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Abstract

Two-stage stochastic optimization is a widely used framework for modeling uncertainty,
where we have a probability distribution over possible realizations of the data, called sce-
narios, and decisions are taken in two stages: we take first-stage actions knowing only the
underlying distribution and before a scenario is realized, and may take additional second-
stage recourse actions after a scenario is realized. The goal is typically to minimize the total
expected cost. A common criticism levied at this model is that the underlying probability
distribution is itself often imprecise. To address this, an approach that is quite versatile
and has gained popularity in the stochastic-optimization literature is the two-stage distri-
butionally robust stochastic model: given a collection D of probability distributions, our
goal now is to minimize the maximum expected total cost with respect to a distribution
in D.

There has been almost no prior work however on developing approximation algorithms
for distributionally robust problems where the underlying scenario collection is discrete,
as is the case with discrete-optimization problems. We provide frameworks for designing
approximation algorithms in such settings when the collection D is a ball around a central
distribution, defined relative to two notions of distance between probability distributions:
Wasserstein metrics (which include the L; metric) and the Lo, metric. Our frameworks
yield efficient algorithms even in settings with an exponential number of scenarios, where
the central distribution may only be accessed via a sampling oracle.

For distributionally robust optimization under a Wasserstein ball, we first show that
one can utilize the sample average approximation (SAA) method—solve the distribution-
ally robust problem with an empirical estimate of the central distribution—to reduce the
problem to the case where the central distribution has a polynomial-size support, and is
represented explicitly. This follows because we argue that a distributionally robust problem
can be reduced in a novel way to a standard two-stage stochastic problem with bounded
inflation factor, which enables one to use the SAA machinery developed for two-stage
stochastic problems. Complementing this, we show how to approximately solve a frac-
tional relaxation of the SAA problem (i.e., the distributionally robust problem obtained by
replacing the original central distribution with its empirical estimate). Unlike in two-stage
{stochastic, robust} optimization with polynomially many scenarios, this turns out to be
quite challenging. We utilize a variant of the ellipsoid method for convex optimization in
conjunction with several new ideas to show that the SAA problem can be approximately
solved provided that we have an (approximation) algorithm for a certain max-min prob-
lem that is akin to, and generalizes, the k-max-min problem—{find the worst-case scenario
consisting of at most k elements—encountered in two-stage robust optimization. We ob-



tain such an algorithm for various discrete-optimization problems; by complementing this
via rounding algorithms that provide local (i.e., per-scenario) approximation guarantees,
we obtain the first approximation algorithms for the distributionally robust versions of
a variety of discrete-optimization problems including set cover, vertex cover, edge cover,
facility location, and Steiner tree, with guarantees that are, except for set cover, within
O(1)-factors of the guarantees known for the deterministic version of the problem.

For distributionally robust optimization under an L., ball, we consider a fractional
relaxation of the problem, and replace its objective function with a proxy function that is
pointwise close to the true objective function (within a factor of 2). We then show that we
can efficiently compute approximate subgradients of the proxy function (for a certain notion
of approximate subgradients introduced by Shmoys and Swamy [114]), provided that we
have an algorithm for the problem of computing the ¢t worst scenarios under a given first-
stage decision, given an integer t. We can then approximately minimize the proxy function
via a variant of the ellipsoid method by [114], and thus obtain an approximate solution
for the fractional relaxation of the distributionally robust problem. Complementing this
via rounding algorithms with local guarantees, we obtain approximation algorithms for
distributionally robust versions of various covering problems, including set cover, vertex
cover, edge cover, and facility location, with guarantees that are within O(1)-factors of the
guarantees known for their deterministic versions.
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Chapter 1

Introduction

In this chapter, we introduce the model studied in this thesis in Section 1.1, and give a
high-level overview of our main contributions in Section 1.2 (we postpone a more detailed
overview to Section 3.3). In Section 1.3, we list some basic mathematical definitions,
notation, and conventions that we use throughout this thesis. In Section 1.4, we outline
the contents of each of the following chapters.

1.1 The distributionally robust stochastic optimization
framework

In practical applications of optimization, one often encounters problems involving uncertain
parameters—for example, parameters that cannot be measured exactly, or that depend on
future events that cannot be predicted with certainty. A naive approach for tackling such
problems consists in computing estimates of all the uncertain parameters, and solving the
deterministic problem obtained by utilizing these estimates in lieu of the real (uncertain)
parameters. Unsurprisingly, this approach can lead to unsatisfactory (i.e., low-quality or
even infeasible) decisions. Therefore, developing models that incorporate uncertainty in
the parameters is crucial for making satisfactory decisions in such settings.

An important and widely used model is the two-stage recourse model, wherein we seek to
take actions in two stages. In the first stage, we make a here-and-now decision x, using only
limited information (or no information at all) on the uncertain parameters. In the second
stage, a scenario A is revealed (i.e., the values of the uncertain parameters become known),
and we can make a recourse decision z in order to satisfy the requirements imposed in this



scenario. The second-stage actions are typically costlier than the corresponding first-stage
actions, as they may entail making decisions in rapid reaction to the observed scenario
(e.g., deploying resources with smaller lead time).

An oft-cited prototypical example is two-stage facility location, wherein we need to
decide where to set up facilities to serve clients, in the face of uncertain client demands.
We can open some facilities initially, given only limited information about demands; after
a specific demand pattern is realized, we can take additional recourse actions such as
opening more facilities, incurring their recourse costs. Different objective functions can be
adopted, depending in particular on the level of risk aversion of the decision maker and on
the granularity of the information on the uncertain parameters that is made available to
them. This choice leads to several variants of the two-stage recourse model; two popular
models are two-stage {robust, stochastic} optimization. We briefly define these models and
discuss some issues that may arise when utilizing them. We then define the model that
is the focus of this thesis, namely two-stage distributionally robust stochastic optimization,
which mitigates these issues by interpolating between robust and stochastic optimization.
We defer a discussion of previous work related to these models to Chapter 2.

Two-stage robust optimization. If no information on the likelihood of the different
scenarios is available, or if the decision maker is highly averse to risk, a suitable model is
two-stage robust optimization, wherein we seek to minimize the total cost in the worst-case
scenario. Formally, we consider the problem

min {(cost of ) 4+ max {cost of ZA}} ,
(Iv{ZA}Ae_A) AeA

where A denotes the set of all possible scenarios. While this model can be appealing in
the circumstances mentioned above, it is in some cases overly cautious, leading to severely
undesirable decisions. One potential issue is that the existence of a single catastrophic
scenario may force us to take first-stage actions that are unhelpful for all the remaining
scenarios, and this may occur even if such a scenario is extremely unlikely.

Two-stage stochastic optimization. If some information on the likelihood of the dif-
ferent scenarios is available, a less conservative approach is to leverage this information and
seek instead a decision that is desirable in expectation. This gives rise to another prominent
model, namely two-stage stochastic optimization, wherein we seek to minimize the total
expected cost incurred (with respect to the scenario realized). That is, if the scenario is



modeled as a random variable drawn from A according to a probability distribution p, then
we consider the problem

min  {(cost of z) + E 4, [cost of zA] },

(x’{ZA}AEA)

where E 4., [-] denotes the expectation when A is chosen according to p. A significant issue
that occurs when using this model to capture real-world applications, which is a common
source of criticism, is that the probability distribution p modeling the uncertainty is itself
often imprecise. Usually, one computes a distribution p based on some historical data.
While historical data may serve as a reasonably accurate representation of the behavior of
the underlying unknown parameters, it is not sufficient to give an ezact characterization
of this behavior. For example, a scenario that occurs with extremely low (but positive)
probability is unlikely to be observed in the historical data, so an empirical distribution
computed in this way would be likely to incorrectly assign probability zero to such a
scenario. As another example, suppose we observe a sequence of N2 coin tosses, such that
in each batch of N coin tosses the number of heads is between 0.49N and 0.51N. Then,
while it is possible that this sequence arose from a coin without bias (i.e., the probability
of heads is equal to 0.5), all we can really say is that there is a range of biases concentrated
around 0.5 under which the above statistic is likely.

Two-stage distributionally robust stochastic optimization. The issues encoun-
tered in {robust, stochastic} optimization that we discussed above motivate the study of
models that leverage information on the likelihood of the different scenarios, but do not
assume knowledge of the exact underlying distribution. As mentioned before, one usually
models the distribution to be statistically consistent with some historical data, so we re-
ally have a collection of probability distributions, and a more robust approach is to hedge
against the worst-possible probability distribution in this collection. (Note that the worst-
possible distribution depends on the chosen first-stage decision x.) This gives rise to the
model that is the focus of this thesis, namely two-stage distributionally robust stochastic
optimization. The setup is similar to that of the two-stage stochastic model, but we now
have a collection D of probability distributions, which we refer to as the ambiguity set; our
goal is to minimize the maximum expected total cost with respect to a distribution in D.

More precisely, for any confidence level § > 0, there is some ¢ > 0 (depending on § and N) such that
for any coin with bias p € [0.5 — ¢,0.5 + ¢], the probability of seeing the above statistics from a coin of
bias p is at least 1 — 4.



That is, we consider the problem

min {(cost of z) + supE4-, [cost of zA] } :
(x,{zA}AGA) pED

Distributionally robust stochastic (DRS) optimization is a versatile approach dating

back to Scarf [103] that has regained interest recently in the Operations-Research litera-
ture, where it is sometimes called data-driven or ambiguous stochastic optimization (see,
e.g., [16, 43, 52, 120], and the references therein).

The two-stage DRS model also serves to nicely interpolate between the extremes of:
(a) two-stage stochastic optimization, which optimistically assumes that the underlying
distribution p is known precisely (which can be captured by setting D = {p}); and (b) two-
stage robust optimization, which abandons the distributional view and seeks to minimize
the maximum cost incurred in a scenario, thereby adopting the overly cautious approach
of being robust against every possible scenario, regardless of how likely it is for a scenario
to materialize (this can be captured by letting D = {all distributions over A}, where A
is the scenario collection in the two-stage robust problem; alternatively, we could take D
to be the collection of all distributions over A concentrated at a single scenario A € A).
Both extremes can lead to suboptimal decisions: with robust optimization, the presence of
a single scenario, however unlikely, may lead to decisions that are undesirable for all other
scenarios; with stochastic optimization, the optimal solution for a specific distribution p
could be quite suboptimal even for a “nearby” distribution ¢, as illustrated by the following
example.

Example: consider an instance of two-stage set cover with a single element e and a single
set S = {e}. Suppose that the first-stage and second-stage costs of buying S are 1 and %
respectively, where ¢ € (0,1] and M > 1. The collection of scenarios is A := {0, {e}}; a
scenario specifies which elements must be covered. Let p be the probability distribution
with pyp = 1 and p; = 0, and g be the probability distribution with gy = 1 — ¢ and
¢{ey = €. The optimal solution under p is to not buy S in the first stage; this incurs cost
(I1—¢)-0+¢- % = M under ¢, but the optimal solution under ¢ is to buy S in the first
stage and incur cost 1. This shows that even if ||p —¢|| < O(e), we can find instances
where an optimal decision for p is undesirable under ¢.



1.2 Owur contributions

Despite the modeling benefits and popularity of DRS optimization, to our knowledge,
there has been almost no prior work on developing approximation algorithms for discrete
two-stage DRS problems, and, more generally, for two-stage DRS problems with a discrete
underlying scenario set (as is the case in discrete optimization). (The exception is Agrawal,
Ding, Saberi, and Ye [2], which we discuss in Section 2.3; peripherally related is Wu, Du,
and Xu [130], who consider a DRS version of facility location where the uncertainty only
affects the costs and not the constraints, which yields a much simpler and more restric-
tive model.) In this thesis, we provide frameworks for designing efficient approximation
algorithms in such settings. In this section, we give a high-level overview of our contri-
butions. We refer the reader to Section 3.3 for a more precise and detailed exposition of
our main results and the techniques we use to obtain them, as well as a summary of the
approximation factors we obtain for various applications.

We develop general frameworks for designing approximation algorithms for discrete
two-stage DRS optimization problems where the ambiguity set D is a ball around a central
distribution p under some metric L over probability distributions; that is, we have D =
{p: L(p,p) <r}, where r > 0 is the radius of the ball. We consider three choices for the
metric L: (i) the Ly, metric, defined by Loo(p, q) := maxaca|pa — qal; (ii) the %Ll metric
(also known as the total-variation distance), defined by 1Ly (p,q) := 3 > 4c 4 IPa — qa|; and
(iii) Wasserstein metrics, a rich class of metrics obtained by lifting an underlying scenario
metric £ : A x A — R, to a metric over distributions, which includes the 1L; metric as a
special case (see Definition 3.1). Our results hold under the bounded-inflation assumption,
which roughly speaking encodes that each first-stage action has a corresponding second-
stage action whose cost is at most A times higher, for a given inflation factor A > 1. The
cardinality of the scenario collection A may be very large, even exponential in the input
size; the central distribution p may only be accessed via a sampling oracle.

DRS optimization under a Wasserstein ball. For a first-stage decision x and a
scenario A, let g(x, A) denote the minimum cost incurred in extending z to a feasible
solution for A, if we allow fractional second-stage decisions. For a broad class of problems,
we relate the approximability of a discrete two-stage DRS optimization problem under
a Wasserstein ball (where the Wasserstein metric is defined relative to a scenario metric
(: Ax A— R,) to the approximability of the problem of computing

g(l‘7y,A) = g}aX {g(CL’,A/) - Y- E(AvA,)}a
cA



given an integer first-stage decision x, a number y > 0, and a scenario A. Informally, our
main result (see Theorem 3.6) is that we can compute an O(«f; 52p)-approximate solution
for a discrete DRS problem in poly(input size, \) time as long as we have the following
three ingredients:

(i) a second-stage (LP-relative) a-approzimation algorithm, which is an algorithm that
given an integer first-stage decision x and a scenario A, computes an integer second-
stage decision z* of cost at most a-g(x, A) such that (x, ZA) is feasible for scenario A;

(ii) a (B1, Ba2)-approximation algorithm for computing g(x,y, A), which is an algorithm
that given a tuple (z,y, A) computes a scenario A € A such that

T AeA 1

g(x,z) —y- K(A,Z) > max {%Q(ZL’,A/) — Boy - L(A, A’)} :

and

(iii) a local p-approximation algorithm, which is an algorithm that rounds a fractional
first-stage decision to an integer one while incurring at most a p-factor blow-up in
the first-stage cost, and in the cost of each scenario.

The proof of the result above has two main components, which are of independent
interest. The first component (see Chapter 4) is a sample-average-approximation (SAA)
result for DRS optimization under a Wasserstein ball, which reduces the discrete DRS
problem (with a central distribution p given by a sampling oracle) to a collection of SAA
problems with fractional second-stage decisions, wherein p is replaced with an empirical
estimate p, constructed using poly(input size, A) samples. The second component (see
Chapter 5) is an approximation algorithm for the SAA problems; this is obtained via
a variant of the ellipsoid method, using ingredients (ii) and (iii). Combining these two
components, we obtain an integer first-stage decision, and fractional second-stage decisions,
which we then convert into integer second-stage decisions using ingredient (i).

DRS optimization under an L., ball. Our main result for discrete DRS optimization
under an L., ball (see Theorem 3.9) is that, for a broad class of problems, we can compute
an O(p)-approximate solution in poly (input size, A, %) time, as long we have the following
ingredients:

(i) an algorithm that given a fractional first-stage decision and a number ¢ < min {|A| , %},
computes the ¢ worst scenarios under the given first-stage decision in poly(input size, t)
time; and



(ii) a local p-approximation algorithm.

The proof of this result is presented in Chapter 7, and relies on a variant of the ellipsoid
method based on approximate subgradients by Shmoys and Swamy |1 14].

Applications. By applying the frameworks mentioned above for DRS optimization un-
der a Wasserstein ball or an L., ball, and furnishing the ingredients required by them, we
obtain the first approximation results for DRS versions of a variety of problems, including
set cover, edge cover, vertex cover, facility location, and Steiner tree. Tables 3.1 and 3.2
show the approximation factors that we obtain for various choices of the scenario collection
A and of the scenario metric ¢ (in the Wasserstein setting).

1.3 Basic definitions, notation, and conventions

In this section we state some basic definitions, notation, and conventions that will be used
throughout the thesis.

