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Abstract We consider stochastic programs in which the probability distribution of uncertain parameters
is unknown and partial information about it can only be captured from limited data. We use distributionally
robust optimization (DRO) to model such problems. As opposed to the commonly used approach for DRO
problems that suggests creating an ambiguity set by following a specific procedure, we propose to build
it by adopting multiple procedures. Specifically, we design the ambiguity set by intersecting sets that
are constructed by different discrepancy-based measures. The new ambiguity set excludes the probability
distributions that reside in only one set, while preserving the common ones, which prevents the DRO problem
from producing overly conservative solutions. We derive single-level convex programming reformulations
for the resulting two-level DRO problems with various supports, namely, discrete known, univariate, and
multivariate supports. We additionally design a three-level cutting-plane algorithm and a relaxation-based
technique to tackle computationally challenging DRO problems with multivariate supports. To evaluate
the quality of the solutions that our reformulations yield and the performance of these techniques, we
conduct experiments on newsvendor and mean-risk portfolio allocation problems. Our results suggest that
using multiple measures to build the ambiguity set decreases robustness and provides high-quality solutions,
especially for small-size samples. Moreover, the outcomes illustrate that our proposed algorithm and the

upper-bounding technique are indeed effective.

1 Introduction

Many decision problems in practice are solved under uncertainty when the exact values of the parameters are
not available or difficult to obtain. Stochastic programming (SP) is a powerful modeling approach which
enables the incorporation of uncertainty into a mathematical model [Ghasemi et al., 2020, Hong et al., 2015].
Given an underlying probability distribution of uncertain parameters, i.e. true data-generating distribution,
SP often aims to optimize the expected value of the objective function. In such settings, the goal is to find a
solution that minimizes/maximizes the expected value of a function, which is a function of decision variables
and a random vector of parameters following the given distribution [Prékopa, 2013]. Computing the expected

value requires the calculation of multiple integrals which can be computationally intractable and requires



approximation methods. One of the well-known techniques for approximating the SP problem is the sample
average approximation (SAA), which uses a sample of random vectors drawn from the underlying probability
distribution [Birge and Louveaux, 2011].

Given a sample of observations for a set of independent and identically distributed (IID) random variables,
SAA approximates the empirical distribution by assigning equal probabilities to each data point in the
sample. It has been shown in the literature that under mild conditions SAA is computationally tractable and
provides asymptotic convergence, meaning that as the sample size tends to infinity, the optimal objective
value and the optimal solution of the SAA problem converge to those of the SP problem [Kleywegt et al.,
2002]. In such a setting, the true data-generating distribution is assumed to be known and sampling from it
is possible. However, there are applications where only a small sample of data is available or there is limited
information on the true distribution [Kapteyn et al., 2019]. Additionally, there are many applications such as
healthcare related problems and emergency resource allocation problems where the events are rare and data
is scarce. In such cases, SAA might be used in which case one approximates the underlying distribution by an
empirical distribution which assigns equal probability for each observation. However, the optimal objective
values provided by SAA have been shown to be highly optimistic and sample dependent, especially for small
sample sizes. Moreover, considering a minimization problem, SAA provides only a valid lower bound, and its
optimal solution has poor out-of-sample performance. Besides, the optimal objective value and the optimal
solution have large variations [Bertsimas et al., 2018]. For the problems with scarce data, efficient data-driven
techniques are required in order to use the available data effectively.

Distributionally robust optimization (DRO) is a data-driven modeling approach that assumes the avail-
ability of partial information on the underlying probability distribution, while SP assumes the full availability
of the distribution. DRO aims at finding a solution that minimizes the worst-case expected cost with respect
to a set of distributions which is called ambiguity set. This set contains a family of probability distributions
that share properties similar to the true data-generating distribution. The set can be constructed based on
the information that the available data implies about the underlying true distribution. In the DRO literature,
various procedures are proposed for constructing ambiguity sets where these methods are designed based
on different measures such as discrepancy metrics and moments of the probability distributions. Following
a particular procedure, the ambiguity set contains all distributions satisfying measure-specific properties.
By choosing the measure carefully, the resulting ambiguity set provides beneficial properties for the DRO
problem, namely asymptotic convergence, performance guarantee, and tractability [Bertsimas et al., 2018].

To elaborate, under mild assumptions the optimal objective value and the optimal solution of the DRO
problem converge to those of the SP problem as the sample sizes increase. Moreover, the optimal objective
value of the DRO problem can provide a probabilistically guaranteed upper bound over its out-of-sample
performance. In other words, considering a minimization problem, solving the DRO problem given a sample,
yields an optimal objective value and a solution such that evaluation of the solution on another sample is
bounded above by the optimal objective value with high probability. Additionally, for many problems of
practical interest, such as two-stage stochastic programming problems and risk-averse problems, DRO is
equivalent to a tractable single-level convex optimization problem that can be tackled by off-the-shelf solvers.
However, the ambiguity set might contain distributions which lead to extremely conservative solution and
objective value for the DRO problem especially for small sample sizes.

In order to prevent this robustness, we propose to build the ambiguity set as an intersection of multiple
ambiguity sets. The intersection yields a joint set that may exclude the extreme distributions that belong to
individual sets and result in robust outcomes to the DRO problem. The idea is to exclude any distributions



that reside in only individual sets and preserve the common ones. In this case, the joint set can be constructed
by incorporating multiple measures and the DRO problem with the joint ambiguity set can inherit certain
useful measure-specific properties of the DRO problems with individual sets. In this work, we examine the
conditions under which the DRO problem with joint set can preserve those properties while still maintains
tractability. We illustrate that under mild assumptions, this DRO problem provides at least as good in-sample
performance as each of the individual problems.

More specifically, we construct a joint ambiguity set for the DRO problem using Wasserstein metric and
Goodness-of-Fit (GoF) tests. For problems with discrete-known and univariate supports, we intersect the sets
generated with various GoF tests. For problems with multivariate support, we intersect the Wasserstein ball
and the confidence region of the linear-convex ordering test. We discuss the assumptions under which the DRO
problems with individual and joint ambiguity sets possess performance guarantee and convergence. Moreover,
for the resulting problems, we derive tractable single-level convex reformulations which are solvable by the
state-of-the-art solvers. For computationally challenging problems in the multivariate setting, we also propose
a three-level cutting-plane algorithm and a relaxation-based procedure to find lower and upper bounds on
the optimal value of the DRO problem. We conduct computational experiments to compare the quality of
the bounds provided by the DRO problem with joint ambiguity set and those from the DRO problems with
individual ambiguity set. We illustrate the performance of our approach on newsvendor problem with random
demand and mean-risk portfolio allocation problem with uncertain returns. Our experiments indicate that
the DRO problems with joint ambiguity set in most of the cases can yield better solutions than the DRO
problems with single-measure based ambiguity sets in terms of in-sample and out-of-sample performance,
especially for small sample sizes.

Our contributions can be listed as follows:

e In modeling SP problems using a DRO framework, we propose to construct the ambiguity set as an

intersection of multiple single-measure based ambiguity sets.
e We study the conditions under which the proposed DRO problem possesses useful properties.

e We derive single-level convex reformulations for two-level DRO problems with joint ambiguity sets for

problems with discrete known, univariate, and multivariate supports.

e We propose lower and upper bounding techniques for computationally demanding problems in the
multivariate setting and show the efficacy and efficiency of the techniques.

e We evaluate the quality of the solutions provided by the DRO problem with a joint ambiguity set in
terms of their in-sample and out-of-sample performances using the two well-known problems from the
literature, namely, newsvendor problem with random demand and mean-risk portfolio optimization

problem with random returns.

The rest of the paper is organized as follows. In Section 2, we review the literature and discuss the
proposed techniques therein for constructing ambiguity sets. In Section 3, we provide a brief background and
mathematical formulation of the problems as well as the measures that we use later in this work. In Section
4, we elaborate on our idea of constructing a joint ambiguity set and provide the conditions under which the
DRO problem can achieve beneficial properties. In Sections 5, 6, and 7, we propose tractable reformulations
for DRO problems with joint ambiguity sets under discrete known, univariate, and multivariate supports,

respectively. In Section 7, we propose bounding techniques for problems with multivariate support. In Section



8, we illustrate the quality of the bounds provided by the DRO problems over newsvendor problem and
mean-risk portfolio optimization problem. In Section 9, we explain the advantages of using our approach
over existing approaches in the literature. Additionally, we provide a summary table on the various problem
settings that we study and discuss the tractability of the reformulations we derive. Next, in Section 10, we

conclude the paper with a summary of our findings and discuss future work.

2 Literature Review

In this section, we review the relevant literature regarding constructing an ambiguity set for DRO problems.
In the literature, ambiguity sets can be categorized into two main groups, namely, moment-based and
discrepancy-based ambiguity sets. While the moment-based ambiguity sets contain all distributions whose
moments satisfy specific properties, discrepancy-based ambiguity sets contain all distributions in a certain
distance with respect to a specific discrepancy measure from a reference distribution which can be obtained
from available data.

Moment-based ambiguity sets are usually constructed based on the first and second moment information
of a reference distribution. Scarf [1957] presents one of the first studies in the DRO context and studies a
distributionally robust newsvendor problem with random demand where the ambiguity set is constructed
based on the known mean and variance of the demand. Extending the work, Gallego and Moon [1993] assume
that mean and covariance matrix are unknown and reside in a polytopic and interval uncertainty sets, while
Lotfi and Zenios [2018] consider them to reside in an ellipsoidal set. Rujeerapaiboon et al. [2018] study a
DRO problem where they assume that the mean is known, but the covariance matrix is unknown or bounded
above. Delage and Ye [2010] assume that the moments of a random variable are unknown and construct
an ambiguity set using a data-driven procedure to build a confidence region for them. They consider a
minimization problem and prove that the optimal objective value of the DRO problem with the proposed
ambiguity set provides a probabilistic upper bound on the out-of-sample performance of the optimal solution
of the DRO problem.

Shapiro and Ahmed [2004] propose a framework based on generalized inequalities which can be used for
modeling the support of a random vector, defining bounds on the probability measure, and defining bounds
on the function of the random variable. Particular cases of the framework appears in some other works such
as [Mehrotra and Papp, 2014, Perakis and Roels, 2008]. Using the same idea, Royset and Wets [2017] propose
a decision-dependent ambiguity set which is constructed by imposing bounds on the decision-dependent
cumulative distribution of a random vector and analyze the convergence results of the corresponding DRO
problem. While the studies mentioned so far construct an ambiguity set based on the available information
on the joint distribution of a random vector, there are studies that assume the availability of additional
information on marginal probability distributions as well [Chen et al., 2022a, Dhara et al., 2021, Doan et al.,
2015].

Moment-based ambiguity sets are studied in the context of risk-averse decision making. Liu et al. [2017]
study reward-risk ratio model where the ambiguity set is constructed by restricting mean and covariance
matrix entries to an interval. Natarajan et al. [2014] consider CVaR minimization problem with ambiguity set
created based on the information on marginal distributions. Beside risk-averse decision making, moment-based
ambiguity sets are incorporated into problems with individual and joint chance-constraints. Hanasusanto
et al. [2017], Xie et al. [2022], and Xie and Ahmed [2018] study chance-constrained problems where the
ambiguity set is constructed by imposing generalized inequalities on the first/second moment of a random



vector. For information on various moment-based ambiguity sets and their mathematical foundations, we
refer the interested reader to Rahimian and Mehrotra [2019].

Alternatively, using a discrepancy measure the ambiguity set can be restricted to the probability distri-
butions with small dissimilarity to the nominal distribution. Optimal transport discrepancy measures such
as Wasserstein metric are very well-known ones in this category which have gained significant popularity in
recent years. The metrics compute the minimum cost associated with transporting a mass from a probability
distribution to another one with respect to a discrepancy measure such as p-Wasserstein metric. Modeling a
DRO problem with optimal transport metrics can be seen in many operations research and machine learning
studies such as [Gao and Kleywegt, 2022, Chen et al., 2022b, Blanchet et al., 2022, Luo and Mehrotra, 2019,
Lee and Raginsky, 2018, Esfahani and Kuhn, 2018, Mehrotra and Zhang, 2014].

