optimum contrary to solving the mixed-integer
optimization reformulation of the problem, however, in large problems our method converges
to a lower bound solution very swiftly. On the other hand, GUROBI suffers severely from the
curse of dimensionality in mixed integer optimization. Therefore, we see that in bigger problems
our lower bound quality is better than the best solution found by GUROBI, while in small-sized
problems the solver converges to global optima very quickly. Our method particularly stands out
in terms of the speed. We find the global optimum (and certify optimality) in Problems 1,2,7,8.
Note that in Problem 1 the global optimality of our approximation is not a coincidence because
in this problem we have K = 1, and we know linear decision rules are optimal in this case
(Ardestani-Jaafari and Delage 2016). Moreover, GUROBI cannot find the global optimum in
the allowed 1,000 seconds for Problems 4,5,6,8,9,10,12,13. Except for Problems 3,4,5, our lower
bound solutions are better than the ones found by GUROBI, or equal with a faster computation
time. In Problem 3, GUROBI finds a better value than our lower bound in the same time
(time restricted case). In the largest problems, namely 6 and 13, the best solutions found by
GUROBI in 1,000 seconds are considerably lower than our lower bound solutions, where our

method computes the upper and lower bounds within 150 and 11 seconds, respectively.
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GUROBI Upper Bound Lower Bound

Problem

value time restricted value time value time
#1 (n=5,|T| =5 K=1) 23.29 0.01 23.29 23.29 0.01 23.29 0.07
#2 (n=5,Zy| =5,K =10) 233.94 0.10 233.94 233.94 0.01 233.94 0.08
# 3 (n=20,|Z;| = 10, K = 10) 1,081.60 7.18 1,055.20  1,169.40 0.20  1,053.10 0.62
# 4 (n=30,|Z =20,K = 20) 4,105.10  1,000.00*  3,970.80  4,499.10 0.72  3,976.00 1.71
# 5 (n =100,|Zx| = 40, K = 30) 22,224.00 1,000.00* 21,129.90 27,939.00 16.69 21,751.00 4.46
# 6 (n=200,|Z;| = 50, K =50) 54,213.00 1,000.00% 54,213.00 83,466.00 146.22 61,794.00 4.46
#7 (n=10,|Zx| =5,K =2) 113.71 0.08 113.71 113.71 0.01 113.71 0.15
# 8 (n=10,|Z;| = 50, K = 50) 479.50 1,000.00%* 479.50  3,052.90 1.37  3,052.90 0.27
#9 (n=30,|Z;| =50, K = 50) 1,877.30  1,000.00* 539.10  2,894.60 42.38  2,783.50 1.27
# 10 (n = 50, |Zx| = 60, K = 60) 1,673.70 1,000.00* 1,673.70  3,323.50 356.23  2,997.40 0.57
# 11 (n = 20,|Zx| = 10, K = 10) 3,002.40 93.85 2,401.10  3,032.00 0.47  3,002.40 0.55
# 12 (n = 20, |Zy| = 50, K = 10) 3,114.20 1,000.00%* 96.80  3,452.20 0.43  3,349.00 0.39
# 13(n = 20, |Z;| = 100, K = 50)  1,091.80 1,000.00* 489.60 17,568.00 10.06 17,062.00 1.13

Table 41: Comparison of our approximation method with GUROBI for multiple linear constrained
sum-of-mazx-linear-terms mazimization. The column descriptions are the same as the previous
tables. The size of the problem is defined by n (number of variables), Iy, (number of elements
in the set of each mazx-term), and K (number of maz-terms). GUROBI solves each problem’s
mized integer linear optimization reformulation, hence for large sized problems this can take a
vast amount of time. Therefore we give 1,000 seconds time limits for each run of GUROBI
The ‘value’ column of GUROBI shows the value computed by GUROBI within 1,000 seconds,
thus if the time is 1,000%, it means GUROBI cannot compute the global optimum solution within
the time limit and returns the best solution found. The ‘restricted’ column gives the best value
GUROBI can compute within a limitation of the time that it takes for our method to find the
upper and lower bound values.

5.5 Conclusions

Maximizing a convex function over convex constraints is known to be a hard problem even in its
simplest cases. One can either try to solve the problem globally, or aim to obtain a good lower
bound solution. We show that, as the size of the convex maximization problem gets larger, the
local optimization solvers return solutions with large global optimality gaps, and in many cases
the global optimization solvers cannot terminate.

In this work, we show how to use adjustable robust optimization techniques to solve the
convex maximization problem. The main idea is to transfer the difficulty of the main non-
convex problem to the nonlinearity of an equivalent (convex) ARO problem. Exploiting the
rich ARQO literature gives us strong methods to tightly approximate the convex maximization
problem efficiently. More specifically, we show convex maximization problems whose ARO re-

formulations can be simplified by eliminating the adjustable variables, or problems where the
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adjustable variables can be restricted by using decision rules. The subsequent applications of
robust optimization techniques approximate the resulting problem. Furthermore, we explicitly
derive tractable upper and lower bound approximation problems of some well-known convex
maximization problems. By using similar techniques, we also show a class of convex maxi-
mization problems which can be reformulated as mixed-integer convex optimization problems;
although the latter is still NP-hard, the existence of powerful solvers makes these reformulations
more practical to solve.

Since we approximate the equivalent ARO problem of the convex maximization problem, the
gap between the upper and lower bounds we propose can be explained by the ARO theory. For
instance, in the problems where linear decision rules are used to restrict the adjustable variables,
the gap of the approximations can be explained by the performance of the linear decision rules.
This theoretical bridge allows us to guarantee global optimality of the proposed approximation
in some (easy) convex maximization problems whose ARO reformulations admit linear decision
rules optimally.

The numerical experiments demonstrate the efficiency and strength of the proposed approx-
imation. To be more specific, maximizing the log-sum-exp function over a ball constraint is
approximated in less than half a second, where most of the problems are approximated without
any gap. If the constraints are instead box constraints, the problem can be represented as a
mixed-integer exponential cone optimization problem, and we can solve this problem to global
optimality while the global optimization solvers fail to solve the original problem in most cases.
We explicitly work with the maximization of convex quadratic, log-sum-exp, and sum-of-max-
terms functions over linear constraints. Regarding the first case, we show that almost optimal
lower bounds can be obtained very swiftly even for large problems where global optimization
solvers cannot find a solution better than the starting point. For the second case, we find global
lower and upper bounds in almost all problems, with the exceptions being approximated tightly,
even for problems where the solvers face numerical difficulties due to the nature of geometric
maximization. For the third case, as both of our upper and lower bound approximations are
obtained via linear optimization, we find tight approximations swiftly, while the solvers are
successful in small-sized problems but fail termination in large problems.

There are two directions for future work: application and theory. For the former one,
the proposed approximation methods can be applied to one of the numerous real-life convex
maximization problems. Applying these approximations in the convex maximization step of the

convex-concave method can be useful for DC programming. Another implementation can be
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integrating our methodology with the global optimization solvers, where the solvers can first
obtain a good lower bound by using our solution (along with the corresponding upper bound),
and then iterate to find a globally optimal solution. As for theory, one can use piecewise-linear
decision rules or nonlinear decision rules to restrict the adjustable variables in the proposed
ARO reformulation. We do not give theoretical guarantees of the approximation gaps, hence
developing such guarantees is essential. Furthermore, one can develop an algorithm by dividing
the feasible region of the convex maximization problem into parts and solve our approximations

in each part, which may give tighter bounds.

5.A RLT Relaxation of Problem (79)

Suppose we have a symmetric matrix variable V' € S™*™ such that V = ww'. The following

can be applied to replace the convex term ||ATw]|s:

AT wl||y = VwT AATw = \/tr (wlrAATw) = \/tr (ATwwT A).
Therefore, we use the following concave reformulation of ||ATw||s:
[|ATw||s = \/tr (ATV A)

This concave reformulation is of course based on the assumption V = ww'. Moreover, we use
the main idea of RLT and multiply each of the original constraints oz;-rw —06; <0, a;-rw —-p; <0

to obtain:

(0 w—Bi) (e w— ;) = 0

<~ Oé;rwaOéj — (ﬁiOéj + BJ’O@)T’LU + Blﬁj >0 (100)

< oz;rVaj — (ﬁia]’ + Bjozi)—rw + ﬁzﬂj > 0. (101)

Although V = ww' is assumed, it is a non-convex constraint, so we relax it as:

w' 1)~

y
Vs ww! e ( w) = 0. (102)
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Thus, problem (79) is relaxed by the following convex optimization problem:

sup pV/Ir(ATVA) +aTATw +bTw — f*(w)
Vesmxm, weRm
s. t. ozl-Tw—&-gO, i=1,...,d
OtiTVOzj — (ﬁiaj -+ Bjai)Tw + ﬂ,ﬁj >0, 1<j=1,....d (103)

Vowy g
wl 1) 7

which concludes the proof.

5.B Proof of Theorem 21

We showed that problem (91) can be represented as ARO problem (93). As shown by Roos et al.
(2018), we can lift the nonlinear term f*(w) to the uncertainty set by introducing an auxiliary

uncertain parameter wy. Hence, the set of constraints of the ARO problem is equivalent to:

d"X+bTw+wy <7 (104a)
wo
v( )GW, INERT: X DTA>ATw (104b)
w
A >0, (104c¢)
where we define the new uncertainty set as
Wo m+1 *
Wz{( )ER :w0+f(w)§0}. (105)
w

A safe approximation of the constraint set is obtained by using a linear decision rule for the

adjustable variable:
A=u+ Vw+ rwy,
where u € RY,V € R?*™ and r € RY. Substituting this LDR in (104a) leads to

T T T

dTA+bTwrwe <7 v(wo wT) ew

T T T
—d (u+Vw+rwy)+b wt+wy <7 V(wo wT> ew
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-
1+dT" T
—d'u+ o tar <rT V(wo wT> eWw
w VTid+b
1+dlr
dTu + 6" < 1
—d'u+ <<VTd+b>‘W>_T (106)

To be able to find the tractable robust counterpart of (106), we derive the support function of

the new uncertainty set W, which is

s () Iw] = sup  {zowo + 2w}
z (wo,w)TeW

sup {z"w — 2o f*(w)} if 20 >0

weR™
= sup {z'w} if z0=0
wedom f*
400 otherwise

Zof <i) if 20 Z 0
= = (107)
400 otherwise.