We use a := b to denote the fact that a is defined as b. For a set S, we denote by
25 the collection of all subsets of S. For a vector v € R?, indexed by S, we denote by

|ul| := /> .cq u? its Euclidean norm, and by supp(u) := {e € S : u, # 0} its support. For
an integer n, we let [n] :={1,2,...,n} if n > 1, and [n] := ) otherwise.

We denote by log, a the logarithm of a to base b. We often only care about the asymp-
totic growth of an expression; in such cases, the base is not relevant and we may omit it.
We denote by Ina the natural logarithm of a.

We denote by Pr[E] the probability of an event E. We denote by E¢..,[v] the expectation
of an expression v when a random variable £ is randomly chosen according to a probability
distribution p. When the distribution of the random variable £ is clear from the context,
we may simply write E[v].

Consider a real-valued function f : D — R, where D C R". A vector d € R" is a
subgradient of f at uw € D if we have f(v) > f(u) + d"(v — u) for every v € D. Tt is
well known that a convex function has a subgradient at every point in the relative interior
of its domain (see, e.g., Theorem 23.4 of Rockafellar [99]). We say that f is K-Lipschitz
continuous (for some nonnegative number K) if we have |f(u) — f(v)| < K ||ju — v|| for
every u,v € D. The smallest number K (if any) for which this holds is called the Lipschitz
constant of f. The following well known result shows that the existence of subgradients



with bounded Euclidean norm implies a bound on the Lipschitz constant of f (see, e.g.,
Claim 4.11 of Shmoys and Swamy |[111]).

Lemma 1.1. Let f : D — R be a convex function, where D C R™. Suppose that for every
point u € D there exists a subgradient of f at u with Euclidean norm at most K. Then f
1s K-Lipschitz continuous.

For parameters (ny,...,n), we say that an expression f(nq,...,ng) is poly(ni, ..., ng)
if there exist (absolute) constants cj,ca > 0 such that f(ni,...,ng) < (ning...ng)"
for every ny,...,ng > co. We also write f(ni,...,n;) = poly(ny,...,nx) with the same
meaning.

This thesis deals mostly with NP-hard problems, so we focus on designing approzimation
algorithms. For an instance I of an optimization problem P, we denote by OPT([) its
optimal value (if it exists). An a-approzimate solution for I (where av > 1) is a feasible
solution that attains objective value:

e at most o - OPT(I), if P is a minimization problem; and

e at least = - OPT(I), if P is a maximization problem.

An a-approximation algorithm for P is an algorithm that, given any instance of P, computes
in polynomial time an a-approximate solution for it. We also use the following broader
terminology to allow additive approximation, and algorithms whose running time depends
on additional parameters other than the input size. An approximate solution for an instance
I is a feasible solution whose objective value is within some bounded multiplicative factor
and/or additive term of OPT(I). An approzimation algorithm for P is an algorithm that,
given any instance I of P, computes an approximate solution for /.

1.4 Organization of the thesis

In Chapter 2, we give an overview of relevant previous work on robust, stochastic, and
distributionally robust stochastic optimization. In Chapter 3, we formally define the DRS
optimization model that we study and the class of problems to which our frameworks
apply. We then give a summary of the main results we obtain for DRS optimization under
a Wasserstein ball or an L., ball (see Section 3.3), and prove some preliminary results.
The next two chapters contain the two components of our framework for DRS optimization
under a Wasserstein ball: Chapter 4 presents an SAA result, reducing the original problem



(with a central distribution given by a sampling oracle) to a collection of SAA problems
with an explicit central distribution; Chapter 5 shows how to approximately solve the SAA
problems. In Chapter 6, we show how to combine the two components to obtain our main
result for DRS optimization under a Wasserstein ball (Theorem 3.6). We then apply our
framework to obtain approximation algorithms for DRS versions of various problems under
a Wasserstein ball, namely set cover, edge cover, vertex cover, facility location, and Steiner
tree. In Chapter 7, we present our framework for DRS optimization under an L., ball,
and prove our main result in this setting (Theorem 3.9). We then apply our framework
to obtain approximation algorithms for DRS versions of various applications under an L,
ball, such as set cover, edge cover, vertex cover, and facility location. In Chapter 8, we
discuss some directions for future research.



Chapter 2

Background

In this chapter, we give an overview of relevant previous work. We first consider robust
and stochastic optimization in Sections 2.1 and 2.2 respectively; while these two models
are not the focus of this thesis, our frameworks for distributionally robust stochastic (DRS)
optimization build upon various ideas that were originally developed for them. We give
an overview of previous work on DRS optimization in Section 2.3. There are various
other models that (like the DRS model) allow interpolating between robust and stochastic
optimization; we mention some of them in Section 2.4. Finally, in Section 2.5 we state
some classical inequalities that we use throughout this thesis.

2.1 Robust optimization

The study of single-stage robust optimization dates back to Falk [15], Soyster [120], and
Thuente [125], who considered linear programs with uncertain constraints or objective
function. Starting in the late 1990s, there has been a vast amount of work on various
robust models that apply to both continuous and discrete problems, with various types of
uncertainty sets, such as ellipsoidal and polyhedral (see, e.g., |3, 9, 10, 14, 15, 39, 11]).
For a comprehensive treatment of robust optimization, we refer the reader to the textbook
by Ben-Tal, El Ghaoui, and Nemirovski [/| and the survey by Bertsimas, Brown, and
Caramanis [11].

In the remainder of this section we give an overview of previous work on the two-stage
robust optimization model, which we described in Section 1.1. The study of two-stage
(and more generally, multistage) robust optimization (also known as adjustable robust op-
timization) was initiated by Ben-Tal, Goryashko, Guslitzer, and Nemirovski [5]; for a more
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comprehensive treatment of this model, we refer the reader to Delage and Iancu [31] and the
references therein. In the remainder of this section, we focus on the demand-robust model
introduced by Dhamdhere, Goyal, Ravi, and Singh [33] (see also Goyal [50]). Whereas
earlier models imposed a fixed set of constraints (whose coefficients may be uncertain),
in the demand-robust model we are given a collection of constraints whose coefficients are
known exactly, but only an uncertain subset of these constraints needs to be satisfied. More
formally, we are given a collection of constraints indexed by a set U, and a scenario is a
subset of U. When a scenario A C U is realized, the pair of first-stage and second-stage
decisions (x, ZA) must satisfy all the constraints indexed by elements of A (and constraints
indexed by U \ A may be ignored). For instance, in two-stage robust set cover, U is a
ground set of elements, and a scenario A C U indicates the set of elements to be covered
in that scenario; the constraints encode that in every scenario A, the combination of first-
stage and second-stage decisions (1:, zA) (which indicate the sets that are picked in the
first stage and in scenario A respectively) should cover all the elements of A. In addition
to the uncertainty in the collection of constraints that must be satisfied, this model also
incorporates uncertainty in the objective function: if scenario A is realized, the cost of each
first-stage decision increases by a factor A4 > 1 in the second-stage (in some settings, the
factor A4 is required to be uniform across all scenarios).

Earlier works in approximation algorithms for demand-robust optimization considered
the setting wherein the collection of scenarios A is given explicitly as part of the input (and
hence the number of scenarios is polynomial in the input size). For example, Dhamdhere,
Goyal, Ravi, and Singh [33]| give LP-based approximation algorithms for demand-robust
shortest path, Steiner tree, vertex cover, facility location, minimum cut, and minimum
multi-cut; Golovin, Goyal, and Ravi [55] give improved approximation factors for demand-
robust shortest path and minimum cut; Chen, Megow, Rischke, and Stougie [25] give
LP-based approximation algorithms for a class of demand-robust scheduling problems.

A significantly more challenging setting is the one where the scenario collection A is
given implicitly, and its size may be exponential in the input size. The first results in this
setting were obtained by Feige, Jain, Mahdian, and Mirrokni |[16], who give approximation
algorithms for demand-robust versions of set cover, edge cover, and vertex cover in the k-
bounded setting, wherein the scenario collection A is comprised of all subsets of cardinality
at most k of the ground set U (this scenario collection is specified implicitly by the pair
(U, k)). Their results are obtained by reducing a certain convex-program relaxation of the
problem to the fractional k-max-min problem: find the worst possible scenario given z = 0
as the first-stage decision, when we allow fractional second-stage decisions. More precisely,
the fractional k-max-min problem asks to find the set A C U with cardinality at most
k for which the minimum cost of a fractional second-stage decision 24 that satisfies all
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the constraints for scenario A is as large as possible. The authors also consider integer k-
max-min problems, wherein one seeks a scenario for which the minimum cost of an integer
solution is as large as possible. They prove that {fractional, integer} k-max-min {vertex
cover, edge cover, set cover} are APX-hard, and give approximation algorithms for these
problems by drawing a connection between them and online versions of the underlying
optimization problem.

Khandekar, Kortsarz, Mirrokni, and Salavatipour [30] expanded the collection of results
known for demand-robust problems in the k-bounded setting, by designing approximation
algorithms in this setting for Steiner tree, Steiner forest on a tree, and facility location.

Gupta, Nagarajan, and Ravi [60] give a framework for obtaining approximation al-
gorithms for demand-robust combinatorial problems in the k-bounded setting and for k-
max-min problems, under the assumption that the inflation factor A4 is uniform across all
the scenarios. Using this framework, they obtain improved approximation factors for k-
bounded demand-robust Steiner tree and set cover, and the first approximation algorithms
for k-bounded demand-robust Steiner forest, minimum cut, and multicut. In a companion
paper, Gupta, Nagarajan, and Ravi [59] give approximation algorithms for demand-robust
problems wherein the scenario collection A is defined as the collection of subsets of a
ground set U that satisfy a series of knapsack and matroidal constraints. (This generalizes
the k-bounded setting, since the collection of subsets of U of cardinality at most k is the
collection of independent sets of a uniform matroid.)

2.2 Stochastic optimization

The study of stochastic optimization dates back to Dantzig [29]; although there is a vast
amount of literature on this field (see, e.g., [18, 97, , 110] and the references therein), its
study from an approximation-algorithms perspective is relatively recent. Various approxi-
mation results have been obtained in the two-stage stochastic model (which was introduced
in Section 1.1) over the last 15 years in the CS and Operations-Research (OR) literature.
In this section, we give an overview of relevant previous work from an approximation-
algorithms perspective. For a more comprehensive overview, we refer the readers to the
surveys by Romeijnders, Stougie, and Vlerk [100], Shi [112], and Swamy and Shmoys [122].

There are multiple ways of specifying the underlying probability distribution p for a
stochastic problem. Perhaps the most natural approach is the explicit-distribution model,
wherein p is represented as a collection of pairs { (A, pa) ) specifying the probabilities

}AESUPP(;D
of the scenarios in the support of p.
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For some applications, the scenario collection A may be extremely large, making it
impractical to specify the distribution p explicitly. To handle such cases, one must resort
to implicit representations of the distribution p. Two common approaches are the indepen-
dent activation model and the black-box model, which allow encoding two-stage problems
with exponentially many scenarios. In both models, the scenarios are subsets of a given
ground set U. In the independent-activation model, the scenario realized includes each
element e € U independently with some given probability ¢.. We can therefore specify
the distribution p implicitly by specifying the values {g.}..;;- In the black-box model, the
central distribution p can only be accessed via a very limited interface called a sampling
oracle. Each time we query the oracle, it randomly generates and returns a scenario A € A,
according to the distribution p. (Note that querying the oracle simply means requesting
a scenario; we do not need to convey any information to the oracle.) When measuring
the running time of an algorithm in this model, sampling from the oracle is considered an
elementary operation. Note that the black-box model encompasses a much broader class
of distributions, since, unlike the independent-activation model, it can account for corre-
lations among the activation of the various elements of U. Moreover, note that algorithms
for the black-box model can also be used for problems in the explicit-distribution model
and in the independent-activation model, since if we are given a problem in those two
models, it is straightforward to simulate a sampling oracle for the underlying distribution.

In the explicit-distribution model, approximation algorithms are known for two-stage
stochastic versions of various problems, such as the service-provision problem considered

in [36], maximum-weight matching [32|, minimum-cost bipartite matching [79], shortest
path |71, 98], set cover [98], vertex cover |71, 98], bin packing [74, 98], facility location [95],
minimum-cost flow [74], Steiner tree |64, (5, 71|, single-sink network design [(4], minimum
spanning tree [34], and scheduling problems [25, 113].

In the independent-activation model, approximation results are known for two-stage
stochastic versions of shortest path [74], vertex cover [62, 74|, bin packing [74], minimum-
cost flow [74], Steiner tree |62, 74|, Steiner forest [18, 62], facility location [62], traveling-
salesman problem [116], and minimum-cost bipartite matching [79)].

In the remainder of this section, we focus on the black-box model, which is the most
relevant for this thesis. From a theoretical viewpoint, a question that has attracted con-
siderable attention is that of computing a near-optimal solution for a two-stage stochastic
problem with a black-box distribution using a polynomially bounded number of samples.

Gupta, Pél, Ravi, and Sinha [02] give sample-complexity bounds under the constant-
inflation assumption: every first-stage action has a corresponding second-stage action that
is exactly A times more costly, where A > 1 is a given constant. In this setting, they
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obtained approximation algorithms using only poly(\) samples for two-stage stochastic
rooted Steiner tree, vertex cover, and facility location. These results are obtained via
the boosted-sampling framework, which yields combinatorial approximation algorithms for
two-stage stochastic problems utilizing approximation algorithms of a certain type for
the deterministic version of the underlying problem. Fleischer, Kénemann, Leonardi, and
Schifer [18] and Gupta and Pal [61] give approximation algorithms for two-stage stochastic
unrooted Steiner tree with constant inflation using the boosted-sampling framework.

Shmoys and Swamy |1 1] give a framework for computing near-optimal solutions for a
broad class of two-stage stochastic linear programs under the bounded-inflation assumption:
we are given a factor A > 1 such that every first-stage action has a corresponding second-
stage action that is at most A times more costly in every scenario. Note that the inflation of
the cost of a first-stage action is now allowed to depend on the action and on the scenario.
In this setting, the authors provide a fully polynomial randomized approximation scheme:
given any ¢ > 0 one can compute a (1 4 &)-approximate solution for the stochastic LP
using poly(input size, A, %) samples. This result is obtained via a variant of the ellipsoid
method based on approximate subgradients (which we discuss in Section 3.4.1). Combining
this result with a suitable rounding scheme that rounds a fractional first-stage decision to
an integer one while increasing the cost incurred in the first stage and in each scenario
by at most a bounded factor, the authors obtain approximation algorithms for two-stage
stochastic versions of a variety of combinatorial-optimization problems including set cover,
vertex cover, and facility location. The authors also show that the dependence of the
number of samples on the inflation factor A is unavoidable for two-stage stochastic set
cover in the black-box model. We note that our framework for discrete DRS optimization
utilizes the same type of rounding algorithms as [114].

A common approach for solving two-stage stochastic problems in the black-box model
is the sample-average-approzimation (SAA) method: sample some number of scenarios
from the distribution p, use them to compute an empirical estimate p of p, and solve
the stochastic problem with p as the underlying distribution instead of p. We refer to the
stochastic problems with distributions p and p as the original problem and the SAA problem
respectively. Earlier works show that optimal solutions to the SAA problem converge to
optimal solutions of the original problem as the number of samples increases (see Shapiro
[108]). Various works provide numerical experiments demonstrating the effectiveness of
the SAA method in practice |84, 102, 105, 127].

A first result regarding the theoretical effectiveness of the SAA method was obtained
by Kleywegt, Shapiro, and Homem-de-Mello [31]|. For a two-stage stochastic problem with
a finite first-stage decision set X, they show the following result under mild assumptions:
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given i > 0, if we construct p using poly (log | X, %, O’) independent samples, then with
high probability any optimal solution for the SAA problem is a near-optimal solution for
the original problem (within an 7 term). The term o that appears in the sample size is a
quantity that bounds the variance of a certain random variable that depends on the second-
stage costs, and may be exponentially large even for well-structured stochastic problems
(see Shmoys and Swamy [!14]). Shapiro and Nemirovski |1 | 1] show that this bound is tight
for general two-stage stochastic problems, and give SAA results for two-stage stochastic
problems wherein the set of first-stage decisions is a continuous set P C R™, by applying
the result of Kleywegt, Shapiro, and Homem-de-Mello [31] to a gridding of P.

Swamy and Shmoys [124] show that their approximate-subgradient machinery from [114]
can also be used to obtain an SAA result for the class of two-stage LPs considered
therein: given any ¢ > 0, any optimal solution for an SAA problem constructed using
poly(input size, A, %) samples is a (1 + €)-approximate solution for the original problem.