It has been illustrated by Esfahani and Kuhn [2018] that the ambiguity set can be constructed using
the Wasserstein distance measure. In this case, the modern measure concentration result guarantees the
existence of the true data-generating probability distribution in the Wasserstein ball with high confidence
[Bolley et al., 2007]. While the authors use 1-Wasserstein metric, they show that under mild assumptions
the optimal objective value of the DRO problem with the Wasserstein ambiguity set provides a probabilistic
guarantee on the out-of-sample performance of its optimal solution, also enjoys asymptotic convergence and
tractability for numerous cost functions. In a similar work, Gao and Kleywegt [2022] study a DRO problem
with an ambiguity set constructed by p-Wasserstein metric where p-norm is utilized as a distance measure.
The authors identify necessary and sufficient conditions for the existence of a worst-case distribution and
show that the distribution has a certain structure. Based on the structure of the distribution they argue that
any data-driven DRO can be approximated by an appropriate robust optimization problem.

In an alternative way, GoF tests can be considered as discrepancy measures and used to construct
the ambiguity sets. Bertsimas et al. [2018] propose constructing ambiguity sets as a confidence region of
GoF tests which contain all probability distributions that pass the corresponding hypothesis test. The
framework is called Robust SAA and aims at leveraging useful properties provided by SAA while possessing
a guarantee on the quality of its performance. The authors show that under mild assumptions the DRO
problem with GoF test-based ambiguity set can be reformulated as a tractable convex optimization problem,
also provides asymptotic convergence and performance guarantees. Postek et al. [2016] study DRO problems
with risk constraints where GoF tests are used for constructing ambiguity sets. The authors propose tractable
reformulations for these problems.

There are other studies in the literature that consider different discrepancy measures such as ¢-divergence
[Blanchet et al., 2022, Lam, 2019, Jiang and Guan, 2016, Wang et al., 2016, Bayraksan and Love, 2015,
Ben-Tal et al., 2013, Yamkoglu and den Hertog, 2013], total variation distance [Rahimian et al., 2019a,b,
Shapiro, 2017], Prohorov metric [Gibbs and Su, 2002, Erdogan and Iyengar, 2006], and I,-norm [Jiang and
Guan, 2018, Huang et al., 2017].

In the reviewed articles, the authors consider a single measure for constructing the ambiguity set whereas
in this work we propose to use multiple of them. We note that similar idea is used in Bertsimas et al. [2018§]
where the authors construct the ambiguity set using a moment-based measure and GoF tests in order to
ensure a finite optimal solution to the DRO problem. However, their goal of using the intersection idea is
different from our work, where we propose the construction of a joint ambiguity set to improve the quality of
the solution by removing highly conservative distributions from the set. Moreover, the authors present the
idea for a special problem setting, namely for problems with univariate and unbounded support, whereas we
propose the idea for the general case and illustrate its use in detail for various problem settings. In the next



section, we provide a background and mathematical basis for the measures that we consider in this study.

3 Preliminaries

In this paper, we consider the stochastic programming problem

sP .

2" = min Ep[c(z, )] (1)
where the goal is to find € X C R™ that minimizes the expected value of a cost function, c¢(x, &), which is a
function of the decision variables  and the random vector ¢ following the joint probability distribution F
that is defined on a support =.

In the cases where F is known and sampling from it is possible, SAA approximates problem (1) by

N
1 .
SAA _ j
z min Nj§:10(x,€ ) (2)
where ¢!, ...,V is an IID sample of random vectors drawn from F. On the other hand, DRO is a modeling

approach aiming at finding a solution that minimizes the worst-case expected cost

2 = min maxEp[c(z, €)] (3)
where J is an ambiguity set that contains probability distributions of interest. The set F plays a crucial role
in this context as the DRO problem can possess desirable properties based on the measure used to build the
set. Useful properties for the DRO problem, namely performance guarantee, convergence, and tractability
are introduced in Bertsimas et al. [2018], which we overview in what follows for the sake of completeness.

Performance guarantee: Let 2°*® denote an optimal solution of problem (3). The out-of-sample

DRO DRO yinder the true data-

performance of 2P is represented by Ep[c(2P*, £)] which is the expected cost of
generating distribution F. Since 2P™ is a feasible solution to the SP problem (1), its out-of-sample performance
is an upper bound on the optimal objective value of the SP problem, 2. In settings where F is not available,

O can provide a probabilistic upper bound on

obtaining 2%° and Eg[c(zP*, £)] is impossible. However, 2PF
them under certain conditions.

An ambiguity set is called at significance level « for a given « € [0, 1], if it contains the true data-generating
distribution F with probability 1 — «. Let F(«) denote an ambiguity set at significance level «. The optimal
objective value of the DRO problem (3) with ambiguity set F(«) provides a probabilistic upper bound on the
out-of-sample performance of its optimal solution. The performance guarantee of the DRO problem can be
formalized as

P(Ep(c(=",¢)] < 2") > 1 -, (4)

PRO is an upper bound on Eg[c(zP, €)] is at least 1 — a. This probability

meaning that the probability that z
is called reliability in some references [Esfahani and Kuhn, 2018].

Asymptotic convergence: Let IV (a) denote an ambiguity set at significance level o which is constructed
based on an available sample of observations ¢!, ..., &N, Let 2P and 25 denote an optimal solution of the
DRO problem and the SP problem, respectively. Under the following condition on FV (/) along with measure

specific assumptions on the cost function ¢(z, ), feasible region X, and support =, the DRO problem achieves



DRO DRO

the convergence of 2P — 25F and 2P* — 2% as N — oo:

P(Fy »F = Fy ¢ V) =1. (5)

This condition means that every sequence Fy that does not converge weakly to the true distribution
should not be included in the ambiguity set IV almost surely, as N tends to infinity (see Definition 3 of
[Bertsimas et al., 2018]).

Tractability: Structure of the cost function and ambiguity set can provide theoretical and practical
tractability to the DRO problem. By theoretical tractability, we mean that there exists a polynomial-time
algorithm for solving problem (3), while by practical tractability we mean that the problem can be reformulated
as a single-level convex optimization problem and in turn can be solved by state-of-the-art solvers. Consider

the problem of finding a worst-case expected value over an ambiguity set F for a given solution z

ez, 9) = maxEfe(z, €)]. (6)
For many ambiguity sets, it has been shown in the literature that the problem can be reformulated as
a single-level convex optimization problem for various cost functions of practical interest. By taking the
dual of C(z,¥F) and transforming it into a minimization problem, it can be merged with min,ex(-) so that
the two-level DRO problem (3) can be written as a single-level problem. For instance, problem (3) with
a Wasserstein-based ambiguity set reduces to a linear optimization problem if the 1-norm is used in the
definition of the Wasserstein metric and the cost function is the maximum or minimum of affine functions.
Additionally, the DRO problem with a certain GoF test based ambiguity set can be reformulated as a
single-level convex optimization problem which can be solved by polynomial-time algorithms.

In this study, we mainly focus on building an ambiguity set using discrepancy-based measures, specifically,
GoF tests and the Wasserstein metric. In what follows we briefly provide mathematical bases for creating
individual sets using these measures. In all upcoming sections, we use the notation [m] to denote the
set {1,...,m}.

3.1 GoF test-based ambiguity sets

The ambiguity set of a DRO problem can be the set of all probability distributions that pass a particular GoF
test. A GoF test evaluates whether or not a given sample of observations follows a hypothetical distribution.
The null hypothesis is that the provided sample is drawn from the hypothetical distribution. A test is said
to be at significance level « € [0, 1], if the probability of incorrectly rejecting the null hypothesis is at most
. In GoF tests, a test-specific statistic is calculated based on the given sample and a given hypothetical
distribution. If the value of the test statistic is strictly larger than the threshold implied by the significance
level «, then the null hypothesis is rejected. The set of all probability distributions that pass the test is called
the confidence region of a test. Therefore, the ambiguity set of a DRO problem can be constructed as the
confidence region of a GoF test.

Let €', ...,6N be an IID sample and F be a hypothetical distribution. Let T specify a GoF test and
SN(F, &1, ...,€N) denote a test-specific statistic that is calculated based on the given sample and the
hypothetical distribution. An ambiguity set that is equivalent to the confidence region of a GoF test at



significance level a can be constructed as
Fr¥(a) = {F € P(F): Sp (F, &', ") < Or()} (7)

where Z C R™ denotes the support of the random vector, P(E) is the set of probability distributions over =,
and Qr(«) is a test-specific threshold at significance level of . By construction, the ambiguity set FE°F ()
contains the true data-generating distribution with probability of at least 1 — a which provides a guarantee
on the performance of the DRO problem with F£°F(a) as its ambiguity set. If ¢(z, £) is continuous in x over
all £ € E, feasible set X is close and bounded, and support E is bounded, then problem (3) with ambiguity
set FEF () enjoys asymptotic convergence and performance guarantee while it can be reformulated as a
single-level convex optimization problem. For more detailed information regarding the assumptions, interested

readers are referred to [Bertsimas et al., 2018].

3.2 Wasserstein metric-based ambiguity sets

One of the most widely used probability metrics on the space of probability distributions is the Wasserstein
metric. It is utilized for measuring the distance between two probability distributions and interpreted as
the optimal mass transportation plan from one distribution to another one. Let P'(Z) denote the set of all
probability distributions F on the support = where Ex[||¢]|] = [5 [|£]] F(§) < oo. Wasserstein distance
d"ess . P'(2) x P'(Z2) — R, between two probability distributions is defined as

(R Fy) = inf [ [l 6], (6, &) ®)
=2X=

where the decision variable II is a joint probability distribution of & and &; with marginal distributions Fj
and Fy, respectively. Additionally, || - ||, for p > 1 represents the p-norm on R™ resulting in a generalized
p-Wasserstein metric. For simplicity, in this paper, we consider the 1-Wasserstein metric (p = 1) which is a

commonly use metric in the literature.
Esfahani and Kuhn [2018] propose to construct the ambiguity set of a DRO problem using the Wasserstein
metric. Given an IID sample &', ..., ¢V and the corresponding empirical distribution F v, the idea is to

construct a Wasserstein ball of radius €%, centered at the empirical distribution such that
Fhass () = {F € P(2) : d"*(F, Fy) < %} (9)

This ambiguity set F%2*5(e%;) contains all probability distributions that are within a certain distance from the
empirical distribution. Under a light tail assumption on the true data-generating distribution, the ambiguity
set provides a performance guarantee for the DRO problem with F"25(¢%;) ambiguity set. This assumption
means that the tail of the true distribution F' should decay at an exponential rate, and the modern measure
concentration theorem [Fournier and Guillin, 2015] suggests that F¥2%(e%;) contains F with probability of
at least 1 — a if €% is a sublinearly growing function of log(1/a)/N. Based on the measure concentration
theorem, the performance guarantee of DRO problem with F¥2%%(¢%;) ambiguity set follows. If ¢(z, £) is upper
semicontinuous in ¢ and there exists a constant L > 0 where |c(z, &)| < L(1 +||¢]|) for all z € X, the optimal
objective value of the DRO problem converges to that of the SP problem almost surely as the sample size
tends to infinity. Moreover, if the assumptions hold and c¢(z, ) is lower semicontinuous in z for all £ € E,

the optimal solution of the DRO problem converges to that of SP problem almost surely as the sample size



tends to infinity. Furthermore, assuming c(x, §) := maxj¢[x) cx (7, §) where —cy(x, ) are proper, convex, and
lower semicontinuous in & for all x € X and k € [K], also Z is closed and convex, the worst-case expected
value problem max pegias (co) Er [e(x,&)] can be reduced to a finite convex problem and, consequently, the
DRO problem can be reformulated as a single-level convex problem and can be solved by off-the-shelf solvers.
For more detailed information regarding the assumptions, an interested reading is referred to [Esfahani and
Kuhn, 2018].

