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Abstract: Randomized decision making refers to the process of taking decisions randomly according
to the outcome of an independent randomization device such as a dice or a coin flip. The concept is
unconventional, and somehow counterintuitive, in the domain of mathematical programming, where
deterministic decisions are usually sought even when the problem parameters are uncertain. However,
it has recently been shown that using a randomized, rather than a deterministic, strategy in non-
convex distributionally robust optimization (DRO) problems can lead to improvement in their objective
values. It is still unknown, though, what is the magnitude of improvement that can be attained
through randomization or how to numerically find the optimal randomized strategy. In this paper,
we study the value of randomization in mixed-integer DRO problems and show that it is bounded by
the improvement achievable through its convex relaxation. Furthermore, we identify conditions under
which the bound is tight. We then develop an algorithmic procedure, based on column generation, for
solving two-stage linear DRO problems with randomization that can be used with both moment-based
and Wasserstein ambiguity sets. Finally, we apply the proposed algorithm to solve three classical
discrete DRO problems: the assignment problem, the uncapacitated facility location problem, and the
capacitated facility location problem, and report numerical results that show the quality of our bounds,
the computational efficiency of the proposed solution method, and the magnitude of performance
improvement achieved by randomized decisions.

Keywords: Distributionally robust optimization, randomized strategies, mixed-integer programming
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1 Introduction

Distributionally robust optimization (DRO) is a relatively new paradigm in decision making under
uncertainty that has attracted considerable attention due to its favorable characteristics (Van Parys
et al. 2017). In DRO, we minimize the worst-case expected value of a random cost, i.e., taken with
respect to a probability distribution that belongs to a distributional ambiguity set. In fact, DRO
can be considered both a unifying framework and a viable alternative to two classical approaches for
dealing with uncertainty in decision problems: stochastic programming (SP) and robust optimization
(RO). Unlike SP, it alleviates the optimistic, and often unrealistic, assumption of the decision maker’s
complete knowledge of the probability distribution governing the uncertain parameters. Hence, it
can prevent the ex-post performance disappointment often referred to as the optimizer’s curse that is
common in SP models (Smith and Winkler 2006). Moreover, the DRO counterparts of many decision
problems are more computationally tractable than their SP formulations. On the other hand, DRO
avoids the inherent over-conservatism of RO that usually leads to poor expected performances, and
allows for a better utilization of the available data. In this sense, it can be considered a data-driven
approach. With a careful design of the ambiguity set, one can usually obtain a statistical guarantee
on the out-of-sample performance of the DRO problem’s solution.

Recently, Delage et al. (2018) introduced the idea of exploiting randomized strategies in DRO
problems that arise when using ambiguity averse risk measures, e.g., worst-case expected value, worst-
case conditional value-at-risk, etc. A randomized strategy describes the process of implementing an
action that depends on the outcome of an independent randomization device, such as a dice-roll or a
coin-flip. The concept is somewhat counterintuitive (and at first sight computationally unattractive) in
the domain of mathematical programming, where the optimal decisions sought are usually deterministic
ones even when the problem parameters are uncertain. In particular, Delage et al. (2018, Theorem 13)
showed that when the feasible set of a DRO problem is nonconvex, deterministic decisions can be sub-
optimal. More precisely, there might exist a randomized strategy that exposes the decision maker to a
strictly lower risk (measured using an ambiguity averse risk measure) than what can be achieved by a
deterministic one. Despite its significance, this result is still more theoretical than practical given that
it is still unclear how much improvement can be obtained in real application problems and whether
optimal randomized strategies can be found efficiently.

In this paper, we focus on studying the value of randomized solutions in DRO problems with a
mixed-integer linear representable decision space. The contribution is three-fold.

e On the theory side, we prove for the first time that the value of randomization in mixed-integer
DRO problems with convex cost functions and convex risk measure is bounded by the difference
between the optimal values of the nominal DRO problem and that of its convex relaxation, which
is typically straightforward to compute. Furthermore, we show that when the risk measure is an
expected value and the cost function is affine with respect to the decisions, this bound becomes
tight and can be used to design an efficient solution scheme. Finally, we demonstrate, for the
first time, how a finitely supported optimal randomized strategy always exists for this class of
problems.

e On the algorithmic side, we devise a finitely convergent column generation algorithm for solving
single- and two-stage linear integer DRO problems with randomization. The algorithm iterates
between solving a restricted primal problem to generate new vertices in the lifted support set
and solving a restricted dual problem to generate new feasible deterministic solutions. Unlike the
scheme proposed in Zeng and Zhao (2013), our formulation of the primal subproblem ensures that
the number of integer variables does not depend on the size of the support set of the randomized
strategy. We also show how the algorithm can be extended to the general mixed-integer case
through projection while preserving its finite convergence property, and discuss the cases in which
the linearity assumptions do not hold, showing the generic nature of the proposed approach.
Despite the theoretical complexity of the problem, the solution algorithm shows surprisingly
good performance relative to the deterministic strategy case.
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e We provide some empirical evidence that randomization can indeed significantly improve the
performance of decisions. This is done using synthetic, yet realistic, instances of three popular
stochastic integer programming problems: an assignment problem, and both an uncapacitated
and capacitated facility location problem. For some of the assignment problem test instances, a
relative improvement of up to 47% in the worst-case expected cost was achievable by a randomized
strategy compared to the best deterministic one. In comparison, the improvement achieved in
facility location problems appears to be more modest.

The rest of this paper is organized as follows. In the next section, we review the literature that is
related to our work. We then motivate our work by solving a small example in Section 3 to illustrate
how risk in mixed-integer DRO problems can be reduced through randomization. In Section 4, we study
the relationship between randomization and convex relaxation and the structure of optimal randomized
strategies. Section 5 encompasses the algorithmic part of the paper. We devise a two-layer column
generation algorithm for solving two-stage distributionally robust mixed-integer linear programming
problems and explain how it can be modified to solve single-stage problems. This algorithm is used to
solve three classical discrete problems in Section 6: the capacitated and uncapacitated facility location
problem, and the assignment problem. Section 7 presents numerical results for the aforementioned
problems that demonstrate the value of randomized solutions and the performance of the proposed
solution algorithms. Conclusions are drawn and directions for future research are proposed in Section 8.
Finally, we note that all the proofs of our theorems are deferred to Appendix A.

Notation. We use lower case letters for scalars and vectors and upper case letters for matrices. How-
ever, depending on the context, upper case letters are also used to denote random variables (e.g., X)
or randomized strategies/distributions (e.g., F};). Special matrices and vectors used include I, identity
matrix of appropriate size, e, all-ones vector of appropriate size and e;, vector of all zeros except for 1
at position ¢. The operation [x] z1]T is used to denote the concatenation of the vectors z; and 5.
We denote by R} and Z the non-negative reals and the integers, respectively. Fj x Fj refers to a
distribution on the product space such that for (£1,&3) ~ Fy X Fy, & is independent of & and both
have marginal distributions F} and Fb, respectively. We use C(X) to denote the convex hull of a set X,
and A(X) as the set of all probability measures on the measurable space (X, By), with By as the

Borel o-algebra over X.

2 Related work

The idea of using randomization in DRO problems is related to the concept of a mized strategy in
two-person zero-sum games (von Neumann 1928), where players choose and communicate probability
distributions over their respective set of actions. In both fields, a decision maker is considered to solve
a minimax problem over a set of distributions. It is important, though, to note two differences between
the use of randomization in DRO compared to game theory. First, the notion of an “adversary” is
not explicit in DRO problems but rather follows from axiomatic assumptions that are made about
how the decision maker perceives risk in an ambiguous environment. Second, randomization in DRO
raises significant computational challenges given that such models can employ risk measures that are
non-linear with respect to the distribution function and optimize over highly structured distribution
sets defined on a continuous parameters space (e.g., the Wasserstein-based ambiguity sets proposed
by Mohajerin Esfahani and Kuhn (2017)). Comparatively, zero-sum games usually treat risk aversion
using expected utility, which is linear with respect to the distribution functions, and consider discrete
action spaces and a simple probability simplex for the distribution sets.

Our study of randomized strategies in DRO problems is also related to some recent unpublished
and independent work of Bertsimas et al. (2018), who studied RO in combinatorial optimization
problems against an adaptive online adversary, which acts after the decision maker but can only exploit
information about the decision maker’s randomized strategy as opposed to the exact action that is
implemented (see Ben-David et al. (1990) for an application of this concept in online optimization).
Similarly as shown in Delage et al. (2018) for this kind of problems, an ambiguity averse risk neutral
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decision maker can strictly benefit from using randomized instead of a pure strategy. They also show
that the value of randomization can be computed in polynomial time if the cost function is linear and
the nominal problem is tractable. They, however, leave open the question of identifying an optimal
randomized strategy. This work significantly extends these results to the case where a general risk
measure, cost function, and ambiguity set are used, and propose numerical schemes for determining
optimal randomized strategies.

Another closely related work is that of Mastin et al. (2015). These authors studied a randomized
version of a regret minimization problem, where the optimizing player selects a probability distribu-
tion (corresponding to a mixed strategy) over solutions and the adversary selects a cost function with
knowledge of the player’s distribution, but not of its realization. They studied two special cases of
uncertainty, namely uncertainty representable through discrete scenarios and interval (i.e., box) un-
certainty. For these two cases, they showed that if the nominal problem is polynomially solvable, then
the randomized regret minimization problem can also be obtained in polynomial time. However, they
do not address more general convex uncertainty sets arguing that the problem becomes NP-hard for
these cases. They also provide uniform bounds for the value of randomization for the two cases of
interest. Our work, in contrast, addresses more general uncertainty models, i.e., moment-based and
“Wasserstein” distributional ambiguity sets, with convex risk measures (instead of regret) as the objec-
tive. This implies that both the decision maker and the adversary can employ randomized strategies.
We devise exact solution algorithms applicable for single-stage and two-stage decision problems with
a mixed-integer (instead of purely combinatorial) action space. Finally, the numerical bounds that we
described can be computed for any ambiguity-averse risk measure and convex support set.

In this work, we extensively use column-generation algorithms to solve problems with large discrete
feasible sets efficiently. Column- and/or constraint-generation algorithms have been utilized frequently
for solving robust and distributionally-robust optimization problems. Atamtiirk and Zhang (2007)
used a cutting-plane algorithm for solving a two-stage network flow and design problem, in which
separation problems are solved iteratively to eliminate infeasibility and to tighten the bound. A Benders
decomposition (i.e., delayed constraint-generation) algorithm was proposed by Thiele et al. (2010) to
solve robust linear optimization problems with recourse. Similar Benders-type constraint generation
algorithms were used, for example in Brown et al. (2009), Agra et al. (2018), and in Ardestani-Jaafari
and Delage (2018). Zhao and Guan (2018) utilized this Benders-based approach to solve a two-stage
DRO problem with a Wasserstein ambiguity set, similar to the deterministic strategy problem presented
in Section 4. Recently, Luo and Mehrotra (2017) proposed a decomposition approach to solve DRO
problems with a Wasserstein ambiguity set. They proposed an exchange method to solve the formulated
problem for the general nonlinear model to e-optimality and a central cutting-surface algorithm to solve
the special case when the function is convex with respect to the decision variables. Another approach
for solving two-stage robust optimization problems is the column-and-constraint generation method
proposed by Zeng and Zhao (2013). They showed that it computationally outperforms Benders-based
approaches. Chan et al. (2018) used a similar row-and-column generation approach to solve a robust
defibrillator deployment problem.