Nemirovski and Shapiro [92] provide an alternative proof for a special case of the
SAA result by Swamy and Shmoys [124]|, namely two-stage stochastic fractional set cover.
Charikar, Chekuri, and Pal [24] give additional SAA results for two-stage stochastic prob-
lems with bounded inflation, based on the framework by Kleywegt, Shapiro, and Homem-
de-Mello [31] and Shapiro [108]. They show that for a broad class of two-stage stochastic
problems with a finite first-stage decision set X, any optimal solution of an SAA problem
constructed using poly(log | X, A, %) samples is a (14 ¢)-approximate solution for the orig-
inal problem. Whereas for the class of problems considered by Swamy and Shmoys [124]
the SAA problem can be solved exactly (since it is an LP), it is not always possible to
efficiently solve the SAA version of a problem in the class considered by Charikar, Chekuri,
and P&l [21]. To circumvent this difficulty, [21] also developed techniques for converting ap-
prozimate (rather than optimal) solutions for SAA problem(s) into approximate solutions
for the original problem.

Other two-stage stochastic problems for which approximation algorithms have been
developed in the black-box model include stochastic minimum-spanning tree [34], Steiner
forest [58], traveling-salesman problem [104]|, and scheduling problems |25, |. Approxi-
mation results are also known for multistage stochastic versions of various covering problems
(see, e.g., Byrka and Srinivasan 20|, Gupta, Pél, Ravi, and Sinha [(3], and Swamy and
Shmoys [123]).
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2.3 Distributionally robust stochastic optimization

In this section, we give an overview of previous work on the distributionally robust stochas-
tic (DRS) model, which we introduced in Section 1.1. The DRS model was introduced
by Scarf [103] in the context of an inventory-control problem, as an alternative to the
classical stochastic model, to address the issue that in practice one typically does not have
a probability distribution that precisely describes the behavior of the uncertain parame-
ters. When adopting the classical stochastic model, one typically optimizes decisions with
respect to a distribution that is inferred from historical data, which may lead to decisions
that perform poorly with respect to the actual underlying distribution. This phenomenon,
referred to as “overfitting”, “optimizer’s curse”, “postdecision surprise”, or “error maximiza-
tion effect”; is discussed for example by Brown [19], Harrison and March [69], Michaud [90],
and Smith and Winkler [118]. The DRS model circumvents this issue by hedging against
the worst-possible probability distribution in a collection of distributions; this collection
typically consists of distributions that are statistically consistent with some historical data.
As noted before, the DRS model also allows to interpolate between robust optimization
and stochastic optimization, avoiding the risks of overconservatism and overfitting that are
present in these two models.

The DRS model (re)gained interest recently in the Operations-Research literature,
where it is sometimes called data-driven or ambiguous stochastic optimization, and has
been used in a variety of areas and applications such as inventory control |90, , ,

|, portfolio selection [30, 32, 40, 54], healthcare [89], vehicle routing [22], the traveling-
salesman problem [21], facility location [130], and machine learning [50, , 107].

Most of the DRS optimization literature, including the seminal work of Scarf [103],
considers moment-based ambiguity sets (see, e.g., [17, 30, 32, 35, 53, 88, , 128]). In this
setting, the ambiguity set consists of all distributions whose (typically first and second)
moments have a specified value, or are constrained to being in a specified convex set.

Another popular family of ambiguity sets is that of distance-based ambiguity sets; our
work falls in this category. In this setting, the ambiguity set is defined as a ball around a
central distribution, with respect to some notion of distance among distributions. Various
notions of distance have been considered, such as Wasserstein metrics |21, 43, 50, 51, 52,

|, ¢-divergence |3, 6, 72|, and the Prohorov metric [12].

A third category of ambiguity sets is that of hypothesis-test based ambiguity sets. In this
setting, the ambiguity set consists of all distributions that pass a certain type of hypothesis
test, when given a certain historical data (see, e.g., Bertsimas, Gupta, and Kallus [12, 13|
and Chen, Lin, and Xu [20]).
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Various works give non-polynomial time algorithms for DRS optimization problems [0,

| and tractable approximate reformulations for special cases [52, 53, 67, 128]. Another
research direction is obtaining tractable ezact reformulations for certain classes of DRS
problems, under various {linearity, convexity, concavity} assumptions on the objective
function (see, e.g., Delage and Ye [32], Esfahani and Kuhn [13], Gao and Kleywegt [52],

Mehrotra and Zhang [38|, and Wiesemann, Kuhn, and Sim [128]). However, in most
cases these results apply only to continuous scenario spaces. Moreover, to the best of
our knowledge, with the exception of Agrawal, Ding, Saberi, and Ye [2|, which we discuss

below, there are no prior approximation algorithms for discrete two-stage DRS optimization
problems when the number |A| of possible scenarios is finite, but exponentially large (even
if the ambiguity set is defined as a ball centered at a distribution with polynomial-size
support).

Various works propose and analyze (theoretically and /or experimentally) algorithms for
constructing a suitable ambiguity set given historical data (see, e.g., [12, 32, 43, 100]). In
addition to the tractability of the resulting DRS problem, one typically wants the ambiguity
set to be “small” and contain the true underlying probability with high probability, so as to
avoid the overconservatism that typically arises in the classical robust model, and ensure
that the DRS problem gives guarantees on the quality of the solutions with respect to
the true underlying distribution. Various works have advocated the use of a Wasserstein
ball around an empirical distribution for this purpose (see, e.g., Esfahani and Kuhn [13],
Gao and Kleywegt [52], Van Parys, Esfahani, and Kuhn [120], and Zhao and Guan [132]),
but there are no results proving polynomial bounds on the number of samples needed in
order to produce provably good results. Note that these works, by definition, consider the
setting where the central distribution has polynomial-size support. The distributionally
robust setting has also been considered for chance-constrained problems; see, e.g., Erdogan
and Tyengar [12] and the references therein.

The work of Agrawal, Ding, Saberi, and Ye [2] in the CS literature on correlation gap
can be interpreted as studying DRS discrete-optimization problems, but in the moment-
based setting, where the ambiguity set is the collection of distributions that agree with
some given expected values; the correlation gap quantifies the worst-case ratio of the DRS
objective when one chooses the optimal decisions with respect to the distribution in the
ambiguity set that treats all random variables as independent, versus the optimum of
the DRS problem. The authors prove various O(1) bounds on the correlation gap for
submodular functions and subadditive functions admitting suitable cost shares.
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2.4 Other models interpolating between robust and stochas-
tic optimization

Finally, we discuss a few other models that are more peripherally related to the topic of
this thesis, but of a somewhat similar spirit in that they pursue goals that are intermediate
between the robust and stochastic settings. Byrka and Srinivasan [20], So, Zhang, and Ye
[119], and Swamy [121] consider extensions of the classical stochastic model that incorpo-
rate risk aversion. In the context of online algorithms, Esfandiari, Korula, and Mirrokni
[11] and Mirrokni, Gharan, and Zadimoghaddam [91] give online algorithms for allocation
problems that are simultaneously competitive both in a random input model and in an
adversarial input model. Finally, we note that our distributionally robust setting can be
seen to be in a similar spirit as a recent focus in algorithmic mechanism design, where one
does not assume precise knowledge of the underlying distribution; rather one (implicitly)
has a collection of distributions, and one seeks to design mechanisms that work for every
distribution in this collection (see, e.g., Huang, Mansour, and Roughgarden |73]).

2.5 Some classical inequalities

Some of the classical inequalities used in this thesis admit multiple non-equivalent state-
ments. In the interest of precision, we state below which versions we use.

Theorem 2.1 (Markov’s inequality). Let X be a nonnegative random variable. Then for

every t > 0 we have

Pr[th]gE[t—].

Theorem 2.2 (Jensen’s inequality [77]). Let X € R™ be a random wvariable, and let
f:R™ = R be a concave function. Then

Elf(X)] < fE[X]) .

Theorem 2.3 (Hoeffding’s inequality [71]). Let Xi,..., Xy be independent real-valued
random variables in the range [a,b], where a < b, and let X = %ZiE[N] X;. For every

n >0, we have
2Nn?
(b—a)?

Pr[[X —E[X]| > ] < zexp(_
The following result follows easily from Hoeffding’s inequality.
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Corollary 2.4. Let X be a real-valued random wvariable in the range [a,b]. Given any
n >0 and 0 € (0,1], there ezxists Ny = pon(b_T“, log %) such that the following holds. Let

X be an empirical estimate of X computed using N > Ny independent samples. Then with
probability at least 1 — 0 we have

X —E[X]|<n.

Proof. Let X1,..., Xy be independent samples of X, and let X = %ZiG[N] X, be the

empirical estimate of X computed using those samples. Note that E [m = E[X]. Using
Hoeffding’s inequality (Theorem 2.3), we obtain

Pr[|X — E[X]| > ] = Pr[[X —E[X]| > ] < gexp<_(b2f_Vf)2>

Therefore we have ’7 —E[X H < n with probability at least 1 — § as long as the number

of samples N satisfies 2exp<— (%]f ;7)22) < 4. Solving this inequality for N yields
(b—a)*, 2 b—a 1
N >-——"1In- = pol log = | . O
> g g =poly( — = lozg
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Chapter 3

Two-stage distributionally robust
stochastic optimization

In this chapter, we lay down the foundations for our study of two-stage distributionally
robust optimization. In Section 3.1, we formally define the model that we study. In
Section 3.2, we define the broad class of problems to which our frameworks apply. In
Section 3.3, we give an overview of the main results we obtain for DRS optimization under
a Wasserstein ball or an L., ball, including tables showing the approximation factors we
obtain for various applications. In Section 3.4, we prove some preliminary results regarding
the optimization of functions over the set of (integer or fractional) first-stage decisions, and
techniques for converting fractional solutions into integer ones (while incurring a bounded
increase in the objective value).

3.1 Formal model description

We study the following two-stage distributionally robust stochastic (DRS) optimization
model. We are given an underlying finite set A of scenarios, and a collection D of proba-
bility distributions over A, called the ambiguity set. Decisions are taken in two stages. In
the first stage, before a scenario is realized, we have at our disposal a finite set X C R of
possible decisions. Selecting a first-stage decision x € X incurs a cost cTx, where ¢ € R is
a given cost vector. In the second stage, after a scenario A € A is realized, we have at our
disposal a finite set Z C R’} of possible decisions. Selecting a second-stage decision AecZ
incurs a nonnegative cost denoted by (cost of z4). For every scenario A € A, there is a

20



corresponding set F'(A) C X x Z of feasible solutions; the combination of the first-stage
decision and the second-stage decision must satisfy (z,z) € F(A). Our goal is to solve
the problem

min {cTsc + sup E4p[cost of z*] } : (DRSO)
xeX,zEZA: peD
(z,24)€F(A) VAeA

One natural setting to consider is the one where the ambiguity set is a ball D =
{p: L(p,p) < r} of probability distributions over A around a central distribution p. Here,
L denotes a metric over probability distributions, and r» > 0 is the radius of the ball.
While the choice of the metric L is an application-dependent modeling decision, we would
like D to contain distributions that are “reasonably similar” to p, and exclude completely
unrelated distributions, as the latter could lead to overly conservative decisions, a la robust
optimization.

Two natural choices for L are the L., metric, defined by Lo (p, q) := maxac |[pa — qal,
and the %Ll metric, defined by %Ll(p, q) = %ZAGA |pa — qa|, which is also known as the
total-variation distance. A significantly more refined way of comparing probability distri-
butions is to see if they spread their probability mass on “similar” scenarios. Wasserstein
distances capture this viewpoint crisply, and lift an underlying scenario metric to a metric
over distributions.

Definition 3.1 (Wasserstein (a.k.a. transportation or earth-mover) distance).
The Wasserstein distance between two probability distributions p and ¢ over A is defined
with respect to an underlying scenario metric £ : A x A — R,. A flow or transportation
plan from p to ¢ is a vector v € ]R“fr‘XA such that: (1) > 474,40 = pa for every scenario
A€ A; and (ii) D 4.4 V4,40 = qa for every scenario A” € A. The Wasserstein distance
between p and ¢, denoted by Lw(p,q), is the minimum value of »_, ., v4.4€(A, A') over
all flows from p to q.

Note that if £ is a {symmetric, asymmetric, pseudo}-metric,! then so is Ly. Also, note
that %Ll is the Wasserstein metric with respect to the discrete scenario metric 4, defined
by (45¢(A, A’') = 1 if A # A’, and 0 otherwise. As we show in Chapters 4-6, our results
hold even when ¢ is not a metric, but only satisfies nonnegativity, and ¢(A, A) = 0 for all

Aec A

!The distance function ¢ is a pseudometric if it satisfies the triangle inequality and (A, A) = 0 for
every A € A, but £(A, A’) is allowed to be 0 for A £ A’
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Settings where the ambiguity set D is a ball with respect to some metric over distri-
butions arise naturally when one tries to infer a scenario distribution from observed data
(see, e.g., [12, 13, |)—hence, the moniker data-driven optimization—and it has been
argued that defining D using the Wasserstein distance has various benefits (see, e.g., |13,

Y ) ])'

We would like to be able to handle settings where the number of scenarios in the
collection A is extremely large, possibly even exponential in the size of the underlying
combinatorial-optimization problem. In such settings, it is impractical and wasteful to
assume that scenario-specific information (e.g., scenario probabilities, pairwise scenario
distances in the Wasserstein case, and the feasibility conditions for each scenario) is explic-
itly specified in the input and/or output. Instead, we will assume a suitable oracle model
for specifying portions of the input (or output) that involve scenario-dependent data, and
we use the term input size to denote the encoding size of the data that does not depend
on A. That is, the input size, denoted by Z, measures the encoding size of the underlying
deterministic problem, along with the first-stage and second-stage costs and the radius r
of the ball D. We adopt the black-box model (already discussed in the context of two-stage
stochastic optimization in Section 2.2), wherein the central distribution p is specified via a
sampling oracle that allows one to sample a scenario A from the underlying distribution;
when we sample a scenario A, we get to know any scenario-specific data.?

Moreover, as is typically the case when specifying a combinatorial-optimization prob-
lem, the first-stage and second-stage decision sets are not explicitly specified, but are
implicit from the semantic description of the problem. Similarly, in the Wasserstein set-
ting, the pairwise scenario distances {{(A, A")}, 44 are not specified explicitly; instead,
we assume that given any pair of scenarios (A, A’), we can compute ((A, A’) in poly(Z)
time.

An example: two-stage distributionally robust stochastic facility location (DRSFL).
As an illustrative example, consider the following distributionally robust facility location
problem (DRSFL).> We have a metric space (f U C,{wij}id‘e}‘uc), where F is a set of
facilities, and C is a set of clients. A scenario is a subset of C indicating the set of clients

2An important stepping stone used to obtain results in the black-box setting is the setting where the
central distribution p has moderate-size support and is represented explicitly by the collection of pairs
{(A,ﬁA)}AeSupp(f)). In this setting, the input size also includes the encoding size of this collection of pairs
(this is in contrast with the black-box model, wherein the central distribution p does not contribute to the
input size).

3More examples can be found in Chapter 6.
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that need to be served in that scenario. (Note that we can model integer demands by cre-
ating colocated clients.) Two common choices for the scenario collection are A = 2¢ (the
unrestricted setting) and A = {A C C: |A| <k} (the k-bounded setting). We may open
facilities of F in either stage. The first-stage and second-stage opening costs are given by
vectors f1, fI € RY respectively. In scenario A C C, we need to assign every client j € A
to a facility i(j) that has been opened either in the first stage or in the second stage (in
scenario A). The goal is to minimize

Z fi+supEa, Z fit+ Z Wi (5);

i opened in stage I peD i opened in scenario A jEA

Here the input size Z is the encoding size of (]—“,C,w, Lo r). In addition to L be-
ing the L, or %Ll metrics, we can consider various ways of defining a scenario metric
¢ in terms of the underlying assignment-cost metric w to capture that two scenarios in-
volving demand locations in the same vicinity are deemed similar; lifting these scenario
metrics to Wasserstein metrics over distributions yields a rich class of two-stage DRS
facility-location models. For instance, we can define the asymmetric metric (2™ (A, A') =
max;ca w(j’, A), where w(j’, A) := minjc4 wj;, which measures the maximum separa-
tion between clients in A" and locations in A (the resulting Wasserstein metric Ly will
now be an asymmetric metric over distributions). Other natural scenario metrics include
the asymmetric metric 7" (A, A') = > ., w(j’, A), and the symmetrizations of these
asymmetric metrics: (¥™(A; A') = max {2Y™(A, A"), 2™ (A, A)}, and (7(AA) =
max {({7" (A, A"), (7" (A, A)}.