Above, for the case of zg = 0, we use the property sup {z'w} = 6*(z|dom f*) = lim 2 f (f),
wedom f* 200 0

and the result follows since for zyp = 0 we have the understanding of lirj% 20 f <%) for the per-
20

spective (Rockafellar 1997). By substituting (107) into (106) we obtain:

14+dTr
T *
Fuo (LY ) <

+
Vv d—l—b> <

d’ 14+d" _—
u+ (14 T)f<1+dTr

=
L+d'r>0.
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Hence, by using LDRs (104a) becomes exactly (95a).
Following the same steps for (104b) yields us to (95b):

-
D'A>ATw A (wo wT) e W
T
= D/A>A]w V(wo wT) eWw,i=1,...,n
A; — VT D;
D ut (-pynf (AP <
7 7 —DTT‘ .
— 7 1= 1, ,n
—-D'r >0
Similarly (104c) becomes (95¢):
A>0
-
— —u— Vipw—riwo <0 V(wo wT) eW,i=1,...,q
VT
—ui + (=ri) f (_,f)>
= ' i=1,...,q.
—r; 20

As we use an LDR for the adjustable variable, the optimal objective value of (95) is an upper

bound to (91).

5.C Upper and Lower Bound Approximation of Problem (91)

We summarize the process of finding upper and lower bounds on the global optimum objective

value of problem (91).

277



Algorithm 12: Obtaining upper and lower bounds for problem (91)

input : f, A, b, U
output: Upper bound value 7, lower bound solution z* with value f (Az* +b)
1. Obtain the upper bound solution by solving (95), i.e., (4, V,7,7) €

d'u+ (14+d"r) f <+

arg inf T s.t.
u€ERI, VeERIX™ rcRe 7R —DTT‘ > O

—T; ZO,

or alternatively via the adversarial approach. 7 is an upper bound value.

2. Generate a finite set of (potential) worst-case ARO scenarios by plugging the optimal LDR back
in the safe approximation of the original ARO, and by collecting worst-case scenario of each

constraint, i.c., W =W U Ui, W?] U UL, Wf] with:

W' e argsup {~(1+d7r)f*(w)+ (@ V+b )w+d a— 7},

wedom f*

W? € argsup {(D;rr)f*(w) + (A =D/ Vyw - D;rﬂ} , i=1,...,n
wedom f*

W, € argsup {—ﬂi—f/iw—kfif*(w)}, i=1,...,q
wedom f*

3. For all w € W, solve the linear optimization problem:

x € argsup{(A"Tw) "z},
zeU

and return x that achieves the highest f(Az + b) as the lower bound solution of problem (91).
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5.D Complete Derivation of Specific Problems in Section 5.3.2
5.D.1 Quadratic Optimization

Here we consider problem (91) when the objective function is a convex quadratic function. For
the problem of maximizing a convex quadratic function over a polyhedron, we can find an upper
bound by solving a second-order cone optimization problem, and we can find a lower bound by
solving a linear optimization problem.

Consider the convex quadratic function g : R™ +— R defined by:
glz) =2 Qx40 x,

where ¢ € R™ and (@ is a symmetric positive semi-definite (psd) matrix. Maximizing this function

over a polyhedral set can be written as the robust optimization problem:

inf T

109
s.t. ' Qr+LTx <7, Vz e U, (109)

where U = {x € R} : Dz < d} for D € R?*", d € R?. We use the conic representation of the

constraints of problem (109):

(1+Tz—71)/2
Lx

where L is the psd decomposition @ = LT L. Therefore, the constraint of problem (109) can be

—(1=LTz+7)/2<0,
2

written as a robust conic constraint. Define f : R™*! x R — R by:

-

with z € R™*! and Z € R. It can be verified that f is positively homogeneous and that the

z

+ 3, (110)
2
conjugate of this function for w € R™*!, % € R is:

+00 otherwise.

e <w> 0 ifw=1and|w|<1

279



Defining

L 0
A= |72, b=|a-mn/2 |, (111)
/2 (-1 —-171)/2
it follows that:
Lx I
fAz+b)=f| | QA +{Ta—7)/2 ='|< ) ) —(1—LTz+7)/2.
((Tz—1—71)/2 A+ tle=n/2/|,

Hence, the constraint of problem (109) is equivalent to f (Ax + b) < 0. Therefore, problem (109)

can be rewritten as:

inf 7
L
v (112)
s.t. f (14+4Tz—1)/2 <0, VzxeUl.
(T —1-71)/2

An upper bound of this problem can now be obtained by applying Theorem 21 and exploiting
the positive homogeneity of f (see Appendix 5.E). The upper bound is the optimal value of the

problem:
inf 7
VTd
sit. dlut+o'd—(1+7)/2+ <0
oTd+(1-1)/2 )
, Li—V'D; 113
_D;ru_{_é_@TDl_{_ _07 ZZl? y ( )
2 (/2 — o' D; )
VAN
—u; — ; + A(Z) <0, i=1...,9
— &
2

in which the variables are 7 € R,u € R?,5 € RY, 9 € RY, V € RI*™,
In order to compute a lower bound, we use the optimal solution (7,u,v,?, V) to problem

(113) by obtaining a collection of worst case scenarios W from (97), (98), and (99). These
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problems can be solved analytically as explained in Appendix 5.F. This yields the scenarios:

i VTd
—, A
W = d"o+(1—71)/2
] 1
, L, —V'D;
W = ;)2 — D] b i=1,...,n (114)
1
-V
VVz = —V; 1=1, 4,
] 1

where h(a) = a/||al|2 normalizes its input. Using these worst-case scenarios, the candidate
solutions zU) are obtained by solving (96), and we can substitute them in the main objective

function as f(AZ() + b) to find the best lower bound.

5.D.2 Geometric Optimization

Geometric Optimization (GO) is a class of optimization problems originally introduced by Duffin
(1967). A practical tutorial can be found in the work of Boyd et al. (2007). Even though it can
have many representations, we focus on the GO variant where the objective is maximizing the

convex log-sum-exp objective. The log-sum-exp function f : R™ +— R is defined as

f(z) = log (Z exp(z») : (115)
i=1

and we are interested in solving problems of the following type

max J(Az +b) =log (307, exp(Ag)z + b))

(116)
s.t. zeUl,

where U = {x € R’} : Dz < d}. This problem may appear in robust geometric optimization
problems. If one applies the adversarial approach for such problems, in the step of adding worst-
case uncertainty realization to the discrete uncertainty set, one will need to maximize the convex

geometric function.
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The conjugate f*: R™ +— R of the log-sum-exp function (115) is

T wilog(wy) if weRT and Y0 w =1
f*(w) _ Zz_l g( ) + Z =1 (117)

00 otherwise.

We observe that f*(w) is the negative-entropy function of w on its domain, which is a stan-
dard m-dimensional simplex. It is well known that the negative entropy is a strictly convex
function. Next we show that the upper bound and lower bound approximation problems (of
problem (116)) are exponential cone representable. This allows one to use the power of today’s
conic programming solvers, e.g., Mosek’s exponential cone optimization solver. We start by

introducing the exponential cone, which is the following convex subset of R3:
Kexp ={(x1,x2,23) : 1 > 9 exp(z3/x2), 22 > 0} U {(21,0,23) : 21 > 0,23 < 0}.

So, the exponential cone is the closure of the set of points which satisfy x1 > xg exp(x3/z2), =1, z2
0. In the next corollary we show that the upper bound problem (95) is exponential cone repre-

sentable.

Corollary 13 (Upper Bound Approximation). Upper bound problem (95) is exponential cone
representable with the following problem with variables r € R%,u € RY,V € R&*™ 7 e R, z(1) ¢
R™, (2 e R, ~(3) c RIxX™ .

/ m
1+dT7’ZZzJ(-1),
= (118a)
(ZJ(_l)’ 14+d'r, Vde-|_bj—7-—{—dTu)€/Cexp, j=1....m
m
e ]
inf, s.t. j=1 (118b)
(Zi(]?)7 _DZTT7 AZy(]) _‘/]TDZ_DZTU) € Kexpv .]: 17"‘7m7 1= 17"'7n
m
3]
= (118c)
(Z”L(j)7 -7, _V%(l) _ul) E’Cexpa .7: 1,...,7717 1= 177q
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Proof. Roos et al. (2018) show that if a function is conically representable, so is its perspective in
the same cone. Log-sum-exp is an exponential cone representable function (MOSEK ApS 2023),
and we show how to represent a convex inequality system of its perspective with exponential

cones. Consider the following set of constraints:

t > wolog(exp(e1 /7o) + ... + exp(am/0)) 1)

xo > 0.

By using the proof in (Roos et al. 2018), we can write the following equivalent constraint set:

To 2 Y5 2

(Zj,l‘o,(.%’j—t)) EKexp, j=1...,m.

(120)

Since constraints of type (119) appear in the upper bound approximation problem (95), we can

use the equivalent representation (120) in each of the constraints to obtain problem (118). [

The lower bound can also be obtained by solving exponential cone programs. The worst-case
scenario collection is obtained by solving (97), (98), (99). Here (r,u,V,r,7) are all parameters
taken from the solution of the upper bound problem. This set of problems can be formulated as

exponential conic problems, which is shown in the next corollary.