Both the Benders-based constraint generation and the column-and-constraint generation algorithms
are well-suited for deterministic strategy problems, for which the objective is to find a pure strategy.
Since we are dealing with a randomized strategy problem that aims to find a probability distributions
over multiple solutions, we devise a new two-layer column-generation algorithm that iterates between
a primal perspective to generate feasible adversary actions and a dual perspective to generate feasible
actions for the decision maker. We note that our algorithm is similar in spirit to the double oracle
method proposed by McMahan et al. (2003) for large-scale zero-sum matrix games, which has found
applications particularly in security games (Jain et al. 2011, Yang et al. 2018) and Natural Language
Processing (Wang et al. 2017). However, as mentioned earlier, the algorithms that we present in
Section 5 address more general and complicated problems than the two-person zero-sum matrix games
found in the literate. Namely, in our model both “players”’ action spaces can be continuous and the set
of feasible mixture strategies is richly configured thus making the application of this type of algorithm
far from trivial.
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3 lllustrative example

Consider the following 2-node Distributionally Robust Uncapacitated Facility Location Problem (DRU-
FLP):

minimize  max E, ¢,)ore [f(z1 + 22) + c(&1y12 + E2121)]

Ty F:€D
subject to Z Yi; = 1 vi € {1,2}
je{1,2}
Yij < T Vie{1,2},5€{1,2}
r5,yi; € {0,1} Vi€ {1,2},5 € {1,2},

where each z; denotes the decision to open a facility at location j, each y;; denotes the decision to assign
all the demand at location 4 to the facility at location j, and where &; € Ry is the random demand
realized at location ¢ and (&, &2) are jointly distributed according to Fe. Moreover, the coefficients
f € R, and ¢ € Ry, respectively, denote the facility setup cost and unit transportation cost. We also
let the ambiguity set take the form:

D:= {F5 :P(§1,§2)~Fg((€1a€2> € U) = 1} )
with . . )
U:= {(51762) ERXR | 51 € [O>d]7 52 € [OadL 51 +§2 S d}a

which simply captures the fact that the only information available about the random vector [§; &]T
is that the sum of any subset of its terms cannot be strictly larger than d.

When f > cd, i.e., the setup costs are larger than the worst-case transportation costs, one can
easily demonstrate that opening a single facility at either location 1 or 2, in order to serve the entire
demand, is optimal and reaches a worst-case expected total cost of f+ cd. In particular, for all feasible

(z,y) pair:

max E, e, [f(T1 + 22) + c(1y12 + Eay21)] = max f(x1 + 22) + c(§1y12 + §2921)
FeeD ceu

> max _
(£1,€2)€{(d,0), (0,d),(0,0)}

= f(z1 4 x2) + max{cdyi2, cdyz1}
f + Cd = l{pax E(§1,§2)~F5 [f(l + 0) + C(fl -0 + §2 . 1)} .
¢ €D

f(x1 +22) + c(§1yi2 + E2v21)

Y

One can, however, verify that the following randomized strategy reduces the worst-case expected cost

to f+ cd/2:

) 07
1

1,0,1,0)  with probability 50%
,0,1,0,1

_
(X1, X2, Y11,Y12, Y01, Ya0) ~ Fp = { 1) with probability 50%

Indeed, for this strategy, which randomly chooses between the two locations which one will serve all
the demand, we have that

1 1
mé}ggig%ize E(xy)~Fo (6.6 ~re [F (X1 + Xo) +c(61Y12 + Yo )] = Iglg}ff 56+ 5c6

= max f + %c(& ) = f+ed)2.

With this randomized strategy, the maximum reduction in worst-case expected cost is realized when
f = cd, in which case the reduction amounts to 25%. While such a reduction in worst-case expected
cost might already make a randomized strategy appear attractive, the question remains of whether
a larger reduction can be achieved for this problem. More generally, one might ask how large is this
reduction for any given instance of DRUFLP and whether an optimal randomized policies can be
identified for large scale versions of this problem. These will be the questions addressed in the rest of
this paper.
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4 The value of randomized solutions

Consider the mixed-integer distributionally robust optimization problem, which we also refer to as the
deterministic strategy problem,

[DSP] :  minimize sup pe~re [M(, )], (1)
reX Fe:€D

where X C Z™ x R™ is a compact set and ¢ € R™ is a random vector on the measure having a
multivariate distribution function F¢ that belongs to the distributional set D containing distributions
supported on some = C R™. Finally, h(z,§) is a cost function and pe~r, [h(x,§)] refers to a law-
invariant convex risk measure on the probability space (2, Bz, F¢), with Bz as the Borel o-algebra
over E.

In DSP, the decision maker selects a single action (i.e., a deterministic strategy) z* € X’ aiming to
minimize the worst-case risk associated to a random cost h(z,§). For example, when pe~r, [h(2, )] =
Eevr, [h(2, )], we will say that the decision maker has an ambiguity averse risk neutral (AARN)
attitude. Intuitively, such an attitude can be interpreted as the attitude of a player trying to achieve the
lowest expected cost when playing a game against nature (the adversary) who chooses the distribution
F¢ from D. More generally and reasonably speaking, as shown by Delage et al. (2018), the decision
model referred as DSP emerges in any context where the decision maker is considered ambiguity averse
(satisfies the axioms of ambiguity aversion and ambiguity monotonicity) and considered to agree with
the monotonicity, convexity, and translation invariance axioms of convex risk measure (Follmer and

Schied 2002).

An important result in Delage et al. (2018) consists in establishing that whenever the risk measure
p(+) satisfies the Lebesgue property, an ambiguity averse decision maker might benefit from employing
a randomized strategy instead of a deterministic action. Namely, the decision maker’s overall risk
might be reduced by solving the randomized strategy problem:

RSP ~ h(X, ) 2
[RSP] II;IIélH(l}?)(%;%p P(X,€) F,L,><F5[ (X, 9)] (2)

where A(X) is the set of all probability measures on the measurable space (X, Byx), with By as the
Borel g-algebra over X'. Moreover, (X, £) should be considered as a pair of independent random vectors
with marginal probability measures characterized by F, and Fg, respectively.

Definition 1 Let vy and v, refer to the optimal value of problems (1) and (2), respectively. We define
the value of randomized solutions as the difference between vy and v,

VRS :=vq — v, .

Conceptually, the VRS (and bounds on this value) serves a similar purpose to what is known as the
value of stochastic solutions for a stochastic program. Namely, It allows one to judge whether it is worth
investing a significant amount of additional computational efforts in the resolution of problem (2). Yet,
VRS might additionally be used to quantify whether the additional implementation difficulties (both
operational and psychological) associated to randomized strategies are worth the investment.

While we will later provide an algorithmic procedure to solve the RSP, or at least bound the VRS,
we start here with a tractably more attractive way of bounding this quantity.

Theorem 1 Given that p is a convez risk measure and h(x,&) a convex function with respect to x for
all € € 2. Let X' be any closed set known to contain the convexr hull of X, then

VRS < VRS := vy — min sup. pe~r [M(x, )] (3)
FeeD

zeX’
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Moreover, if the following conditions are satisfied:

1. the decision maker has an AARN attitude, i.e., p(-) = E[],
2. the function h(-,&) is affine for all £ € E,
3. the set X' is the conver hull of X,

then this bound is tight and v, is achieved by any strategy Fy € A(X) such that Ep-[X] €

arg I)r(lin supp, ep Eenre [R(z, €)], hence Fy is optimal in RSP.
zeEX'

Theorem 1 provides a mean of bounding the value of randomization using any convex relaxation X’
of X. In particular, in many application of DRO, the worst-case risk measure supp, ¢p pe~r [h(z, )]
is known to be conic representable (see Bertsimas et al. (2017)); Hence, when it is also the case
for X', evaluating VRS can be numerically as difficult as solving the deterministic strategy problem.
Theorem 1 also states that when the risk measure is an expected value and the cost function is
affine in x, determining the optimal value of the randomized strategy problem reduces to solving the
deterministic strategy problem over the convex hull of X', and that the unresolved optimal solution z*
of this new DSP provides the expected decision vector under some optimal randomized strategy F.; for
the RSP. Using this result, an optimal randomized strategy should therefore be found by solving:

minimize ||z* — Ex~p, [X]||1- 4)
FoeA(X)
Since, by definition, we have that z* € C(X'), problem (4) is necessarily feasible and has an optimal
value of 0. Another interesting property of problem (4) and the RSP is presented in the following
proposition.

Proposition 1 If the decision maker’s attitude is AARN, i.e., p(-) = E[-], and the function h(-,§) is
affine for all £ € 2, then there necessarily exists a discrete distribution F,, supported on at most n+1
point, that achieves optimality in problems (2) and (4).

In Section 6, we show how Proposition 1 can be applied to find the optimal randomized strategy
for a stochastic assignment problem under distributional ambiguity. Note that, in general, the solution
of (4), and more generally problem (2), is not unique. In other words, multiple randomized strategies
might achieve the same optimal value v,.. These randomized strategies are supported on different
subsets of X of arbitrarily large sizes, potentially even infinite. From an algorithmic point of view, the
hope is to quickly identify the n + 1 support points that are needed to characterize an optimal F;.

In the context of applications that involve cost functions h(x,&) that are convex in x, while it is
unclear whether a result similar to Proposition 1 still holds, we can nevertheless guarantee that there
always exists an optimal randomized strategy that takes the form of a discrete distribution with finite
support. This result will be used in Section 5 to design exact solution schemes.

Proposition 2 If the decision maker’s attitude is AARN, i.e., p(-) = E[-], and the function h(-,§) is
convex for all £ € =, then there necessarily exists a discrete distribution F):, supported on a finite
number of points, that achieves optimality in problem (2). Moreover, F} can be parameterized using
{(z%, 25, pe) beex € Z™ x R"2 X R, such that Pp:(z = (25T 25TIT) = pi where

{f’f}keK = {Il e zZm™ |3I2 € R"2, [:L’-lr :E;F € X}
1s the set of feasible joint assignment for the integer variables and K is its set of indezes.

Remark 1 In a private communication we received (Bertsimas et al. 2018), the authors study the
VRS for the case where the DSP reduces to a robust linear programming problem, i.e., p(-) = E[],
h(z,€) == &Pz, and D := {F¢|Pr (¢ € E) = 1}. Under these conditions, they establish that the bound
presented in Theorem 1 is tight and can be obtained in polynomial time if the DSP can be solved in
polynomial time. Furthermore, using an argument that is based on Carathéodory’s theorem (similar
to our proof of Proposition 1), they prove that the ratio vq/v, is always bounded by n + 1, which can
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be tightened when Z C R and “nearly symmetric”. They however do not present any method for
identifying optimal randomized strategies. In comparison, this work studies a DSP model that is more
general with respect to the risk attitude, the structure of the cost function and of the ambiguity set.
Given that in this case Equation (3) does not always provide a tight bound, we will focus next on
developing numerical procedures that tighten this gap and as a side product identify optimal (or nearly
optimal) randomized strategies.