We refer the reader to Section 6.7 for a formal explanation of how an instance of DRSFL
can be modeled by the generic DRS problem (DRSO). We remark that our framework is
not restricted to the choices of scenario collections and scenario metrics mentioned above;
instead, it applies more generally to any scenario collection and any scenario metric, pro-
vided we have access to approximation algorithms for suitable problems (see Theorems 3.6
and 3.9).

Recall that a solution for problem (DRSO) consists of a first-stage decision z € X,
along with a second-stage decision z* € Z for each scenario A € A. Since the scenario
collection A may have exponential size, returning the output in an explicit fashion is not
viable. To bypass this issue, we will focus on obtaining two-stage algorithms.

Definition 3.2. A two-stage algorithm for problem (DRSO) is a pair of algorithms Alg :=
(AIgI,AIgH) such that:
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e Alg' computes a first-stage decision = € X; and

o Al gH receives as input a scenario A € A, and computes a second-stage decision 24 € Z

such that (z,24) € F(A).

Since Alg™ needs to know the first-stage decision z, we assume that it is only called after
Alg'. We allow Alg" to utilize not only the first-stage decision z, but also other data
computed by Alg'. We define the running time of Alg as the sum of the running times of
Alg' and Alg".

For example, for DRSFL, Alg' specifies which facilities are opened in the first stage.
After a scenario A is realized, Alg" specifies which facilities are opened in the second stage,
as well as the assignments of clients in A to facilities that have been opened in either stage.

3.2 A general class of two-stage DRS problems

Abstracting away the key properties of the applications that we consider in Chapter 6, we
now define a generic two-stage DRS problem to which our frameworks apply. We remark
that these assumptions hold for all the applications we consider in Chapter 6, and for
various other two-stage problems considered in the CS literature (see, e.g., [33, 16, 60, 80,

D).

To get a better handle on the problem, it will be convenient to consider fractional
relaxations of the DRS problem obtained by enlarging the first-stage and second-stage
decision sets to suitable polytopes. We expand X and Z to polytopes P O X and Z D Z
respectively. We assume that P is specified either explicitly by a set of poly(Z) linear
constraints, or implicitly by a poly(Z)-time separation oracle, which is an algorithm that,
given a point z, either decides that x € P, or returns a hyperplane separating = from P.
In the remainder of the thesis, we refer to elements of X and Z as integer first-stage and
second-stage decisions respectively; we refer to elements of P and Z as fractional first-stage
and second-stage decisions respectively. (This is simply for the sake of exposition, since in
most applications we have X = PNZ™ and Z = ZNZ". Our framework does not require
the elements of X and Z to be integer points.) For every scenario A € A, we enlarge the set
of integer feasible solutions F'(A) to a polytope F(A) such that FI(A) = F(A) N (X x Z).

Since we are interested in obtaining two-stage algorithms, it will be convenient to
reformulate problem (DRSO) as a problem that seeks only an optimal first-stage decision,
and incorporates the second-stage decisions in an implicit manner. We denote by g(z, A)
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the second-stage cost incurred if we choose the best possible fractional second-stage solution
for scenario A € A, given the fractional first-stage decision x € P; that is, we define

g(x, A) := min {cost of 2" : (z,2) € F(A)}.

To ensure that g(z, A) is well defined, we assume that there is always a fractional
second-stage decision z# such that (x,zA) € F(A); this is a standard assumption in
the study of two-stage optimization problems. Since (fractional or integer) second-stage
decisions have nonnegative costs, we have g(x,A) > 0. Given a first-stage decision
z € P, let 2(p;x) := Sup,,.1(5.)<r Eavplg(w, A)] be the expected cost incurred in the sec-
ond stage when the worst possible distribution in the ambiguity set D is realized, and
let h(p;x) = cTx + z(p;z) denote the total cost incurred if we choose x as a first-stage
decision, along with optimal fractional decisions in the second stage. We consider the re-
laxation of (DRSO) with integer first-stage decisions and (implicit) fractional second-stage
decisions,

minh(p;x) , (Q(p))

zeX

and its further relaxation wherein first-stage decisions are also fractional,

minh(p;z) . Q™ ()

zeP

One benefit of moving from (DRSO) to the relaxations (Q(p)) and (Q(p)) is that, in
the applications we consider in Chapter 6, for every scenario A, the function = +— g(z, A)
is convex over P, and we can efficiently compute its value, as well as a subgradient, at
any given point. Furthermore, as we discuss in Section 3.4.2, one can convert approximate
solutions for the fractional relaxations into approximate solutions for the original (discrete)
problem via LP-rounding algorithms.

We now state the assumptions that we make. Assumption (Al) sets a generous limit
on the size of the first-stage decision set. Note that without this assumption, we would
not be able to represent integer first-stage decisions using poly(Z) bits (since the number
of distinct binary strings using at most /N bits is O(2N ))

(A1) log|X| = poly(Z).

Assumptions (A2) and (A3) are lifted from Charikar, Chekuri, and P4l [21], who use
them to prove an SAA result for two-stage stochastic problems. Informally, (A2) says that
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the empty first-stage decision (i.e., z = 0) is allowed, and is the first-stage decision that
helps the least in the second stage; (A3) says that, if we choose the empty decision in the
first stage, then the “regret” we face in the second stage, relative to any other fractional
first-stage decision x, is no larger than A times the cost of z.

(A2) We have 0 € X and ¢(0, A) > g(x, A) for every x € P and A € A.

(A3) We know an inflation factor A > 1 such that ¢g(0, A) < g(x, A)+ AcTz for every x € P
and A € A.

A common characteristic of all the frameworks we develop in Chapters 4-7 for design-
ing approximation algorithms for two-stage DRS problems is that they involve obtaining
approximate solutions for one of the relaxations {(Q(p)), (Q¥(p))}, typically using an
ellipsoid-based method (either the classical ellipsoid method for convex optimization, or
one of its variants discussed in Section 3.4.1). Determining the number of iterations of
these methods requires bounds on the polytope P in terms of enclosed and enclosing balls;
this is captured by (A4), which is directly lifted from Shmoys and Swamy [114]. Note that
the vast majority of two-stage problems involve {0, 1} decisions, so we have X = {0, 1}
and P = [0,1]™, and assumption (A4) is readily satisfied. As in |1 11], for any given sce-
nario A € A, we need a value oracle and a subgradient oracle for the function z — g(x, A),
which is a benign requirement since g(x, A) is the optimal value of a polytime-solvable LP
in all our applications, and subgradients can be obtained from optimal solutions to the
dual of this LP. Whereas Shmoys and Swamy [!14]| define a syntactic class of two-stage
stochastic LPs and show (implicitly) that they satisfy this requirement, we explicitly isolate
this requirement in assumption (A5).

(A4) We have positive bounds Rgnan < 1 and Rjage such that:

e P contains a Euclidean ball of radius Rgpan;

e P is contained in the Euclidean ball of radius Rjaee centered at the origin; and

e log % = poly(Z).
(A5) For every scenario A € A, the function x +— g(z, A) is convex over P. Furthermore,
given any point x € P, we can compute in poly(Z) time the value of this function at x
and a subgradient d at z such that ||d|| < K, where log K = poly(Z). By Lemma 1.1,

this also implies that the function « — g(z, A) is K-Lipschitz continuous.
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Assumption (A6) is also lifted from Shmoys and Swamy |1 1], and allows us to express
our main results in a more convenient form, with purely multiplicative guarantees. We
say a scenario A € A is a null scenario if we have g(x, A) = g(0, A) for every fractional
first-stage decision 2 € P. (For example, for DRS facility location, A = () is a null scenario.)

(A6) For every fractional first-stage decision z € P and every non-null scenario A € A we
have ¢z + g(z, A) > 1.

In the Wasserstein setting, where L is defined with respect to a scenario metric ¢, we
make the following additional assumption, which relates ¢ to the second-stage costs g(-, ).
This is a rather mild assumption and holds for all the applications we consider in Chapter 6
(see the discussion in the introduction of that chapter).

(A7) We have a number 7 > 1 with log 7 = poly(Z) such that g(z, A")—g(z, A) < 7-L(A, A)
for every fractional first-stage decision € P and every pair of scenarios (A, A’) with

(A AY) > 0.

We also suppose that ¢(A, A) = 0 for all A € A, and that we are given an upper
bound ¢y, > 0 on the pairwise scenario distances {¢(A, A")}, with log {;,ax = poly(Z). We
assume without loss of generality that r < £,.x (note that for r > ;. every distribution
p satisfies Ly (p,p) < r).

3.3 Overview of results and techniques

In this section, we give an overview of our results for two-stage DRS optimization under a
Wasserstein ball and an L, ball, and of the techniques used to obtain them.

As mentioned before, our frameworks involve relaxations of the discrete problem (DRSO)
with fractional second-stage (and possibly first-stage) decisions. We now define two types
of algorithms that we utilize to convert fractional solutions into integer ones.

When we work with the relaxation (Q(p)), we often obtain only an integer first-stage
decision 7 € X, and a bound on the quality of the solution formed by Z coupled with
optimal fractional second-stage decisions. To obtain a solution for (DRSO), we also need
integer second-stage decisions.
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Definition 3.3. A second-stage a-approximation algorithm is an algorithm that, given
an integer first-stage decision ¥ € X and a scenario A € A, computes in poly(Z) time
an integer second-stage decision 24 € Z such that (f, EA) is feasible for scenario A and
(cost of 24) < a - g(T, A).

Typically, the problem of computing suitable second-stage actions for a scenario A boils
down to solving an instance of the deterministic version of the underlying problem. For
example, for DRSFL, this boils down to (approximately) solving an instance with client
set A, where each facility ¢ has opening cost 0 if it has already been opened in the first
stage, and fI' otherwise. So an LP-based a-approximation algorithm for the deterministic
problem yields a second-stage a-approximation algorithm.

When we work with the relaxation (Q¥(p)), we obtain a fractional first-stage decision
x € P, and a guarantee on the quality of the solution formed by z coupled with optimal
fractional second-stage decisions. To obtain a solution for (DRSO), we need to compute
both integer first-stage and second-stage decisions; we do so using a suitable two-stage
algorithm. (Recall from Definition 3.2 that two-stage algorithms compute second-stage
decisions in an implicit manner.)

Definition 3.4. A local p-approximation algorithm is a two-stage algorithm that, given
a fractional first-stage decision z € P, computes in poly(Z) time a feasible (integer)
solution <EE\, {z4} Ae A) for (DRSO) with the following guarantees: ¢z < p - ¢Tz and
(cost of 24) < p- g(z, A) for every scenario A € A.

Local approximation algorithms exist for various two-stage combinatorial-optimization
problems such as set cover, edge cover, vertex cover, and facility location with approxima-

tion factors that are comparable to the approximation factors known for their deterministic
counterparts (see Shmoys and Swamy [111]).

3.3.1 DRS optimization under a Wasserstein ball

In Chapters 4-6 we consider the discrete DRS problem

min Tz + sup Euopfcost of 2] 3 | (DRSOw)
pEX,zEZ%: p:Lw (B,p)<r
(:c,zA)GF(A) VAcA
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where Ly is a Wasserstein metric defined with respect to a scenario metric . We consider
two choices for the scenario collection: the unrestricted setting (i.e., A = 2Y) and the k-
bounded setting (i.e., A= A< :={A C U : |A| < k}), for some ground set U. We consider
Wasserstein metrics defined relative to the following scenario metrics: the discrete metric,
defined by (95¢(A, A’) = 1 if A # A’, and 0 otherwise (so Ly is the $L; metric); and the
asymmetric metric £2%™ with respect to an underlying distance function w over U, defined
by £3¥™(A, A’) := maxjea w(j', A), where w(j’, A) := minje4 w;;. Table 3.1 summarizes
the results we obtain for the DRS versions of various discrete-optimization problems under
a Wasserstein ball.

Problem (disc £3sym General A, ¢
A=2V Ay, A=2V[ A, | B=approx. for (II)
Facility location 21.96 196 21.96 | 196 O(B)
Vertex cover 16 101.3 - - O(B)
Edge cover 12 36 — — O(B)
Set cover O(log |U]) | O(log?|U]) - - O(Blog|U|)
Steiner tree 160 * 160 * *

Table 3.1: A summary of the approximation factors we obtain for various applications in
the Wasserstein setting. We have omitted the O(e) terms that appear in the approximation
factors. The (3¥™ setting does not apply to vertex cover, edge cover, and set cover. The
approximation factor § for (II) is the factor ;5 in Theorem 3.6. The * entries are open
questions.

We relate the approximability of the discrete DRS problem (DRSOw) to that of the
following deterministic problem.

(IT) Given an integer first-stage decision x € X,y > 0, and a scenario A € A, solve
g(xayv A) = mnax {g(fL’, Al) -y E(Aa A,)} :
A'eA

Note that problem (IT) ties together three distinct sources of complexity in the two-
stage DRS problem: the combinatorial complexity of the underlying optimization problem,
captured by g(x, A’); the complexity of the scenario collection A; and the complexity of
the scenario metric ¢, captured by the y - £(A, A’) term.

Under the standard notion of approximation, it is impossible to obtain any approxi-
mation guarantee for problem (II) due to its mixed-sign objective (see Theorem 5.9-(b)).
To evade this difficulty, we consider the following non-standard notion of approximation.
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Note that a (1, 1)-approximation algorithm for (II) corresponds to an exact algorithm.

Definition 3.5. Let 51,082 > 1. A (B4, fo)-approximation algorithm for problem (II) is
an algorithm that, given an instance (z,y, A) € X x Ry X A, computes in poly(Z) time a
scenario A € A such that

_ _ 1
9(z, A) =y - £(A, A) > max {Eg(ﬂc, A') = Bay - U(A, A’)} :

Our main result for DRS optimization under a Wasserstein-ball ambiguity set is the
following. See Definitions 3.2-3.5 for terminology.

Theorem 3.6 (see proof in Section 6.1).
Suppose that assumptions (A1)-(A7) hold, and that we have:

(1) a second-stage a-approximation algorithm;
(2) a (B1, B2)-approximation algorithm for problem (1), with log 1 = poly(Z); and
(8) a local p-approximation algorithm.

Then there exists a two-stage algorithm that, given € > 0 and § € (0,1), computes a
dasy Bop(l + €)-approzimate solution for (DRSOw) with probability at least 1 — § in
time poly(Z, A, L, log §).

) g

Ingredients (1) and (3) can often be obtained using known results for deterministic
and two-stage-stochastic optimization respectively; ingredient (2) is the new component
we need to supply to instantiate Theorem 3.6 and obtain results for specific two-stage DRS
problems. In various settings, we show that an approximation algorithm for (II) (in the
sense of Definition 3.5) can be obtained via an approximation algorithm for the constrained
problem maxarca.ea,a<p 9(x, A'), given (z,pu, A) € X x Ry x A (see Lemma 6.2). For
all the applications that we consider in Chapter 6, this reduces to the simpler max-min
problem max a4 g(z, A’), encountered in two-stage robust optimization. Note that this
can be seen as the special case of problem (IT) wherein y = 0. In the k-bounded setting (i.e.,
A = A<y), by setting x = 0 we recover the k-max-min problem that has been studied in the
literature for various applications (see Section 2.1). In particular, this reduction from (II)
to the max-min problem max ¢4 g(x, A’) problem applies to the %Ll-metric. Theorem 3.6
thus provides a novel, useful reduction from two-stage DRS optimization to deterministic
and two-stage {stochastic, robust} optimization. (For instance, Gupta, Nagarajan, and
Ravi [59] devise approximations for the max-min problem for various applications, with
scenario collection A defined by matroid-independence and/or knapsack constraints; we

30



are able to export these guarantees to the corresponding two-stage DRS problem under a
1

> Li-ball.)