Corollary 14 (Lower Bound Scenarios). The problems (97), (98), and (99) can be written as

the following exponential cone problems:

(97): argsup {(1 +dTr) (0T )+ (dTV 4+ b w +d T~ T}

)

s. t. (L,wj, tj) € Kexp, Jj=1,...,m
Z;nzle =1,
(98) : ar%}iup {(—D;rr)(zg-nzl t))+ (A — D/ V)w - D;ru}
s. t. (L,wj, tj) € Kexp, Jj=1,...,m i=1,...,n
Z;‘n:le =1,
(99): argsup {(=r) (s ) + (Vi — wi
s.t.7 (L,wj,t;) € Kexpy j=1,...,m 1=1,...,q
Yo wy =1
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Proof. Serrano (2015) shows that the negative entropy function is exponential conically repre-
sentable, and the following problems are equivalent (here w € R™):

supy, {eo(~ Sy wilog(w)}) _ supy, {oo X ) o)

s.t.  w; >0, i=1,...,m. s. t. (Liwi, t;) € Kexp, i=1,...,m.

The result now follows by substitution of the conjugate (117) in (97), (98), and (99), respectively
and then applying equivalence (121). O

5.D.3 Sum-of-Max-Linear-Terms Optimization

Formally, the sum-of-max-terms function f : R™ +— R is written as
K
z) = max {z;}, 122
) = 3 () (122)

where the set Z, C {1,...,m} for each k € {1,..., K}. Moreover, we can assume Z; N Z, = ()
for any k # ¢ and Uszl = {1,...,m} without loss of generality, since otherwise we can add
components to z to make this statement hold. The sum-of-max-linear-terms function we cover

at this section is represented as
K
Ax +b) = A b;
f(Az +1) ;%gf{ (o) + b,

which is a convex and positively homogeneous function. The main convex maximization problem
we are interested in is maximizing f(Ax + b) over U = {x € R} : Dz < d}, formally:
K
A b;
max )y max{A)z + b;}

(123)
s.t. xzel.

This problem naturally arises when one applies the adversarial approach to robust optimization
problems with uncertain sum-of-max-linear-terms constraints.

The conjugate of sum-of-max-linear-terms (122) is given by Roos et al. (2018) as:

. 0 ifw>0Vi=1,....,m, > .7 wj=1
fH(w) = e

oo otherwise.
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The formulation of the upper bound approximation for maximizing sum-of-max-linear-terms
function over a polyhedron can be greatly simplified. This is due to the fact that sum-of-max-
linear-terms function is a positively homogeneous function as well as the trick of introducing
auxiliary variables which give us a linear optimization problem in return.

Since the function is a positively homogeneous function, we can write the upper bound
approximation problem (95) as:

inf T
uw€RY,VERIX™ 7R

s. t. dTu—i—Zi{:l max{V."d + b;} <7
S (124)

K .

~D/u+3, E-Ié%ff{Ai’(j) - VjTDi} <0 i=1,...,n

—U;— Zle maX{V],(Z)} <0 2z=1,...,q.
JELK
Problem (124) can be reformulated as a linear optimization problem by using auxiliary variables.

The worst-case scenarios for computing the lower bound are obtained from problems (97), (98),
and (99), which simplify to:

(97) : argsup {dT(u +Vw)+b"w— T} ) (125)
wedom f*

(98) : argsup {A;rw—D;—(u—l—Vw)}, i=1,...,n (126)
wedom f*

(99) : a€r§ sujlc)* {—ui — Viyw}, i=1,...,q, (127)

where we do not have the conjugate terms since f is a homogeneous function so its conjugate
takes value 0. Therefore, the worst-case scenarios of each constraint are given by the following

problems:

e For (125):

sup, d'(u+Vw)+blw—r7
s.t. w; >0, j=1,....m (128)
S jer, 0y = 1 F=1 K.

Recalling the only variable here is w, this is a linear optimization problem. Moreover,

since we have Z, N Z,, = () for k # k', we can separate this problem to K independent
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optimization problems, where each problem k is:

cp = sup dT(u—i—V 4 y)—i—bT. Yy
>0 Ry (129)

7
s. t. lekll Y, = 1.

Here y € RZ+l is the w components corresponding to the k-th term in the sum-of-max-

linear-terms function definition. Similarly, Vi1, by € RZxl are the components of V,b

corresponding to the k-th term. Notice that problem (129) is a linear optimization problem

over a simplex. The optimal value will have y; = 1 for some 7 and y;; = 0 for all ¢/ # 1.

Therefore, the solution is

Ccp = max {dT(u + V{j},i)} + b{j},z‘7
2:17---7‘Ik|

where V(;y;,b(;1; represent the i-th columns of Vi;; and by;y, respectively. Hence, the
optimal value of (128) is given by —7 + Zle cg. The argmax value can be retrieved
easily by detecting which y; variables took value 1; there will be exactly K ones in the

result and the rest will be zeros.
For (126), for alli=1,...,n:
sup, Ajw— D] (u+Vw)

s.t.  w; >0, j=1....m
Zjel—kwjzl, k‘:l,...,K.

Similarly, this problem can be separated to K independent linear optimization problems

over simplices. The optimal solution can be found analytically.

For (127), for alli=1,...,¢:

sup,  —u; — Vijyw
s.t.  w; >0, j=1....m
ZjeIkijL k=1,...,K.

This problem can be solved analytically once again, concluding that all of the worst-case

scenario finding procedure can be solved analytically.
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5.E Upper Bound Approximation of Quadratic Maximization via SOCO

We follow Theorem 21 to apply the upper bound approximation for problem (112). Because f
is a positively homogeneous function, the upper bound problem (95) reduces to the following

problem for the variables u € R?,V € R1*(m+2) + ¢ R:

inf 7

s.t. du+f(VTd+b) <0
130
—D;u—i—f(Ai—VTDi)SO, 1=1,....n ( )

—ui+f(—v(j))§0, i=1,....q.
Since V has m + 2 columns, we represent it as:
V= [f/ B a} where 7 € R™ e RY, 5 € RY,
Constraints of problem (130) can be simplified to respectively:

dTu+ f(VTd+b) <0
VvTd
= du+f||oTd+1/2—7/2 <0
o'd—1/2—1/2

dT Td 1 T VTd

= ild—=— L <0

BRI R | P
2 2 2

—Dlu+ f(A;—=VTD;) <0

L, — VD,
= —Dlu+f||t/2-0"D;| [ <0
Ei/Q—iTDi
l; L, — VD,
= -Dfu+ 2 —-o"D;+ ' ! <0
2 0i/2—-07D;) |,
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\

Thus the upper bound approximation problem can be represented as the following second-order

conic program:

inf 7
VT
sct. dlu4+9'd—(1+7)/2+ <0
oTd+(1-71)/2 )
l; L;—V'D;
—Dl-Tu—l———ﬁTDi—l— <0, i1=1,...,n
2 0;/2 — o' D; )
—vI
—u; — T + @1 <o, i=1,...,q.
s
2

5.F Lower Bound Scenarios for Quadratic Maximization

In the light of problems (97), (98), (99), the worst-case scenarios are collected by:

(97) :  argsup —(1+d"r)f* v +d'V+b") Y +duy,
(w,w)Edom f* w w

(98): argsup {(D:r)f* (1?) + (Al =DV <u~;> —D;—u}, i=1,...,n

(w,w)edom f* w w

(99): argsup —u; — V) u~) +rif* uj , i=1,...,q
(w,w)edom f* w w

We already showed the convex conjugate of f takes value 0 in its domain. Recalling

L 0
a=|pl, b=l a-n2|.v=[V o 3,
/2 (=1—171)/2
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we can rewrite problem (132) as:

sip (a7 o a0 (1-m)2 (-1-7)2)) <Z>+dTu

weR™+1 HeR
S. t. w=1

lwllz < 1.

By using @ = 1, we can eliminate @ from the problem. Moreover, w only appears in a linear
term, so we can change ||w||2 < 1 constraint to be ||w||2 = 1 instead, i.e., w is a unit vector. So

the problem becomes finding the value of:

VT
sup
oTd+(1—7

wilwll2=1

.
)/2] wp+du+do—(1+7)/2.

Hence we need to maximize a linear function over the unit ball, which can be solved analytically.

This yields the objective value:

V'd
d"o+(1—-71)/2

and the maximizer is:

+du+d v—(1+7)/2, (135)

2

(o0 ))
_ h
W, = dTo+(1-71)/2 :

1

where h(a) = a/||a|| normalizes its input. Notice that the last element 1 comes since w = 1 is
in the domain of convex conjugate. The worst-case of constraints (133) and (134) are obtained
via similar calculations.

5.G Data of Problems in Numerical Experiments

Here we explain the construction of the test data. The exact problem data, solutions, and the

codes are available for download on GitHub at https://github.com/selvi-aras/convex-max.
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5.G.1 Experiments of Section 5.4.1

Problem 1 The problem data is:

- o O O =
[ N e R
S = O O =

>
I
—_ = = O

S = = N O

For the next problems we generate larger problems by uniform random sampling (denoted simply

as ~). Remember that A € R™*" b e R™, a € R". We let A;; denote the elements of A.

Problem 2: m =15, n =20, A;; ~{0,1}, b; ~[-5,5], a; ~[0,3],p =38

Problem 3: m =120, n =100, A;; ~ {0,1}, b; ~ [-5,5], aj ~ [0,4],p =14
Problem 4: m =40, n =20, A;; ~{—4,-3,...,3,4}, b; ~[=5,5], aj ~[0,4],p =10
Problem 5: m =100, n =50, A;j ~ [=5,5], b; ~ [=2,2], a; ~ [-4,4],p =12
Problem 6: m =100, n =100, A;; ~ [—4,4], b; ~[-3,3], a; ~[-4,4],p =15
Problem 7: m =30, n =200, A;; ~[—4,2], b; ~[-1,1], aj ~[-3,3],p =16
Problem 8: m =80, n =400, A;; ~[-2,1], b; ~[-3,3], aj ~ [-1,1],p = 12
Problem 9: m =20, n =50, A;; ~0,8], b; ~[-1,1], aj ~[0,4],p =14

Problem 10: m =100, n = 10,000, A;; ~[~3,%], b; ~[~%, %), aj ~[-3,3,p=15
Problem 11: m = 1,000, n = 1,000, 4;; ~[-3,3], b; ~[-%,3], aj ~ [-3,4],p=18
Problem 12: m =700, n = 2,000, A;; ~[—3,3], bi ~[-1,1], aj ~ [—3,3].p = 24.