4 Joint ambiguity set

While a common approach suggested in the literature for DRO problems is to build an ambiguity set using a
single measure, in this work we propose to construct the ambiguity set based on a combination of various
measures. In this case, the ambiguity set can be regarded as a joint region of multiple ambiguity sets and can
potentially inherit the desirable properties of the individual sets while cut off overly conservative distributions
of each set and provide better results for the DRO problem in terms of optimal solution and objective value.
Specifically, we use intersection as an operator to construct a joint ambiguity set which combines multiple
sets, of which is each created by a single measure that guarantees the existence of the true distribution in the
set at a certain confidence level. Let F;(;) denote an ambiguity set at significance level oy for ¢ € [m] where
S o < 1. We define

3’“(05) = ?1(0[1) N 3:2(042) n...N Srm_l(am_l) N Srm(am) (10)

as the joint ambiguity set at significance level « € [0, 1] where o« = a3 +. .. + , and by construction the joint
ambiguity set F(«) contains the true distribution F with a probability of at least 1 —a. A DRO problem with
each of the ambiguity sets F;(«;) should satisfy measure specific assumptions in order to possess desirable
properties that are discussed in Section 3. Based on the measure, each property requires a particular set
of assumptions to hold. In what follows, we discuss assumptions required for a DRO problem with a joint
ambiguity set to enjoy each of the properties.

In terms of performance guarantee, a DRO problem with ambiguity set F;(«;) can provide a performance
guarantee of type (4) under a set of assumptions which we denote as AY2114. The assumptions are on the
cost function c¢(z, ), feasible region X, structure of the ambiguity set F;(«;), and support =, that ensure
the existence of the finite optimal objective value and optimal solution for the DRO problem. The list of
assumptions required for the DRO problem with ambiguity set F;(«;) can be found in related references. If
the joint ambiguity set is constructed as in (10), set of assumptions AY2114 under which the DRO problem
(3) with F(a) provides a performance guarantee can be constructed as the union of AY2114 sets for i € [m)].

Under assumptions AY2114  the optimal objective value of the DRO problem with the joint ambiguity set is
a lower bound on the optimal value of the DRO problems with individual sets F;(«;), under the assumptions
.Ayalid for i € [m]. The reason is that the joint ambiguity set is a subset of individual sets which creates
a smaller feasible region for problem (6). In this case, problem (3) with F(a) ambiguity set can provide a
tighter bound on the out-of-sample performance of its optimal solution compared to the bounds provided by
DRO problems with individual ambiguity sets on the out-of-sample performance of their optimal solutions.

In terms of asymptotic convergence, a DRO problem with F;(«;) ambiguity set which satisfies condition (5)
possesses convergence under a set of measure-specific assumptions that is denoted by Af“v. The set may

contain assumptions on the cost function ¢(z, €), feasible set X, and support =. Let Agm“’ denote the set



of assumptions that should hold so that the DRO problem with the joint ambiguity set has asymptotic
convergence. The joint ambiguity set (10), by construction, satisfies the condition (5) and in order to
guarantee the convergence for the DRO problem with the joint ambiguity set, it is sufficient for A$°®" to
contain all assumptions included in a single set A$°™" as long as all F;(a;) for j € [m] and j # i contain the
empirical distribution. However, in order to get the most benefit out of the joint ambiguity set in terms of
convergence, the set A" can be defined as the union of A" sets for i € [m]. Therefore, the convergence
property of the DRO problem with joint ambiguity set can be interpreted based on the convergence of the
DRO problem with individual ambiguity sets.

In terms of tractability, let AT¥2¢ denote the set of all assumptions under which a DRO problem with an
ambiguity set F;(a;) can be reformulated as a single-level convex optimization problem. A DRO problem
with joint ambiguity set (10) possesses tractable reformulation under assumptions AT¥2¢ which is the union
of AT¥2¢ for i € [m]. It is important to note that although the set of assumptions for the DRO problem with
joint ambiguity set can be created based on the assumptions of the individual problems, the derivation of
a single-level formulation for the DRO problem with joint ambiguity set is not straightforward. In fact, a
single-level reformulation of problem (3) with joint ambiguity set is not achievable by directly combining
the reformulations of the DRO problems with individual ambiguity sets. In order to obtain the single-level
reformulation, the feasible set of problem (6) should be replaced by the joint ambiguity set and the dual
of the problem should be taken so that the resulting minimization problem can be merged with Hélg() and
yield a single-level optimization problem. :

Various measures have been proposed in the literature for constructing an ambiguity set and all of them
can be utilized to construct the joint ambiguity set as long as their underlying assumptions to obtain the
desirable properties do not contradict with each other. In this paper, we study the intersection of multiple
ambiguity sets in problems with various support structures, namely, problems with discrete known support,
univariate support, and multivariate support. Choosing appropriate measures is crucial as the measures
should be compatible with the problem setting. Therefore, we consider the intersection of multiple sets each
created by an individual GoF test for problems with discrete and univariate supports, and the intersection of

Wasserstein ball with a set created by a particular GoF test for the problems with multivariate support.

5 Problems with discrete known support

Consider ¢ as a random variable with known discrete support = = {€',...,£"}. In this case, two well-known
statistical tests, namely Pearson’s x? test and G-test can be utilized for constructing the ambiguity set of a
DRO problem. The test statistics for the tests are

o= (3o @)

Jj=1

- FN(éj))Q
F(¢g7)

1/2

Gy = QiFN(éj)log <FN(§J)>

o F(&7)

where F(£7) and Fy(£7) denote the hypothetical and empirical probabilities of observing & for j € [n],
respectively. Let Q,2(c;) and Qg(az) denote the thresholds of the x>-test and the G-test at significance
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levels of a; and g, respectively. Also, let J, (a1) and Fg(ag) represent the individual confidence regions
created by y2-test and G-test, respectively. A joint ambiguity set for a DRO problem using the tests can be
constructed as

F(a) = Fro(on) N Felan) = {F € P(E): Xy < Qelar), Gy < ()} (11)

where o = a1 4 g s the significance level of the joint ambiguity set and «, aq, e € [0, 1]. Using the properties
of two sets, the joint ambiguity set provides a performance guarantee with a probability of at least 1 — «.
The DRO problem with joint ambiguity set can possess asymptotic convergence, which can be built upon the
convergence property of the individual DRO problems with F,2(a;) and Jg(az) ambiguity sets.

For the y2-test and the G-test, there exist sets of assumptions, denoted by .A;r(l;ac and AZF3 respectively,
under which the DRO problems with ambiguity sets as a confidence region of the tests have tractability. Under
these assumptions, problem (3) with F,2(a) and Fg(az) ambiguity sets can be reformulated as a single-level
convex optimization problem that can be solved by off-the-shelf solvers. In this setting, the assumptions
contained in both sets are the same [Bertsimas et al., 2018]. Under the same set of assumptions, the DRO
problem with the joint ambiguity set have tractability meaning that we have AT¥3¢ = Af{gac = Al*a¢ In the

following theorem, we provide an equivalent reformulation for the worst-case expected value problem.

Theorem 1. Let F(a) represent a joint ambiguity set defined as in (11). Under assumptions of ATTc,

problem (6) can be reformulated as

1 LN
— : 2 2 / /

e T@) =, i, Talen) ok 598(0a) o =3 Fw@)lts +1) (120)
st ly—v; <s Jj € [n] (12b)

21, < g jell (20

v —r<s Jj € [n] (12d)

0> el &) jell (1)

(yj,gj = Yjs 28 — gj + ’)’j) € Cspe j € [TL] (12f)

(th, 8,8 = +71) € Cxe j € [n] (12g)

reR; s, s eRy,v,t,t', 0,y e R” (12h)

where

Csoc = {(a,b,c) € R*: \/a? + 2 < ¢}

s a second-order cone, and

Cye=cl ({(a,b, ¢):be¥? < e, b> 0})
is an exponential cone, and cl(-) denotes the closure operator.

Proof. To transform the two-level min-max DRO problem to a single-level convex optimization problem, we
need to take the dual of the inner maximization problem and obtain a minimization problem. To begin with,
we add all of the constraints contained in the definition of the joint ambiguity set (11) to the maximization
problem (6). Specifically, we add the constraints which make the decision variable F' a probability distribution
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and to reside in the sets created by x2-test and G-test. We use definition of ¢-divergence of the tests in order
to formulate the related constraints.

In order to obtain a minimization problem we take the following steps. First, we use Fenchel duality
in order to get the dual of the maximization problem. Next, we omit the maximization operator using the
definitions of convex conjugates of the ¢-divergences. Finally, we further simplify the resulted formulation
with replacing the convex conjugates with their alternative definitions and add the required constraints to the

model. For mathematical formulations and more details on the steps of the proof please see Appendix A.1. [

6 Problems with univariate distributions

Let £ be a continuous univariate random variable that belongs to a bounded support =. There are well-known
GoF tests that can be used for constructing ambiguity sets, namely Kolmogorov—Smirnov test, Kuiper
test, Cramér-von Mises test, Watson test, and Anderson-Darling test [D’Agostino, 2017, Wang et al., 2016,
Nwaigwe et al., 2022]. Considering test T be one of the mentioned GoF tests with a test statistic S& and a
threshold Qr(«) at significance level «, the individual ambiguity set of test T, Fr(a) can be constructed as in
(7) [Bertsimas et al., 2018].

Given a sorted (ascending according to their values) sample of observations {¢!,... &N}, let ¢ denote the
hypothetical cumulative distribution that the sample can be drawn from. It has been shown in the literature
o € Kgy
are defined based on the test statistic of the test T. The
cones associated with the mentioned tests are canonical cones meaning that they can be written as a Cartesian

that the inequality S (¢, &Y, ..., &Y) < Qr(a) has a conic representation in the form of Agn(—bgy,
where cone K gy, matrix Agy, and the vector bgw
product of R* {0}, R’j_, Csoc, and semidefinite cone where k denotes an appropriate dimension. Therefore, a
DRO problem with the ambiguity set as a confidence region of a single GoF test is an optimization problem

over a cone which is tractable and can be solved using state-of-the-art solvers (see Theorem 10 of [Bertsimas

et al., 2018]).
In this setting, we construct a joint ambiguity set as an intersection of multiple GoF tests. Let Ty,..., T,
be m tests at significance levels of a, . . ., ayy, respectively, also, let Fr, (1), ..., Fr,, (ay,) be their individual

confidence regions. The joint ambiguity set is
F(a) =T, (1) N...N T, (am) ={C € D(E) : Agy( —bsy o, € Kgx, j € [m]} (13)

where D(Z) denotes the set of cumulative distributions over the support Z and o = Z;":l a; is the significance
level of the joint ambiguity set. Using the properties of multiple sets, the joint ambiguity set provides a
performance guarantee with a probability of at least 1 — . The DRO problem with the joint ambiguity set
can possess asymptotic convergence, which can be built upon the convergence property of the DRO problems
with the 7, (a;) ambiguity sets for j € [m].

For the tests T;, there exist sets of assumptions denoted by A}:fac for j € [m] under which the DRO
problem with ambiguity sets as a confidence region of the tests have tractability. In this problem setting,
considering the mentioned tests, the assumptions contained in all sets are the same [Bertsimas et al., 2018].
Under the assumptions, problem (3) with J7,(a;) ambiguity sets for j € [m] can be reformulated as a
single-level convex cone programming problem. The DRO problem with the joint ambiguity set (13) has
tractability under the same set of assumptions, meaning that A1*2¢ = ATra¢ = .. = ATra¢. In the following
theorem, we provide an equivalent reformulation for worst-case expected value problem.
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Let br; = bgn o, Ar; = Agy, and Kr; = Kgy be the information associated with the test T; for j € [m],
3’ i J
and let (-); represent the i-th row of a given matrix. For cone K C R* of suitable dimension &, let K* denote
its dual cone, ie., K* ={y € R¥ : yT2 >0, Vz € K}.