2

In Chapter 6, we utilize Theorem 3.6 to obtain approximation algorithms for two-stage
DRS versions of various combinatorial-optimization problems. We also discuss variants of
Theorem 3.6 that lead to improved approximation factors for specific applications. Our
strongest results are for set cover, vertex cover, edge cover, and facility location. For
Steiner tree, we are not able to directly apply Theorem 3.6 because we do not have a local
approximation algorithm, but we are still able to obtain approximation algorithms in the
unrestricted setting (A = 2Y), using a weaker type of rounding algorithm (see Section 6.8).

Technical contributions. The reduction in Theorem 3.6 is obtained by supplementing
tools from two-stage {stochastic, robust} optimization with various additional ideas. Its
proof consists of two main components, both of which are of independent interest.

e Sample average approximation (SAA) for DRS problems. In Chapter 4, we prove
that a simple and appealing approach in stochastic optimization called the sample-average-
approzimation (SAA) method can be applied to reduce the relaxed DRS problem (Q(p))
to the setting where the central distribution p has a moderate-size support and is repre-
sented explicitly. In the SAA method, we draw some N samples to construct an empirical
estimate p of p, and solve the DRS problem obtained by replacing p with p. (See Sec-
tion 2.2 for a discussion of the use of this method in two-stage stochastic optimization.)
Roughly speaking, we show that by taking N = poly(Z, \) samples, we can ensure that an
approximation algorithm for the SAA problem, in conjunction with an approximate value
oracle for the SAA objective function, can be used to obtain an approximate solution for
the original problem with high probability (see Theorem 4.1). It is well known that Q(\)
samples are needed even for (standard) two-stage stochastic problems in the black-box
model (see Shmoys and Swamy [111]). Our SAA result substantially expands the scope of
problems for which the SAA method is known to be effective with poly(Z, ) sample size.
Previously, as discussed in Section 2.2, such results were known for the special case of two-
stage stochastic problems, and multi-stage stochastic problems with a constant number of
stages, given an ezact algorithm for the SAA problem and an exact evaluation oracle for
its objective function.

e Solving the explicit central-distribution case. Complementing the above SAA
result, we show in Chapter 5 how to approximately solve a two-stage DRS problem with
a central distribution p that is represented explicitly. It is natural to move to a fractional
relaxation of the problem, by enlarging the first-stage and second-stage decision sets to
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suitable polytopes. In stark contrast with two-stage {stochastic, robust} optimization,
where the fractional relaxation of a problem with an explicit list of scenarios immediately
gives a polynomial-size LP and therefore can be solved exactly in polynomial time, it is sub-
stantially more challenging to even approximately solve the fractional DRS problem with
an explicit central distribution. In fact, this is perhaps the technically more-challenging
part of obtaining an approximation algorithm for DRS problems. The crux of the problem
is that, while p has moderate-size support, there are (numerous) distributions p in the
ambiguity set D that have exponential-size support, and one needs to optimize over such
distributions. In particular, if we reformulate min,cp {ch + MaXp: 1y (p.p) <r Fanplg(T, A)]}
as a minimization LP (by taking the dual of the LPs defining g(x, A), and then the dual
of the inner maximization problem), we obtain an LP with an exponential number of both
constraints and variables. (See the discussion in Chapter 5.) Thus, while we started with
a central distribution of moderate-size support, we have ended up in a situation similar
to that in two-stage stochastic or robust optimization with an exponential number of sce-
narios. To surmount these obstacles, we work with the problem min,cx h(p;x), whose
fractional relaxation min,ep h(p;x) is a convexr program, and solve this approximately by
leveraging the ellipsoid-based algorithm from Theorem 3.14 (see Theorem 5.1). Not sur-
prisingly, this poses various fresh difficulties, which are discussed in detail in Chapter 5.

Remark 3.7. As noted earlier, we would like to be able to handle settings with an ex-
ponential number of scenarios, which arise naturally in a variety of discrete-optimization
problems; hence our focus is on the black-box model. However, we remark that if (i) the
number of scenarios is polynomial (i.e., |A] is poly(Z)) and (ii) the central distribution p
is represented explicitly, then it becomes much simpler to solve a fractional relaxation of
the DRS problem (where we allow fractional first-stage and second-stage decisions) since
one can then leverage LP duality to cast this relaxation as a compact LP. A more general
result along these lines is discussed in Section 5.3.

Remark 3.8. We choose to work with the relaxation (Q(p)) (with integer first-stage de-
cisions) instead of the relaxation (Q"(p)) (with fractional first-stage decisions) for two
reasons. First, it is slightly easier to prove an SAA result for (Q(p)) (see Chapter 4),
showing that approximate solutions for the SAA version (Q(p)) of the relaxed problem
translate into approximate solutions for the original relaxed problem (Q(p)). Second, to
solve the SAA problem (Q(p)) in Chapter 5, we utilize the ellipsoid method with a gen-
eralized first-order oracle (see Theorem 3.14). In order to use the (fi, 32)-approximation
for problem (II), the generalized first-order oracle needs to round a fractional first-stage
decision to an integer point. Thus, the rounding is embedded inside the ellipsoid-based
method, and the algorithm directly returns an integer first-stage solution.
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3.3.2 DRS optimization under an L., ball

In Chapter 7 we consider the problem

zeX,zeZA: p:Loo (P,p) <7

min {ch + sup  Eup[cost of 2] } : (DRSO4)
(w,24)eF(A) VAeA

Table 3.2 summarizes the results we obtain for the DRS versions of various discrete-
optimization problems under an L., ball.

Problem A=2Y
Facility location 11
Vertex cover 8
Edge cover 6
Set cover O(log |U|)

Table 3.2: A summary of the approximation factors we obtain for DRS optimization under
an L, ball. We have omitted the O(e) terms that appear in the approximation factors.

Recall from Section 3.2 that g(z, A) denotes the optimal second-stage cost of scenario
A given x as the first-stage decision, when we allow fractional second-stage actions. We
assume the following stronger version of assumption (A5).

(A5’) For every scenario A € A, the function x — g(x, A) is convex over P. Furthermore,
given a point x € P, we can compute in poly(Z) time the value of this function at z
and a subgradient d at x such that —\¢ < d < 0. By Lemma 1.1, this also implies
that the function = — g(z, A) is A ||c||-Lipschitz continuous.

Shmoys and Swamy |[1141] define a broad class of two-stage problems for which assump-
tion (A5’) holds, which includes set cover, facility location, and Steiner tree.

Our main result for DRS optimization under an L..-ball ambiguity set is that we
can obtain an approximation algorithm for problem (DRSO,,) via an algorithm for the
following problem.

1
(1) Given a fractional first-stage decision x € P and 1 <t < min {\A] , —} ,
”

find the t scenarios A € A with largest g(z, A) value.
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Theorem 3.9 (combination of Theorem 7.1 and Lemma 3.16).
Suppose that assumptions (A1)-(A4), (A5’), and (A6) hold, and that we have:

(1) an algorithm for problem () with poly(Z,t) running time; and
(2) a local p-approximation algorithm.

Then there exists a two-stage algorithm that, given € > 0 and 6 € (0,1), computes
a (2 + e)p-approximate solution for (DRSO.,) with probability at least 1 — & in time
poly(Z, A, £, 1, log 3).

) g

As mentioned before, ingredient (2) can often be obtained using known results for two-
stage stochastic optimization. Ingredient (1) is the new component we need to supply to
instantiate Theorem 3.9 and obtain results for specific two-stage DRS problems. We show
that this can be obtained in the unrestricted setting (A = 2Y) when we have g(z, A) <
g(x, A") for every fractional first-stage decision x € P and for every pair of scenarios
(A, A") with A C A’, a condition that holds for covering problems, and in particular for the
applications we consider in Chapter 6. We utilize Theorem 3.9 to obtain approximation
results for two-stage DRS versions of set cover, edge cover, vertex cover, and facility location
in the unrestricted setting.

Instead of using an SAA approach to first move to an empirical estimate p of the central
distribution p, we directly consider the fractional relaxation (Q¥(p)) of (DRSO.) with
fractional first-stage decisions and (implicit) fractional second-stage decisions. As in the
Wasserstein setting, even for a central distribution with polynomial-size support, solving
this relaxation is quite challenging since it again leads to an LP with exponentially many
variables and constraints. We move to a proxy objective function that is pointwise close to
the true objective, and show that approximate subgradients of the proxy objective function
can be computed efficiently at any point (for a certain notion of approximate subgradients
introduced by Shmoys and Swamy [114], and presented in Section 3.4.1). This enables to
use the algorithm of |1 11] to find an approximate minimizer of the proxy function; rounding
this solution using a local approximation algorithm yields an approximate solution for the
discrete DRS problem (DRSO,,).

3.4 Some preliminary results and definitions

This section contains some preliminary results that are used by our frameworks. In
Section 3.4.1, we discuss different approaches for minimizing functions over the set of
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{fractional, integer} first-stage decisions. In Section 3.4.2, we discuss how rounding al-
gorithms can be used to translate approximate solutions for the relaxed DRS problems
{(Q()), (Q™(p))} into approximate solutions for the discrete DRS problem (DRSO).

3.4.1 Optimizing over P or X via ellipsoid-based methods

Throughout this thesis, we encounter multiple times the task of solving a problem of the
type

min H(z) |

zeX
for a certain function H : P — R, where X is either the polytope P of fractional first-stage
decisions, or the set X of integer first-stage decisions.

Let us recall the assumptions that we stated for the polytope P in Section 3.2, on which
the results stated in this section rely. We assume that we have a poly(Z)-time separation
oracle for the polytope P. By assumption (A4), we have that P contains a Euclidean
ball of radius R¢man and is contained in the Euclidean ball of radius Rj..ee centered at the

origin, where log% = poly(Z). Furthermore, we have 0 € X (and hence 0 € P) by
assumption (A2).

When H is a convex function and X = P (or, more generally, X is a convex set), a
classical tool that could be used for solving this problem is the ellipsoid method introduced
by Nemirovski and Yudin [93] and Shor [117]. The algorithm accesses the objective function
H via a first-order oracle, which, given any point x € P, computes a tuple (z, H(z),d)
where d is a subgradient of H at z.%

Theorem 3.10 (Nemirovski and Yudin [93]). Suppose that the function H : P — R
is convex and K-Lipschitz continuous, and that we have a first-order oracle for H with

running time Topace. Then, given n > 0, we can compute in poly (I, log K s Toracle, 10g %)
time a solution x € P such that

e .
H(T) _Ig'cnel?I)lH(l‘)'f—n

The algorithm from Theorem 3.10 has two phases. In the first phase, starting with an
ellipsoid that contains the entire feasible region, at each step, we add a cut (i.e., a linear

4We are following the nomenclature used e.g. by Nesterov [94] and Ben-Tal and Nemirovski [7]. Note
that in other contexts, the term first-order oracle is used for an algorithm that computes only a subgradient
at any given point (and not the value of the function).
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inequality) passing through the center z of the current ellipsoid to chop off a half-ellipsoid
that does not contain points of interest. If x is infeasible, we use the separation oracle
for P to obtain such a cut. Otherwise, we find a subgradient d of H at x and use the
cut dT(x —x) < 0; the definition of subgradient ensures that any point = discarded by
this cut satisfies H(x) > H(x). We then replace the current ellipsoid with a smaller one,
and iterate this process until the volume of the current ellipsoid becomes sufficiently small,
which happens after a suitably small number of iterations. In the second phase, we select
the best solution among the feasible solutions produced in the first phase.

In various two-stage stochastic-optimization settings, as well as distributionally robust
optimization, evaluating the objective function, even approximately, is an intractable (#P-
hard) problem since the expectation is computed over an exponential number of scenarios
(see Dyer and Stougie [37, 38| and Hanasusanto, Kuhn, and Wiesemann [68]). Similarly,
computing subgradients exactly is also difficult. To deal with these issues, Shmoys and
Swamy |1 14] give an algorithm for minimizing a convex function over a convex set utilizing
the following notion of approximate subgradients.

Definition 3.11. Consider a function H : P — R, and let w > 0. A vector d € R™ is an
w-subgradient of H at a point = € P if for every ' € P we have

H)—H(z)>d- (2 —2) —wH(z) .

Note that (exact) subgradients correspond to w-subgradients with w = 0. Using a
variant of the ellipsoid method, Shmoys and Swamy [ 14] showed the following result.

Theorem 3.12 (see Theorem 4.7 and Lemma 4.14 in Shmoys and Swamy [l 11]). Sup-

pose that the function H : P — R is convex and K-Lipschitz continuous. Let € > 0,
~ o 2 ~ I~

n >0, and § € (0,1). Define N := {szln(lg(—}?i‘fse>-‘, n:=N- ln<%>, and

w = % Suppose that given any point x € P we can compute a vector that is an

w-subgradient of H at x with probability at least 1 — § in time T(w,d).> Then we can

compute in poly <I, log IN(, T(w, L) , log %) time a solution x € P that with probability at

N+7
least 1 — 0 satisfies
H(z) < (1+¢) rn171;1H(a:) +1.
BAS

Theorem 3.12, in addition to relaxing the requirement of being able to compute ex-
act subgradients, completely dispenses with the requirement of an (even approximate)

5We need not be able to certify the correctness of the output of this algorithm.
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objective-value oracle (the second phase of the ellipsoid method is replaced with an it-
erative binary-search based on approximate subgradients). We will utilize the algorithm
from Theorem 3.12 for DRS optimization under an L, ball (see Chapter 7). However,
for DRS optimization under a Wasserstein ball, we will not even be able to compute an
w-subgradient of the objective function for as small an w as required by Theorem 3.12. To
deal with such cases, we develop another variant of the ellipsoid method, which involves
the following generalized notion of first-order oracles.

Definition 3.13. Consider a function H : P — R, and let ¢y > 1 and X CP. A
(¢,7) -first-order oracle for H is an algorithm that, given a point * € P, computes a
tuple (7, f,d) € X x R x R™ such that (i) H(Z) < f; and (ii) H(y) > if for every y € X
such that d7(y — z) > 0.

Note that classical first-order oracles correspond to (1, P)-first-order oracles that al-
ways return T = z. The intuition behind this definition is that, given any * € P, a
(@/J,Y) -first-order oracle yields an estimate of the objective value at a related point T € X
and a hyperplane passing through  such that the points chopped off by this hyperplane
are better off by at most a factor ¢ compared to Z. This suggests that running a modified
ellipsoid method that uses d in lieu of a subgradient at each iteration in the first phase,
and uses the estimates { f} to select a solution in the second phase, yields an approximate
minimizer of H over X. We now prove that this is indeed the case. Note that the function
H is not required to be convex.

Theorem 3.14. Let H : P — R be a }N(—Lipschitz continuous function, and suppose that
we have a (w,X) -first-order oracle for H with running time Tyrace, where v > 1 and

X C P. Then, given n > 0, we can compute in pon(Z,}N(,Toracle,log %) time a solution
7 € X and an estimate f such that

H@) < f<4- (minH<rc>+n> :

zeX

Proof. We state below the algorithm used to obtain the theorem.
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~0 . 7 2 2]%lar e
1. Set k + O, €T < 0, M <— 1min {1, QI?Rlarge} ’ N« ’72m In uRsmin—"

Ey+— {z € R" : ||z|| < Riarge}, and Py < P.
2. For 1 < 0,..., N — 1 do the following.
(We maintain that F; is an ellipsoid centered at ¥’ containing Py.)

a) If 7' & Py, let aTx < b be an inequality that is satisfied by all z € Py but violated
by 2¢. (This is obtained either from a separation oracle for P, or from inequalities
added in prior iterations.) Let S be the halfspace {x € R™ : aT(z — 2°) < 0}.

b) If 7% € Py, let (Ek, fk,dk) be the output of the (w,Y)—ﬁrst—order oracle, when
run with input 2%. If d* = 0, then set k < k41 and go to step 3. Otherwise, let S
be the halfspace {z € R™ : d* - (z — %) < 0}; set Pyyq < PpNS and k + k+1.

c) Let E;iq be the ellipsoid of minimum volume containing the half-ellipsoid F;N S,
and let 7! be its center.

k—1} f%. Return (fj,fj).

3. Let j < argmin;c o,

.....

First, note that since 7° € Py by assumption (A2), we increment % in the first iter-
ation, and hence j is well defined when we reach step 3. Let (T, f) denote the output
of the algorithm. Note that H(Z) < f follows immediately from the properties of the
(w,Y)—ﬁrst—order oracle. To obtain an upper bound on f, we rework the arguments in
the proof of Lemma 4.5 from Shmoys and Swamy [I14]. Since f = mineqo1,. x-13 f*
it suffices to show that for every z* € X, there exists [ € {0,1,...,k — 1} such that
! <ap- (H(z*) +n). We let 2* € X be arbitrary, and work toward showing that such an
index [ exists. If d' - (35* — :?l) > 0 for some [ (this includes the case when d' = 0), then
by the properties of the (¢, 7)—ﬁrst—order oracle we have H(xz*) > i f'. Along with n > 0,

this implies the upper bound on f! that we sought.