5.G.2 Experiments of Section 5.4.2

-1 -1 1 -1 1
1 -1 0 0 0
Problem1: A=|0 -1 0 0 -—1|,b=0s5x1,0a=05¢1,p=3
0 0O -1 -1 -1
(0 0 0 o0 -1
Problem 2: m =5, n=20,4;; ~[-1,1], b; ~[-2,2], a; ~[0,1],p=5
Problem 3: m =20, n =50, A;; ~ [—10,10], b; ~ [-3,3], aj ~ [-2,2],p =6
Problem 4: m =20, n = 180, A;;~[—1,0.5], b; =0, a; ~[0,1],p =1
Problem 5: m =300, n =30, A4;;~[-1,1], b =0, a; ~[0,1],p =2
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5.G.3 Experiments of Section 5.4.3

Problem 1 (Enkhbat et al. 2006) In this example, we solve:

max 3%, (a; — 2)?

zeR20
S. t. Dx <d,
where

3 0o =5 1 1 0 2 -1 1]
7 0 -5 1 1 0 2 -1 -1 1

5 1 1 0 2 -1 -1 -9 1
5 1 1 0 2 -1 -1 -9 3 1
1 1 0 2 -1 -1 -9 3 5 1
1 0 2 -1 -1 -9 3 5 0 1 5]
0 2 -1 -1 -9 3 5 0 0 1 2
2 -1 -1 -9 3 5 0 0 1 1 1
1 -1 -9 3 5 0 0 1 7 1 -3

pro|tt e s s 0 0 T T s (156

9 3 5 0 0 1 7 -7 -41 4
3 5 0 0 1 7 -7 -4 —6 1 1
5 0 0 1 7 -7 -4 -6 -3 1 0
0 0 1 7 -7 -4 —6 -3 1
0 1 7 -7 -4 -6 -3 0 1 40
1 7 -7 -4 -6 -3 51 -
7 -7 4 6 -3 7 0 -5 1 1
7 4 —6 -3 0 -5 1 1 1
4 -6 -3 7T 5 1 0 1
6 -3 7 5 1 1 0 2 1

Problem 2 Same as problem 1, but the objective function is %21221(1'1 +5)%
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Problems 3-7 use the following problem:
max z L'Lx
z€RY
s.t. Dz <d

where L € R™*™ is a matrix generated randomly where all the entries are sampled uniformly
from 0 — 1. Moreover, let D be a similar matrix with all 0 — 1 random coefficients (except the
last problem uses 0 — 2 random coefficients) and d to have integer entries uniformly distributed
in range [d;, d,]. Denote ¢ to be the number of total constraints.

Problem 3 z, = 5,d; =20,d, = 60,n = 10,q = 15

Problem 4 z, = 3,d; = 30,d, = 60,n = 50,q = 62

Problem 5 z, = 2,d; = 80,d,, = 120,n = 100, = 130

Problem 6 z, = 2,d; = 160, d,, = 240,n = 200, ¢ = 240

Problem 7 z, = 1,d; = 150,d,, = 300,n = 240, ¢ = 280.

5.G.4 Experiments of Section 5.4.4

Problem 1 considers the following problem:

;161%1( log (Z;Zl exp(A(i)a:))
n .

Sxiéfa 2:17"'777‘7
i

s. t. —

3~

where A;; ~ [—3,3]. In the numerical experiments n will vary.

Problems 2-4 consider the following problem:

max log (Y7 exp(Agyz + bi))
z€RY

s.t. Dz <d.

Problem 2 n =q¢=m=20,4;; ~[-3,3], b ~ [-2,2], D;; ~[0,1], d; ~ [10,30]
Problem 3 n = qg=m= 50,Ai]’ ~ [*3, 3], bz ~ [*1, 1], Di,j ~ [0, 1], dl ~ [20,60]
Problem 4 n = q=m = IOO,AZ']' ~ [—3,3], bi ~ [—1, 1], Di,j ~ [O, 1], di ~ [25, 75]
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Problems 5-6 consider:
max log (37 exp(Ag)z + b))
z€RY
s.t. x; <e¢, 1=1,...,n

xi—i—xjguij, i,j:l,...,n,i#j,

Problem 5 n =m =10, A;; ~ |

—3,3], bz ~ [—1,1], uij ~ [5, 15],02 8
Problem 6 n =m = 30, A;; ~ [-3,3], b;

b; ~ [—1,1], Ug5 ~ [4, 12],02 6.

5.G.5 Experiments of Section 5.4.5

For the easiness of bookkeeping, we generate problem with every max-term having the same

number of elements, i.e., |Zx| = |Zx/| VK, k' € {1,..., K}.

Problems 1-6 are defined by:

K
a ax{A;
max 2 p= ax{ A}

s. t. —i<x,~<ﬁ, 1=1,...,n,
n
where:
Problem 1 n =5, A;; ~[-5,5], |Zx| =5, K =1
Problem 2 n =5, A;; ~[-5,5], |Z;| =5, K =10
Problem 3 n =20, A;; ~ [-5,5], |Zx| = 10, K =10
Problem 4 n =30, A;; ~[-5,5], |Zx| =20, K =20
Problem 5 n = 100, A;j ~ [=5,5], |Zx| = 40, K =30
Problem 6 n =200, A;; ~ [—4,4], |Zx| = 50, K = 50.

Problems 7-10 are defined by:
K
A j
max 2pm ax{ Az + by}
s.t. Dz <d,

Problem 7 n =10, A;; ~ [-5,5], b;j ~ [-10,10], D;; ~ [0,1], d; ~ [5,15], |Zx| =5, K =2
Problem 8 n = 10, A;j ~ [5,5], b; ~ [~10,10], Dy; ~ [0, 1], d; ~ [5,15], [Zx| = 50, K = 50
Problem 9 n =30, A;; ~ [-5,5], bj ~ [-10,10], D;; ~

ij ~ (0,1}, d;i ~ [5,15], |Z};| = 50, K =50
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Problem 10 n = 50, A;j ~ [~5,5], b; ~ [~10,10], Dy ~ [0,1], d; ~ [5,15], |Zx| = 60, K = 60 .

Problems 10-13 consider the same problem as above, but D and d are as given in (136) with
n = 20. The objective function varies as:
Problem 11 A;; ~ [-5,10], b; ~ [-10,10], |Z;| =10, K =10
Problem 12 A;; ~ [-5,10], b; ~ [-10,10], |Zx| = 50, K =10
Problem 13 A;; ~ [-5,10], b; ~ [-10,10], |Z;| = 100, K =50 .
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6 A Reformulation-Linearization Technique for Optimization over

Simplices

Abstract

We study non-convex optimization problems over simplices. We show that for a large class of
objective functions, the convex approximation obtained from the Reformulation-Linearization
Technique (RLT) admits optimal solutions that exhibit a sparsity pattern. This characteristic of
the optimal solutions allows us to conclude that (i) a linear matrix inequality constraint, which
is often added to tighten the relaxation, is vacuously satisfied and can thus be omitted, and (i)
the number of decision variables in the RLT relaxation can be reduced from O(n?) to O(n).
Taken together, both observations allow us to reduce computation times by up to several orders
of magnitude. Our results can be specialized to indefinite quadratic optimization problems over
simplices and extended to non-convex optimization problems over the Cartesian product of two
simplices as well as specific classes of polyhedral and non-convex feasible regions. Our numerical

experiments illustrate the promising performance of the proposed framework.

6.1 Introduction

In this work, we study non-convex optimization problems of the form

sup  f(x) +g(z)
s.t. Az <b (137)
x € R"

where f : R™ — R is a generic function, g : R® — R is concave, A € R™*"™ and b € R™. Since f is
not necessarily concave, problem (137) is a hard optimization problem even if P = NP (Nesterov
2004, Theorem 1). In the special case where f is convex, problem (137) recovers the class of
DC (difference-of-convex-functions) optimization problems over a polyhedron Horst and Thoai
(1999). Significant efforts have been devoted to solving problem (137) exactly (most commonly
via branch-and-bound techniques) or approximately (often via convex approximations). For
both tasks, the Reformulation-Linearization Technique (RLT) can be used to obtain tight yet
readily solvable convex relaxations of (137).

Originally, RLT has been introduced to equivalently reformulate binary quadratic optimiza-

tion problems as mixed-binary linear optimization problems Adams and Sherali (1986). To this
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end, each linear constraint in the original problem is multiplied with each binary decision vari-
able to generate implied quadratic inequalities. These inequalities are subsequently linearized
through the introduction of auxiliary decision variables whose values coincide with the gener-
ated quadratic terms. This idea is reminiscent of the McCormick envelopes McCormick (1976),
which relax bilinear expressions by introducing implied inequalities that are subsequently lin-
earized. RLT has been extended to (continuous) polynomial optimization problems Sherali and
Tuncbilek (1992), where implied inequalities are generated from multiplying and subsequently
linearizing existing bound constraints.

In this work, we consider a variant of RLT—the Reformulation-Convexification Technique
Sherali and Tuncbilek (1995)—which applies to linearly constrained optimization problems that
maximize a non-concave objective function. This RLT variant (which we henceforth simply
call ‘RLT” for ease of exposition) replaces the non-concave function f in problem (137) with
an auxiliary function f’ : R™*™ x R™ — R that is concave over the lifted domain (X, x) €
S™ x R™ and that satisfies f/(X,x) = f(x) whenever X = xa'. For the special case where
f(x) = & " Px for an indefinite symmetric matrix P € S™, for example, we can choose f/(X,x) =

(P, X). RLT then augments problem (137) with the decision matrix X € S™ and the constraints
a] Xaj — (biaj+bja;) z+bb; >0  Vi,j=1,...,m, (138)

where a; denotes the i-th row of the matrix A. The constraints (138) are justified by the
fact that the pairwise multiplications (a,  — bi)(ajTa: — b;) of the constraints in problem (137)
have to be non-negative, and those multiplications coincide with the constraints (138) whenever
X = xx'. To obtain a convex relaxation of problem (137), the non-convex constraint X = zx "
is either removed (which we henceforth refer to as ‘classical RLT’, see Sherali and Adams (2013))
or relaxed to the linear matrix inequality (LMI) constraint X = xza ' (henceforth referred to as
RLT/SDP, see Anstreicher (2009), Bao et al. (2011), Sherali and Fraticelli (2002)). Even though
the matrix X linearizes quadratic terms, we emphasize that the problems we are considering
are not restricted to quadratic programs since f may be a generic nonlinear function.