Theorem 2. Given a sorted sample of {¢*, ..., &N} and an ambiguity set defined as in (13), under assumptions

of ATrac problem (6) can be reformulated as

Clz,F(a)) = I:Eien Zb;_rj + N1 (14a)
Rt
st. LeRNTL —pi € Kr., j€[m] (14b)
ZA;;T']‘ = gl — €i+1 1€ [N] (14(3)
j=1 .
K3
;> sup  c(z,§) i€ [N+1] (14d)
§E(E1,¢7]

where €0 and ENTL are lower bound and upper bound on the support, respectively.

Proof. Similar to the problems with discrete known support, in this setting we need to take the dual of the
inner maximization problem in the two-level min-max DRO problem to convert it to a minimization problem
and merge the resulting problem with the outer minimization problem. As opposed to the discrete known
support problems where we build the ambiguity set for the probability distributions, in univariate setting, we
construct the ambiguity set for cumulative probability distributions. Therefore, the maximization problem
has constraints which assure that the decision variable F' is a cumulative probability distribution and reside
in the regions defined by the considered GoF tests. As we discussed earlier, the regions are canonical cones,
so, the resulted maximization problem is a conic programming problem and conic duality results can be used
in the reformulations.

In order to obtain a single-level convex programming problem, we use the final model proposed in
Theorem 11 of [Bertsimas et al., 2018] and the conic duality theorem proposed in Section 1.4.5.1 of [Ben-Tal
and Nemirovski, 2019] (see Appendix A.2 for more details). In this setting, we use multiple tests to build
the ambiguity set; therefore, we have multiple conic constraints as opposed to a single constraint which is
considered in [Bertsimas et al., 2018]. Our final reformulation (14) follows from the duality theorem mentioned
in [Ben-Tal and Nemirovski, 2019] for m > 2 which allows us to incorporate the information of the multiple
conic constraint in the forms of summations in the objective function (14a) and constraints (14c).

O

For the case of univariate distributions with unbounded support, a novel test has been proposed in
[Bertsimas et al., 2018] where the ambiguity set is constructed by restricting the confidence region of an
individual GoF test to contain only the distributions that have particular moment-based conditions. The
same idea can be applied for constructing joint ambiguity set for the problems with unbounded support. In
this case, multiple GoF tests can be intersected similar to the bounded case and restrict the joint region by

the same moment based conditions that is proposed by the authors.
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7 Problems with multivariate distributions

In this section, we discuss the performance guarantee and tractability of the DRO problem with joint
ambiguity set for problems with multivariate distributions. We derive a tractable reformulation for the

problem and propose bounding techniques for these computationally challenging problems.

7.1 Performance Guarantee and Tractability

Let £ denote a random vector of dimension d that follows a multivariate distribution with support =. In this
setting, we consider an intersection of the ambiguity sets constructed by Wasserstein distance measure and a
GoF test based on linear-convex ordering (LCX) of random vectors.

LCX-based GoF test constitutes of two test statistics namely Ry and Cpy. Given a sample of random

vector observations {£1,..., &N} and their corresponding empirical distribution F 'V, the test statistics are as
follows:

Ry =Ep,[lI€]3] - Er[ll€]I3] (15)

Cn = sup (IEF max{a’ € - b,0}] — E,_[max{a’¢ —b, o}]) (16)

laa]+....+laal+]b|<1

where F is a hypothetical distribution and ||¢||3 = 2?21 &7 Let Qpy (1) and Qcy (a2) denote two thresholds
at significance levels of a1 and s, respectively. An ambiguity set can be constructed based on the LCX

ordering as follows:
?ch(O[) = {F S ?(E) : RN < QRN(Oél), CN < QCN(OéQ)} (17)

where a = a1 + as. The joint ambiguity set in the multivariate case can be considered as an intersection
of the confidence region of LCX-based GoF test and Wasserstein ball centered at empirical distribution.

Intersecting the ambiguity set (17) with Wasserstein ball (9) yields the following joint ambiguity set:
F(e, B) = Frex(a) N T (R ) = {F € P(2) 1 Ry < Qy(an), On < Qo (an), d=*(F, Ey) < ey} (18)

where @ = a3 4+ a3. The joint ambiguity set is at significance level of o + 8 and provides a performance
guarantee on the out-of-sample performance of the optimal solution of the corresponding DRO problem (18).
The DRO problem can possess asymptotic convergence which can be built upon the convergence property of
the DRO problems with ambiguity sets of Frex() and Wasserstein ball. Under the assumptions of at least
one of the measures, the DRO problem with the joint ambiguity set enjoys asymptotic convergence. However,
satisfying all the assumptions of both measures might improve the convergence rate.

Under the sets of assumptions AJ*2¢ and AI*2¢ the DRO problems with ambiguity sets as a confidence
region of the LCX-based test and the Wasserstein ball have tractability [Bertsimas et al., 2018, Esfahani and
Kuhn, 2018]. Under the union of the set of assumptions, AT*2¢ = Alrac y ATrac the DRO problem with
the joint ambiguity set have tractability. In the following theorem, we propose a tractable reformulation
for problem (6) with ambiguity set (18) for the problems with cost functions which can be written as the

maximum of concave functions in &.

Theorem 3. Given a sample of random vector observations {¢',..., &N}, let c(z,€) = maxe(k] ck (T, )

denote the cost function and F(a, ) represent a joint ambiguity set defined as in (18). Under the assumptions
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of ATrac problem (6) can be reformulated as follows:

N N
. 1
C(x,F) = inf ne?\, + i Zri + Z fy Qey () + Z Zeﬁﬂ- (19a)
ey =1 s v€9 i=t
d
st Y Yy Yl < [y v€ES (19b)
j=1
1 & .
O wy & —w)) < ey 7€, i€ [N] (19¢)
j=1
Wyj — Yy <0 v€9, jEld (19d)
—Wyj — Yy <0 v€S, jeld (19€)
w, —yl, <0 Y€S (19f)
—w —y, <0 veg§ (19g)
(ziks €) =i+ > vk wh, — g <0 k € [K], i € [N] (19h)
v€S
g < i+ (, Z%‘k Wy + Zik) ke [K], i € [N] (191)
€S
zikll« <m k € [K], i € [N] (19))
neR,, feR? eerFN (19k)
y e RISy e RIS 2 e RV XK xd) (191)
re RN, weRISX ' e RIS g e RE, (19m)

where ¢ (2,T) = infeez T'TE — cx(w, &) is the concave conjugate of i, (-,-) is the inner product operator,
[Zikll =3¢y <1 (2, &) denotes the dual norm of || - ||, and § := {0, 1IVXEN L(0,...,0)}.

Proof. Here, we provide the main steps which are required in order to obtain a tractable reformulation. For
a more detailed proof, see Appendix A.3. For the problems with multivariate distributions, problem (6) given

the joint ambiguity set (18) can be written as

€. 7) = sup /: (e, €)F(de) (20a)
St. /: max{aT€ — b, 0} F(de) < /: max{aT€ — b, 0} En(de') + Qey (a2) V(a,b) €S (20b)

L EIBF () > 9 (an) (20c)

L Ve =€inae gy < & (200)

where IT is a joint distribution of ¢ and & with marginal distributions F and Fy, respectively, and S = {(a,b) €
RY x R | |la]|l; 4 |b| < 1}. Based on the law of total probability, F and II can be replaced by their equivalent
formulations in terms of marginal and conditional distributions. More specifically, IT = % sz\; 0; X F; where

d; represents the Dirac distribution that dedicates the unit mass to £*. Let S’ denote the set of non-negative
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measures over S, and let A, 6, and 7 represent the dual variables associated with constraints (20b), (20c),

and (20d), respectively. Using notions of Fenchel duality, the dual of problem (20) is

N
1 .
A, N E max{a' & —b,0} + Qc, (042)>S — 09, (1) + 776]’8\,—1—

inf <
AES’,0.nER, —
1=

Zsup (et &) = (A max{aT¢ = 5,0}) +0ligli3 —nllg — ). (21)

= 1§E~

where (- ,-)g is the inner product operator defined over space S. By defining a new decision variable s,

problem (21) is equivalent to

N
: 1 T i
Aes/ﬂ;gﬂg%seRN <)\, ~ ; max{a' & —b,0} + Q¢ (a2)> — 09, (1) + 776N Z S; (22a)
s.t. s; > sup (c(z,f) - <)\,max{aT£ - b,0}> +0)1€113 — nl|€ - §l||) i€ [N]. (22b)
¢e= s

Looking closely at constraints (22b), based on the assumptions in AI*2¢ and by the same reasoning mentioned

n [Bertsimas et al., 2018], the only feasible value for 6 is zero. Therefore, the above formulation can be
simplified by replacing 6 by zero. Next, using the definition of the cost function and the dual norm, the
constraints (22b) can be reformulated as follows.

$; > sup (ck(x,f) — <)\,max{aT£ — b,O}>S — max (2, & — §Z>) k € [K],i € [N]. (23a)

&€ [lzik]l«<n

Therefore, problem (22) is equivalent to

N N
~ 1 T i g1
AGS,’W&E’SGRN <)\, N ; max{a' & —b,0} + Q¢, (a2)>s + ney + N ; S; (24a)

s.t. s; > min sup (ck(x &) — </\,max{aT§ — b,0}>s — (i, § — §z>)

[lzikll<n ¢e=

k€ [K],i € [N]. (24b)

where the minimization in constraint (24b) can be eliminated and a constraint ||z;||« < 7 can be added to

obtain the following model:

N N
1 ; 1
inf <)\7 N E max{a' £ —b,0} + Qq, (a2)>s + nejﬂv + i E S (25a)
i=1 i=1

AES’ nER, ,sERN

s.t. 8 > sup (ck(x,ﬁ) - <>\, max{aT€ — b, 0}>S - gi>) ke[K],ie[N]  (25b)

£e=
[zikll« <1 k € [K],i € [N]. (25¢)

Next, we take the dual of the supremum problem on the right-hand side of the constraints (25b) and
convert it to an infimum problem so that the infimum can be dropped and the generated constraints can be

added to the problem (25). For a given ¢ and k, we take the dual of the supremum problem in the constraint.
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To simplify the dual problem, we use the definition of convex conjugate of the cost function along with
defining a new decision variables r;;. By eliminating the infimum and adding the constraints of the dual
problem to the problem (25) we obtain

N
/\W’i‘r}lgﬂ_,z <)\, % ; max{a & —b,0} + Qc, (a2)> nev + Z si (26a)
st.AxeS neR,,scRY Hy €8, r zeRV¥E (26b)
-8 < (Ck*(x,ﬁk) — (2, ') — <Hik7b>S> k € [K],i € [N] (26¢)
A—Hy €S k€ [K],i € [N] (26d)
rik = zik, + (Hik, a)s k € [K],i € [N] (26e)
|lzikll« < k€ [K] i€ [N] (26f)

Now, one can write the above problem as inf \ inPfI () and take the dual of inner infimum problem using the
n% A5, H,r

dual variables p;x, ¥ (a,b), and g;; associated with constraints (26¢),(26d), and (26e), respectively. Notice
that the decision variables in [Bertsimas et al., 2018] have index k only, but, in our reformulations since
we also incorporate the decision variables associated with the Wasserstein ball, the decision variables have
indices ¢ and k, which means that the size of the problem is multiplied by the sample size N. After taking

the dual, the inner infimum problem is equivalent to

N K
sup 776?\/ + Z Zpik<zik,£i> — (zik: Gik) + Pikc (z, qlk) (27a)
qERKXNxd peREXN =1 k1 Dik
K

st. Y prk=1 i€[N] (27b)

N K
(aigfes Z max{a' & —b,0} + Qc, (az) Z Z max{a' g, — pixb,0} > 0.  (27c)

’ i=1 k=1

To simplify constraint (27c), we define the parameter v € § where G = {0, 1}%*V\{(0,...,0)}. This parameter
enumerates all possibilities of maX{aTqik — pirb, 0}. Therefore, constraint (27¢) can be reformulated as

Qcy(a2) > sup ZZ%’“ (@' gix — pirb) — —Zmax{a € —b,0} v€§ (28a)
a€REDER 1 =y
s.t. Z|aj|+\b| <1. (28b)
j=1

Problem (28) can be linearized and the linear dual of the problem can be taken, which results in an infimum
problem. Constraint (27¢) can be replaced by the infimum problem along with its constraints, and the
infimum operator can be removed from the constraint. A dual can be taken from the modified version of the

supremum problem (27), which results in an infimum problem that can be merged with inf(-) and yield a
.2

single-level convex optimization problem (19). This reformulation can be further simplified, and the variable

z can be omitted from the reformulation. For more details on the formulations, interested reader is referred
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to Appendix A.3.
O

In the next section, we propose techniques for lower and upper bounding the reformulation (19) when it
is computationally challenging.