Now, suppose that there exists no index ! such that d' - (z* — 2') > 0, and note that
this implies that x* € Py. Let W C P be the image of P under the affine transformation
x = o+ pu(r —x*). So W is a shrunken version of P (by a factor u), and we have
r*eP,NW.

We claim that W is not contained in P,. Since W C P = Py, and since P}, is obtained
from P, by adding the constraints d' - (a: — fl) <0 (for I =0,...,k—1), this implies that
one of these constraints chops off a portion of WW. Therefore there exists a point z’ on
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the boundary of W such that d' - (a:’ — .%l) = 0 for some index [. By the properties of the
(@D,Y)—ﬁrst—order oracle, this implies that H(z') > i f!. Let z € P be the point that is
mapped to 2’ by the affine transformation mentioned above. We have

|2’ — 2% = pllz — 2%]| € ——— (2 Riarge) = % ,

where the inequality follows from the definition of 4 and the fact that P is contained in a
ball of radius Ryage. Since H is K-Lipschitz continuous, this implies that H(2") < H(z*)+m,
and so we obtain f' < - H(z') < - (H(2*) + 7).

We now proceed to prove the claim that W is not fully contained in Py, which we do
by showing that the volume of Py is smaller than that of W. For @ C R™, let vol(Q)
denote the volume of Q. Let vol,, denote the volume of an m-dimensional Euclidean unit

ball. We have

vol(Py) < vol(En)
e~ N/Cm) . yol(Ey)

2Rlarge
HRsmall - VOI (Eo)

<
<

—mlIn

< u™vol(P)
= vol(W) .

The first step follows because P, C Ey, which holds due to the invariant maintained by
the for loop. The second step follows from the way in which the volume of the ellipsoid
decreases from one iteration of the algorithm to the following one: it is well known that
%E;) < e /2" for every i > 0 (see, e.g., Grétschel, Lovasz, and Schrijver [57]). The third
step follows from the definition of N. The fifth step follows because vol(Ey) = Ry, vol,,.
The sixth step uses vol(P) > R ,vol,, which holds because P contains a ball of radius

Rgnan- The final step follows because W is obtained by shrinking P by a factor of pu.

A final point that needs to be addressed is how to implement step 2c¢). It is well
known that there is an explicit formula that can be used to compute the centers {7'} of
the ellipsoids {E;}. However the formula involves square roots and hence may lead to
irrational numbers. It is well known that this difficulty can be circumvented by carrying
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out the computations within a suitably small accuracy and adjusting the algorithm to
account for rounding errors (see, e.g., Grotschel, Lovész, and Schrijver [57]). O

3.4.2 Rounding fractional solutions

As previously mentioned, our frameworks work with the fractional relaxations (Q(p))

and (Q™(p)) of the discrete problem (DRSO). In order to obtain integer solutions to (DRSO),
we rely on second-stage approximation algorithms, which produce an integer second-stage

decision for a given scenario, and a given integer first-stage decision; and local-rounding

approximation algorithms, which round a fractional first-stage decision to obtain integer

first-stage and second-stage decisions (see Definitions 3.3 and 3.4). (For DRS Steiner tree,

we utilize a third type of algorithm, which we discuss in Section 6.8.) In this section,

we show that these two types of algorithms allow converting approximate solutions for

the relaxations (Q(p)) and (Q™(p)) into approximate solutions for the discrete DRS prob-

lem (DRSO).

Lemma 3.15. Let T € X be a -approximate solution for the relaxed DRS problem (Q(p)).
For each scenario A € A, let 2 be the output of a second-stage a-approzimation algorithm
when given T and A as input. Then (f, {EA}A€A> is an a-approximate solution for the

discrete DRS problem (DRSO).

Proof. The solution obtained for problem (DRSO) attains objective value

7+ sup Eap[cost of 24] < 7+ a - sup Eanylg(z, A)]
pED peD

S o (CT/I\ -+ sup EANp[g(‘ra A)])

peD

< atp - OPT(Q(p))
< arp - OPT(DRSO) .

The first step uses the guarantees of the second-stage approximation algorithm. The second
step follows because oo > 1. The third step uses the fact that Z is a ¢-approximate solution
for (Q(p)). The final step follows since (Q(p)) is a relaxation of (DRSO). O

Lemma 3.16. Let x € P be ay-approximate solution for the relaxed DRS problem (Q%(p)).
Let (57\, {EA}A6A> be the output of a local p-approximation algorithm when given x as input.

Then (/x\, {EA}A6A> is a Yp-approximate solution for the discrete DRS problem (DRSO).
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Proof. The solution obtained for problem (DRSO) attains objective value

7 + sup E 4 [cost of 24] < p- (cTa: +supEa,[g(z, A)])
pED pED

< 1p- OPT(Q*(p))
< ¢p - OPT(DRSO) .

The first step uses the guarantees of the local approximation algorithm. The second
one uses the fact that z is a i-approximate solution for (Q(3)). The final one follows
since (Q™(p)) is a relaxation of (DRSO). O
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Chapter 4

DRS optimization under a Wasserstein
ball: sample average approximation

In this chapter, we consider the discrete DRS problem under a Wasserstein ball

min x4+ sup  Eup[cost of zA] : (DRSOw)
pEX,zEZ: p:Lw (B,p)<r
(w,24)€F(A) VAcA

where Ly is a Wasserstein metric defined relative to a scenario metric ¢, and the central
distribution p is given by a sampling oracle. Recall that for a fractional first-stage decision
z € P, we denote by z(p;z) 1= Sup,,. ., 5p)<r Ea~plg(z, A)] the expected cost incurred in
the second stage, if we choose z in the first stage, and optimal fractional decisions in the
second stage (and if the scenario A is drawn according to the worst possible distribution in
the ambiguity set). We focus on obtaining an SAA result for the relaxation of (DRSOw)
with integer first-stage decisions and (implicit) fractional second-stage decisions,

min{h(p;7) :=cTx + z(p;x)}. (QP))

zeX

The sample average approximation (SAA) approach is the following simple, intuitive
idea: draw some number NN of samples from the central probability distribution p and solve
the DRS problem obtained by replacing p with the empirical distribution p induced by those
samples. (The empirical distribution p induced by samples A;, ..., Ay € A is defined by
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Da = % |{i € [N]: A; = A}| for every A € A.) That is, we consider the problem
min (475 0) = T2 +2(5:2)}. Q)

We refer to (Q(p)) as the original problem, and to (Q(p)) as the SAA problem.

We now state the main result of this chapter, which shows that, using a moderate
number of samples, we can translate approximate solutions for a collection of SAA problems
into an approximate solution for the original problem, as long as we have an approximate
objective-value oracle for the SAA problems.

Theorem 4.1 (see proof in Section 4.4).

Given e > 0, n > 0, and § € (0,1), there exist numbers k = poly(%,log %) and
N = poly (I, A, 1, log %, log %) such that the following holds. Let p*,...,p" be empirical
estimates of p, each constructed using N independent samples. Suppose that for each
i € [k] we have an integer first-stage decision T € X and an estimate f* such that

S < £ o min b5 -
h(pz') < fF<v min b (p'; ) ,
where 1 > 1. Let j := argmin,ep, ft. Then with probability at least 1 — § we have

o~ o o
h(p; @) < 4P(1+e) - minh(p;z) + ¥ .

Organization of this chapter. In Section 4.1, we provide an overview of the techniques
used in the proof of Theorem 4.1; we present the proof in detail in Sections 4.2-4.5.

4.1 Overview of the techniques

Our starting point is the work of Charikar, Chekuri, and P4l [24], who proved the following
result for a two-stage stochastic problem with bounded inflation factor. Part (i) shows that
we can translate optimal solutions of an SAA problem constructed using a certain number of
samples into near-optimal solutions of the original problem, whereas part (ii) shows that we
can translate approzximate solutions for a collection of SAA problems into an approximate
solution for the original problem, as long as we also have a suitable approximate objective-
value oracle for the SAA problems. Note that conditions (1) and (2) in the statement of
the theorem below are analogous to assumptions (A2) and (A3).
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Theorem 4.2 (see Theorems 1 and 2 in Charikar, Chekuri, and Pal [24]'). Consider a
two-stage stochastic problem

min {R(7:2) = & + Eagfd(e. A)] | (Stoc(®))

zeX

with scenario collection A. Suppose that: (1) X C R™" is a finite set with 0 € X; and (2)

for every x € X and A € A, we have 0 < g(0,A)—g(x, A) < A-CTx, for a certain inflation
factor A > 1. Given e >0 and § € (0,1), we have the following two SAA results.

(i) There exists N = poly(log ‘X‘ A, %,log %) such that, if we construct an empirical
estimate p of p using N independent samples, then with probability at least 1 — 6 every
optimal solution of the SAA problem (Stoc(p)) is a (1 + €)-approximate solution for
the original problem (Stoc(p)).

(ii) There exist k = poly(%,log %) and N = pon(log ’X’ A, %,log %) such that the fol-
lowing holds. Let p',...,p" be empirical estimates of p, each constructed using N
independent samples. Suppose that for each i € [k] we have a ¥1-approximate solution
7€ X for the SAA problem (Stoc(p')) and an estimate f* such that h(p': F) < fi <
(e ﬁ(ff :2%). Let j = argmin, e JE Then with probability at least 1 — 9, we have that
27 is an O((1 4 )11hs)-approximate solution for the original problem (Stoc(p)).

Plugging in the definition of Ly, we obtain the following equivalent definition for the
expected second-stage cost incurred under a first-stage decision x € P:

2(pir) =max Y yaaglr,A) (T, z))
AA
s.t. Z’}/A’A/ S 1314 VA € A (41)
Al
Z g(A, AI)")/AvA/ S r (42)
AA
7=0. (4.3)

'Part (ii) follows from a small modification in the proof of Theorem 2 of Charikar, Chekuri, and P&l
[24], which corresponds to the special case where 15 = 1. It suffices to modify inequalities (7) and (10) by
noting that, instead of f° (EZ) < fi (Ej), we only have f* (E’) <o fI (EJ)
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Note that although we have not enforced equality in (4.1), in an optimal solution this family
of constraints can always be assumed to be tight since increasing y4 4 for any A € A does
not violate constraints (4.2) and (4.3) (recall that ¢(A, A) = 0 for every A € A), and does
not decrease the objective value.

The DRS problem (Q(p)) is not a standard two-stage stochastic problem because con-
straint (4.2) couples the various scenarios, which prevents us from directly applying The-

orem 4.2 to (Q(p)).

The SAA result of Swamy and Shmoys [123] applies to two-stage stochastic problems
with fractional first-stage and second-stage decisions, and works whenever the objective
functions of the original and the SAA problems satisfy a certain “closeness-in-subgradients”
property. A subgradient of h(p;-) at a point x € P can be obtained from an optimal
distribution p to the inner maximization problem in (Q(p)), which in turn can be obtained
via an optimal solution 7 for the LP (T(p, x)). This is however an exponential-size object,
and utilizing this to prove closeness-in-subgradients seems quite daunting.

Our first insight, detailed in Section 4.2, is that we can decouple the scenarios by
Lagrangifying constraint (4.2) using a dual variable y > 0; we obtain, with some additional
work, the following reformulation of (Q(p)):

min — h(p;z,y) = cTe+ry + Ealg(r,y, A)] (R(p))
z€X,y€l0,7]
where g(z,y, A) == maxgeca{g(z, A") —y - (A, A")}; see Lemmas 4.5 and 4.6. Here, 7 is
the parameter from assumption (A7).

We can view problem (R(p)) as a classical two-stage stochastic problem as follows: the
first-stage action-set is X x [0, 7], and the optimal second-stage cost of scenario A under
the first-stage decision (z,y) is given by g(x,y, A). However, as we show in Lemma 4.7, it
turns out that the inflation parameter A for (R(p)) can be as large as lyax/7 (recall that
limax 1s an upper bound on maxa 4 £(A, A’)), and so applying the SAA analysis in Charikar,
Chekuri, and Pal [24] and Swamy and Shmoys [123] does not yield the sample-complexity
bounds that we are aiming for.

A second crucial insight, detailed in Section 4.3, is that instead of considering the
true objective function h(p;x) (for the original and SAA problems), we can move to a
prozy objective function h(p;x) := Tz + 2P (p; x), where 25" ()5 2) restricts the flow
v in (T(p,z)) to only use (A, A") edges with ¢(A, A’) < Ar. We show that: (a) for any
central distribution p, we have that h(p; z)+ 2'°"8(p; 0) is pointwise-close to h(p; x), where
Z1°m8(p': 0) is a constant that bounds the contribution to z(p; x) from the remaining “long”

edges (see Lemma 4.10); and (b) after Lagrangifying constraint (4.2), the inflation factor
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of the resulting two-stage stochastic problem is at most A (see Lemma 4.12).

The “splitting” of z(p;x) into 21 (p; x) and 2°%8(p;0) is similar in spirit to the sep-

aration into low and high (cost) scenarios in Charikar, Chekuri, and Pal [24], but there
are some technical differences, which lead to various complications in our setting that we
discuss in the remainder of this section. To prove part (ii) of Theorem 4.2, [24] use the

fact that the contribution from high-cost scenarios to the total expected cost is linear in p
to argue that with high probability the contribution from high scenarios in one of the SAA
problems is at most (1 + O(e)) times the optimal value of the original problem. In our
case, the contribution 2!°"(j; 0) from long edges is not linear in p, but we are able to adapt
the arguments of [24], exploiting the fact that 2'°"¢(p;0) is concave in p (see Lemma 4.14).

The main lemma leading to the proof of Theorem 4.1 is Lemma 4.13, which shows
that we can translate approximate solutions for mingex h(p;z) + C(p) into approximate
solutions for mingex h(p;x) + C(p) for any nonnegative concave function C(-). We show
in Section 4.4 that Theorem 4.1 follows from Lemma 4.13, and we prove Lemma 4.13 in
Section 4.5.

One difficulty in proving the above SAA result is that we do not have much control
over the C'(p) term: even in the specific case of interest to us, where C(p) = 2!°"(p;0),
the contribution C'(p) could be as large as z(p;z), and so approximating the true-SAA
problem min,ex h(p;x) need not yield approximate solutions to the proxy-SAA problem
minge x E(ﬁ ;x). The subtle issue that arises is that we would like to apply the result
of |24] to the Lagrangified version of the proxy-SAA problem (since property (b) of the
proxy function stated above shows that this has a small inflation factor) and thereby trans-
fer approximation guarantees from the proxy-SAA problem to the original-proxy problem
mingex h(p;x). However, we do not have a starting point to apply this result, since (ap-
proximately) solving the true-SAA problem min,c x h(p;z) does not yield an approximate
solution for the proxy-SAA problem min,cx h(p;z). The way around this is to realize
that we seek an approximation guarantee for the original problem under the true objective
function h(p;x) and not the proxy objective function h(p;x). We adapt the arguments
of [24] to work toward this end.

A final impediment is that we do not have an approximate value oracle for the objec-
tive function h(p;z,y) of the Lagrangified true-SAA problem (or the objective function
h(p;z,y) of the Lagrangified proxy-SAA problem), as the underlying recourse problem
g(z,y, A) turns out to be an inapproximable mixed-sign optimization problem (see Theo-
rem 5.9-(b)). However, we show that an approximate value oracle for h(p;z) suffices. (In
Chapter 5, we show that such an oracle can be obtained using an algorithm for Problem (II)
with the non-standard type of approximation guarantee introduced in Definition 3.5; see
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Lemmas 5.3 and 5.5).

We remark that the proxy function is used only in the analysis. One takeaway here is
that we derive a substantially improved sample-complexity bound by taking a slight hit in the
approzimation ratio when moving from the SAA problems to the original problem. This is
a novel, nuanced result regarding the effectiveness of the SAA method for two-stage DRS
problems. We do not know of any other setting where one obtains drastically improved
sample complexity by settling for a worse than (1 + ¢)-factor (but still O(1)) loss when
moving from the SAA problems to the original problem. In particular, no such result is
known for standard two-stage stochastic optimization problems.