5 Exact algorithms for two-stage AARN problems

In this section, we propose an algorithmic procedure based on column generation to find the optimal
randomized strategy in a class of discrete two-stage linear DRO problems described as follows:

minimize sup cfz + Eevp, [h(z,§)], (5)
z€X  FeeD

where X := X NZ™ x R" for some bounded polyhedron X := {x € R" |C,x < d,} with C, € R3=*"
and d, € R%, ¢y € R", and £ € R™ is a random vector with a distribution known to be supported
on a subset of the bounded polyhedron Z := {{ € R™|C¢§ < de¢} with C¢ € R**™ and d € R*.
The expectation, which expresses a risk neutral attitude for a random cost with known distribution,
is taken with respect to the probability distribution F¢ that belongs to an ambiguity set D, and is
applied to the objective value of the second-stage problem:

h(z,£) := minimize cJy (6a)
y
subject to Ay > W(&)x + b. (6b)

where W : R™ — R**™ is an affine mapping defined as W (¢) := Y7 | W;&; + W, for some W; € R¥*"
for each i = 1,..., m. We assume that problem (5) has relatively complete recourse, i.e., for all x € X
and £ € E, the recourse problem (6) has a feasible solution, and assume that the recourse problem is
bounded for all x € X and £ € =.

To simplify the exposition, we start by making the following assumption which will be relaxed in
Section 5.5.

Assumption 1 The feasible set is a discrete set, i.e., X := X N7Z".

Now, instead of choosing a single action/solution z*, let’s consider the case as in RSP where the
decision maker can randomize between multiple actions/solutions. Following Assumption 1, since X
is a discrete set, let K := {1,2,...,]|X|} be the index set of all members of X, i.e., X = {zF}rex.
The randomized strategPI problem then reduces to determining an optimal distribution function F
parametrized by p € Rfl such that Pp, (X = z*) = py, i.e., each py is the probability that the
randomized policy selects the feasible action z*
can be rewritten as

. Mathematically, the randomized strategy problem

minimize AL + sup Een , Ta

inimi %:C 1k sup Beer o(p, )] (7a)

subject to pr >0,VkeK, Zpk =1, (7b)
ke

where g(p,€) := . h(z*,&)py is used for ease of exposition. Note that to obtain this reformulation,
ke
one should start from problem (2) and exploit the fact that X and £ are independent, that X is

discrete, and that the expectation operator is linear:
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e . E N TX h)(7
minitige SUp B cr (X + X9

= e E N TX EN hX’
W 1, B (X Ben 0]

_ n;iélimize_l Z clzFpy + sup Z Eenr, [h(ik, 5)] Dk
PPR> 7k§}CPkf ek Fe€D | ¢

_ rr;iglimize_l E c{ikpk + sup Eeur, [Z h(:?k,f)pkl
PiPE> ,kglcpkf ek Fe€D ek

minimize E cTi*py, 4+ sup Eenr [9(p;€)]-
Ppr20, 3 pe=17 Fe:eD
KeEK S

As usual, the first step in dealing with DRO problems is to try to reformulate them as finite
dimensional robust optimization problems. Indeed, whether such a reformulation exists depends on
the definition of the ambiguity set D. In what follows, we show how to reformulate problem (7) for
two important classes of ambiguity sets: moment-based and Wasserstein ambiguity sets.

5.1 A reformulation for moment-based ambiguity sets

We first consider a moment-based ambiguity set defined as

D(E,/J,’V) = {F§ | IP)fNFg (5 € E) =1, EfNFg [5] = M, EENFg [’/Tl(’g)] <, vl e 'C} s (8)

where p € R™ is the known mean of £, and where for each [ € £ with |£| finite, the moment function
m : R™ — R is piecewise-linear convex and its expectation bounded by ~; € R. This ambiguity set
can be considered a special case of the set presented in Bertsimas et al. (2017), where both = and (")
are considered second-order cone representable (implications of our results to this more general case
will bebriefly discussed in Remark 2). A notable example of piecewise linear moment function is when
m(§) := |a] (€ — p)|, which places an upper bound on absolute deviation along the direction of a;. On
the other hand, a function that places an upper bound on variance, i.e., m (&) = (€ — u)? would need
to be treated as discussed in Remark 2.

—_
—

Following the work of Wiesemann et al. (2014), we can redefine D(Z, p,7) using a lifting to the
space of [€T ¢T]T with ¢ € R4 capturing a vector of random bounds on each m;(£) so that problem (7)
with D(Z, u, ) is equivalent to

e T-k
p;pglglgiiiﬂ l%l:CClx et F(s,oED(SEu’P[uT WT]T)E(&C)NF@'C) [Q(P, 5)]
where
P(57C)NF(§,<)((§3 C) € E,) =1
D(E/’ [.uT ’YT]T) = F(é,() ]E(&C)NF(&,() [6] =K y
E(e.0)nFieolCl =7
with

= . €=
- {(§7C) ‘ Wl(f) < Cl < Cmaxa Vie Ll }7

where Cpax = SUDje cez M (¢) and where ¢; < (max is added to make =’ bounded without affecting the
quality of the reformulation. One can readily verify that =’ is polyhedral under the piecewise-linear
convexity assumption of each m;(£). Using the reformulation proposed by Wiesemann et al. (2014),
which is based on strong duality of semi-infinite conic programs (Shapiro 2001, Theorem 3.4), one can

simplify the worst-case expectation expression as follows:
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sup E¢omreg 90, O] = max _infg(p,&) +(n—8Tq+ (v —()TA
Fle,)€D(E[uT ~T]T) EO~eo [€7 CTITEE ¢,A
=infuTqg++TA+ max g(Fy, &) —€Tg—(TA
oA [€7 (T]TeE

which can then be reintegrated in the main optimization problem as

minimize Z lzfpy + uTq+ ATy +t (9a)
PydsAt
kek
subject to max g(p,&) —ETq—(TA<t (9b)
(&,Q)e=’
p >0, ZPkZL (9¢)
ke

We are left with a finite dimensional robust two-stage linear optimization problem which could in theory
be solved either approximately using linear decision rules (see Ben-Tal et al. (2004)) or exactly using,
for example, the column-and-constraint generation method in Zeng and Zhao (2013). Unfortunately,
in both cases the problem is highly intractable since it potentially involves an exponential number
of decision variables due to |K|. The numerical difficulty associated with the exact resolution of this
problem will be addressed shortly using a two-layer column generation method.

5.2 A reformulation for Wasserstein ambiguity sets

The second class of ambiguity sets that we consider consists of an ambiguity set defined by a Wasser-
stein ball centered at some empirical distribution F¢ as introduced in Mohajerin Esfahani and Kuhn
(2017). Specifically, we let D(F¢, €) be a ball of radius € > 0 centered at the empirical distribution Fg

constructed based on a set {EN}WEQ C Z of i.i.d. observations. More specifically,
D(FE,€) i= {Fe € M(E) | dw(Fe, Fo) <. (10)

where M(Z) is the space of all distributions supported on Z and dw : M(Z) x M(Z) — R is the
Wasserstein metric defined as

dvw (F1, Fy) = inf {/_2 161 — & TI(déy, dés) ’ IT is a joint distribution of &; and &» } ’

with marginals F; and Fj respectively

where || - || represents an arbitrary norm on R™. This ambiguity set has become very popular in the
recent years given that it can directly incorporate the information obtained from past observations
of £ while letting the decision maker control, through his selection of €, the optimism of the model
regarding how close the future realization will be from any of the observed ones. We refer the reader
to Kantorovich and Rubinshtein (1958) for more technical details about D(ﬁéz, €) and for statistical
methods that can be used to calibrate € so that D(ﬁgﬂ,e) has a certain guarantee of containing the

true underlying distribution from which the observations were drawn.

Using similar steps as used in Mohajerin Esfahani and Kuhn (2017), problem (7) can be reformu-
lated as

1
minimize Iz pe + Ae + — te (11a)
PAZ0,{tu}uen gc ! 2] %
subject to max (9(p.€) ~Al§ ~ &ull) St VweQ (11b)
pzoyzpk::la (11C)
kek

where each ¢, € R.
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In order to make problem (11) take the form of a finite dimensional robust two-stage linear opti-
mization problem as was done for the moment-based ambiguity set in (9) for each of the constraints
indexed by w € Q, we assume that the /;-norm is used in the Wasserstein metric and use the lifted
bounded polyhedral uncertainty set

=/ . m A€€E B
i _{(g’C)ER XR‘ Hf_ngléCSCmax }7

where (pax = Supgez (1€ — &, |1 is again chosen such that ¢ < (jax makes =/, bounded while preserving
the exactness of the reformulation. With that, our two-stage DRO problem with randomization and a
Wasserstein ambiguity set can be reformulated as the robust two-stage linear optimization problem:

minimize T + Xe + — tw 12a
p20A20,{te}wen ,;C Sl Q] Z;z (12a)
subject to sup Z h(z*, Opr — X | <t, VYweQ (12b)
(&:O€EL \kek
> pe=1. (12¢)
kek

5.3 A two-layer column generation algorithm

We just established that under fairly weak assumptions, i.e., piecewise-linear moment functions in (8)
and /;-norm in (10), one can reformulate problem (5) under both the moment-based and the Wasser-
stein ambiguity sets as robust two-stage linear optimization problems yet with an excessively large
number of decision variables. In this section, we propose a two-layer column generation algorithm that
can identify an optimal randomized strategy for problem (5) together with its optimal value v,.. For
simplicity of exposure, our discussion will focus on the case of a Wasserstein ambiguity set yet can
easily be modifed to accommodate problem (9).

First, we note that since the inner optimization in Equation (12b) is a convex maximization over
a bounded polyhedral set, its maxima is attained at one of the vertices of =/. Hence, we replace
the maximization over =/, with a maximization over the set of vertices {&"« ("}, ¢y for each
w € Q, where H,, is the index set for the vertices of E/,. Hence, problem (12) can be rewritten as the

large-scale LP:

1
minimize TTFpe + e + — te 13a
P00, {tu}wen ;C 1Pk 1| u;) (132)
subject to > h(@F, ¢ )p = A<ty Yhy € Hyy w €Q (13b)
keK
Y ome=1 (13¢)
ke

Except for very small instances, it is impossible to enumerate and include the entire sets of all |K|
decision variables and }_ ., [H.| vertices in this problem. Instead, we begin with subsets X' C K
and H!, C H,, for each w € Q, and employ a two-layer column generation algorithm to generate and
add new elements iteratively, as needed. The algorithm operates as follows (a pseudocode description
is also presented in Appendix B):

1. Initialize the subset K’ C K to any singleton (e.g., so that {x}rexs contains the solution 7 to
DSP). Initialize the sets H/, = ) for all w € Q. Finally, set the upper bound UB = oo and the
lower bound LB = —o0
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2. Solve the primal master problem which seeks an optimal randomized strategy supported on
{2k} kex while considering the full set of vertices H,, for all w € Q,

1
[Primal(K', H)] : minimize Z clzfpy + Xe + — Z L,
P20A20,{tubuen S, 1] foperd
subject to Z hEF, " )pp — ("N <ty Vhy € He, weQ (gF)
keK!