RLT and its extensions have been exceptionally successful in providing tight approxima-
tions to indefinite quadratic Sherali and Fraticelli (2002), polynomial Sherali and Tuncbilek
(1992) and generic non-convex optimization problems Zhen et al. (2021), Liberti and Pantelides
(2006), and RLT is routinely implemented in state-of-the-art optimization software, including
ANTIGONE Misener and Floudas (2014), CPLEX IBM ILOG CPLEX (2014), GLoMIQO Mis-

ener and Floudas (2013) and GUROBI Gurobi Optimization (2018).
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In this work, we assume that the constraints of problem (137) describe an n-dimensional
simplex. Under this assumption, we show that for a large class of functions f that admit a
monotone lifting (which includes, among others, various transformations of quadratic functions
as well as the negative entropy), the RLT relaxation of problem (137) admits an optimal solution
(X, x*) that satisfies X* = diag(a*). This has two important consequences. Firstly, we show
that when the feasible region of problem (137) is a simplex, X* = Diag(a*) satisfies X* >
a*x* ", that is, the RLT and RLT/SDP relaxations are equivalent, and the computationally
expensive LMI constraint X = az' can be omitted in RLT/SDP. Secondly, we do not need
to introduce the decision matrix X € S” in the RLT relaxation, which amounts to a dramatic
reduction in the size of the resulting relaxation. We also discuss how our result can be extended
to instances of problem (137) over the Cartesian product of two simplices, a generic polyhedron,
or a non-convex feasible region as well as an indefinite quadratic objective function.

Indefinite quadratic optimization over simplices (also known as standard quadratic optimiza-
tion) has a long history, and it has found applications, among others, in mean /variance portfolio
selection and the determination of the maximal cliques on a node-weighted graph Bomze (1998).
More generally, non-convex polynomial optimization problems over simplices have been proposed
for the global optimization of neural networks Beliakov and Abraham (2002), portfolio optimiza-
tion using the expected shortfall risk measure Bertsimas et al. (2004) and the computation of the
Lebesgue constant for polynomial interpolation over a simplex Hesthaven (1998); see De Klerk
et al. (2008) for a general discussion. Simplicial decompositions of non-convex optimization
problems are also studied extensively in the global optimization literature Horst et al. (2000).

The remainder of this section proceeds as follows. We analyze the RLT relaxations of simplex
instances of problem (137) in Section 6.2 and report on numerical experiments in Section 6.3,
respectively. Appendix 6.A extends our findings to well-structured optimization problems over
the Cartesian product of two simplices, specific classes of polyhedral and non-convex feasible
regions, as well as indefinite quadratic objective functions. Appendix 6.B, finally, contains
additional numerical experiments.

Notation. We denote by R™ (R’} ) the (non-negative orthant of the) n-dimensional Euclidean
space and by Q the set of rational numbers. The cone of (positive semidefinite) symmetric
matrices in R"*" is denoted by S™ (S7). Bold lower and upper case letters denote vectors and
matrices, respectively, while standard lower case letters are reserved for scalars. We denote the
i-th component of a vector « by z;, the (¢, j)-th element of a matrix A by A;; and the i-th row

of a matrix A by a;. We write X = Y to indicate that X — Y is positive semidefinite. The
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trace operator is denoted by tr(+), and the trace inner product between two symmetric matrices
is given by (-,-). Finally, Diag(x) is a diagonal matrix whose diagonal elements coincide with
the components of the vector x.
6.2 RLT and RLT/SDP over Simplices
This section studies instances of problem (137) where the constraints Az < b describe the
n-dimensional probability simplex:
sup  f(x) + g(x)
® n
sty =1 (139)
i=1
x € RY.
Assuming that the feasible region describes a probability simplex, as opposed to any other full-
dimensional simplex in R™, does not restrict generality. Indeed, we can always redefine the
objective function as f(x) « f(Tx) and g(x) < g(Tx) for the invertible matrix T' € R"*"

that has as columns the extreme points of the simplex to be considered. The pairwise products

between the constraints x; >0, ¢ =1,...,n, and Y ;" x; = 1 result in the RLT constraints
n n
XZO, ZXZj:ZX]ZZZL'l Vizl,...,n;
j=1 j=1

here we omit the constraint ;" , 2?21 Xij = 1 as it is implied by the above constraints and

the fact that )" ; «; = 1. Thus, the RLT relaxation of problem (139) can be written as

sup  f'(X, ) + g(w)

X, x
n n
s. t. ZX’LJ:ZXJ’L:ml ‘v’izl,...,n
j=1 j=1 (140)
n
S
=1

X>0, XeS" xR,

where the auxiliary function f” has to be suitably chosen, while the RLT /SDP relaxation contains
the additional LMI constraint X = za .
We now define a condition which ensures that the RLT relaxation (140) of problem (139)
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admits an optimal solution (X*, x*) with X* = diag («*).

Definition 7. We say that f : R’} — R has a monotone lifting if there is a concave function f':
S™ x R + R such that f'(X,z) = f(x) whenever X = zx', as well as f'(X',z) > f'(X,x)
for all (X,x) € S" x R} and all X' € S™ satisfying X' = X.

The requirement in Definition 7 that f/(X,x) = f(x) whenever X = xx " is needed for the
correctness of the RLT relaxation. The concavity of f’ is required for the RLT relaxation to
be a convex optimization problem. The assumption that f/(X' x) > f/(X,x) for all (X, x) €
S" x R} and all X’ € S™ satisfying X’ = X, finally, will allow us to deduce an optimal
solution for X based on the value of . Indeed, we will see below in Theorem 22 that the RLT
relaxation (140) of an instance of problem (139) admits optimal solutions (X*, x*) satisfying
X* = Diag(a*) whenever the auxiliary function f’ in (140) is a monotone lifting of the function
fin (139). Intuitively speaking, Definition 7 enables us to weakly improve any solution (X, x)
satisfying X # diag(x) by iteratively moving off-diagonal elements of X to the diagonal. Before
presenting the formal result, we provide some examples of functions f that admit monotone

liftings.
Proposition 20. The following function classes have monotone liftings:

1. Generalized linearithmic functions: f(x) = ZZL:l(tZTw +to) - he(t) @ + tp) with (i)
tye R}, ty € Ry and hy : R — R concave and non-decreasing, or (i) t, € R™, t; € R and

he : R — R affine and non-decreasing.

2. Linear combinations: f(x) = Y0 t¢- fo(x) with t; € Ry, where each f; : R" — R has

a monotone lifting.

3. Concave compositions: h(xz) = g(f(x)) for f : R, — R with a monotone lifting as well

as a concave and non-decreasing g : R — R.

4. Linear pre-compositions: h(x) = f(Tx) for f : RE — R with a monotone lifting as
well as T € RP*™,

5. Pointwise minima: h(x) = min{fi(x),..., fr(x)} where each f; : R +— R has a

monotone lifting.

Proof. In view of case (i) of the first statement, we choose

L
F(X,m) = (tjz+1te) - he
/=1

t) Xt +2tt) x + 12
tjx+t ’
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which is concave in (X, x) since it constitutes the sum of perspectives of concave functions
(Boyd and Vandenberghe 2004, §3.2.2 and §3.2.6). Whenever X = za ", we have

t) Xty +2tt) x+12 = tjxax t,+2t)x +12 = (t]x+1t))%

and thus the standard limit convention for perspective functions implies that f/(X,z) = f(x)

for all z € R”}. Moreover, for any = € R"}, we have
ty X'ty > t] Xt, VX, X' es": X' > X,

where the inequality holds since X’ — X = 0. We conclude that

, tg X't + 2ty o417\ 5, t) Xt,+ 2tt) x + 12
¢ t;:l? +ty = t;:ﬂ +ty

as 2tgt;rcc + t% > 0 and t;w + ty > 0 due to the non-negativity of ¢y, t; and @, which implies
that f/(X’,x) > f'(X, ) as desired.

One readily verifies that in the special case where each hy is affine, the concavity of f’, the
agreement of f’ with f when X = xx' and the monotonicity of f’ with respect to X’ = X
continue to hold even when t, and/or ¢, fail to be non-negative. This establishes case (i) of the
first statement.

As for the second statement, let f; : S” x R} — R be monotone liftings of fo, £ =1,..., L.
We claim that f/(X,x) = Zngl tr - f)(X,x) is a monotone lifting of f. Indeed, one readily
verifies that f’ inherits concavity in (X, x) and agreement with f when X = xa' from its
constituent functions f;. Moreover, since f;(X', &) > f;(X,z) for all X, X' € S” with X’ > X,
¢=1,...,L, we have f/(X',x) > f(X,x) as well.

In view of the third statement, let f’ be a monotone lifting of f. We claim that in this
case, h'(X,x) = g(f'(X,x)) is a monotone lifting of h. Indeed, h' is a non-decreasing concave
transformation of a concave function and is thus concave (Boyd and Vandenberghe 2004, §3.2.5).

Moreover, since f/'(X,z) = f(x) for X = xx ', we have
W(X,x) = g(f(X,z)) = g(f(x)) = h(z)
whenever X = za . Finally, the monotonicity of ¢ implies that
WX\ x) = g(f (X' 2)) = g(f(X,2)) = I(X, )
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for all X, X’ € S" with X’ » X.