Remark 4.3. In this chapter we focus on the relaxation (Q(p)) and (approximate) refor-
mulations thereof that we will introduce, all of which deal with integer first-stage decisions.
However, we state several of the preliminary lemmas (that we eventually utilize to obtain
Theorem 4.1) relative to fractional first-stage decisions, which is more general than is
needed for proving Theorem 4.1. We do so because this greater level of generality is useful
in later chapters, and it does not complicate the proofs.

4.2 Reformulating (Q(p)) as a two-stage stochastic prob-
lem

We first reformulate the DRS problem (Q(p)) as a classical two-stage stochastic prob-
lem, thus making it more amenable to utilize the SAA machinery developed for two-stage
stochastic problems. Recall that for every (z,y, A) € X x R, x A we have g(z,y, A) :=

maxqeq {g(z, A') —y - (A, A}, and that £, is an upper bound on the pairwise scenario
distances {¢(A, A")}.

Lemma 4.4 (combination of Lemmas 4.6 and 4.7). The relazed DRS problem (Q(p)) is
equivalent to the problem

min  {h(p;z,y) == cTv+ry+Easlg(z,y,A)]} . (R(p))

z€X,y€(0,7]

Furthermore, for every (z,y, A) € X x [0,7] X A we have g(x,y,A) > 0 and

gmax
0 < 9(0,0,4) — (.9, A) < max{A, } (@ tr) .
T
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We can view problem (R(p)) as a classical two-stage stochastic problem as follows: the
first-stage action-set is X x [0, 7], and the optimal second-stage cost of scenario A under
the first-stage decision (x,y) is given by g(z,y, A).

In the remainder of this section, we explain how to obtain Lemma 4.4. We start by using
LP duality to obtain an alternative way of expressing the objective function of (Q(p)), thus
decoupling the scenarios.

Lemma 4.5. Let p be a probability distribution over A, and let x € P be a fractional
first-stage decision. Then

2(p;r) = min {ry + Eavplg(w,y, A} .

Proof. Note that the feasible region of the LP (T(p, z)) is bounded, since constraints (4.1)
and (4.3) imply that in a feasible solution all variables are in the range [0, 1]. Furthermore,
v = 0 is a feasible solution. Therefore this LP has an optimal solution. Taking its dual,
using dual variables {14} . 4 and y for constraints (4.1) and (4.2) respectively, we obtain

2(Pix) =min ry+ Y Papa
A

st opa>g(x,A)—y-L(AA) VA A eA
y=>0.

Note that for a fixed value of y, the best choice of i is obtained by setting
pa = max {g(z, A') —y - (A, A)} = g(z,y, A)

for every scenario A € A. It follows that

z2(pyx) = wmin {'r’y + %mg(l’, Y, A)} = min {ry +Eavplg(z,y, A)]} . O

Given Lemma 4.5, we can reformulate (Q(p)) as

. . s o
xergglzo{h(p,w,y). 'z +ry + Easlg(z,y, A))} .

We can exploit assumption (A7) to show that we may limit y to the range [0, 7], thus
obtaining the formulation (R(p)).
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Lemma 4.6. Let p be a probability distribution over A, and let x € P be a fractional
first-stage decision. Then

h(p;z) = min h(p;z,y) .
y€[0,7]

Proof. Let y > 7, and consider a scenario A € A. For every scenario A’ € A such that
(A, A") > 0, we have

g(x,A) —Y- E(A’ A) = g(ZL“, A)
> gz, A") —7-L(AA)
> gz, A') —y - LA A)

where the first inequality follows from assumption (A7). This implies that there is a maxi-
mizer A" of g(x, A")—y-l(A, A") with £(A, A") = 0, and so g(x,y, A) = maxaca.ea,4=0 9(z, A).
Since this holds for every A € A, we obtain Ex3[g(z,y,A)] = Easlg(z, 7, A)]. Since
ry > r7, we obtain h(p;z,y) > h(p;x,7). The result then follows from Lemma 4.5. m

It is easy to see that the second-stage cost g(x,y, A) is nonnegative for every (x,y, A) €
P xRy x A, since g(z,y, A) > g(x, A) —y-L(A, A) = g(x, A) > 0. To conclude, we bound
the inflation factor of the second-stage costs.

Lemma 4.7. Let x € P,y >0, and A € A. Then

gmax
0.2 0(0.0.4) = 9o, A) < max {0 24 ()

Proof. The first inequality follows because for every scenario A" € A we have
gz, A" —y - l(AA) < g(0,A") —0-L(AA),

since g(z, A") < g(0, A’) by assumption (A2) and since ¢(A, A") > 0.
We now prove the second inequality. Let A € A such that ¢(0,0, A) = g(O,Z) (equiv-
alently, let A := argmax 4, 4 g(0, A’)). Then we have
S )\'CT:E+y'€max
< max {\, B} (o +ry)

where the second step follows from assumption (A3) and the fact that K(A,Z) < Llpax- O
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4.3 Reducing the inflation factor

Given Lemma 4.4, and by suitably discretizing the y-range [0, 7], one can use Theorem 4.2
(setting the parameter A to max { )\, fmax }) to show that: if we construct SAA problems

-
mingex h(p;r) = mingex yep,n h(D;2,y) using pon(I7 A, Z";f“‘, %) samples, and can ap-
proximately evaluate the SAA objective value h(p;z,y) at any given point, then we can
translate ¢-approximate solutions for the SAA problems into an O(1) + ¢)-approximate

solution for (Q(p)), with high probability.

But there are various issues due to which this result does not quite suit our purposes.
First, Em:" could be rather large, and is not poly(Z, \).? Second, it seems difficult to compute
the SAA objective value h(p;x,y) at any given point (z,y), or even approximate it. This
difficulty arises because problem (II) (of computing g(x,y, A)) encompasses the k-max-min
problem in two-stage robust optimization, which is computationally for various underlying
combinatorial-optimization problems (see the discussion in Section 2.1). Moreover, the
mixed-sign objective in (IT) makes it hard to even approximate it (see Theorem 5.9-(b)).

We need various ideas to circumvent these issues. The main result in this section is an
approximate reformulation of (Q(p)) as a classical two-stage stochastic optimization prob-
lem with inflation factor bounded by A. This shows that we can eliminate the dependence
on Z“‘% altogether, at the expense of a slight deterioration in the approximation ratio when
moving from the SAA problems to the original problem.

Examining the proof of Lemma 4.7, we notice that the ém% term in the inflation factor

of (R(p)) arises because when considering the problem maxac4 {g(z, A") —y - (A, A")}
for a given first-stage decision (z,y) € P x [0,7] and a given scenario A € A, we may
encounter a scenario A’ such that (A, A’) is as large as {y.x. To eliminate this possibility
and reduce the sample complexity to poly(Z, A), we define a distance threshold M := Ar,
and work toward suitably modifying the objective function h(p;x,y) of (R(p)) to enforce
that we never encounter pairs of scenarios (A, A’) with ¢(A, A’) > M. We call such pairs
long edges, and the pairs with ¢(A, A") < M short edges. For every (z,y, A) € X xR, x A,
let

= I / /

9(33, Y, A) T A’EA:IEI(IE);’)ﬁM {g($7 A ) -y €<A7 A )} :
Let 250t (p; ) be obtained from z(p;x) by restricting v to only send flow on pairs (A4, A")
with (A, A’) < M (see the precise definition in (4.4)).

2The problem persists even if we utilize the closeness-in-subgradients machinery by Swamy and
Shmoys [123] to the further relaxation of (R(p)) with fractional first-stage decisions. Computing suffi-
ciently accurate subgradients would involve estimating E4.5[¢(A4, 7(z,y, A))] to within an er term, where
m(z,y, A) := argmax 4, 4 {g(z, A’) —y - £(A, A')}, which requires Q(“=2x) samples.

ET
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Lemma 4.8 (combination of Lemmas 4.10 and 4.12). Consider the proxy problem

min {h(p;z) = cTo+ 2" (p;x)} . Q)

Its objective function serves as a proxy for the objective function of (Q(p)): there exists a
constant C(p) such that for every x € X we have

h(p:x) < h(piz) + C(p) < 2h(p; ) .
Furthermore, (Q(p)) is equivalent to the two-stage stochastic problem

min  {h(p;z,y) =Tz +ry + Ea[g(z, y, A)]} - (R(p))
z€X,y€(0,7]

For every (z,y, A) € X x [0,7] x A we have g(x,y, A) > 0 and

0 < 5(0,0,4) — g, y, A) < A- (T +y) .

We now discuss how to obtain Lemma 4.8. The following lemma gives a bound on the
amount of flow that can be sent on long edges by a flow from the central distribution to
another distribution in the ambiguity set.

Lemma 4.9. Let p be a probability distribution over A, x € P be a fractional first-stage
decision, and v be a feasible solution for the LP (T(p,z)). Then we have

Z S .
TaA = M
A A U(AAN)>M

> =

Proof. By constraint (4.2), we have

P> 3wl AA) MY
AA A A L(AA)>M

Plugging in the definition of M yields the result. m

Motivated by Lemma 4.9, we “decompose” z(p; z) into 2% (p; z) and 2!°"8(p; z), which
are upper bounds on the contributions to z(p; x) from the short and long edges respectively.
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We define 21 (p; x) and 2!°"8(j; x) as follows:

(4.4)

short (o . = , A’
z (pax) max { Z’YA,A g(ﬂf, ) Vau = 0 if K(A,A,) > M

AA

7 is feasible for (T(p, z)), }

Zlong(ﬁ;x) :— max { Z”YA,A/Q(xyA/)

AN

1
7y is feasible for (T(p,z)), Z Yan < < ¢ .
AA A

We show that decomposing z(p;x) into the maximum contributions from short and
long edges as discussed above and replacing the contribution from the long edges with
Z1°m8(j5: 0) yields a function that approximates the objective function of (Q(p)) to within
a factor of 2.

Lemma 4.10. Let p be a probability distribution over A, and let © € P be a fractional
first-stage decision. Then

h(D;x) < o+ 2" (Pra) + 2'"(5;0) < 2h(p;2) -
Proof. We claim that
2(pya) < 2P ) + 2 (P e) < 22(ps ) (4.5)
and

Zlong(fﬁ; z) < Zlong('ﬁ; 0) < Zlong(ﬁ; z) +cTx . (4.6)

Recalling that h(p;z) = c"x+2(p; z), and using the first inequalities in (4.5) and (4.6),
we obtain

h(p;z) < o+ 20 (ph ) 4 2" () < T + 2P () + 2'°"8(p;0)

proving the first part of the lemma. Using the second inequalities in (4.6) and (4.5), we
obtain

T+ 2 (P x) + 2178 (p:0) < 2cTa + 25 (P a) 4+ 28 (pra) < 2h(pha)

proving the second part of the lemma.
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It remains to prove the two claims. We start by proving (4.5). Note that the LP used in
the definition of z(p;z) is a relaxation of the LPs used in the definitions of z*"°(p’; z) and
Zlone (5 ). Tt follows that 2% (p; ) < z(p;x) and 2'°"8(p; 2) < 2(p; x); adding these two
inequalities yields the second inequality in (4.5). To prove the first inequality in (4.5), let
7v* be an optimal solution for the LP (T(p, x)). We decompose 7* into a flow supported on
short edges and one supported on long edges. That is, we write v* = 1ot 4 ~lon - where
Aot only sends flow on short edges, and "8 only sends flow on long edges. Note that
yshort is feasible for the LP defining 281" (p; x), and ~'°"¢ is feasible for the LP defining
Z"8(p; ) (by Lemma 4.9). Tt follows that 2" (D5 2) > 354 vpaan<m Vaag(z, A') and

28D x) > 304 araaanysa Yaag(x, A'). Summing these two inequalities yields

Zshort(’ﬁ; m) + Zlong(ﬁ; x) Z Z 7;7A19<1'7 A/) = Z(ﬁ?'r) .
AA

Finally, we prove claim (4.6). Note that 2'°%¢(p;0) and 2'°"¢(p;x) are defined as the
optimal values of two LPs with the same feasible region. Let v° and 7* be optimal solutions
for these two LPs respectively. We have

2E(E50) > ) yh wg(0,A) = A4 pgla A) = 2 (F )
AA AN

where the second inequality follows from Assumption (A2). This proves the first part
of (4.6). Furthermore, we have

2E(E ) > > G ag(r A) =D A5 a(g(0,A) = AcTr) > 28 (F;0) — T

AA AA

where the second inequality follows from assumption (A3), and the third one follows from
the fact that Y-, 4, 7% 4 < 5. This yields the second part of (4.6). O

Remark 4.11. By increasing the threshold M that demarcates short and long edges to
Ar/e, one could strengthen (4.6) to 2'°"¢(p;x) < 2'°"8(p;0) < 2'°"8(p;x) + ecTx, and so
the contribution 2°%(p; x) from long edges would be within an ecTx term of the constant
Zl°ne (5 0). This is analogous to what happens with the decomposition of the scenario col-
lection into “low-cost” and “high-cost” scenarios in the proof of the SAA result of Charikar,
Chekuri, and Pal [21]. Note however that this change in the threshold M does not avoid
the factor-2 loss in Lemma 4.10.
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Given Lemma 4.10, we focus on the proxy problem

min {h(p;z) = cTx+ 2" (p;z)} . Q)

Recall that g(z,y, A) := maxarca.0a,an<m {9(x, A") —y - £(A, A')}. Using LP duality, fol-
lowing the same arguments as in Lemmas 4.5 and 4.6, we have

(p5a) = o+ min {ry +Eaylgla,y, A))} (1.7)
Yy sT

for every fractional first-stage decision # € P, and so we can reformulate (Q(p)) as follows:

min {E(p cx,y) =+ ry + Eaoslg(z,y, A)]} . (R(p))
z€X,y€(0,7]

Note that, as was the case for (R(p)), we can view (R(p)) as a two-stage stochastic problem,
with first-stage decision set X X [0, 7] and optimal second-stage costs g(z,y, A) for every
(z,y,A) € Xx[0,7]x.A. It is easy to see that the second-stage cost g(z, y, A) is nonnegative
for every (z,y,A) € P x Ry x A, since g(z,y, A) > g(z, A) —y - (A, A) = g(z, A) > 0.

The chief advantage of, and reason for, moving from (R(p)) to (R(p)) is that, as we
now show, we reduce the inflation factor to A, which is the inflation factor of the discrete
DRS problem we started with.

Lemma 4.12. Letx € P,y >0, and A € A. Then
0 < §(0707A) —§(:E,y,A) < A (CT:E +Ty) .

Proof. We mimic the proof of Lemma 4.7. The first inequality follows because for every
scenario A’ € A we have

g(QI,A/) -y E(A7A/> < g(O7AI> -0- g(A7 A/) )

since g(z, A") < g(0, A’) by assumption (A2) and since ¢(A, A") > 0.

We now prove the second inequality. Let A := argmax /. aoaan<m 9(0, A7), Then

<A zty- M
=\ (cTz +ry) ,

where the second inequality follows from (A3) and the fact that E(A,Z) < M. n
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4.4 Main lemma and proof of the SAA theorem

After suitably discretizing the y-range [0, 7] and applying the SAA result from Charikar,
Chekuri, and Pal [21] (Theorem 4.2), we can show that approximate solutions for the
SAA problem (R(p)) can be translated into approximate solutions for (R(p)), with an
improved poly(Z, \) sample complexity. Given the equivalence between (R(p)) and (Q(p))
(and between (R(p)) and (Q(p))) shown by (4.7), we can use this to translate approximate
solutions for (Q(p)) into approximate solutions for (Q(p)). Since for every distribution
p over A we have that h(p;z) (which is the objective function of (Q(p))) and h(p;z) +
2178 (55 0) (which equals the objective function of (Q(p)) plus a constant) are pointwise close

by Lemma 4.10, this seems to indicate that we can also translate approximate solutions
for (Q(p)) into approximate solutions for (Q(p)).

AN

However, two sources of difficulty remain. First, the fact that h(p;x) and h(p;x) +

Z1°"8(7; 0) are pointwise close does not mean that approximate solutions for (Q(p)) trans-

late into approximate solutions for (Q(p)), since the term z'°"¢(p;0) could be significant
compared to h(p;z), as indicated by the factor-2 loss in Lemma 4.10.