Zpk:]-a (”U.)),

ke’

where p € Rl and where H := {H,}weq. The solution of Primal(K’, H) provides a feasible
solution to problem (13) hence an upper bound which will be used to update UB. Unfortunately,
one cannot handle all the constraints of this problem indexed with h, € H,. Therefore, we
generate the ones that are needed to confirm optimality through the following sub-procedure:

(a) Set LBy := LB and UB; := c0.
(b) Initialize p* and A* to any arbitrary solution that satisfy p* > 0, A* > 0, and ), ., pj = 1.
(¢) For each w € Q, solve the subproblem

[SP1,] maximize Z pih(Z,€) — N*C,

(£,0)€E]

“ kek!
to generate a new worst-case vertex ("« (") in each support set Z/ . This can be done by
solving a mixed-integer linear program as will be described in Proposition 3.

(d) Let t* be the optimal value of SP1,, for all w € Q. Update the upper bound as

1
U By o i (UBl, Sl xer LY t;;> |
kerx | | weN

(e) Add the index of each new vertex generated (£, (") to its respective index subset
H, w € Q and solve the primal master problem (MP1), defined as the restricted ver-
sion of Primal(K’, H') where each set H,, is replaced with its subset H/,, to update (p*, \*)
and obtain a lower bound LB;. Note that for each k € K’ the values of h(z*,&h~) for all
h. € M., only needs to be computed once when a new vertex is added to H,,.

(f) If UBy — LBy < €/2, where ¢ is a sufficiently small tolerance, terminate the sub-algorithm
and set UB = UB;. Otherwise, return to Step 2c.

3. Solve the dual master problem which seeks an optimal randomized strategy supported on the
whole {2 }rex set while considering the set of vertices H/, for all w € Q,

[Dual(K,H')]: maximize w (14a)

w,{g*}wen

subject to w < c[z* + Z Z h(z*, &) Yk e K (pr) (14b)

wEQ h, EHL,
S g, < ) (14c)
wEQ h,€H!,
1
> g == Vw e Q (t,) (14d)
he €HL, it
g >0 Yw € Q. (14e)

The optimal value of Dual(kC, H') provides a lower bound for problem (13) which should be used
to update LB. Note that the optimal dual variables can also be used to initialize p* and \*
in Step 2b. Since we cannot handle the full set of actions X implemented by the randomized
strategy, we progressively construct an optimal support of reasonable size using the following
sub-procedure:

(a) Set LBy := —o0 and UB2 :=UB
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*

(b) Initialize each ¢ to an arbitrary solution that satisfy constraints (14c), (14d) and (14e).
In practice, one can obtain such a valid assignment based on the optimal assignment for the
dual variables of Primal(K’, H).

¢) Solve the subproblem minimize clx+ h(z, &M )qw*, which reduces to the mixed-
1 h
zeX WEQ hy, ML, “
integer linear program

. inimi T w* T
[SP2] : minimize ¢z + Z Z a3 Yn,,
weR hy, €M/,
subject to Ay, — W (&")z > b Vh,, € H.,.

Consider the optimal z* to be a new support point for the optimal randomized strategy.

(d) Let w* be the optimal value obtained for SP2. The lower bound is updated as LBs :=
max(LBg, w*).

(e) Add the index of the new support point z* to K’ and solve the dual master problem (MP2),
defined as the restricted version of Dual(K', H') where K is replaced with X', to update g}
and obtain an upper bound UBs,. Note that for each h,, € H/, the values of h(z*,£"«) for
all k € K’ needs to be computed only once when a new support point is added to K'.

(f) If UBy — LBy < ¢/2, terminate the sub-algorithm and set LB = LB,. Otherwise, return
to Step 3c.

4. Tterate between the steps (2) and (3) until UB — LB < e.

To complete the presentation of the two-layer column generation algorithm, we present how problem
SP1,, can be reformulated as a mixed-integer linear program.

Proposition 3 Problem SP1,, is equivalent to the following mized-integer linear program.:

. _k T T = T+ -
Binl,Bin2,g’fﬁ?gzﬁri?%ii%,Bmﬁ,Bm7 kg'(wom T e s .

subject to ATy, = capy, Yk e K (15a)
m
3 (z ¢;€wﬂk> o= Clat vt — o (15b)
i=1 \keKx’
0<d—-C¢< M(1- Bin') (15¢)
0 < a < MBin' (15d)
0<(¢—eTd < M(1— Bin?) (15e)
0 < 8 < MBin? (15f)
0 < Cmaz — ¢ < M(1 = Bin®) (15g)
0 <~ < MBin® (15h)
0<6—¢&+&, < M(1— Bint) (151)
0 <yt < MBin? (15§)
0<§+¢&—&, < M(1— Bin) (15k)
0 <y~ < MBin® (151)
0 < ¢ < M(1- Bin%) (15m)
0< A\ +5—8< MBin® (15n)
0<d6<M(1- Bin") (150)
0<pB—oT —y~ < MBin” (15p)
Bin' € {0, 1}°¢, Bin® € {0, 1}, Bin® € {0, 1}, Bin* € {0, 1},
Bin® € {0, 1}™, Bin® € {0, 1}, Bin" € {0, 1}"™, (15q)

where ¢, € RS, a €RY, BER,, vy Ry, T €RT and ¢~ € R,
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It is worth emphasizing that, in contrast to the reformulation that would be obtained by applying
the scheme of Zeng and Zhao (2013) directly, our MILP reformulation ensures that the number of
binary variables does not increase with the size of the support K’ of the randomized strategy. This
alternative approach leads to a significant reduction in the solution time for SP1,,.

Theorem 2 The two-layer column generation algorithm presented in Algorithm 1 converges in a finite
number of iterations.

Remark 2 In Theorem 2, the convergence in finite number of iteration follows from our assumption
that X is a bounded discrete set, Z is a bounded polyhedron and that the Wasserstein ambiguity set
employs a metric that is based on the li-norm (or alternatively that w(§) is piecewise-linear in the case
of a moment-based ambiguity set). However, Algorithm 1 is generic and can be used for more general
forms of decision spaces and ambiguity sets. In particular, we will discuss in the next two sections
how the algorithm can be modified to handle applications where there is no recourse, and where X is
mized-integer, namely no > 0. The case of general ambiguity set can also be accommodated but requires
one to design an alternative scheme for solving SP1,. In particular, one might suspect that, following
the work of Zeng and Zhao (2013), if 2, (for Wasserstein ambiguity set) or Z' (for the moment-based
ambiguity set) are second-order cone representable, then similar arqguments as those used in the proof
of Proposition 8 could be used to design an equivalent mized-integer second-order cone programming
problem. The question of whether the algorithm would still be guaranteed to converge in a finite number
of iterations for such ambiguity sets remain open for future research.

5.4 The case of single-stage problems

The proposed algorithm can be used for single-stage DRO problems where h(x,§) := £TCox with
Cy € R™*™. The fact that there is no recourse problem makes problem (12) reduce to a simpler
single-stage problem which is amenable to classical derivation of the robust counterpart model:

L - 1
minimize Z Iz pp + Xe + 9] Z tw (16a)
oo, Be Voo ke weN
Ln
subject to dgozw + CmaxVw + gg(wjg —) <t,,VweN (16Db)
Cloy, +9f — g =Y ppCozh VweQ (&) (16¢)
kex
efu S A+, Yw e (Cw) (16d)
YF+ 95 < B, YweQ (16e)
> pe=1. (16f)
ke

where o, € ij, Bw € Ry, 7w € Ry, ¢F € RT and ¢, € R, One still needs to employ an algorithm
such as Algorithm 1 to get a solution because of the size of K. Primal(K’, H) is however unnecessary
since vertices do not need to be enumerated anymore. Hence, the two-layer column generation reduces
to a single-layer version that focuses on Step 3. In particular, for this step, Dual (X, H) reduces to:

maximize —w

w,q' >0
. 1
subject to w < ]zF + i Z oAl ( Z fhwqﬁwl> Vke K (px)
weN hoy€Hy
1 w
oL 2 (i s o
weEQ h,EH
Z Qﬁwl =1 Yw € Q,
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where we replaced ¢’ := |Q]g. In this reformulation, one recognizes that {gy "}n,en., wen serves as a
way of encoding convex combinations of all the vertices of Z/,. We therefore can simply replace these
to simplify the model and obtain:

[Dual’(K,H)]: maximize w
w,{8w.Cwtwen

subject to  w < Iz% 4 77C] <|Q| Z @,) VEe K (pr)

weN
\QI d < )
weN
Ce&w < dg Yw € 0
”éw - £w||1 < Cw Yw € Q.

Furthermore, the subproblem straighforwardly reduces to

T
[sP2'] : mméglze (Cl +C] — ] ZE ) z.

wenN

Intuitively, the restricted master problem MP = Dual’(K’, H) identifies a worst-case Ep, [€] among all
Fe e D(ﬁg, €) while the sub-problem SP2’ identifies the member of X that is best-suited for this worst-

case mean vector. Section 6.2 presents a customized version of this single layer column generation
algorithm for the DRUFLP described in Section 3.

5.5 The case of mixed-integer feasible region

We briefly outline how the algorithm presented in Section 5.3 can be modified to handle more general
mixed-integer feasible sets X’ that do not satisfy Assumption 1, i.e., X = X NZ™ x R with ny # 0.
Similarly as was done in Proposition 2, we let {Z}}rex C Z™ describe the finite set, indexed using
k € K, of feasible assignments for the integer decision variables, i.e., {Z¥}rex = {x1 € Z™ |3y €
R, [2] 2I]T € X}

Proposition 4 Let X be mized-integer, the decision maker’s attitude be AARN, and the cost function
h(x, &) capture a two-stage decision problem as described in Equation (6). Then, the RSP presented in
Equation (2) is equivalent to

mntze s s s | 3 ) (170
subject to CpzF <dypr, Yk € K (17b)
Pyt =ahpy, VE e K (17¢)
pr >0,VkeK, Zpkzl, (17d)

kex

where each z* € R™, where P; € R™M*X™ is the projection matriz that retrieves the n, first elements of
a vector in R™, i.e., Py := [I 0], and finally where h'(py, 2*,€) denotes the perspective of the recourse
function h(z,£), i.e.,

B (pr, 2*,€) =min gy’
s.t. Ay > W(€)2" + bpy.

In particular, both problems achieve the same optimal value and an optimal randomized strategy
E} for (2) is supported on the collection of points {Zk*/PZ}keIC:p;;;éo with respective probabilities

Pk Y rercpr 20-
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Following similar steps as in Section 5.3, one can obtain the following large-scale convex optimiza-
tion problem when employing the Wasserstein ambiguity set D(Fg, €):

minimize
p>0,{z*}rex , A>0,{tw}wea

subject to

We can proceed as before meaning
identify which indexes to add to both

[Primal’ (K, H)] :

subject to

minimize
p207{zk}ken/ 7/\207{tw }weﬂ

28+ he+ — q th
kex ‘ |w€ﬂ
Z h/(pkazkaghw) - Ch“))\ S tw Vhw € Hw, w € Q
ke
C2F < dypy, Vk e K
Ppab = zipy, Vk ek
Zpk =1
ke

that we start with two sets K’ C K and H' C H and progressively
K" and H’. The so-called primal problem now takes the shape of

Z cl 2" +)\6+ﬁ th

keK’ | | weN

> W (pr, 2 &) = Pex <ty Vhy € My, wEQ
ke’

Cp2® < d.py, Vk e K/

Pyt = zkpy Vk e K’

Z Pe =1,

ke’

which in its restricted form can be reformulated as an LP that integrates the recourse variables:

minimize
P20A>0,{tu twea {2 brers
{Uk ho Yhex hwens, wen

subject to

with a subproblem
[SP1]]:

Z clz + Ae+ — Q th
keK! 1l weh

Z C;yk,hw — Ch“’>\ <ty Vhy € ,H{m w €N

ke’
Aypn, = W(En,)2" +bpp Yk €K', hy € H,, weQ
szk < dacpk Vk € K’

> h=t

kex!

maxmuze Z pk k*/PZag) - /\*C’

=% keK’

which can again be cast as the mixed-integer linear program presented in (15).