For the fourth statement, we set (X, ) = f/(TXT ', Tx), where f' is a monotone lifting
of f. The function b’ is concave since it constitutes a composition of a concave function with a
linear function (Boyd and Vandenberghe 2004, §3.2.2). Moreover, for any € R’} and X = xx',
we have

W(X,x) = f(TXT',Tz) = f(Tx),

where the second identity holds since TXT " = (Tx)(Tx)" whenever X = xa' as well as
f(X,z) = f(z) for X = za. To see that h'(X',xz) > K (X,z) for all z € R? and all
X, X’ € S" satisfying X' = X, we note that

W(X' x) = f(TX'T",Tx) > f(TXT',Tx) = ' (X,z),
where the inequality follows from the fact that
XX = TX'-X)T" >0 = TX'T'-TXT'

and the assumption that f’ is a monotone lifting.

For the last statement, we set h/(X,z) = min{f{(X,x),..., f1.(X,x)}, where f; : S” x
R? — R is a monotone lifting of fy for all £ = 1,..., L. The function h’ is concave as it is
a minimum of concave functions (Boyd and Vandenberghe 2004, §3.2.3). Moreover, for any

r € R} and X = xx ', we have

M(X,z) = min{f{(X,x),..., f1.(X,z)} = min{fi(z),...,fr(x)} = f(z),

since each f; is a monotone lifting of fy. Similarly, for any @ € R’ and any X, X’ € S" satisfying
X’ = X, we have

(X' @) = min{f}(X ,2),.... f1(X )}
min{ f{(X,),.... fi(X.2)} = W(X,a),

V

where the inequality again follows from the fact that each f; is a monotone lifting of fy. This

concludes the proof. O

Through an iterative application of its rules, Proposition 20 allows us to construct a rich

family of functions that admit monotone liftings. We next list several examples that are of
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particular interest.

Corollary 15. The functions listed below have monotone liftings.
1. Convex quadratic functions: f(x) = ' Qx4+ q'x + q with Q € ST

2. Conic quadratic functions: f(x) = |[Fz|2 + f '« + f, where F € R¥*" f € R" and
feR.

3. Negative entropy: f(x)=>." ¢ -x;lnz; with ¢; € Ry,
4. Power functions: f(x) = z% with a € [1,2] and a € Q.

Proof. In view of the first statement, let Q = LTL for L € R™*" where L can be computed
from a Cholesky decomposition. Identifying tz— with the ¢-th row of L and setting t;, = 0,

£=1,...,n, we then obtain

fle) = (Lz)" (Lz) + q'2 +q

n
= > (t/2) + q'z+q

~
Il
-

(t @ +te)-ho(tjz+t) + g @+,

I
NE

)
X

where hy : R — R is the identity function, ¢ = 1,...,n. The first expression on the right-hand
side satisfies the conditions of the first statement of Proposition 20 and thus admits a monotone
lifting. The remaining term g(x) = q' « + ¢ admits the trivial lifting ¢'(X,z) = q'x + ¢, and
the second statement of Proposition 20 thus implies that the function f has a monotone lifting
as well.

As for the second statement, we note that
fx) = VeTFTFe + fla+ f.

Since FTF > 0 by construction, the term ' F'T Fa has a monotone lifting due to the first
statement of this corollary. Moreover, since x — /x is non-decreasing and concave, the third
statement of Proposition 20 implies that the expression Va TFT Fz admits a monotone lifting.
The remaining term g(x) = f'x + f again admits the trivial lifting ¢'(X,x) = f'x + f, and
the second statement of Proposition 20 thus implies that the function f has a monotone lifting

as well.
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In view of the third statement, we first note that each term z; In z; has a monotone lifting if
we choose t; = e;, where e; denotes the i-th canonical basis vector in R™, and ¢; = 0 in the first
statement of Proposition 20. Since f constitutes a weighted sum of these terms, the existence
of its monotone lifting then follows from the second statement of Proposition 20.

As for the last statement, we note that f(x) = x - h(z) with h(z) = 2%~!. Since h is concave
and non-decreasing, the first statement of Proposition 20 implies that f has a monotone lifting.

O

Any indefinite quadratic function can be represented as the sum of a convex quadratic and a
concave quadratic function Fampa et al. (2017), Park (2016). Thus, if problem (139) optimizes
an indefinite quadratic function over a simplex (i.e., if it is a standard quadratic optimization
problem), then we can redefine its objective function as a sum of a convex quadratic and a
concave quadratic function and subsequently apply the first statement in Proposition 20 to the
convex part of the objective function.

We are now ready to prove the main result of this section.

Theorem 22. If the function f in problem (139) has a monotone lifting f', then the corre-
sponding RLT relaxation (140) has an optimal solution (X*,x*) satisfying X* = Diag(x*).

Proof. The RLT relaxation (140) maximizes the concave and, a fortiori, continuous function
(X, x) + g(x) over a compact feasible region. The Weierstrass theorem thus guarantees that
the optimal value of problem (140) is attained.

Let (X*,x*) be an optimal solution to the RLT relaxation (140). If X* = Diag(x*), then
there is nothing to prove. If X* # Diag(x*), on the other hand, then there is i,j € {1,...,n},
i # j, such that X = X7 > 0. Define X’ € §" as X' = X* + T, where Tj; = Tj; = — X},
Ty =T = Xi*j and Tj; = 0 for all other components k,l. Note that T > 0 since z' Tz =
X;;(zz —2;)> > 0 for all z € R”. We thus have X’ = X* + T > X*, which implies that
(X x*) > f/(X*, &%) since f' is a monotone lifting of f. In addition, the row and column
sums of X* and X' coincide by construction, and thus (X', «*) is also feasible in the RLT
relaxation (140).

By construction, the matrix X’ contains two non-zero off-diagonal elements less than the
matrix X*. An iterative application of the argument from the previous paragraph eventually
results in an optimal diagonal matrix X', which by the constraints of the RLT relaxation (140)

must coincide with Diag(a*). This proves the statement of the theorem.

O]
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Theorem 22 allows us to replace the n x n decision matrix X in the RLT relaxation (140) of
problem (139) with Diag(«) and thus significantly reduce the size of the optimization problem.
Our numerical results (cf. Section 6.3) indicate that this can in turn result in dramatic savings

in solution time. Another important consequence of Theorem 22 is given next.

Corollary 16. If the function f in problem (139) has a monotone lifting f’, then the opti-
mal value of the corresponding RLT relaxation (140) coincides with the optimal value of the

corresponding RLT/SDP relazation.

Proof. Recall that the RLT/SDP relaxation of problem (139) is equivalent to the RLT relax-
ation (140), except for the additional constraint that X > xa'. According to Theorem 22, it
thus suffices to show that Diag(x*) = z*z* " for the optimal solution (X*,z*) considered in the
theorem’s statement.

Note that the constraints of the RLT relaxation (140) imply that * > 0 and ) ;" , 27 = 1.
For any vector y € R”, we can thus construct a random variable Y that attains the value y;

with probability 7, i = 1,...,n. We then have
y' Diag(z*)y = E[?z] > E[Y/]Q =y [m*m*T] Y,

since Var [}7] = E[iﬂ] - E[?f > 0. We thus conclude that Diag(x*) —x*x* " >= 0, that is, the
optimal solution (X*,a*) considered by Theorem 22 vacuously satisfies the LMI constraint of
the RLT/SDP relaxation.

O

Corollary 16 shows that whenever f has a monotone lifting, the RLT/SDP reformulation
offers no advantage over the RLT relaxation (140) of problem (139).

6.3 Numerical Experiments

We compare our RLT formulation against standard RLT and RLT/SDP implementations on
non-convex optimization problems over simplices. All experiments are run on an 8-th Genera-
tion Intel(R) Core(TM) i7-8750H processor using MATLAB 2018b MATLAB (2018), YALMIP
R20200930 Lofberg (2004) and MOSEK 9.2.28 MOSEK ApS (2019).

We consider instances of problem (139) whose objective functions satisfy

1 2

@) = | D@ - & 1)

1 n
and g(x) = " In(a),
=1
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Figure 19: Example non-convex optimization instance for n = 3. The convex quadratic function f is
minimized at the center of the simplex and mazximized at a vertex. The addition of the concave barrier
function g ensures that the overall maximum is attained in the interior of the simplez.
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Figure 20: Median solution times (inlog,q secs, left, and secs, right) of our RLT formulation (‘Proposed
RLT’) and the standard RLT and RLT/SDP formulations over 25 non-convex simplicial optimization
instances.

where D € S" is a diagonal scaling matrix whose diagonal elements are chosen uniformly at
random from the interval [0,10], @ € R™*"™ is a uniformly sampled rotation matrix Mezzadri
(2006), and 1 € R™ is the vector of all ones (cf. Figure 19).

It follows from our discussion in Section 6.2 that the optimal values of the RLT and RLT /SDP
relaxations coincide for the test instances considered in this section, and there are always optimal
solutions (X*,x*) satisfying X* = Diag(x*). Figure 20 compares the runtimes of our RLT
formulation, which replaces the matrix X with Diag(x), with those of the standard RLT and
RLT/SDP formulations. As expected, our RLT formulation substantially outperforms both

alternatives.
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6.A Theoretical Extensions

We extend our findings to instances of problem (137) whose feasible regions constitute the
Cartesian product of two simplices (Appendix 6.A.1) and specific classes of bounded polyhedra
(Appendix 6.A.2) and non-convex sets (Appendix 6.A.3), as well as to quadratic optimization

problems whose objective functions do not directly admit monotone liftings (Appendix 6.A.4).