7.2 Bounds for problems with multivariate distributions

The size of problem (19) is highly dependent on the size of the set § which grows exponentially in K and N.
For many problems of practical interest, K may be 1 or 2. Therefore, dependence on K may not cause a lot
of computational burden when solving the problem. However, growing the size of the set at an exponential
rate in N makes the problem computationally expensive. In the next sections, we propose procedures to

obtain upper and lower bounds for the problem (19) with larger samples.

7.2.1 A cutting-plane algorithm

We propose a three-level cutting-plane algorithm that can be applied for solving problem (19). This algorithm
is indeed an exact approach but we will propose to use it to derive a lower bound in practice. We use an
intermediate step in the proof of Theorem 3 to decompose the problem. Consider problem (27) merged with
inf () which yields

xT,z,m
inf - sup ney + Z Zplk Ziky &) — (Zik, Qik) + Pikc <$ sz> (29a)
S0 ap i=1 k=1 Pik
s.t.qERKXNXd,pERfXN,xeX,zERKXN7n€R+ (29Db)
K
> pik=1 ie[N]  (29¢)
k=1
N K
Qop (a2) > sup ZZ’)% (a' qir — pirb) — —Zmax{a &€ —b0} v€GS (29d)
a€RI,DER ;7 1
d
s.t. Z la;| + [b] < 1. (29¢)
j=1

Note that problem (19) is equivalent to problem (29) which can be decomposed into three problems: the
grand master problem (GMP), the master problem (MP), and the subproblem (SP). Let 8 denote pairs of
(p*, ¢*) obtained from MP. Given the set 8, the formulation of GMP is

GMP(8) = inf ney + 7 (30a)
s.t.zeXreRzeRKXN,neRJr (30b)
% .
"> Z o) = i) 4o (2 5) Gres a0
i=1 k=1 ik

>

GMP yields an optimal solution (%, 2,7) that is passed on to MP. Let R and §’ denote pairs of (a,b) and ~y
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yielded by SP. Then, MP can be formulated as

N K

MP(S', R, &, £) = sup Z Zpik<2ika§i> — (Zik, Qik) + pirc (f, qm) (31a)
TP =1 k=1 Pik

s.t. qERKXNXd p € REXN (31Db)

szk =1 i € [N] (31c)

K N
E Air (@ qir, — pirb) < Qo (az2) + N E max{a'¢ —b,0} 4€9,(a,b)eR

i=1 k=1 =1

M= T

(31d)

For the cost functions ¢(x, &) which are affine in £, MP is a linear program. Given a candidate solution of
MP, (p, ), SP can be formulated as

SP(p,G) = sup Z Z’sz a’ i — pirb) — ZmaX{aTél —b,0} (32a)

a€R? WERG 1

s.t. Z|aj| +b <1 (32b)

SP(p, ¢) can be linearized and solved by off-the-shelf solvers. In an intermediate iteration of the algorithm,
GMP provides a candidate solution (, 2,7). Given the solution, MP is solved, and its candidate solution
(p,G) is passed to SP to find the optimal solution of SP, (%, a, I;) By plugging the candidate solutions of MP
and SP into the constraint (31d), we check whether there is a violated cut

N K . 1 N o
D> Auk(@ Gk — pirh) > Qey (a2) + 7 D max{a’€’ —b,0}.

i=1 k=1 i=1

If there is such a cut, 4 and (a, l;) are added to §’ and R, respectively, also a constraint of the form (31d) is
added to MP. The loop between MP and SP continues until there is no violated cut for MP. At this stage,
the optimal solution of MP is denoted by (p*, ¢*), which along with (&, 2,7) are used to detect the existence
of a violated cut for GMP. By plugging in the solution into constraint (30c), we are looking for a violated cut

of the form

If there is such a violation, (p*,¢*) is added to § and a constraint of the form (30c) is added to GMP. The
algorithm continues until there is no violated cut for GMP. We summarize the procedure of the three-level
cutting-plane algorithm for solving problem (3) in multivariate setting in Algorithm 1.

Decomposing the problem into three smaller problems helps us to solve it for larger sample sizes.
Furthermore, early termination of the algorithm yields a valid lower bound on the optimal objective value of
problem (3). However, our computational experiments show that the convergence rate of the algorithm is very
slow and the quality of the lower bound provided by the algorithm is not satisfactory. In the next section,
we introduce a relaxation-based upper bounding technique which is proved to be computationally effective
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Algorithm 1 Three-level Cutting-plane Algorithm for Solving (29)
1: Initialization: S=R =G =10

2: loop

3:  Solve GMP(S8) to find (&, 2, 7).

4 loop

5: Solve MP(9',R, %, 2) to find (p, §).
6

Solve SP(p, ) to find (%, a,b).
N K

N

: o aTA o 1 .

if Z Z’yik(aTqik — Pirb) > Qcp (av2) + i Zmax{an —b,0} then
i=1

T
i=1 k=1
8: Add cut (31d) at (%, a,b).
9: else
10: Stop.
11: end if

12: end loop
13:  Set p* < p and ¢* < ¢
N K

*
14 3 7<) Y ph(Eike €)= (i @) + Plke <a: Z’f) then

i=1 k=1 ik
15: Add cut (30c) at (p*, q*)
16: else
17: Stop.
18: end if

19: end loop

and can provide high-quality upper bounds. We design a procedure which runs the three-level cutting-plane
algorithm to provide inputs for the relaxation-based techniques, and our experiments show that the procedure

is indeed effective. We discuss the details of the procedure and illustrate its performance in Section 8.3.

7.2.2 Upper bounding: Relaxation of the supremum problem

In order to obtain an upper bound on the problem (3) in a multivariate setting, we consider a relaxation of
an intermediate step of the proof of Theorem 3. The relaxation can be obtained by replacing set G by set G’
where §’ C G in constraints (28a). The following proposition, highlights the fact that problem (19) with §’
set provides a valid upper bound on problem (19) with G set.

Proposition 1. Let C'(z,F) denote the optimal objective value of problem (19) given §' C G. Under
assumptions of AVete @' (x,F) is a valid upper bound for C(z,F).

Proof. Problem (27) is equivalent to the following problem after replacing constraint (27¢) by the reformulation
of problem (28).

N K
i dik
sup e + > > pinlzin, €) — (zik, Gin) + pinc (36, ) (33a)
qE]RKXNXd7 i1 k1 pik
pefoN
K
sty pir=1 i € [N] (33b)
k=1
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N K
ZZ%’“ a' qir — pirb) — Zmax{anl —b,0} < Qcp (a2)

i=1 k=1 i=1
v€G(a,b)e s (33¢)

Replacing set § in constraints (33c) with G’ yields a relaxation of the supremum problem which consequently

provides an upper bound on problem (19). O

The set G’ can be a random subset of G or can be created based on the information obtained from solving
problem (19) with G for small sample sizes. Our computational studies revealed that even small sized §' sets

can provide good results while requiring less computational effort.

8 Numerical Results

We conduct numerical experiments on a newsvendor problem and a mean-risk portfolio allocation problem
similar to Bertsimas et al. [2018] and Esfahani and Kuhn [2018]. The experiments validate the theoretical
results on the convergence and performance guarantee of DRO problems with proposed joint ambiguity sets.
All experiments are conducted on Niagara GNU-parallel [Tange, 2018], and all the models are implemented
in Python 2.7.16 and solved via GUROBI 9.0.0 [Gurobi Optimization, LLC, 2022]. Moreover, we evaluate
the effectiveness of our proposed bounding techniques by experimenting on a mean-risk portfolio allocation
problem where these set of experiments are conducted on a Mac computer with 3 GHz Intel Core i5 CPU

and 16 GB memory.

8.1 Single-item newsvendor problem

Counsider a newsvendor problem where the goal is to decide on the ordering quantity, z > 0, to minimize
a cost function while considering the uncertainty in demand. Let & denote the uncertain future demand
following distribution F. Let g > 0 and h > 0 represent the lost sale for unmet demand and the holding
cost of excess inventory, respectively. In this problem, we assume a continuous demand with £ € [§ , 5] where
€ < co. The cost function associated with this problem is ¢(z,¢) = max{g(¢ — x),h(x — £)}. The DRO

problem for newsvendor problem can be written as

Z=min max Epmax{g(§ —x) h(z — {)}]. (34)

To construct the uncertainty set F, we use the Kolmogorov-Smirnov (KS), Kuiper, and Cramér-von Mises
(CvM) tests. We consider pairwise intersection of the confidence regions and intersection of all three regions.

Given a sorted sample of {¢1,..., ¢V}, we solve problem (14) where the constraint (14d) is replaced by

6> g(¢ —x) ie[N+1] (35a)
;> h(x—€7Y Qe [N+1] (35b)

where 0 = ¢ and ¢VT! = £, The definition of dual cones K*, matrices A, and vector b(c), mentioned in

Section 6, are provided in [Bertsimas et al., 2018] for various GoF tests. For the sake of self-containment,
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we mention the information regarding KS, CvM, and Kuiper tests here. Let Qks(), Qcou(cr), and Qgyiper ()

denote the critical values of the KS, CvM, and Kuiper tests at the significance level of «, respectively, then

% — QKs(Oé)

N

¥ — Qs(a) [In] 2N
bks.o = N , Ags = , Kpg = R
KS, 7% - QKs(Oé) KS KS -+

2N 0...0 . N41
bevi,a = 2N s Acon = [IN] Ko = Csoe

2N-1

B _ Quiper (@) ]
2

2|~

Q Kuiper (04)

N N
1
QKu?er(Q) 7AKuiper = [ N] 7K;uiper = {(T, 7"/) € R?FN : § :Ti = § :T;}
—5— [—1In] i=1 i=1

zl=

bKuiper,a =

2o

_N—-1 QKuiper(Ot)
N 2 .

Problem (14) is a linear optimization problem when we use the information corresponding to KS and
Kuiper tests, and it is a second order cone programming problem with the information of CvM test. In our
experiments, we consider g = 19, h = 1, and Normal distribution with p = 200 and ¢ = 70 as the underlying
unknown distribution with support E = [50,400]. We run our experiments using samples of 15 different sizes
ranging from 5 to 10* and we run 100 independent for each sample size. Also, we calculate the out-of-sample
performances of the obtained solutions by running SAA using a sample of size 10°. In the experiments, all
tests are at the a = 20% significance level. The critical value associated with KS test is calculated using
Python built-in function (ksone) and critical values of CvM and Kuiper are computed by bootstrap algorithm
(see the details in Appendix B). In these experiments, all models are solved to optimality.