An additional challenge arises when attempting to identify a new support point k& € K to add to K'.
First, one needs to show (see Appendix C) that the dual problem takes the form:

maximize w
w,q>0

[Dual’ (K, H)] :

subject to w

(18a)
< he
zmel/rékclx +Z Z h(zk, ") qn, VEEK  (py) (18b)
weQ hy, €HY,
YooY egn, <e ) (18¢)
wEQ h, €HL,
YVweQ  (tw), (18d)

ZQh

he,

S
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where X}, == {z € R"|C,x < d,, Pzz = 7F}. Hence, the restricted dual problem with K’ C K can be
solved as a LP by replacing constraint (18b) by the dual problem associated to :

minimize cdz+ E E Qhwcgy}i
QCEXk'a{y;‘,,}w}hwE’Hw.wEQ WEQ hy, EH!

subject to Ay >W(E)z+b  Vh, € HL, we Q.

On the other hand, the subproblem used in Step 3 to add a new support point in K’ takes the same
form as SP2.

6 Application on distributionally robust integer problems

In this section, we apply the column generation algorithms presented in Section 5 to solve the RSP that
emerges in three classical application of discrete optimization: the assignment problem (as an example
of problems with integer polyhedron feasibility sets), the uncapacitated facility location problem (as
an example of single-stage problems), and the capacitated facility location problem (as an example of
two-stage problems). To simplify exposition, we again focus on the case when D is the Wasserstein
ambiguity set defined in Section 5.2 with a [;-norm Wassrstein ball and a polyhedral support set

E:={{| O < de}.
6.1 Distributionally robust assignment problem

The assignment problem aims to find the minimum weighted matching over a bipartite graph. It
belongs to a class referred to as minimum-cost network flow (MCNF) problems. It is well-known
that the constraint matrix of this class of problems is totally unimodular, meaning that, under mild
conditions, the relaxed feasible set is an integer polyhedron, hence X = C(X). For more details about
MCNF problems and total unimodularity, the reader is referred to Ahuja et al. (1993).

The distributionally robust assignment problem (DRAP) can be stated as follows:

minimize sup Ee¢op, Z Z &g (19)
TEXAP  Fe€D i€T jeT
where
E Tij = 1,Viel
Xaw e 0. MTIXITI| €T '
AP ZL'E{, } injzl,VJEJ
i€eT

In this formulation, Z and J are sets of demand and supply points, respectively, each z;; is a binary
assignment variable and &;; is an uncertain assignment cost.

Proposition 5 For the DRAP presented in Equation (19), the value of randomized solutions is equal to

VRS= min 6" (z|U/) — min 0" (z|U)

TEX AP T'EX) b
where
ZIijil,ViGI
X)ypi= 0, 1EXITH &7 , ; 20
AP :L‘E[,] injzl,VJGJ ’ ( )
i€l

while §*(v|U) :=sup Y > wvijpi; is the support function of the set:
peEU eI jeg

U:=C ({u e RT3, €D, pij = Ber, €], Vi € T,V € J}) .
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Theorem 5 enables us to find the value of the randomized solution simply by solving a continuous
relaxation of DRAP. Note that while an integer solution can always be obtained by solving the continu-
ous relaxation of the deterministic assignment problem, this is not true for DRAP since the worst-case
expected cost function is convex with respect to « (instead of being linear). Let, for instance, the dis-
tributional set D be a Wasserstein set similar to the one presented in Section 5.2. Using Corollary 5.1
in Mohajerin Esfahani and Kuhn (2017), one can reformulate DRAP as the mixed-integer program

1
minimize e+ — to 21a
J;EXAP,X,{tw}wegz,{uw}wgg ‘Q| % ( )
~ ~NT
subject to >3 Gy + (4= CL) o Sty WweQ (21b)
€L jeT
ICTvy — oo < A Yw € Q (21¢)
v, >0 Yw € Q, (21d)

where each v, € R% and where &, is short for [£114 §210 -+ - &z10 120 -+ - €720 - - - §17)1 7 1] T

We can also use Proposition 5 to find the optimal value of the randomized strategy problem. Let
z* = argmind* (z|U) be the optimal solution of problem (21) with Xap replaced with Xip. As

!
mGXAP

discussed in Section 4, the optimal randomized strategy can then be found by solving the problem:

minimize ||ac*—§ PeZ”|1
p=>0
keK

subject to Zpk =1.
ke

This problem can be rewritten as

minimize Z Z 05 (22a)

€T jeT
subject to 6;; + Zpkifj >y Vieljed ( Z';) (22b)
kek
Oij — > pidh; > —ay; VieLjed (vy) (22¢)
keK
D> =1 (¢), (22d)
kek

where 6 € RIZIXI71 Since the number of extreme points is extremely large, we generate the elements
of K and add them progressively, as needed, using a column generation approach. To do so, we first
write the dual problem as

S + )zt —
Jmaximize | S7 37 (U vl — 6

€L jeJ

subject to Z Z (W =) & < ¢, Vkek (k)
i€ jeTJ
P+ <1 VieI,VjeJ (i),

where 1t € RIZXITI 4= e RIZXITI and ¢ € R. We then choose a subset K’ € K (which can
initially include only the index of the deterministic problem’s solution) and solve the restricted version
of problem (22) to obtain an upper bound. Then, the dual variables 1™ and %~ are used in the

subproblem max (YT —97)Tx to generate a new extreme point ¥, The set K’ is updated by
rEXAP

adding the index of the new extreme point and the restricted master problem is resolved to obtain a
new upper bound and new values for the dual variables. The algorithm iterates between the restricted
master problem and the subproblem until the solution of the restricted master problem’s objective
value becomes smaller than some tolerance ¢ > 0.
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6.2 Distributionally robust uncapacitated facility location

We now revisit the DRUFLP problem presented in Section 3 in its more general form:

minimize maximize ]EgNFg E fjx]—i-g E §icijYij |

z,y)EX] FeeD
(ev)eXyrLp e jeT €T jeT

where each z; denotes the decision to open a facility at location 4, while each y;; denotes the decision
to serve the demand at j using facility 4, in particular

My, =1,Viel
XupLp = { (z,y) € {0, 1Y x {0, 1}/FXITT] jeF gl
yZ]Sx],VZEIJGj

The uncertain parameters in this problem are &;, i.e., the demand at each customer location ¢ € 7
and that must be served by one of the open facilities. We focus on the classical single-stage, single
assignment version of the UFLP, in which both the location of facilities and the assignment of demand
to them are determined before the demand is revealed and each demand is fully assigned to a single
open facility.

With a randomized strategy, the problem can be stated as:

minimize sup E¢op, Z Z fjff + Z Zfi@jﬂfj Dk | (23)

>0, 1
Dr> Epk F¢€D kex \jers el jer

where KC is the index set of feasible (z,y) pairs in XyprLp. One can implement the single-stage variant
of the column generation algorithm described in Section 5.4 to solve this problem. In every iteration,
we solve the master problem (16) with a partial set X' C I, and with constraint (16c¢) replaced with

Cla, +uF —vg =Y > il Vwe (&), (24)

keK i€ jeT

Next, the optimal solution {¢)},cq for the dual variables corresponding to constraint (24), are
used in the subproblem SP2':

minimize Z fiz; + |S12| Z Z Z §iCijYiss

(z,y)eX
W)EXUFLP jeTg i€T jET weN

to generate a new solution (%', 7*") and update the lower bound (LB). The set K’ is then updated by
including &’ and the master problem is resolved to update {*},cq and obtain an upper bound (UB).
The algorithm terminates when UB — LB < €.

6.3 Distributionally robust capacitated facility location problem

We formulate the distributionally-robust capacitated facility location problem (DRCFLP) with ran-
domization as a two-stage stochastic program with distributional ambiguity. Similar to the DRUFLP
presented in the previous section, we consider uncertainty in the demand quantity &;. The here-and-
now decision is a potentially randomized set of facility locations parametrized using a probability vector
p € RI®l where K captures the set of indices for all members of {0,1}/7I. With that, the DRCFLP
can be stated as follows:

min Zj + Su E"‘ hjk, ) 25
P20, 3 pi=1 ZZJ‘J Pit sup Bere lz ( E)pk] (25)

keK jeJg ke
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where

h((l?, ) = Iglzl{)l Z Zcijzij

JET €T

st > zmj=& Vi€l
JjET
Zzijgvjxj VjEJ,
ieT

is the second-stage (recourse) problem that is solved to find the assignment of demand to opened
facilities once the uncertain demand quantities become known. Unlike the classical formulation of the
CFLP that uses the variable y;; € [0, 1] to denote the fraction of customer i’s demand served by facility
J (see, e.g., Fernandez and Landete (2015)), we equivalently use z;; = &y,; to denote the quantity of
customer 7’s demand served by facility j, as the recourse decision variable. This choice of the allocation
variables enables us to write the second-stage problem in the form presented in Equation (6).

The DRCFLP formulation provided in Equations (25) and (26) can be seen as a special case of the
problem described by Equations (5) and (6), respectively. Therefore, the two-layer column generation
algorithm presented in Section 5.3 can be used to solve it. The implementation details for solving a
DRCFLP with a Wasserstein ambiguity set are provided in Appendix D.

7 Numerical results

We conducted a series of numerical experiments to assess quality of the bounds proposed in Section 4
and of the numerical performance of the solution algorithms presented in Section 5. All algorithms were
implemented using Matlab R2017a, and Gurobi 5.7.1 was called to solve the master and subproblems.
All tests were run on a personal computer with an Intel Core i-7 7700 3.6 GHz processor and 16 GB of
RAM. For all problems, we used a sample set of 10 observations (i.e., |Q2] = 10) selected uniformly at
random from the set = to construct the empirical distribution ﬁg. The ambiguity set was then defined
as a Wasserstein ball of radius € around the empirical distribution.