6.A.1 Cartesian Product of Two Simplices

Consider the following extension of problem (139),

Sup flx,y) +g(z,y)

ni n2
st > m=1, ) y =1 (141)
i=1 j=1
x € R}y e RT2,
which optimizes the sum of a generic function f and a (jointly) concave function g over the
Cartesian product of two simplices. The standard RLT reformulation for this problem introduces

VA
the (n1+n2)? auxiliary decision variables < ) € S™M 112 a5 well as the following additional

ZT
constraints:
ni ni
ZXZ‘J' = ZXJZ = I Wzl,...,nl
j=1 j=1
no no
Y Yy =) Yi=uy Vi=1,....m
j=1 j=1 (142)

n2 ni

ZZZ‘J' = Ty, szk = Yk W:I,...,nl, V]{?Zl,...,ng
J=1 J=1

Xij,Ykl,ZikZO Vi,j:L...,nl, Vk,l:L...,’rLQ.

Using similar arguments as in Section 6.2, we now show that a significant number of decision
variables can be removed from the RLT relaxation if function f in problem (141) has a monotone
lifting f’.

Theorem 23. If the function f in problem (141) has a monotone lifting f', then the correspond-
ing RLT relaxation has an optimal solution (X*,Y™*, Z*,x*,y*) satisfying X* = Diag(x*) and
Y* = Diag(y*).
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Proof. Fix any optimal solution (X*,Y*, Z* a* y*) to problem (141). The statement follows
if we apply the arguments of the proof of Theorem 22 to the blocks X* and Y* of the matrix

X* ZzZr
. O O

Z*T Y*
Note that in Theorem 23 we cannot apply the same arguments to the blocks Z* and Z*T

since they do not lie on the diagonal of the main matrix. We can furthermore show that, as in the

case of a single simplex, the RLT and RLT/SDP relaxations are equally tight for problem (141).

Corollary 17. If the function f in problem (141) has a monotone lifting f’, then the optimal
value of the corresponding RLT relaxation coincides with the optimal value of the corresponding
RLT/SDP relazation.

Proof. Given an optimal solution (X*,Y™*, Z* a*,y*) to problem (141) that satisfies X* =
Diag(x*) and Y* = Diag(y*), as justified by Theorem 23, the statement of the corollary follows

<Diag<m*> z* ) N <m) <m>
z*"  Diag(y*)) ~ \y*/) \@*

For any @ € R™ and b € R™2, we have that

-
a Diag(z*) — x*x* " Zr —xry* a
b ZxT _ y*w*T Diag(y*) _ y*y*T b

=a' <Diag(w*) — w*cc*T) a+b' <Diag(y*) - "J*y*T) b

if we show that

+ 247 <Z* - az*y*T> b > 0. (143)

The last inequality follows from similar arguments as in the proof of Corollary 16, which show

that

a' (Diag(az*) - az*:c*T> a = Var[4], b' (Diag(y*) — y*y*T> b = Var [B]

for the random variables A and B that attain the values a; and b; with probabilities 27 and y;,

i=1,...,n1and j =1,...,n9, respectively. Likewise, we observe that

o™ (2" @'y T)b = E[AB] - E[A]E[B],
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where we assume that the random variable AB attains the values a;b; with probability ZZ-"]-7
i =1,...,m and j = 1,...,no. Note that this joint probability distribution is consistent
with our marginal distributions specified above since the RLT constraints (142) guarantee that
Zf5 >0, 3702, Zy, = xf and ;L Zp, = yi. The previous arguments imply that the sum on
the left-hand side of the inequality in (143) evaluates to

Var[fl] + Var[B] + Q(COV[A, B] = Var[fl—l—B] > 0,

which concludes the proof. O O

We emphasize that one can readily construct counterexamples which show that our results

in this section do not extend to three or more simplices.

6.A.2 Linear Constraints

Consider a generic instance of problem (137) whose feasible region is bounded, and let the
columns of the matrix V' € R™*P denote the p extreme points of the feasible region. Prob-

lem (137) is equivalent to
sup f(Va')+g(Va)
i P
s. t. Zx; =1 (144)
i=1
' e R,
which is an instance of problem (139) studied in Section 6.2. The fourth statement of Proposi-
tion 20 implies that the objective component f in problem (144) has a monotone lifting whenever
the component f in the original problem (137) has one. Note that the number p of decision
variables in problem (144) is typically exponential in the number m of constraints in the origi-
nal problem (137). Notable exceptions exist, however, such as bijective transformations of the
I-norm ball, {Tx : £ € R, |||, <1} with T' € R™*" invertible, which have p = 2n extreme
points, as well as the unit simplex, {& € R} : Y x; <1}, which has p = n + 1 extreme points.
The RLT relaxation of the original problem (137) is typically strictly weaker than the corre-
sponding RLT /SDP relaxation. Corollary 16 shows, however, that both relaxations are equally
tight in the lifted problem (144), and Theorem 22 allows us to replace the decision matrix

X'’ € SP in the lifted problem with Diag(«’). We next compare the tightness of the RLT /SDP
relaxation of the original problem (137) with the RLT relaxation of the lifted problem (144).
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Theorem 24. The RLT relazation of the lifted problem (144) is at least as tight as the RLT/SDP
relazation of the original problem (137).

Proof. The statement of the theorem follows if for any feasible solution (X', &) of the RLT
relaxation of the lifted problem (144) we can construct a feasible solution (X, x) of the RLT /SDP
relaxation of the original problem (137) that attains a weakly larger objective value. To this
end, fix any feasible solution (X', ') of the RLT relaxation of problem (144) and set (X, x) =
(V Diag(2') V', Va'). Intuitively speaking, this choice of (X,x) interprets =’ as the convex
weights of the vertices V' = [V; ...V} of the feasible region of problem (137) and therefore
sets & = Vz'. Moreover, note that diag(’) is an ‘optimal’ representation of &'z’ in the RLT

x'" corresponds to Va&'z’T VT in problem (137), we thus

relaxation of problem (144). Since @’
set X = Vdiag(z')V'T.
We first note that the objective value of (X, ) in the relaxation of (137) is at least as large

as the objective value of (X', ') in the relaxation of (144):

f(X,z)+g(x) = f(VDiag(z") V', Va')+g(Va)
> VX'V V) +g(Ve).

Here, the left-hand side represents the objective value of (X, ) in the RLT/SDP relaxation
of problem (137) and the right-hand side represents the objective value of (X', ') in the RLT
relaxation of problem (144) if we adopt the monotone lifting proposed in the proof of statement
4 of Proposition 20. The inequality holds since Diag(«’) = X', which can be shown using similar
arguments as in the proof of Theorem 22.

To see that (X, x) is feasible for the RLT/SDP relaxation of problem (137), we first note
that

Ax = AVa' <b,

since V&' is a convex combination of the vertices of the polyhedron {z € R™ : Az < b}.
Moreover, we have
X = VDiag(z) V' = Va'a’ TV’ = za',

where the inequality holds since Diag(x’) = a'x’" due to similar arguments as in the proof of

Corollary 16. In the remainder of the proof, we show that the RLT constraints (138) hold as
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well. To this end, we note that

aZTXaj — (biaj + bjai)T:zz + bib;
= a; VDiag(e')V'a; — (biaj +bja;) V&' +bb;

p p
=1

(=1

where V; denotes the ¢-th column of V. To see that (145) is indeed non-negative, we distinguish
between four cases based on the values of b; and b;.

Case 1: b;, bj = 0. In this case, the expression (145) simplifies to >-7_, 2/ (a, V;) (a}—Vg), which

constitutes a sum of non-negative terms since ' > 0 as well as aiTVg < b; =0 and ajTVg <b;=
0.
Case 2: b; #0,b; = 0 or b; = 0,b; # 0. We assume that b; # 0,b; = 0; the other case follows by

symmetry. Assume further that b; > 0; the case where b; < 0 can be shown similarly. Dividing

the expression (145) by b; and removing the terms that contain b; yields

p T
a;V,
S (Y1) e,
b;
(=1

and this expression constitutes a sum of non-negative terms since j; > 0 multiplies the product
of two non-positive terms: We have aZTVg/bi < 1 since aiTW < b;, and we have VgTaj <b;=0.

Case 3: b;,b; > 0 or b;,b; < 0. We assume that b;,b; > 0; the other case follows similarly. Di-

viding the expression (145) by b;b; > 0 yields

P v, alV,
ng (cBy — g — Bg) +1  with ap = a’bA £ and B, = JbA e’ (146)
=1 ! J
where ay, By < 1 since aZTVz < b; and ajTW < b;. Since
min{af—a—-p:a,p<1, apeR} = -1,

each multiplier of z, in (146) is bounded from below by —1, which implies that the sum involving
x is bounded from below by —1, and thus the overall expression (146) is non-negative as desired.

Case 4: b; > 0,b; <0 or b; <0,b; > 0. We assume that b; > 0,b; < 0; the other case follows by

symmetry. Dividing (145) by b;b; < 0 yields (146), which now needs to be non-positive. Note
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that ay <1 while 8, > 1, since b; < 0. The statement now follows from an argument analogous

to the previous case as
max{af—a—-p:a<l, f>1 a,feR} = —1,

which implies that the overall expression (146) is non-positive as desired. O ]

For problems with a moderate number p of vertices, the RLT relaxation of the lifted prob-
lem (144), which involves p non-negative decision variables and a single constraint, might be
easier to solve than the RLT /SDP relaxation of the original problem (137), which involves O(n?)
decision variables, O(m?) constraints as well as a restriction to the semidefinite cone. In addi-
tion, as proven in Theorem 24, the RLT relaxation of the lifted problem is always at least as

tight as the standard RLT /SDP relaxation.

6.A.3 Nonlinear Constraints
We now study the following generalization of problem (139):
sup  f(x) + g(x)
X

s. t. Zl‘izl (147)

Here, f : R" — R as well as f; : R™ — R are assumed to admit monotone liftings, and g : R” — R
as well as g; : R® — R are concave, i = 1,...m. If we replace both f and f; : R™ — R with their

respective monotone liftings f’ and f/, i« = 1,...m, then one can readily verify that the RLT

relaxation

sup  f(X,x) + g(z)

X, x
n n

s. t. ZX’LJ:ZXJ’L:xl Vizl,...,n
j=1 j=1
. (148)
S =t
i=1
(X, )+ gi(z) >0 Vi=1,...,m

X >0, Xe8" zeRY}
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is optimized by a solution (X*,x*) that satisfies X* = Diag(z*) as well as X* > x*z* . The
definition of monotone liftings implies that (148) is a convex optimization problem.