Figure 1 illustrates the performances associated with the pairwise intersections of the tests and the
combination of all of them. The figures on the left present the in-sample performances of the different tests
and their intersection with respect to the sample size, which are represented on a logarithmic base 10 scale.
The figures on the right show the out-of-sample performances of the tests and their intersections with respect
to the sample size, which are again represented in the same logarithmic scale. The solid lines in the figures are
the average of the outcomes over 100 independent runs whereas the shaded areas around the lines are their
corresponding variations. The dashed lines in the figures show the optimal objective value of the problem (34).
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Figure 1 Comparison of in-sample and out-of-sample performances of DRO problem with ambiguity sets
created by Kuiper, KS, CvM tests, and their intersections.
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In terms of in-sample performances, the figures illustrate that the results of the DRO problem with joint
ambiguity sets is at least as good as the performance of the problems with individual ambiguity sets. In
Figures 1(a), 1(e), and 1(g) the performance of the problems with joint ambiguity sets is equal to the best
performance among the individual tests when the sample size is small, and the performance improves as the
sample size grows larger. Additionally, Figure 1(c) shows that, for each sample size, the performance of the
problem with the joint ambiguity set is equal to the performance of the test that produces the best results.

In terms of out-of-sample performances, Figure 1(b) illustrates that the performance of the DRO problem
with joint ambiguity set is the same as the performance of the problem with individual ambiguity set, which
produces the best outcome for each sample sizes. Figures 1(d), 1(f), and 1(h) show that the DRO problem
with the joint ambiguity set is not the best performing problem in small sample sizes but as the sample size
increases, its performance is as good as the performance of the problem with individual sets.

Additionally, in these experiments, we observe that the in-sample performances are always upper bounds
on the out-of-sample performances of the optimal solutions of the DRO problems with joint and individual

ambiguity sets, meaning that we achieve a reliability of 1.

8.2 Mean-risk portfolio optimization

Consider a portfolio optimization problem with multiple assets and random returns where the goal is to find the
best portfolio allocation weights by optimizing over a weighted sum of the expectation and conditional value-
at-risk (CVaR) of a loss function. Consider a portfolio problem with d assets where £ = (&1, ...,&4) denotes
the random return vector associated with the assets following an unknown distribution F with support R,
The optimization problem will decide on 2 = (x4, ..., z4), portfolio allocation vector representing the fraction
of total budget that will be allocated to each asset which belongs to the set X = {z € R% | (z,1) =1}

Using the mentioned notations, the mean-risk portfolio optimization problem can be formulated as

2 = inf {Er[(z,)]+p CVaR{[~(x,6)]} (36)
where p > 0 illustrates the decision maker’s risk aversion and 8 € (0,1] is the confidence level of CVaR. The

corresponding DRO problem is equivalent to

DRO __ :
e g By e+ o] o

where K =2, a=[-1, -1 -£], b=[p, p(1— %)] [Esfahani and Kuhn, 2018]. To construct the ambiguity
set, &, we consider the region created by the LCX test intersected with the Wasserstein ball. Therefore, we

solve the following optimization model:

N N
inf et oS Y F Qo)+ 30D e (350)
i=1
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We consider one-norm in Wasserstein formulation, so, the associated dual norm will be norm-infinity. As a

result, constraint (38i) can be written as follows:

llara — ;%k Wyl = max| axz; — Z:S%k wy| < ke[K], i€ [N]
ol v

—n<agz;— Y i wy <0 jE[d], ke[K], i€ [N].
v€S
In our experiments, we consider a portfolio problem with d = 10 with the distributions similar to the
ones mentioned by Esfahani and Kuhn [2018]. We assume &; = ¢ + ¢; where ¢ ~ N(0,2%) and ¢; ~
N(i x 3%,i x 2.5%) for each asset i € {1,...,d}. We also consider p = 10 and CVaR at confidence level
B = 20%. We focus on the quality of the upper bounds provided by the individual measures and their
intersection. For this purpose, we implemented the relaxation-based technique described in Section 7.2.2.
The method is computationally efficient and provides a valid upper bound on the in-sample performance of
the DRO problem with a joint ambiguity set. In this procedure, the set §’ can be chosen as any subset of G.

In our experiments, we set §’ = § when solving the portfolio problem (38) with small sample sizes. We
analyze the obtained optimal solutions and observe that most of the variables with the « subscript take
zero values in the solutions. The 7’s associated with the non-zero variables can be used to create §’ for the
problems with larger sample sizes. For these problems, we construct the set using 20 randomly generated 7’s
along with the ones associated with those non-zero decision variables with - subscript. Our experiments
reveal that this procedure of creating G’ is effective as it results in high-quality upper bounds.

In these experiments, tuning the radius of the Wasserstein ball and critical value of LCX test is of foremost
importance. If the radius is chosen to be significantly larger than the critical value of the LCX test, the ball
would contain the confidence region of the test. In such a case, the joint ambiguity set would be the same
as the confidence region of the LCX test, which would result in the same outcomes for the corresponding

DRO problems. On the other hand, if the radius is chosen significantly smaller than the critical value of
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the test, the ball would be the subset of the confidence region. In this case, the joint ambiguity set would
be the same as the Wasserstein ball, and the outcomes of the corresponding DRO problems would be the
same. Therefore, in these experiments we followed the same steps as proposed by Esfahani and Kuhn [2018]
and Bertsimas et al. [2018] for choosing the radius of the Wasserstein ball and the critical value of the LCX
test, respectively. The radius of the Wasserstein ball is selected from a discrete set proposed by Esfahani
and Kuhn [2018], namely, from E = {e =b-10° : b€ {0,...,9},ce {-3,-2, —1}}. In our experiments, for
each run, we choose the best radius from the set in terms of its out-of-sample performance. Additionally, the
threshold of the LCX test is calculated using the bootstrap procedure which is explained in Section 9.3 of
Bertsimas et al. [2018] (see the details in Appendix B).

Figures 2 illustrate the results associated with the Wasserstein ball, the LCX test, and their intersection.
While Figure 2(a) presents the in-sample performances of the individual measures and their intersection with
respect to the sample size, Figure 2(b) shows their out-of-sample performances with respect to the sample
size. The solid lines in the figures are the average of the outcomes over 200 independent runs whereas the
shaded areas around the lines show are their corresponding variations. The dashed lines in the figures show
the optimal objective value of the problem (37).

In terms of in-sample performances, Figure 2(a) illustrates that the results of the DRO problem with
the joint ambiguity set are slightly better than those with Wasserstein and LCX for small sample sizes.
As samples get larger, performance of the joint ambiguity set and Wasserstein ball become the same and
both of them outperform LCX test. In terms of out-of-sample performances, Figure 2(b) illustrates that
the performance of the DRO problem with joint ambiguity set is better than the Wasserstein ball and the
LCX test for small sample sizes. However, as the sample size increases similar to in-sample results, the
performances of the joint ambiguity set and Wasserstein ball become the same.
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Figure 2 Comparison of in-sample and out-of-sample performances of DRO problem with ambiguity sets
created by LCX test, Wasserstein metric, and their intersection.

In terms of reliability, Figure 3 illustrates that the DRO problem with Wasserstein metric-based ambiguity
set provides an optimal objective value which is always a valid upper bound on the out-of-sample performance
of its optimal solution. On the other hand, it shows that the DRO problem with joint ambiguity set provides
the same reliability as the problem with LCX test-based set. We, also, observe that for small sample sizes,

the DRO problem provides a valid upper bound with probability of at least 0.7 and the reliability approaches
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to 1 as the sample sizes increase. While in these experiments we expect the DRO problem with the joint
ambiguity set to provide lower reliability than the DRO problem with individual sets, we observe that the
reliability level is the same as the least reliable problem.
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Figure 3 Comparison of the reliability of DRO problems with ambiguity sets created by LCX test, Wasserstein
metric, and their intersection.

8.3 Evaluation of bounding techniques

In this section, we assess the performance of the proposed three-level cutting-plane algorithm and relaxation-
based upper bounding technique and evaluate the quality of the provided bounds. We conduct experiments
on the mean-risk portfolio optimization problem discussed in Section 8.2 where the joint ambiguity set of
the DRO problem was constructed as an intersection of the sets created by Wasserstein metric and LCX
test. In these experiments, we combine two bounding techniques where we run the three-level cutting-plane
algorithm and at the end of each GMP iteration, we construct the §’ set discussed in the relaxation-based
technique using the +’s generated through MP-SP iterations. Using this procedure, at the end of each GMP
iteration of the algorithm we obtain a lower bound and an upper bound on the optimal objective value of the
DRO problem with joint ambiguity set.

In order to obtain valid bounds while keeping the computational burden manageable, we fix the radius of
Wasserstein ball and the critical value of the LCX test to 0.7 and 0.05, respectively. Additionally, a lower
bound of —10 is set on the optimal objective value provided by the three-level cutting-plane algorithm while
initializing the algorithm. We run our experiments with GUROBI 9.0.3, on a Mac computer with 3 GHz
Intel Core i5 CPU and 16 GB memory, also we set a time limit of 4 hours. For the experiments that cannot
complete one GMP iteration within the time limit, we stop the procedure after one GMP iteration is done.

Results of our experiments are presented in Table 1 where the numbers are average values that are taken
over 8 random samples of the same size. Note that the numbers in the parenthesis report the standard

deviations. In what follows we explain the column labels used in the table.
e “N” is the sample size,

e “CuttingPlane LB” is the lower bound provided by the three-level cutting-plane algorithm,

27



e “Relaxation UB” is the upper bound provided by the relaxation-based technique,

e “First UB” is the upper bound provided by the relaxation-based technique at the end of the first

iteration,

e “Wass Obj” is the optimal objective value of the DRO problems with Wasserstein metric-based ambiguity
set,

e “% Improv in UB” is the percentage of the improvement on the upper bound yielded by the relaxation-
based technique with respect to the DRO problem with Wasserstain metric-based ambiguity set,

e “Num ~ in First Iter” is the number of v’s generated in the first iteration of the three-level cutting-plane

algorithm,
e “Total Num +” is the total number of v’s generated within the time limit,

e “Wass Time” is the time taken by the DRO problem with Wasserstein metric-based ambiguity set to be
solved,

e “% First Iter Time” is the percentage of the total time that the first iteration of the three-level
cutting-plane algorithm takes to be completed,

e “% MP Time” is the percentage of the total time that MP problem takes to be solved,

e “% SP Time” is the percentage of the total time that SP problem takes to be solved.

Table 1 Performance summary of our three-level cutting-plane algorithm and relaxation-based technique

N CuttingPlane Relaxation First Wass % Improv. Num -y in Total — Wass % First % MP % SP

LB UB UB Obj in UB First Iter Numy Time TIter Time Time  Time
10 -1.50 (0.37) 0.85(0.24) 0.85 (0.24) 2.37 (0.14)  64.1 126.4 220 .01 11 352 64.0
15 -7.55(0.36) 0.95(0.21) 0.95 (0.21)  2.36 (0.15) 59.7 251.9 230 0.01 18.7 55 942
20 -10.00 (0.00) 1.06 (0.24) 1.06 (0.24)  2.40 (0.14) 55.8 375.1 290 0.05 100.0 97 901
30 -10.00 (0.00) 2.33 (0.22) 2.33 (0.22)  2.46 (0.16) 5.3 279.5 20 0.02 100.0 55 94.3
50 -10.00 (0.00)  2.48 (0.05)  2.48 (0.05)  2.48 (0.05) 0.0 361.1 2100 0.01 100.0 15.9 83.8

The results show that the quality of the lower bound provided by the three-level cutting-plane algorithm
is not satisfactory, and as the sample size gets larger, there is no improvement on the lower bound. On
the other hand, the relaxation-based technique provides high-quality upper bounds for all sample sizes. By
comparing the upper bounds obtained at the end of the first and the last iterations, it can be inferred that
the improvements in the quality of the upper bounds are negligible. In our experiments, we observed that
the Wasserstein metric-based DRO problem outperforms the one with the LCX test-based set in terms of
the quality of the bound and computational time. Therefore, herein we compare the quality of the upper
bound obtained from relaxation-based technique at the end of the first iteration with the one provided by
the DRO problem with Wasserstein metric-based ambiguity set. Note that the bounds provided by the
relaxation-based technique are upper bound on the optimal objective value of the DRO problem with joint
ambiguity set, which is a valid upper bound on the optimal objective value of the underlying stochastic

programming problem. Looking into the percentage improvements, for small samples the bounds provided by
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our technique are better than the ones yielded by the Wasserstein metric-based DRO problem up to 64%,
and as the sample size increases the latter upper bounds converge to the former ones. The results suggest
that with a small subset of 7’s we can obtain high-quality upper bounds using the proposed relaxation-based
technique. While using randomly generated +’s might not be beneficial, running one iteration of the three-level
cutting-plane algorithm generates valuable ones. These outcomes indicate that only one iteration of the
three-level cutting-plane algorithm suffices to produce high-quality upper bounds, which also highlights the
quality of the ’s generated in the first iteration of the algorithm.