7.1 Experiments with the DRAP

We experimented with 10 random instances of size |Z| = || = 100. The support set for & was a
hypercube defined as
== {5 € RE‘XM DG (L= Agy) <&y <&+ Aij)}a

where £"°™ was a nominal cost vector drawn uniformly at random in [10,20]Z1%I71 while, for each
i € Z and j € J, the relative maximum deviation A;; was drawn uniformly and independently at
random from [0.5,1]. We studied for each instance a range of different values of e € [0, 25000]. For
each instance, the DRAP with a deterministic strategy was first solved to obtain vy. We then solved
a continuous relaxation of the deterministic strategy problem and used its solution to find an optimal
randomized strategy using the algorithm outlined in Section 6.1. Figure la presents statistics about
the relative improvement achieved by a randomized strategy compared to a deterministic strategy
on 10 problem instances and as a function of e. Both the average and the maximum improvements

observed in the test instances are/l_rg)orted. Note that the bound obtained from Theorem 1 is exact
for this application thus VRS = VRS

Looking at Figure la, one should notice that when the ambiguity set contains only the empirical
distribution (i.e., € = 0), there is no value for randomization. This is due to the fact that the
problem reduces to a simple expected value minimization problem (with known distribution) which
is known to be randomization-proof. On the other hand, when e becomes very large, the adversary
can place all the probability mass at any vertex of =Z. Given that a box support set is used, the
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Figure 1: (a) Average and maximum improvement achieved by randomization. (b) Average and maximum support size of
the optimal randomized strategy and computational time. Both based on 10 DRAP instances.

problem reduces to a deterministic assignment problem with § = £"°"(1 + A;;), and randomization
becomes ineffective for the same reason. Between these two extreme cases, we can confirm that
employing a randomized strategy can lead to significant reduction in worst-case expected assignment
cost. For example, at € = 1200 an average improvement of 44.48% was achieved, whereas the maximum
improvement observed in the 10 test instances was 47.14%. Intuitively, this might be explained by the
fact that randomization allows the decision maker to mitigate his ambiguity aversion by diversifying the
types of cost ¢;; to which his expected cost is sensitive. In particular, while a deterministic strategy’s
expected cost only depends on the quality of n different cost values, a randomized one has the potential
of making the expected cost depend on the quality of all n? terms in the cost matrix c, effectively
distributing the risks accordingly.

Figure 1b presents statistics about the size of the support set of the optimal randomized strategy
in the DRAP instances tested and the computational time of the solution algorithm. One can notice
that in order to reap the full benefit of randomization, the optimal strategy randomizes among a
number of feasible solutions (i.e., assignment plans) that ranges between 5 and 1890 plans (excluding
the case of € = 0, where randomization has no value). Although the support set size seems quite
large, it is still well below the theoretical bound of 10,001 plans obtained from Proposition 1. The
average computational time for all instances was 22,682 seconds and on average produces optimal
randomized strategies supported on 649 assignment plans. The longest computational time observed
was 136,651 seconds and in this case produced a strategy supported on 1879 assignment plans. In
comparison, solving the deterministic strategy DRAP took an average of 33,268 seconds, with some
instances taking more than 48 hours to solve on Gurobi. We note that while a near-optimal solution
is approached considerably fast, only little progress per iteration is made close to the optimum, a
well-known phenomenon in column generation algorithms known as the tailing-off effect (see Gilmore
and Gomory (1961), for instance). Therefore, despite the apparently long computational time and
large support size at optimality, most (typically > 90%) of the improvement was achieved in the first
few iterations. Hence, the decision maker can terminate the algorithm prematurely and still obtain a
feasible randomized strategy that considerably outperforms the deterministic strategy.

We experimented with 10 random instances of size |Z| = |J| = 300. The coordinates of demand
points (which are also the potential facility locations) were selected uniformly at random on a unit
square, and we used the Euclidean distance between any two points as the unit shipping cost ¢;;. The
set-up cost was f; = 10 for all potential locations while the uncertain demand was supported on a
hypercube defined as

== {eerll goma-a) <a<gomaran),
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where each nominal demand £ € [10,20] and each maximum relative deviation A; € [0.5, 1], were
uniformly drawn at random. We again studied the performances under a range of € values between 0
and 4000. For each problem instance, we solved the DRUFLP without and with randomization to
obtain vy and wv,., respectively, and E&alaxed version of the deterministic problem, as prescribed by
Theorem 1, to compute the bound VRS .

Figure 2a presents statistics about the relative VRS bound and about the actual relative improve-
ments achieved by the best randomized strategy in a set of 10 problem instances and under different
amount of distributional ambiguity, parameterized by € € [0, 4000]. Similar to the case of the DRAP,
we observe again that randomization does not lead to a reduction in worst-case expected cost when
€ = 0 or when becomes too large. Unlike for the case of DRAP, however, we observe here that the
improvement obtained from randomization remains relatively small for this set of 10 instances. In
particular, it never exceeds 1.87% and peaks with an average improvement of 1.37% at ¢ = 1600.
Interestingly, it appears that for this set of problem instances, one i(&s not actually need to solve the
DRUFLP with randomization to draw this conclusion. Indeed, the VRS bound proposed in Theorem 1
can be computed much more efficiently and already confirms that the improvement is below 2% for all
problem instances and values of e. The VRS bound was even able in 5 problem instances to recognize
that at € = 0, there was no possible improvement for randomized strategies. Even in the case of the 5
other problem instances, the identified potential of improvement was nearly inexistant (always below
0.05%). This evidence supports an observation made by Morris (1978) that solving a linear relaxation
of the UFLP typically leads to identifying an integer solution.

7.2 Experiments with the DRUFLP
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Figure 2: (a) Average and maximum VRS bound and actual improvement achieved by randomization. (b) Average and
maximum support size of the optimal randomized strategy and computational time. Both based on 10 DRUFLP instances.

In Figure 2b, we report on the average and maximum size of the support of the optimal randomized
strategies obtained for the different problem instances and different values of €, as well as computational
times for the column generation algorithm. One can first notice that the size of the optimal support set
is somewhat proportional to the extent of relative improvement. In fact, the largest average support
set size, of 39.7 plans, was reached under € = 1600, which nearly coincides with the peak performance
improvement reached at ¢ = 1200. One can also confirm that in all cases, the size of the optimal support
for the randomized strategy is always far below the theoretical limit of 301 (see Proposition 1). The
average computational time for the DRUFLP with randomization was 7321 seconds whereas the largest
computational time among all instances was 44,000 seconds. The tailing-off effect was also observed
in this case. In comparison, the deterministic strategy problem took on average 3951 seconds to solve.
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7.3 Experiments with the DRCFLP

We studied the value of randomization in 10 randomly generated instances of the DRCFLP of size
|Z| = |J| = 20. For each of these instances, the setup costs f, transportation costs ¢, and the
support set = were constructed exactly as in Section 7.2. We assumed that all facilities have the

same capacity of v = Tzle%f, where r controls how scarce the capacity is (i.e., larger r implies

less scarcity). Figures 3a and 3b present statistics about the relative VRS bound and the actual
relative improvements achieved by the optimal randomized strategy in a set of 10 problem instances
under different levels of distributional ambiguity, parameterized by e € [0, 300], and with r € {3, 5},
respectively. Looking at these figures, one immediately notices that the VRS bound is, in general, a
poor indicator of the maximum improvement that can be achieved by randomization for this class of
problem. The quality of this bound also seems to degrade as the capacity becomes less scarce. On
the other hand, the actual improvement achieved by randomized strategies in this class of problems
appears to be more significant than in the DRUFLP. It reaches a maximum of 3.77% in a problem
instance with € = 80 and r = 5. Otherwise, the average relative improvement was at 0.67% and
1.00% for problems with r = 3 and 5 respectively, when computed over all problems instances with
€ € [10, 300], and peaked at 2.05% for problems with ¢ = 120 and r = 5.
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Figure 3: (a,b) Improvements due to randomization and relaxation with » = 3 and 5, respectively. (c,d) Optimal solution
support size and computational time with » = 3 and 5, respectively. All based on 10 DRCFLP test instances.

Figures 3c and 3d show the average and maximum size of the support of the optimal randomized
strategies and the computational time for the column generation algorithm obtained for the different
problem instances and values of € and r. Among problem instances with e € {20,40,...,300}, the
average optimal support set sizes were 5.65 and 5.16 for r = 3 and 5, respectively, while the maximum
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optimal support set size was 14 in both cases. This seems to indicate that the structure of optimal
randomized strategies become slightly simpler as the capacity scarcity is reduced and that perhaps in
practice the optimal support size still remains comparable to n although Proposition 1 does not apply
for this class of problems. The effect of € on the value of randomization is similar to what was observed
in the experiments with the DRAP and the DRUFLP, namely that the value of randomization peaks at
mid-range values for € while it degrades to zero as € gets closer to zero or grows to infinity. The average
computational times needed to solve the proposed two-layer column generation algorithm for problem
instances with » = 3 and 5 was 1111 and 268 seconds, respectively, whereas the largest computational
time in all tested instances was less than two hours. In comparison, the average computational times
for the deterministic strategy problems using Gurobi were 3317 and 1870 seconds, respectively. These
results clearly show that the proposed algorithm can handle reasonably sized problems quite effectively.

8 Conclusions and future directions

In this paper, we investigated the value of randomization in a general class of distributionally robust
two-stage linear program with mixed-integer first stage decisions. We established for the first time how
the value of randomization in problems where the cost function and risk measures are both convex
can be bounded by the difference between the optimal value of the nominal DRO problem and of
its convex relaxation. We further demonstrated that if the decision maker is AARN, then a finitely
supported optimal randomized strategy always exists. This allowed us to design an efficient two-layer
column generation algorithm for identifying this compact optimal support and its associated probability
weights in two-stage problems where uncertainty appears in the right-hand side of the constraint sets.
Our numerical experiments provided empirical evidence that 1) the proposed algorithm can address
reasonably sized version of assignment problems, and both capacitated and uncapacitated facility
location problems; 2) randomization is especially effective in applications, such as the assignment
problem, where the vector of binary variables is constrained to be very sparse compared to the number
of potential perturbations, e.g., O(y/n) non-zeroes compared to O(n) perturbations in the assignment
problem. The latter should imply that randomization can be especially beneficial in other problem
classes that have this property such as shortest path, travelling salesman problems, etc.

From an algorithmic point of view, it should be possible to extend relatively easily the algorithm to
two-stage problems with uncertainty in the objective function, or problems with worst-case expected
utility objectives where the utility function is piecewise linear. On the other hand, significant additional
development would need to be achieved in order to handle more general two-stage decision problems or
risk functions such as value-at-risk, conditional value-at-risk, expectiles, etc. For instance, it remains
open to establish whether a finitely supported optimal randomized strategy necessarily exists under
more general conditions than the AARN attitude.

A Proofs

A.1 Proof of Theorem 1

Our proof exploits the extension of Theorem 2 in Delage et al. (2018) which states that if the objective
function is an ambiguity averse convex risk measure, which canonical form is as presented in Equa-
tion (1), and the set of all feasible random costs {h(z,§) : © € X} is a convex set, then there is no
benefit in adopting a randomized strategy. Indeed, from this we can conclude that

min su ~F. |h(x, < min su ~F |h(x,
xEX,Fge%Ps Fe[h(z, )] _xEC(X)Fge%pg Fe[h(z, )]

= min Sup pPe~
SO S P Fe[9()]

= min su N G
FQEA(Q)Fge%p(G*E) Fyx e [G(8)]
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= min_su N e
FeA(G) FsEpr(G,g) Fyx e [G(E)]

= min su ~ h(X,
FIGA(C(X))Fge%p(X’g) Foxre [P(X, )]

IN

min  su N WX, 6)] = v,
FLeA(X) Féé%ﬂ(x,g) FoxFe DX €)]

where
G:={g:R" > R[Jz e C(X), g(§) > h(z,§) YV}

is a convex set of random variables, and where
G:={g:R" > R|Jz € C(X), g(§) = h(z,8) Y&}

The first inequality follows from the fact that X’ O C(X), i.e., the convex hull of X. The next four
steps follow, respectively, from the fact that p(-) is monotone, the fact that G is a convex set hence the
extension of Theorem 2 in Delage et al. (2018) holds, again the fact that p(-) is monotone, and finally
based on the definition of G. The last inequality follows from the fact that C(X) 2 X.