A special case of problem (147) arises when the constraint functions f;, i = 1,...,m, are
absent and when f and ¢;, ¢ = 1,...,m, depend on separate parts of the decision vector x, that

is, if problem (147) can be written as

sup f(x) +g(x,y)

ni
s. t. szzl
i=1
xeRY, ye),

where ) C R™ denotes the feasible region for the decision vector y. Omitting the RLT con-
straints that involve cross-products of the constraints involving @ and the constraints involving

Yy, Theorem 22 and Corollary 16 imply that the RLT relaxation

sup  f/(X,x) +g(z,y)

X,y
ni ni
s. t. E Xz'j: E Xﬂ:l'z Vizl,...,nl
j=1 j=1
ni
=1

X>0, XeS", xzeR, ye)

has an optimal solution (X*,x*, y*) satisfying X* = Diag(x*).

6.A.4 Standard Quadratic Optimization

A standard quadratic optimization problem maximizes a (usually non-convex) quadratic function
)=z Qr+q'xz+q Qc S qcR”and g € R, over the probability simplex. Since Q % 0
in general, our results from Section 6.2 are not directly applicable. By decomposing @ into
Q = Q" — Q such that QT,Q~ = 0, however, we obtain an instance of problem (139) where
flx)=x"QTx+q " x+qand g(x) = —x " Q x. The first statement of Corollary 15 then allows
us to apply Theorem 22 and Corollary 16 to the reformulated standard quadratic optimization
problem. It is worth noting that different decomposition schemes could lead to different RLT
relaxations of varying tightness. For a review of decomposition schemes, we refer to Fampa et al.
(2017), Park (2016).
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Instead of decomposing the objective function of the standard quadratic optimization prob-
lem and utilizing the results from Section 6.2, one can alternatively apply the RLT or RLT/SDP
relaxation directly to the original standard quadratic optimization problem. Our numerical
results indicate that for the eigenvalue-based matrix decomposition, the RLT /SDP relaxation
outperforms our formulation in terms of tightness, whereas the RLT relaxation and our formula-
tion are in general incomparable, that is, either formulation can be superior for a given instance.
In terms of runtime, on the other hand, our formulation outperforms the RLT and RLT/SDP re-
laxations. This is not surprising as our formulation optimizes over n decision variables, whereas
the RLT and RLT/SDP relaxations involve O(n?) decision variables due to the presence of the

decision matrix X.

6.B Additional Numerical Experiments

We compare our RLT formulation against standard RLT and RLT/SDP implementations on
non-convex optimization problems over polyhedra (Appendix 6.B.1) as well as on indefinite

quadratic optimization problems over simplices (Appendix 6.B.2).

6.B.1 Non-Convex Optimization over Polyhedra

We consider instances of problem (144) where
f®) = |DQz|* and g(z) = Y In(l-a7).
i=1

Here, D € S™ and Q € R™ "™ are generated as in Section 6.3, and the feasible region (prior
to its lifting) is the hypercube [—1,1]" in R™. Following our discussion in Appendix 6.A.2,
our RLT reformulation operates on the lifted space R?", where the feasible region is described
by a probability simplex whose vertices correspond to the vertices of the hypercube, whereas
the standard RLT and RLT/SDP reformulations operate directly on the formulation (137) that
involves of 2n halfspaces in R™.

Figure 21 reports the optimality gaps and solution times for instances with n = 1,...,10
decision variables. As expected from Theorem 24, our RLT formulation outperforms both RLT
and RLT/SDP in terms of the objective value. Interestingly, the outperformance over RLT is
substantial and grows with the dimension n. On the other hand, since the number of decision
variables in our RLT reformulation grows exponentially in n, our reformulation is only viable

for small problem instances with up to n = 10 decision variables.
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Figure 21: Median relazation gaps (left) and solution times (right, in log,, secs) of our proposed RLT
formulation as well as the standard RLT and RLT/SDP formulations over 25 non-convex hypercubic
optimization instances. The relaxation gaps are recorded as 100% - (z — z*)/ max{1,|z*|}, where z* is the
optimal value of the proposed RLT relaxation, and z refers to the optimal value of the standard RLT or
RLT/SDP relazations.

With its exponential number of vertices, the hypercubic feasible region of our previous ex-
periment constitutes the least favourable setting for our proposed RLT formulation. We next
study instances of problem (144) where k < n of the decision variables (hereafter y) reside in a
hypercube, whereas the remaining n — k decision variables (hereafter x) are restricted to a sim-
plex. In this case, the feasible region of the original problem is described by n + k£ + 2 halfspaces
in R", whereas the feasible region of the lifted problem constitutes a simplex with 2¥ - (n — k)

vertices. The objective function is described by

_ 1\ n—k k
f(m,y)=HDQ (“3 o 1) Cglmy) = Y )+ Y (1 - g)),
i=1 1=1

where D € S” and Q € R™ " are generated as before. Figure 22 reports the runtimes of
our proposed RLT reformulation as well as the standard RLT and RLT/SDP formulations for
problem instances with £ = 3 and n = 10, 20, ..., 150 decision variables. Our RLT reformulation
significantly outperforms the RLT/SDP formulation in terms of runtimes, and it also improves
upon the standard RLT formulation for n > 60. We note that in terms of the relaxation gaps,
our RLT reformulation also outperforms both standard RLT (by about 2%) and RLT/SDP (by
about 0.5%), which is in accordance with Theorem 24. Since the differences are small (around

1%), however, we do not illustrate them in the graph.
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Figure 22: Median solution times (in logig secs) of our RLT formulation (‘Proposed RLT’) as well as
the standard RLT and RLT/SDP formulations over 25 non-convex optimization instances whose feasible
region emerges from the Cartesian product of a simplexr and a hypercube.
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Figure 23: Median relaxation gaps of our proposed RLT formulation (‘Proposed RLT’) and the standard
RLT formulation over 25 standard quadratic optimization instances. The relazation gaps are recorded as
100% - (z — z*)/ max{1, |z*|}, where z* is the optimal value of the RLT/SDP relazation and z refers to
the optimal value of our RLT formulation or the standard RLT formulation.

6.B.2 Standard Quadratic Optimization

In our final experiment, we maximize an indefinite quadratic function () = &' Qx over the
simplex in R™. To this end, we select Q = VDV ", where D € S” is a diagonal scaling matrix
whose diagonal elements are sampled uniformly at random from the interval [-7.5,2.5] (type 1)
or [—5,5] (type 2), and V € R™ " is a uniformly sampled rotation matrix Mezzadri (2006).
Following our discussion in Appendix 6.A.4, our RLT formulation decomposes the function
@ into a convex part f(x) = ' VDTV Tx and a concave part g(x) = ' VD~V 'z, where
D" and D~ contain the positive and negative eigenvalues of D, respectively. In contrast,

the standard RLT and RLT/SDP formulations directly operate on the function . Figures 23
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Figure 24: Median solution times (in log,, secs, left, and secs, right) of our RLT formulation (‘Pro-
posed RLT’) and the standard RLT and RLT/SDP formulations over 25 standard quadratic optimization

nstances.

and 24 compare the three approaches in terms of objective values and the required runtimes. The
figures show that RLT /SDP tends to provide the tightest relaxations and that our proposed RLT
formulation offers tighter relaxations than the standard RLT formulation on type 1 instances,

whereas the situation is reversed for type 2 instances. In terms of runtimes, on the other hand,
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our RLT formulation clearly dominates both alternatives as expected.
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Chapter IV

Conclusions and Future Work

This thesis explores three interrelated themes. The first two focus on safeguarding data-driven
decision making, where safeguards are introduced in the form of ethical constraints and various
notions of robustness. My work within these themes frequently involves formulating and solving
problems as instances of nonconvex and robust optimization. For example, in the first theme,
the task of optimizing a probability distribution for sampling noise that satisfies additive differ-
ential privacy gives rise to an infinite-dimensional robust optimization problem. Constructing
distributionally and adversarially robust logistic classifiers results in two-stage adjustable ro-
bust optimization formulations. Similarly, the Wasserstein classification and regression models
lead to optimization problems with constraints that upper bound the supremum of convex (or
difference-of-convex) functions, closely mirroring robust optimization techniques for deriving
counterparts of constraints that are convex in the uncertain parameters. The third theme of
this thesis extends this line of work by contributing new modeling and solution tools for such
settings. Overall, I view this thesis as a collection of contributions to the modeling, analysis,
and solution of safeguarded data-driven decision making problems.

I am currently working on, or initiating, several projects that extend my research on safe-
guarded data-driven decision making. These projects broaden both the methodological directions
I pursue and the application domains I study. A few are described below.

In the context of decision making subject to ethical constraints, I am starting projects that
parallel my earlier work on privacy, now approached from a fairness perspective, where I seek
optimal decisions subject to fairness constraints. A notable example is my ongoing collaboration
with Bill Tang, Cagil Kogyigit, Phebe Vayanos, and Wolfram Wiesemann on optimal and fair

housing allocation via weakly coupled dynamic programs, where we impose fairness constraints
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and subsequently optimize policies for housing allocation. Similarly, in my postdoctoral studies, I
will focus on modeling interpretability as a constraint and minimizing the price of interpretability
in various tasks.

Within the theme of robust machine learning, I am interested in reducing the conservatism
of existing distributionally robust machine learning methods. In particular, I have started a
collaboration with Daniel Kuhn, in which we aim to understand how external data sources can
be systematically incorporated to achieve this.

From the perspective of nonconvex optimization, I aim to address problem classes that have
traditionally been difficult to solve by building on my previous work. To this end, I am currently
collaborating with Aharon Ben-Tal and Wolfram Wiesemann on maximizing the sum of maxima
of convex functions. We demonstrate that many challenging problems in machine learning and
operations management can be formulated in this way, and we develop strong solution methods

based on earlier techniques.
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