In term of computational time, the table illustrates that the DRO problem with Wasserstein metric-
based ambiguity set can quickly reach to optimality, while the three-level cutting-plane algorithm is not
computationally efficient. In our experiments, we look into different steps of the algorithm and analyze their
time efficiency. While the time that is spent for solving GMP is negligible with respect to those of MP and
SP, the most computationally challenging step of the algorithm is to solve SP. In terms of the number of
iterations, for N = 10 (N = 15) GMP completes 7.8 (3) iterations on average which executes MP-SP loop
1472.9 (635.9) times on average to reach optimality. For N € [20, 30, 50], we terminate the algorithm after
one full GMP iteration since the runs exceed the given time limit. Within the iteration, for N = 20 (N = 30,
N = 50) the total number of MP-SP loop execution on average is 375.1 (279.5,361.1).

Our results reveal that early termination of the algorithm is beneficial in terms of upper bound as it is a
valid bound for the optimal objective value of the underlying stochastic programming problem. However, this
may not apply for the lower bound as it is not a valid bound on that optimal objective value. Based on our
experiments, it is reasonable to run one iteration of the three-level cutting-plane algorithm and construct G’

set based on generated 7’s, which results in a high-quality upper bound.

9 Discussion

In this section, we summarize and discuss our findings on the DRO problems with joint ambiguity sets. In
terms of performance guarantee, our proposed approach provides a valid lower bound on the optimal objective
value of the DRO problems with a single-measure-based ambiguity set while producing a valid upper bound
on the underlying SP problem. This means that the optimal objective value of the DRO problem with the
joint ambiguity set is more representative of the SP problem and it is less robust than other approaches.
Additionally, the optimal solution of the DRO problem with the joint ambiguity set is robust in the sense
that it is obtained with respect to a worst-case distribution which belongs to a smaller ambiguity set and it is
protected against small perturbations of the underlying probability distribution. Our experiments also show
that while the joint ambiguity set improves the quality of the bound and the solution, the reliability of the
joint set does not decline and indeed it is the same as the least reliable individual set that is incorporated in
the construction of the joint set.

In terms of tractability, while we assume that the cost function can be written as the maximum of
affine functions, we observe that the final reformulations of the DRO problem with the joint set include
the same constraint structure as the formulations of the DRO problems with individual sets. The final
reformulations have additional dual variables which couples the constraints coming from the formulations
of the individual problems. In the case of problems with discrete known support, the formulation of the
DRO problem with x2-test and G-test based ambiguity set include second-order cone (SOC) and exponential
(Expo) cone, respectively, in addition to the linear (Linear) constraints. The final reformulation of the DRO

problem with a joint set created by those tests includes constraints of the same type with additional dual
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variables. In the case of problems with univariate support, the individual problems have conic and linear
constraint and the same constraint structure appears in the final reformulation of the DRO problem with
the joint set. Lastly, in the case of problems with multivariate supports, the DRO problems with individual
sets only have linear constraints, and we note that the final reformulation of the DRO problem with the
joint set includes only linear constraints. Table 2 illustrates the summary of our observations which suggests
that intersecting several ambiguity set does not increase the complexity of the final reformulation by adding
intractable constraints to the model. However, our numerical experiments highlight that the computational
complexity of the DRO problems with the joint ambiguity sets is greater than the ones with individual sets

due to the additional decision variables and constraints that are included in the final reformulations.

Table 2 Comparison of the constraint structure of the DRO problems

Measures Individual problems | Joint problems
x? test SOC + Linear
Problems with discrete known support SOC + Expo +Linear
G test Expo + Linear
Problems with univariate support KS, Kuiper, CvM tests Conic + Linear Conic + Linear
Problems with multivariate support LCX test, Wasserstein metric | Linear Linear

10 Conclusions

In this study, we consider stochastic programs where the distribution of the uncertain parameters is unknown
and partial information about it can only be captured from limited available data. We use the distributionally
robust optimization framework for modeling such problems. We propose to construct the ambiguity set of
DRO problems as a joint region that is an intersection of multiple regions each created by an individual
measure from the literature. More specifically, we consider the joint region of the ambiguity sets created
by discrepancy-based measures, namely, Wasserstein metric and Goodness-of-Fit tests. We look into the
conditions under which the joint region can preserve useful properties of individual sets; in particular,
performance guarantee, convergence, and tractability.

We derive tractable single-level convex reformulations for DRO problems with joint ambiguity set for
three different problem settings. For computationally challenging problems, we additionally propose lower
and upper bounding techniques, and illustrate the quality of the provided bounds. We conduct numerical
experiments on two well-known problems from the literature, namely, the newsvendor and mean-risk portfolio
allocation problems. Our results indicate that, for small sample sizes, the DRO problem with the joint
ambiguity set has better in-sample and out-of-sample performances compared to the problems with individual
ambiguity sets, which is in alignment with our theoretical results. The results also show that, as the samples
get larger, the outcomes of the best performing DRO problem with individual ambiguity set converge to
those of the DRO problem with joint ambiguity set.

We observe that the LCX test brings exponentially many decision variables and constraints to the resulting
DRO problems. Therefore, as a future research direction, one can consider creating sets with other measures
such as ¢-divergences to intersect with the Wasserstein ball. Also, our experiments indicate that the three-level
cutting-plane algorithm does not provide good-quality lower bounds and its convergence rate is low. Thus,
more efficient lower bounding or general solution methods can be developed and their performances can be
evaluated. Lastly, our proposed approach can be applied to various applications of practical interest where

only limited data is available.
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A Proof of Theorems

A.1 Proof of Theorem 1

Let ¢,2(t) = (t—1)?/t and ¢g(t) = —log(t) + ¢ — 1 be ¢-divergence of x*-test and G-test, and ¢ denote 7 (f;))

N
We illustrate the equivalence of the test-related constraints to the ones defined based on ¢-divergences as
follows.

X2-test based constraint:

n y n )
N . F (& ~ ~e (£
ZFN(fj) ¢X2 (ﬁ‘ (gA) ) < Q22(041) < 2 FN(fj)(I:‘I\/(;()éZ)) < Qiz(al) <
- Fn(&7)

(F@) -7 Pr(é)”
F(@&) Ex(@)

ZFN &)

G-test based constraint:

o FE) \ o1 g,
;FN@ ) ¢ <FN(5])> < 5 Qs (az) <=

~ e (1o F(&) F(E) 12,
ZFN(E) ( 1g<FN(fj)>+FN(£j) 1) 5 %la) <=

> in(@) o (iﬁfﬁ) + ()~ En(E) < % 0 () =

) oo

1/2
(QZFN é) ( ((55])))) < Oglan) = G < Qglan).
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As a result, the intersection of two test can be reformulated as follows:

C(z, ?)—glg; ' F(&) e(a,&) (39a)
s.t. ZH:F(@) =1 (39b)
g F(&) 2
; N (&) ¢y (H(éﬂ')) < Qya(an) (39¢)
> (€ b ( d ((fj)> < 5 0¥(a) (39)
i=1 N
FE@) eR: jeln) (39)

- J J J oy £j F(é])
%y max lF(é) c(w, &) (1—ZF€ ) ( 2(01) = FN(§)¢X2<AN(éj)>) (40a)

s,8'€R4 J= j=1
1 o F(&)
+5' | 593(az) — N (&) b < - > (40Db)
(2 j=1 Fy (fj)
Let pj = p}; = }i‘[;(f;)), we get:
2 / A iN 7 EiY
reRrLIensne]M pl;)ngﬁli" nr Q (o) o+ Q (22) & +; v )pj r(jzl Ve pj)
=50 EN(E) dy2(p)) — ' O En(€) ¢alp))) (41a)
j=1 j=1
st. p=p (41b)

In order to make the reformulations easier, we multiple both sides of constraint (41b) with the empirical

distribution, 3 v, then, we take the dual of the constraint by defining a new dual variable ~.

1 l - i £ 7 £j /
= enSfg, L max, r+ Qo) s+ 5%(a2) s +;FN(£J) c(z,fﬂ)pj—d; N (E) p))
= s EN(E) by (p) = 5O Fw(€) ¢alp))) + D Fn(E)vi(0) — py) (42a)
j=1 j=1

j=1
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= i 7"—|—Qiz(oz1) s+ %Qg(og) s'+ZFN(€j)3 max (C(I’gj)_%pj - d)Xz(pj))

min
reR,s,s’cR,yeR"

= pGJRi S
LIS v —T
I e () (434)
=1 *

= min r+ Qi2(a1) s+ %Qg(ag) s+ ZFN(éj)S Pl <W)_%>

reR,s,s’c€R,yER" —t S
]:
n

DILICERE (27) (44)

SI

We can define decision variables, £;, to represent the value of c(m,éj ) and add constraints of the form

l; > ez, éj ) to the problem due to the sense of the problem which is minimization.

1 LIS

_ : 2 2

= i 70 (a1) 5+ 595(a2) 5 — Zl En(&0)(t; +1)) (45a)
‘7:

0: — ~s

St by < —s OLs ( = %> j e (45D)
w« (Y5 —T .

< o5 (27) jem) (45¢)
t; > e, &) j € (45d)
reR; s, s e Ry, v, t,t', 0 eR” (45e)

Using the formulation of convex conjugates, one can further simplify the model as follows:

* 2-2yl-7 7<1 . —log(l—7) 7<1
Py2(T) = _ o, and  gg(r) = ,
0 otherwise 0 otherwise
= i + Q2 + 192( ) ’—En:ﬁ (€t + 1" (46a)
= ns)sr,]f}tl’rtl,,&7 r+Q%2(a1) s 59%(02) s N (§)(t; +t5) a
j=1

s.t. Ej - S S ] € [n] (46b)

25+ 1; <, j €l (460)

Ui+ (1 —4)° < (25 — L +5)° j € [n] (46d)

v —r<s (46¢)

sy < s =+ j € [n] (46f)

> oz, &) j € [n] (46g)

reR, s, s e R,y t,t', 0y e R (46h)
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A.2 Proof of Theorem 2

In this section, for the sake of completeness, we provide the related theorems from the literature that we use
in the reformulation of the problems with univariate support.

Theorem 11 of [Bertsimas et al., 2018]:

Under the assumptions of Theorem 1 in [Bertsimas et al., 2018], problem (6) is equivalent to the following

problem:
C(x,F(a)) = min by 7 + cn 41 (47a)
st.ce RNTL —r e K3 (47b)
(A-I-r’/‘)i =C; — Ciy1 1€ [N] (47(3)
¢ > sup c(x,€) i€ [N+1] (474d)
§E(611,67]

where Ar, br, and K7 are respectively matrix, vector, and dual cone associated with a specific test T.

Section 1.4.5.1 of [Ben-Tal and Nemirovski, 2019]:
Given a primal problem (P):

(P):=min ¢' z (48a)
s.t. Alx — bl Z 0 (48b)
A;x —b; € K; 2<i<m (48(3)

where A;, b; for i € [m], R, r, and ¢ are matrices and vectors of appropriate dimension, and K; for 2 <i <m
are regular cones in Euclidean spaces. As a result of conic duality, the dual of problem (P) is as follows:

D :=max ' z+b y + Z<bi’ Yi) (49a)
oY i=2
st.y1 >0, y, € K, 2<i<m (49b)
R™z+ Z Alyi=c (49¢)
i=1

where K} for 2 < i < m are the dual cones.