To identify the special case where the bound is tight, we can proceed as follows:
min sup E¢op, [h(z, = min sup Eeup [M(Ex~r [X],
ooty o e Fe[h(z, €)] 28 Sup Ee Fe[h(Ex~r, [X], )]

= i E ~ h(X,¢)],
20 SU Bxonr xR €)]

where the first step follows from the fact that C(X) is the convex hull of X and the second step
from the linearity of the expectation operator. Hence, if F) is such that Er:[X] € argmingec(x)
sup g, ep E¢nr [M(2, §)], one can confirm that

sup E(x eynrrxre [P(X, )] = sup Eewr, [MEx~r:[X], )]
FgE'D FgED

min sup E¢op, [h(z,
it sup B (7. 6)

-  mi E(x e1n h(X,€)] = v, .
£ 2 S8, v O =

This completes our proof.

A.2 Proof of Proposition 1

The result follows from Carathéodory’s theorem (see, e.g., Eckhoff (1993)), which states that any

vector x € C(X) can be represented as a convex combination, parameterized by {;}7F], of at most

n+1 affinely independent vectors {z¥}7*}, with each 7 € X. We can therefore establish that for any
z* € C(X)
n+1
o' = O = Expo[X]
k=1

where F? is defined as the discrete distribution that puts probabilities of 6y, 6s, ... ,0,,1 on the points
Z1,T2,...,Tns1. Note that in problem (4), x* is given and assumed to be a member of C(X), while in

problem (2), z* € arg minsupp, cp B¢, [2(2, £)] and the result follows from Theorem 1.
z€C(X)
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A.3 Proof of Proposition 2
We start with some definitions. Consider the set of feasible integer vectors
Xy = {x1 € Z™ |Jwy € R™, [2] 2]]T € X} .
and for each x1 € Xz, consider the “slice” of X defined as
Xr(z1) == {22 e R™ | [2] 2]]T € X} .

Since X is bounded, it is clear that |Xz| is finite hence X7 = {Z¥}rex where K = {1,...,|Xz|} is an
index set for all members of Xz. Furthermore, we have that, for all 1 € X7, the set Ag(x1) is convex.

The proof of Proposition 2 consists in showing that there exists an optimal discrete randomized
strategy parametrized as {(px, #%) }rex, where each py, is the probability of drawing action 2* and where
each 2% = [z} 2%] for some 25 € AR(z¥). To do so, we consider an arbitrary optimal randomized

strategy Fo for the RSP. Next, we can argue that
i E ~ h(z, = E O F* h(X,
P2 Sup Eox FoxFe [P, €] Sup Bxo~r; xFe[M( X, €)]
_ _ =k _ =k
= sup Y Pxop: (PeX = 20)E(x e)nrs xre [M(X, )| PLX = Z}]

FeeD keK

= sup ZPXNF;(PZX = Z¥)E(x, 6)nF < Fe (h([z5T XT]7, )]
FeeD z2|2]

> sup > Pxopr(PX = 2§)Eeup (7T Ex,~r-
Fg €D kel 2

= sup Y piEeor [R([TT p5TIT,€)]
F56Dkel€

L)

=7

= sup Ex ¢)urrxr [(X,E)]
Fe€D

> min sup E N h(X,
- FTGA(X)FEE% (X&)~ Fy x Fe (X, €))]

where F;W denotes the conditional distribution of X5 given that X; = i’f, where P; € R™"*" is the
“ 1

projection matrix that retrieves the n first elements of a vector in R, i.e., Py := [I 0], and where

ppi=Pxop: (P2X =zF) and pf* :=Ex,p- - [X3] are the parametrization of a discrete distribution
walah

F¥. We note that the first inequality in this derivation follows from Jensen’s inequality. The second
inequality follows from the fact that F* € A(X) since each [Z5T p5*T]T € X given that

ps* = Ex,p- o X2 € X (1),

where we exploited the fact that F;\fzk is supported on Xg(Z%) which is a convex set. This confirms
1

that there always exists a discrete randomized strategy of the form proposed by the proposition that

achieves the optimal value of the RSP.

A.4 Proof of Proposition 3

To obtain the proposed reformulation, one can follow similar steps as are proposed in Zeng and Zhao
(2013) yet before doing so one must employ the so-called “dualized reformulation” trick proposed
in de Ruiter et al. (2014) in order to prevent the introduction of a set of binary variables with size
proportional to |K’|. Specifically, we begin by dualizing the minimization problem that defines h(z*, &)
for each k € K’. We then reintegrate the equivalent maximization problem in SP1,, and linearize the
norm constraint to obtain the following bilinear optimization problem:

maximize W(EZ* 4+ b)Td — \* 27a
(o laimize k%;} (O)T* +b)Tor — X°¢ (27a)
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subject to ATy, = copy, Vk e K’ (27Db)
Ce€ < dg (27¢)
€16 < ¢ (27d)
¢ < Cmax (27¢)
€—E,<0 (27f)
€o— €<, (27g)
k>0 Vk e K', (27h)

where each ¢ € R?® is the dual vector associated to constraint (6b). Next, we employ the dualized
reformulation method presented in de Ruiter et al. (2014). This is done by replacing the maximization
problem:

p{drbners) =, max k;/(W(s)aék +0)Tor = A"C (282)
st Cef < de () (28Db)
e < ¢ (8) (28¢)
¢ < Cinax () (28d)
§-6,<9 (W) (28¢)
gw 75 § J. (1/)7)7 (28f)
which is feasible when each wa € =, with its equivalent dual problem:
p({¢k}k€K’) = aZO,rBHZiIOl,'yZO Z (VVO‘:E]C + b)T(vbk + dg()é + Emax7 + EI;(QZJ+ - 1/)7) (298“)
pr>op->0 RN

s.t. > <Z ¢£Wixk> ei=Cla+yt -y~ (29b)

i=1 \kek’
BN +y (29¢)
P 4yT <B (29d)

where o € ]ij, B eRy, veRy, ¥ € RT and ¢~ € R} are the dual variables of the constraints
n (28). We can now apply the linearization scheme employed in Zeng and Zhao (2013) on the worst-
case linear recourse problem:

max  p({dx}rerr)

k}ke)c’
with p({¢ trex) as defined in (29). This gives rise to the mixed-integer linear program that appears
in the proposition.

Note that this MILP reformulation is such that the number of binary variables does not increase
with the size of the support K’ of the randomized strategy. This would not be the case if one would
apply the linearization scheme of Zeng and Zhao (2013) directly on SP1,. In some preliminary experi-
ments, we established that our chosen approach had a significant impact on reducing the solution time
for SP1,,.

A.5 Proof of Theorem 2

The proof revolves around the fact that in each iteration, the algorithm either terminates with UB —
LB < ¢ or adds at least one new member for either the set X' C K or H/, C H,, among all w € Q.
Since the size of K is finite and the number of vertices of each =, is finite, the algorithm is guaranteed
to converge in a finite number of steps.
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A.6 Proof of Proposition 4

Since one can verify that h(x,¢) := c]z + h(z,€) is convex in z, based on Proposition 2, we have that
the RSP reduces to

minimize Z cIpra® + sup Ee¢n Z peh (25, €)
PERIC {z*}rex ek F.€D Kex
subject to Coat <d,, Vke K
Ppa* =zV vk e K
pe20,YkeER, Y pe=1.
keK
Using a simple change of variable zp := xppr and 3’ := yp., we obtain the reduction presented in

problem (17) by exploiting the fact that X := {x € R" |C,z < d,} is assumed to describe a bounded
set, and the fact that the recourse problem was assumed to be bounded and feasible for all x € X and
all ¢ € E.

A.7 Proof of Proposition 5

Based on Theorem 1, we can conclude that VRS = vy — v, where

Vg := min sup ]ngpg Z Z §ijTij

TEXAP FecD T e

and

Y= min sup E¢op, Z Z §ijTij

z€C(Xpp) F:eD €T jed

Given that the constraint matrix of the assignment problem embodies the total unimodularity
property, the convex hull of Xap is directly captured by its continuous relaxation X3p. Specifically,
the polyhedron defined in Equation (20) has only integer vertices.

Furthermore, the adversarial problems involved in computing vy and v both take the form:

maxBevr | DD vy | = maxy > Eevr il

i€L jeT i€ jeJ

= max Z Z HijTij

pE{peERITIXITI |3 FeeD, ij=E¢~r, (&1} ez jeT
e S5
HEU — 4
€L jeT
= 0" (z[Ud) ,
where the first equality follows from linearity of expectation and the third equality follows from the

fact that the maximum of a linear function over a convex set is always achieved at an extreme point
of the set. Finally, the last equality follows from the definition of §*(-[i{). This completes our proof.
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B Pseudocode description of two-layer column generation algo-
rithm

Input: {Ew, w € Q} CE, e>0,25,e>0
Output: e-optimal randomized strategy F, parametrized with {(zx, p})}rex
K'+— {k:aF = a3}
Hy +— 0 ,YVw eQ
LB +— —oco
UB +— >
Initialize {p} }rexr and A*
Initialize q;’j:
while UB — LB < ¢ do
// Solve Primal(K',H):
LBy +— LB
UBl < 00
while UB; > LB; do
Vw € Q, solve SP1,, to get a new vertex (¢7«, ¢Pw) and ¢
H!, +— H U {hy}or all w € Q
UB1 = min(UB1, 3 cJzPp} + M e+ ﬁ >t
ke weN

Solve MP1 to obtain new {pj}recxs and A* and update LB
end
UB+— UB;
// Solve Dual(K,H'):
UB; «+— UB
LBQ < —00
while UB; > LB> do
Solve SP2 to get a new solution z* and the optimal value w*
K+ K'u{k}
LBy = max(LBa,w*)
Solve MP2 to obtain new q}’;w and update U B2
end
LB +— LB>

end
Algorithm 1: The Two-layer column-generation algorithm.

C Derivation of dual problem (18)

Using a Lagrangean duality approach, the optimal value of problem Primal’(K, H) can be reformulated
as follows:

min min e + E cl2* —|—maxw 1- g Dk
p20,A20 21€Z,(p1),....z21 K1 €2k (| K)) pre prs
1
k ¢h h
+ — max W (pg, 2 @) — ("N
|Q\§ memE (pr, 2%, 6") = ¢
weN kel
= mi)\n min Ae + E Az pk+maxw 1-— E Dk
>0,A>0 g1 zlKl
p= 20 zleX:,...zleX|k kek ke
1
k ¢he he
oy max Y g Y prh(at ) — (M
| q“€Qu
weN he €Hm keK

=  min max e — |Q‘Z Z qp. e+ w 1—Zpk

p>0,2>0 w>0,q'€Q1,...,qI?€Qq wEN hy, €M, ek

+> ;e min clat lal Z > g b )

ke weQ ho, €My
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> max min e — hox+w|1-—
T w>0,g'€Q1,...,¢1%1€Q g P20,A20 ) Z Z @6 < Zm)

wER h,EH,, keK
—|—Zpk<m1n Az -|-*Z Z an,h kgl ))
kex wEQh €Ho

where Zp(pr) == {z € R"|C,2" < dypr, Pzz¥ = Z¥pi}, and where Q, = {q € RIH! lg >
0,> hoeH, Qhe = 1}. It is then straightforward to show that the final maximization operation reduces
to problem Dual’ (K, H) by replacing qﬁwl = (1/]9Q])gy . We are left with explaining each step in order,
and demonstrating that the last inequality is actually tight. In order, the first step follows from replac-
ing z¥ := ppa* and replacing maxy, ey an, with max%R‘f“‘iZhweuw dn =1 > wen, qhoah,- The sec-
ond step, follows from applying the minimax theorem on min ¢y, 415l ex; MaXy>0,41€0; ,....q1% Q)
which applies since each X} is bounded and the function that is optimized over these two sets of
variables is convex in z¥’s and affine in w and each ¢*. The last step follows from weak minimax
theory. One can also confirm that duality is strong here by finding a strictly feasible point for problem
Dual’(K,H) which implies that Slater’s condition is satisfied. The following lemma completes this
proof.