A.3 Proof of Theorem 3

Given a sample of size N, {¢},... &N}, let denote d the dimension of the random vector &, and S = {(a,b) €
R? x R | |ay| +...,|aq| + |b] < 1}. The supremum problem for problems with multivariate support can be
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modeled as follows [Bertsimas et al., 2018]:

€(a.7) =sup /: (e, €)F(de) (50a)
St. / max{aT€ — b, 0} F(de) < / max{aT€ — b, 0} En(d€') + Qoy (as) V(a,b) €S (50b)

L IEIBF () > 9 (an) (50¢)

| lle - €/linds, dg) < e (50d)

where II is a joint distribution of £ and ¢’ with marginal distributions F' and Fly, respectively. Let @ represent
an operator which multiplies two probability distributions. Based on the law of total probability we have
II = F'v ® F where F, are the conditional distributions of ¢ when ¢ = ¢ for i € [N]. Since we create
the empirical distribution using a uniform distribution, we have II = % Zfil d¢i ® F; where 0 is the Dirac
distribution and &g = 1 if ¢ = £ and 0 otherwise [Esfahani and Kuhn, 2018].

1 N
cw.9)= w3 JRCGLITS (51a)
N N
s.t. %Z | max{a’€ —b,0}F;(d¢) < %Zmax{aTﬁi—b,O}—&—QcN(ag) V(a,b) € S
i=1"Y= i=1
(51b)
N
N 3 LIEI8F(8) = On () (510)
N
2 [lle -l < & G1a)

[1

s
Il
-

Let S’ be the set of non-negative measures on S. Using Fenchel duality, taking the dual of the above model

results in the following model:

N
inf F;(d
NES/OmeR s P e? ( Z (dc)

=

Mz

max{a’ & — b,0} + Qc, (az2) Z | max{aT€ — b, O}Fi(d§)>s

i - L veli QRN<a1>)+n(efv—}Vi Lle-€lnw@e) o2
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< inf < - > - s
resh o e r, 21315)( . N Zmax{a & —0,0} + Qcp (2) < 0Qr, (1) + ney+

NZ [ (et = (max{ae = b0}y 0l —nlls — €11) Fiae)  (530)

since P'(Z) contains all the Dirac distributions supported on =, the above problem is equivalent to the
following one [Esfahani and Kuhn, 2018]:

N
1 )
Ay ;max{aTg — b0} + QCN(a2)>S 90, (1) + 1t

Zsup( &) — (N max{aT¢ —b,0})_+6ll<l3 s — &) (540)

= 1§€H

inf <
AES’ 0, meERL

We define epigraphical auxiliary variables s; for ¢ € [N] and reformulate the above problem as

)\ES’ 0,nER ,s€ERN

N
1 .
= inf <)\, i E max{a '€ —b,0} + Qc, (a2)> — 00z, (1) + neN E S (55a)
i=1

st. s 2 sup (e, €) — (A max{a§ —b,0}) +0l[¢]}3 —nlls — €'ll) z‘e[N] (550)
{eE S

Having a closer look on constraints (55b), one can obtain the following relation between the elements of the

model:

+ (A max{a§ —b,0}) el ) +nlls €
0 < inf =
£€= 11€113

With the same reasoning and assumptions provided in [Bertsimas et al., 2018], the only feasible solution for 6
is zero. Using this information, the definition of cost function, and dual norm (||z|| = max|,).<1 2" z), we
can reformulate constraints (55b) as follows:

8; > sup (ck(x,g) — <)\,max{aT§ — b,0}> — max (2, & — f’)) k € [K],i € [N] (56a)

¢cE S lzikll«<n

We convert the maximization over z variable to a minimization using — max(z;;, & — £°) = min —(z,, € — £%).
z z
As a result, the minimization along with the supremum over ¢ restricts the area for problem (56) and yields

an upper bound on it.

N N
. 1 Tei 6 1 .
C(z,F) < /\eS’,n»leRﬂ,seRN </\, N ;:1 max{a' & —b,0} + Qc, (a2)>s +ney + N 1221 S (57a)
.8 > Te— — (2, € — &
s.t. s, > min sup (ck(x &) — <)\,max{a 13 b,O}>S (zig, € — & ))

llzirll<n ez
ke [K],i € [N] (57b)

Eliminating minimum operator from constraint (57b) and adding its constraint results in the following model:
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N N
~ 1 T i g1
/\eS',ngﬂlh,seRN <)\, N ; max{a' & —b,0} + Q¢, (a2)>s + ney + N ; S; (58a)

s.t. s; > 21612 (ck(x,g) - </\,max{a—'_§ - b’0}>s — {2k, € — §Z>> k € [K],i € [N] (58b)
l|zikll« < k€ [K],i € [N] (58c)

For a given ¢ and k, we can reformulate constraints (58b) by defining a new non-negative decision variable g.

—s< nt (- + ) + (- ) (592)

g>a'é—b (a,b) € S (59b)

Taking the dual of the above constraints results in the following constraint:

—s; < inf — A i, & — &)+ (Hig,a € —b—
s _56512€R+Hi:1€p$”( ci(z, &) + (N g)s + (zik- € §>+< PN g>s) (60a)

By rearranging the terms and using the definition of convex conjugate we have:

—s; < sup (Ck*(l'azik+<Hik,a>S)_ (zig, €'Y — <Hm,b>s> (61a)
H;peS’
st.\— Hy €8 (61b)

Following the same steps in [Bertsimas et al., 2018], we define a new variable ;.

—s5; < sup (Ck*(x,ﬁk) — (2K, €") — (Hi, b>S> (62a)
H;peS'rir€R

st.\— H;, €8 (62b)

rik = Zik + (Hik, a) s (62c)

We can now eliminate the supremum operator and add the corresponding constraints:

-5 < (Ck*(af,rik) — (zig, £ — <Hikab>3) (63a)
AN—Hy eS8 (63b)
rik = Zik + (Hik, a)s (63c)

Recall the reformulation (58), after following the above-mentioned steps, it is equivalent to the following

problem:
. 1 .y R
/\717;{157“ <)\, N ; max{a & —b,0} + Qc, (a2)>s + ney + N zzzl S (64a)
st.AxeS neR,,seRY Hy €8, rze RV¥E (64b)

—5; < (Ck*(ﬂﬁ,mk) — (zi, &) — <Hik7b>S> k € [K],i € [N] (64c)
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A—Hy €S k € [K],i € [N] (64d)
rik = Zik + (Hig, a)s k € [K],i € [N] (64e)
lzikll« < k € [K],i € [N] (64f)

We write the above problem as inf,, . infy s g ,(-) and take the dual of inner infimum problem using the dual
variables p;r, ¥ir(a,b), and g; associated with constraints (64c),(64d), and (64e), respectively. Notice that
in [Bertsimas et al., 2018] variables had only index k but now they have ¢ and k, which means that the size
of the problem is multiplied by sample size N. Following the same ideas provided in [Bertsimas et al., 2018],
taking the dual of the above infimum problem results in the following supremum problem:

N K
sup Uﬁzﬁv + Z Zpik<zika &) — (zik, qir) + pike (96 qlk) (65a)
qGRKXNXd, =1 h—1 plk
pefoN
K
s.t. Z pr=1 i€lN] (65b)

N K
Zmax{a £ —b, 0} 4+ Qe (2) Z Zmax{aTqik —pixb,0} >0 (65c¢)

(a, b)eS N =i

We define parameter v € § where § = {0,1}X*V\{(0,...,0)} in order to consider all possibilities of

max{a gy — pixb,0}. The constraint (65¢) can be reformulated as follows:

N K
Qcy (aa) > sup ZZ%’“ (a' gix — pirb) — — Zmax{a £ —b, 0} v€§ (66a)
a€RLOER 1 p—1 i=1
d
st ag|+ bl < 1 (66b)

We linearize the supremum problem in the constraint and take its linear dual. As a result, the constraint is

equivalent to the following set of constraints:

Qe (@2) = py 7ES (67a)
LN A N K
N Z“wfz tuy —vy = Z Z%‘kqik v7€S (67b)
i=1 i=1 k=1
| N N K
_NZUW""UQ_U;:_ZZ%‘WM vy€ES§ (67¢c)
=1 =1 k=1
fryi <1 y€G§,i€[N] (67d)
— Uy —Vy+py >0 veEG (67e)
—ui/—v;+p720 vye§ (67f)
,ueRleN,p,u',v’elel,u,vEle‘Xd (67g)

We can then replace constrain (65¢) in (65) with constraints (67). After obtaining the supremum problem,

we take its (LP) dual and obtain an infimum problem. This infimum can be merged with inf, .(-) which we
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mentioned after problem (64). The resulting infimum problem below can be solved by the state-of-the-art

solvers.

N N
in N St 0 F o)+ 0 D e (63a)
i=1

’ /
r.fow,w'y,y’en,

Y€S ~EG i=1
d
sty Y+ <y v€ES (68Db)
j=1
1 & ‘
O wy & —wh) ey y€S, i€ [N (68¢)
j=1
Wryj — Yryi S0 ~veg, jeld (68d)
— Wy — Yy <0 ve§, jeld (68e)
w, —y., <0 veES (68f)
—wl, -y, <0 v7€S (68g)
<Zik,§i>—7"i+2%k wl, —gr <0 k€ [K], i€ [N] (68h)
~vE€S
G < Cra(T, Y Yirwy + Zik) ke [K], i€ [N] (681)
~vE€S
zikll« < k€ [K], i €[N] (68))
neR,, feRS eecRrISHN (68Kk)

Yy € ]RI_S‘Xd, y € ]le‘,z e REXNxd

reRY, weRISx o e RIS

This infimum problem can be merged with inf,cx () and yield a single-level problem. This reformulation can
be further simplified, and z variables can be omitted from the reformulation. The reformulation steps and
final model are similar to the ones proposed by Bertsimas et al. [2018]*, however, our model has additional

decision variables in order to incorporate information of the Wasserstein ball.

B Bootstrap Algorithm

In this section, we explain a bootstrap procedure that we follow in order to calculate the critical value of
various GoF tests. This procedure is proposed by Bertsimas et al. [2018] and for the sake of completeness, we
restate it here.

The procedure for the LCX test is as follows. Given an IID sample {¢!, ..., &N}, significance level a,
and iteration count B, we first obtain the empirical distribution Fy from the given sample. Next, we start

iterations ¢ € [B], and in each of them we draw a sample {¢1,... ¢4} from the empirical distribution.

We note that in Theorem 14 of Bertsimas et al. [2018], we encountered typos where w and w’ are defined as non-negative
variables; however, they should be free decision variables.
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Using the sample in iteration ¢, we calculate

t % t,1
Yo arl 4 Jan -+ bl<1 ( Zmax fa7e 0.0} Zmax{a b 0}>
After calculating QéN for all iterations, we sort them in ascending order and record the 1 — o percentile of
them. The recorded value is used as Q¢, () in our experiments.

In order to calculate the thresholds for the KS, Kuiper, and CvM tests, we follow a similar procedure. Let
F}V represent the empirical cumulative distribution of the random vector 7. In this case, instead of having an
IID sample and drawing samples from the empirical distribution, in each iteration ¢, we obtain a sample of

a ]i\,’s from a uniform distribution on the support [0, 1]. Next, we use the formulations

) i—1
Qlt(SN?é[a]‘\)i(]{ma’X{N FNvFN N }}7

t rio 11 i i
QKulperN ng[aj\)[(] (FN_ N >+ZH€1[31‘3,{] (N_FN)7

1/2

o 21—1 £ 2
Gy 12N2 NZ ’

to calculate the values of Q% for test T. After obtaining all values for all iterations ¢ € [B], similar to the

previous case, we sort them in ascending order and utilize the 1 — a percentiles of the calculated values as

the thresholds of the corresponding tests.
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