Lemma 1 Given that € > 0 and that the relative interior of = is non-empty, the polyhedron defined

by Q == {{¢*}ueal Tpea Xn,en, €@, < €& Lheny G, = - ¢° 2 0, Yw € Q} has a strict
interior point.

Proof. We instead demonstrate that

1
Q = {{qw}weﬁ I S> vgp <e D g =120, Vwe Q}

wEQ hy, €Ho ho€He

has a non-empty strict interior. The claim of the Lemma then follows straightforwardly since Q is a
scaled version of Q'. We construct a strict interior point as follows. First, we perturb each fw to get
€/, € Esuch that ||€,—&, |, < min(e, Cmax) for all w € Q and such that each €, is in the relative interior
of 2. We then let ¢/, := ||€,—&. ||1. Given that each pair (€,,¢.,) € Z/,, by Carathéodory’s theorem (see,
e.g., Eckhoff (1993)), there must therefore exist, for each w € 2 a convex combination parameterized by
{a% }h,en, such that &, = Zh - ghe g and ¢, =2, gy Che g, . Furthermore, since (&, (/,) is

in the relative interior of =/, there must actually be an assignment for Wthh each ¢¥ > 0, for all w € .
In particular, one can ﬁrst construct g, := (1/|Hu|) Y4 ep € and pé = (1/[Hol) Yop cqy ¢

and identify some (v5,v5) € =/, such that (£, /) is the convex combination of (uf, uS,) and (z/f,, vS).

This is always possible since (£,¢/)) is in the relative interior H,. The convex combination of the
representations for (ué, uS) and (Vé, v$) provides us with a representation for (¢/, /) that has ¢* > 0
for all w € . The constructed assignment for each {qﬁw}hwegw is such that

1

weR hy,EH,, weN weN

We can therefore conclude that the identified assignment for {¢“},cq must lie in the strict interior
of Q. O

D Solving the DRCFLP with randomization

As described in Section 5.3, the two-layer column generation algorithm that is proposed to solve
the DRCFLP with randomization iteratively solves four sets of optimization problems, two master
problems, MP1 and MP2, and two subproblems, SP1, and SP2. For completeness, we briefly describe
the details of these problems below.
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The primal master problem takes the form of the following linear program:

1
[MP1] : minimize Z Z fjac?pk + Xe+ l Z tw

>0,A>0,{t
p20A20,{twtuen keK’ jeT we

subject to Z Z Zcijzijkpk - Chw)\ <t, YVwe, h, €H,
keK’ jeJ i€l

Zpkzl-

keK’

Each of the primal subproblems, indexed by w € (2, takes the form of the following max-min problem:

[SP1,]: maximize min Z Z Zpicijzijk — ¢

(£,¢,0)eT 220 keK’ jeJ i€l
6> i =& VieLkeK'  (vir)
jed
vjx?—Zzijkzo VieJ.keK  (ur>0),
i€l

where T := {(£,¢,0) € RFI x R x R | ¢ >0, (27¢) — (27g)}. Following a similar procedure as used in
the proof of Proposition 3, we obtain the following equivalent mixed-integer linear program:

EE T > Wi+ — ok
 madnize ALt Gonasy + I8 —07) = 30 3 gl
Bin',Bin?,Bin®,Bint,Bin®,Bin®, Bin’ i€l kekr jeg

subject to vik — ik < cijpr VieZI,je J ke
(15b) — (15q).

On the other hand, the dual master problem takes the form of the following linear program:

[MP2] : maximize w
w,q>0
subject to  w < Z Z z* + Z Z h(z®, "), YEEK  (pg)
keK jeT WEQ h, M,
> > Mo <e ()
wEQ hy, €H,
1
Z qh, = — YweQ  (tw),
=t i

while its associated subproblem reduces to

N 1
[SP2] : mlrﬁlilizoe Z fix; + @ Z Z Zcijzijhw
e jeg

e weQjeT iel
subject to Z Zijhy, > @h“ VieZ, h, €H,
JjET
Zzijhwgvjxj Vi eJ, hwe?{;.
i€z

References

Agra A, Christiansen M, Hvattum LM, Rodrigues F (2018) Robust optimization for a maritime inventory
routing problem. Transportation Science 52(3):509-525.

Ahuja RK, Magnanti TL, Orlin JB (1993) Network Flows: Theory, Algorithms, and Applications (Upper
Saddle River, NJ, USA: Prentice-Hall, Inc.).



Les Cahiers du GERAD G-2018-45 — Revised 31

Ardestani-Jaafari A, Delage E (2018) The value of flexibility in robust location—transportation problems.
Transportation Science 52(1):189-209.

Atamtiirk A, Zhang M (2007) Two-stage robust network flow and design under demand uncertainty. Operations
Research 55(4):662-673.

Ben-David S, Borodin A, Karp R, Tardos G, Wigderson A (1990) On the power of randomization in online
algorithms. Algorithmica, 379-386.

Ben-Tal A, Goryashko A, Guslitzer E, Nemirovski A (2004) Adjustable robust solutions of uncertain linear
programs. Mathematical Programming 99(2):351-376.

Bertsimas D, Nasrabadi E, Orlin J (2018) On the power of nature in robust discrete optimization. Private
communication.

Bertsimas D, Sim M, Zhang M (2017) A practically efficient approach for solving adaptive distributionally
robust linear optimization problems. Working Paper.

Brown GG, Carlyle WM, Harney RC, Skroch EM, Wood RK (2009) Interdicting a nuclear-weapons project.
Operations Research 57(4):866-877.

Chan TCY, Shen ZM, Siddiq A (2018) Robust defibrillator deployment under cardiac arrest location uncer-
tainty via row-and-column generation. Operations Research 66(2):358—-379.

de Ruiter F, Ben-Tal A, Brekelmans R, Hertog D (2014) Adjustable robust optimization with decision rules
based on inexact revealed data. Technical report, CentER.

Delage E, Kuhn D, Wiesemann W (2018) “Dice”-sion making under uncertainty: When can a random decision
reduce risk? Management Science (accepted).

Eckhoff J (1993) Helly, Radon, and Carathéodory type theorems. Gruber P, Wills J, eds., Handbook of Convex
Geometry, 389 — 448 (Amsterdam: North-Holland).

Fernéndez E, Landete M (2015) Fixed-Charge Facility Location Problems, 4777 (Cham: Springer International
Publishing).

Follmer H, Schied A (2002) Convex measures of risk and trading constraints. Finance and Stochastics 6(4):429-
447.

Gilmore PC, Gomory RE (1961) A linear programming approach to the cutting-stock problem. Operations
Research 9(6):849-859.

Jain M, Korzhyk D, Vanék O, Conitzer V, Péchoutek M, Tambe M (2011) A double oracle algorithm for zero-
sum security games on graphs. The 10th International Conference on Autonomous Agents and Multiagent
Systems - Volume 1, 327-334, AAMAS ’11 (Richland, SC).

Kantorovich LV, Rubinshtein GS (1958) On a space of completely additive functions. Vestnik Leningrad. Univ.
13(7):52-59.

Luo F, Mehrotra S (2017) Decomposition Algorithm for Distributionally Robust Optimization using Wasser-
stein Metric. ArXiv e-prints.

Mastin A, Jaillet P, Chin S (2015) Randomized minmax regret for combinatorial optimization under un-
certainty. Elbassioni K, Makino K, eds., Algorithms and Computation, 491-501 (Berlin, Heidelberg;:
Springer Berlin Heidelberg).

McMahan H, Gordon GJ, Blum A (2003) Planning in the presence of cost functions controlled by an adversary.
Proceedings of the Twentieth International Conference on Machine Learning (ICML).

Mohajerin Esfahani P, Kuhn D (2017) Data-driven distributionally robust optimization using the Wasserstein
metric: performance guarantees and tractable reformulations. Mathematical Programming.

Morris JG (1978) On the extent to which certain fixed-charge depot location problems can be solved by LP.
Journal of the Operational Research Society 29(1):71-76.

Shapiro A (2001) On Duality Theory of Conic Linear Problems, 135-165 (Boston, MA: Springer US).

Smith JE, Winkler RL (2006) The optimizer’s curse: Skepticism and postdecision surprise in decision analysis.
Management Science 52(3):311-322.

Thiele A, Terry T, Epelman M (2010) Robust linear optimization with recourse. Working draft.

Van Parys BPG, Mohajerin Esfahani P, Kuhn D (2017) From Data to Decisions: Distributionally Robust
Optimization is Optimal. Working draft.

von Neumann J (1928) Zur theorie der gesellschaftsspiele. Mathematische Annalen 100(1):295-320.

Wang H, Rezaei A, Ziebart BD (2017) Adversarial Structured Prediction for Multivariate Measures. ArXiv
e-prints.



32 G-2018-45 — Revised Les Cahiers du GERAD

Wiesemann W, Kuhn D, Sim M (2014) Distributionally robust convex optimization. Operations Research
62(6):1358-1376.

Yang Z, Zhu J, Teng L, Xu J, Zhu Z (2018) A double oracle algorithm for allocating resources on nodes in
graph-based security games. Multimedia Tools and Applications 77(9):10961-10977.

Zeng B, Zhao L (2013) Solving two-stage robust optimization problems using a column-and-constraint gener-
ation method. Operations Research Letters 41(5):457-461.

Zhao C, Guan Y (2018) Data-driven risk-averse stochastic optimization with Wasserstein metric. Operations
Research Letters 46(2):262-267.



	Introduction
	Related work
	Illustrative example
	The value of randomized solutions
	Exact algorithms for two-stage AARN problems
	A reformulation for moment-based ambiguity sets
	A reformulation for Wasserstein ambiguity sets
	A two-layer column generation algorithm
	The case of single-stage problems
	The case of mixed-integer feasible region

	Application on distributionally robust integer problems
	Distributionally robust assignment problem
	Distributionally robust uncapacitated facility location
	Distributionally robust capacitated facility location problem

	Numerical results
	Experiments with the DRAP
	Experiments with the DRUFLP
	Experiments with the DRCFLP

	Conclusions and future directions
	Proofs
	Proof of Theorem 1
	Proof of Proposition 1
	Proof of Proposition 2
	Proof of Proposition 3
	Proof of Theorem 2
	Proof of Proposition 4
	Proof of Proposition 5

	Pseudocode description of two-layer column generation algorithm
	Derivation of dual problem (18)
	Solving the DRCFLP with randomization