Second, note that the SAA result for (R(p)) obtained via Theorem 4.2 involves using
estimates for the objective function h(p;z,y) of (R(p)), which we do not have. However,
we will show in Chapter 5 that if we have an approximation algorithm for problem (IT)
that gives the type of guarantee stated in Definition 3.5, then given an integer first-stage
decision x € X one can obtain an approximate solution for (T(p,x)) (see Lemma 5.5),
which can be used to estimate h(p;x). While this is not the same as a value oracle for
h(D;x,y), we show that this nevertheless suffices.

We now state the main lemma that we use to prove Theorem 4.1.

Lemma 4.13 (see proof in Section 4.5). Let ¢ > 0, n > 0, and 6 € (0,1). Let C(p) be a
nonnegative concave function defined over the set of probability distributions over A. There

exist k = poly(%,log %) and N = pon(I,)\
Let p', ..., D" be empirical estimates of p, each constmcted using N independent samples.

Suppose that for each i € [k] we have an integer first-stage decision T8 € X and an estimate
ft such that

)

log 1 log 5) such that the following holds.

h(p';7) +C[P) < fi<- mm{h(p z)+C([)}

where 1 > 1. Let j := argmin gy, ft. Then with probability at least 1 — § we have

h(p;#) +C(B) < (1 +e) - min {h(p; ) + C(H)} +¢n -
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We proceed to show that Theorem 4.1 follows from Lemma 4.13, but first we need the
following preliminary lemma.

Lemma 4.14. The function p — 2'°"¢(p;0), defined over the probability distributions over
A, is nonnegative and concave.

Proof. Let p be a probability distribution over A. Note that all feasible solutions 7 for the
LP defining 2'°"8(p;0) are nonnegative by constraint (4.3), and that the coefficients of the
objective function are nonnegative. It follows that 2'°"¢(p;0) is nonnegative.

To prove that the function is concave, consider any two distributions p and ¢, and let
p=0-p+(1—80)-q, where § € [0,1]. Let 4 and 77 be optimal solutions for the LPs
defining 2'°"(p; 0) and 2'°"(q;0) respectively. Then 77 := 6 - 4% + (1 — §) - 49 is a feasible
solution for the LP defining 2'°"8(p; 0), which implies that

ZUE(E0) > ) A 4g(0, A)

AA
—9 Z’YAA/ OA Z’)/AA/ OA
AA AA
=0-2"(p;0) + (1 - 0) - 2'"%(q;0) . O

Proof of Theorem 4.1. Let the number k of SAA problems and the number N of samples
for each such problem be given by Lemma 4.13, with parameters (5, 2,5) We show that
for every i € [k], we have that (7%, 2f%) satisfies the conditions of Lemma 4.13 taking the
parameter v in the lemma statement to be 2¢, and setting C(p) := 2'°"%(p;0) (which is a
nonnegative concave function by Lemma 4.14). That is, we show that

h(p';7%) + 2" (p";0) < 2f' < 20 - mm{h(p z) + 2P 50)} .
To see this, note that

h(p'5T") + 285 0) < 2h(p3 )

<2f!
<2¢-minh(p'; z)
<29 - Hél)f{l{h(p z) + 2P ;0)} .

The first and the last inequalities follow from Lemma 4.10. The second and the third
inequalities use the guarantee on (77, f') given in the theorem statement.
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Furthermore, since j € argmin,cy, f*, we also have j € argmin,cy {2f'}. Applying
Lemma 4.13, we have that with probability 1 — ¢,

E(ﬁvfj) + Zlong(ﬁ;()) S Qw(l + g) . Hél)r(l {E(ﬁ,x) + Zlong<ﬁ;0)} + wn .

Using Lemma 4.10 again, we obtain that the left side is greater than or equal to h(p; 77),
and the right side is less than or equal to 41(1 + €) - mingex h(p; x) + 1, and the theorem
follows. 0

Remark 4.15. Note that by applying Lemma 4.13 with C'(p) := 0 for every p, we can also
convert approximate solutions for min,ex h(p; ) (for p = p',...,p") into an approximate
solution for min,cx A(p; ). This can be used, along with Lemma 4.10, to obtain a variant
of Theorem 4.1 showing that t-approximate solutions for mingex h(p; ) translate into a
solution for min,cx h(p;z) that is approximately optimal, within a 2 (1 + ¢)-factor and a
¥n additive term. With some additional work, this can be used to halve the approximation
factor in our main result for DRS optimization under a Wasserstein ball (Theorem 3.6),
if we require an approximation algorithm for computing g(z,y, A) (rather than for the
problem (II) of computing g(z,y, A)).

4.5 Proof of Lemma 4.13

4.5.1 Overview

We discretize the y-range [0, 7] suitably to obtain a set Y C [0, 7] such that for every integer
first-stage decision x € X and any distribution p, there exists y € Y such that E(ﬁ )
is close to h(p;z) (see Lemma 4.16). This allows translating approximate solutions for
mingex h(P;x) into approximate solutions for min,ex ey h(p; z,y) and vice versa.

Let p denote a generic empirical estimate of p (which could be any of p!,... p%).
The arguments in Charikar, Chekuri, and Pal [24] show that approximate solutions for
mingey yey h(p;z,y) (for p=7p',...,p") can be used to obtain an approximate solution for

Mingex yey M(P;z,y) (given a suitable value oracle for h(p;z,y)). Recall that h(p;z,y) :=
cTr+ry+Ea,[g(z,y, A)]. The proof in [24] proceeds by decomposing E 4.,[g(z, y, A)] into
two terms, EIX‘ZP [g(x, Y, A)} and Eﬁj‘i}; [g(x, v, A)}, which are the contributions from “low-
cost” and “high-cost” scenarios respectively. For the low scenarios, Hoeffding’s inequality
(Theorem 2.3) implies that IEIXZ@\[E(-, -, A)] and IEL({XZ; [9(-,-, A)] are pointwise close (see
Lemma 4.17).

57



The contribution to h(p;z, y) from high scenarios, however, could be quite different in
the SAA and original problems, although in both problems, this contribution is essentially
independent of (x,y) since the definition of high scenarios ensures that they occur with
small probability (see Lemmas 4.18 and 4.19).

Since E}XE}; [3(0,0, A)] is linear in p, the expected value of Ehlgh [ (0,0, A)] (over the

random selection of the scenarios used to construct p), is precisely ]E}Xi};[ (0,0, A)]. Thus,
we can use Markov’s inequality (Theorem 2.1) to show that for at least one of our multiple

SAA problems (say, the one with empirical distribution p'), we have that Ehlgh [3(0,0, A)]

is not much larger than E}Xil;[ (0,0, A)]. This can be used to show that a 1/J—approximate
solution for this SAA problem is also a (1 + O(e))-approximate solution for the orig-
inal problem. But we do not a priori know this index t, and evaluating or estimating
Ea~p[g(7,y, A)] (and hence, h(p;x,y)) is challenging because (other than the difficulty of
evaluating g(x,y, A) for a specific scenario A) p can have exponential support; in fact, this
is often #P-hard even for standard two-stage stochastic problems. In [24], it is shown that
if one can estimate the objective value h(p;x,y) for the SAA problem (which seems easier
since p has small support), then choosing the solution corresponding to the SAA problem

with best SAA objective-value estimate works.

In our case, we actually want to evaluate the objective value h(p; z,y)+C(p) for the so-
lution returned by the SAA problem. While we can once again decompose E4.,[g(x, y, A)]

into Eljzp[ (z,y,A)] and E}XE}; [g(z,y, A)], the term C(p) could have very different contri-

butions in the SAA and original problems (as is the case for the term E}Xi}; [g(x, Y, A)} ), and
we need to reason about this separately. Moreover, a complicating factor is that this term
is mot linear in p. But since it is concave in p, we are still able to use Markov’s inequality
as above. In the proof below, we consider the combined term EE;E%[E(O, 0, A)} + C(p), and
apply Markov’s inequality to show that there is an index t € [k]| for which this term for

p = D' is not much larger than E}Xi};[ (0,0, A)] + C(p) (see Lemma 4.20).

Finally, we show that, although we do not know this index ¢, and we do not know how
to evaluate h(p;x,y) or h(p;x,y), the index j corresponding to the best estimate f* works
as well as ¢; this is captured by inequality (4.19).

4.5.2 Some preliminary lemmas

Throughout the proof, we assume that e < 7/3. Note that this can be done without loss
of generality: if this does not hold, we can set € := min {€,7/3} and then reason as below.
Let & :=¢/14 < 1/6. We set the number of SAA problems to k := [21In2]| (note that
E>1).
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We introduce a discretization Y of the y-range [0, 7].> Let /' : and define

= i
/

Y ={0,7}U {integer multiples of )\i in (0, 7')} .
r

We now bound the error introduced by replacing y € [0, 7] with y € Y in (4.7).

Lemma 4.16. Let p be a probability distribution over A and x € X be an integer first-stage
decision. Then there exists y € Y such that

0<h(@;z,y)—h@;z) <n .

Proof. The first inequality holds for every y € Y by (4.7), so we focus on showing that
the second part holds for some choice of y. By (4.7), there exists 3’ € [0, 7] such that
h(p;z) = h(p;z,y). Let y be the largest number in Y that is no larger than y’. Because
of the way in which we defined the discretization Y, we have 3’ — /’\7—; <y<y.

Note that

h(p;x,y) —h(p;x) = h(p;z,y) — h(p;z,Y)
= (c"z+ry+Ea;[g(x,y, A)))

4.8
(e 4 7y + Eacgla(e. /. A)) e
< EANP[ (I y7A) - (1:73/ >A>] :
Note that for every scenario A € A, we have
9@y, A) =gz, y, A) < (Y —y) - M . (4.9)

This follows because, if we let A := argmax 4re 4., ary<m 19(2, A') —y - €(A, A')}, then we
have

g(z,y, A) > g(:E A) —y - E(A A)

= (g(z,4) —y- (A, A) + (y—y) (A A)
(z,y,A)+ (y —¢) - L(A, A)
>g(z,y,A)+(y—-y) M,

3The discretization considered in [24] is incorrect: it assumes implicitly that the search region of the
SAA problem is (or may be) restricted to points whose first-stage cost is within some factor of the optimum
of the original problem, but this need not hold. It also assumes that the grid points lie in the feasible
region, which again need not hold.

I
QI Q|
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where the last inequality follows because y — 3’ < 0 and K(A,z) < M. Combining (4.8)
and (4.9), we obtain

/

U

M =9 ]
AT m

hpsay) —h(p:e) < (Y —y) - M <

We now introduce the classification of the scenario collection A into low-cost and high-
cost scenarios, and prove the key properties of this classification (Lemmas 4.17, 4.19,
and 4.20). We classify the scenarios according to the values §(0, 0, A), using the threshold
H = 2.0, where O := mingex h(p;z) + C(p). We define the collections of low and

high scenarios as A" := {A € A:9(0,0,A) < H} and A" :={A e A:4(0,0,A) > H}
respectively.

Before proving the key properties of the classification of the scenarios, we define some
notation for convenience. Let p be an arbitrary distribution. It will be cumbersome to carry

around the C(p) term, so we define h(p:z) :=h(p;z)+C(p) and h(p;x,y) := h(p; z,y) +
C(p). We use E'¥ o] and IE}ZE};[-] to denote the contribution to the expectation E4.,[]

from the low and the high scenarios respectively (so we have E4.,[-] = Efﬁp[ |+ EE{EI;[ D).

Let * be an optimal solution for min,ex h(p;z) (which is also an optimal solution for
mingex h(5;x)). By (4.7), there exists y* € [0, 7] such that h(p;2*) = h(p;a*,y*). Recall
that our goal is to bound the quality of the solution Z7 with respect to O. Note that since
C(p) > 0, we have O = h(p;a*,y*) > h(p; 2", y").

Lemma 4.17. There exists Ny = poly (I A, 1 log ,log 5) such that the following holds

with probability at least 1 — 3 as long as N > Nl.

B Gy, A)] — B [g(e,y, A €0 Vi€ K], W(z,y) € X x Y.

ANp ANp ~

Proof. Let us fix i € [k] and (z,y) € X x Y. Consider the random variable

o Ja@y ) it ae A
o0 , otherwise,

where A is a scenario sampled according to the central distribution p. Note that W is
in the range [0, H] = [O, ’é—?} Moreover, note that E[W] = EX" [g(z,y, A)], and that

ANp

Eff,p [g(x,y, A)] can be seen as an empirical estimate of W computed using N samples.
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By Hoeffding’s inequality (Corollary 2.4), there exists

20 1 1 1
N7 = poly 7710g 5 = poly( Z, A\, —, log |Y| ,logg
€ SRIXTIY] c

such that, as long as N > Ny, we have

<0
3k X[ Y]

Awp ANp

Pr[|]E1°W Gy, A)] — BN [g(x, y, A)]| > 50]

Taking the union bound over all tuples (i, z,y), we get that the inequality in the lemma
statement holds for all of them with probability at least 1 — k| X||Y] - m =1-4

To conclude, note that log |Y| = O (log (%)) = poly (I, log A, log %) O
b
Lemma 4.18. We have Y 4 jnign Pa < 278,

Proof. First, consider the case where O = 0. We show that the support of p only contains
low scenarios, which implies the result. Let A € supp(p). Since we have h(p;z*,y*) < O =
0, we obtain ¢Tz* 4+ ry* = 0 and g(z*,y*, A) = 0. Lemma 4.12 then yields §(0,0, A) <
glz*,y*, A) + X (cTz* +ry*) = 0 = H, which implies that A € Al°".

We now turn to the case where O > 0. We have

O > h(p;a*,y")

h
E,%5 00 ,y* A)]

Awp

Z pa-(G(0,0,A) — A (cTx" + ry"))
A Abigh

> > pa (1—76))0

Ag Ahigh

v I\/

v

where the third inequality follows from Lemma 4.12, and the final inequality follows because
73(0,0,A) > H = ?O for every scenario A € AM and O > h(p;a*,y*) > cTz* + ry*.
Solving for ), suin Da, and using the fact that &' < %, we obtain

2¢’
<= O
2 pA_)\l—e)_ \

61



Lemma 4.19. There exists Ny = poly()\, %, log %) such that the following holds with prob-
ability at least 1 — % as long as N > Ny:

E%(5(0,0, 4)) — E4%[g(e,y, A)) < 2¢/(CTa +1y) W(a,y) € X XY (410)

A~p A~p

EL55[9(0,0, A)) = Y55 [g(x,y, A)] < 3¢/ (e +ry) Vi€ [K],V(r,y) € X xY . (4.11)

Proof. We start by showing that (4.10) holds with probability 1 (for every N > 1). For
every (z,y) € X x Y, we have
EA2500(0,0, A)] = EREL[g(x,y, A)] = E3Z5[9(0,0, A) = g(a,y, A)]
< E}jil},[)\ (T +ry)] <2 (T +ry) .
The first inequality follows from Lemma 4.12, and the second inequality follows because
> aeamign Da < 275/ by Lemma 4.18.

Now we focus on proving (4.11). Let A be a scenario sampled according to the central
distribution p, and consider the indicator random variable

W 1 ,1fAeAhigh;
0 , otherwise.

Note that E[W] = ", suien Pa, and that >, 4ue Py can be seen as an empirical es-
timate of W computed using N samples, for every ¢ € [k]. By Hoeflding’s inequality
(Corollary 2.4), there exists

1 1 1 1
Ny = poly (—,, log ) = poly (A, —, log —)
£ = € 0

) 3k
such that, as long as N > Ny, we have

Y Pa— D pa

A€ Ahigh A€ Ahigh

Pr

>€_/ <i
Al T3k
0

for every i € [k]. By the union bound, with probability at least 1 — k2 = 1 — & we
have that for every i € [k], the inequality |3 4 gnisn P4 — D acqmien Da| < %/ holds, and so
> aeanish Dy < D acqnish Da + %/ < 375/, where the last inequality follows from Lemma 4.18.

We can then prove that (4.11) holds by following the reasoning we used to prove (4.10):
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for every i € [k] and (x,y) € X x Y, we have

EL22[5(0,0, A)] — BV gz, y, A)] = BY2L[5(0,0, A) — G(x,y, A)]
< Efﬁ% A (cTx +ry)] < 3e'(cTx +ry)

where the last inequality follows because ), suien Py < 3%/. [
Lemma 4.20. With probability at least 1 — 2, there exists t € [k] such that

<E}:i};7t (0,0, A)] + c(ﬁ)) - (Egii};[g(o, 0, A)] + C(ﬁ)) <0 . (4.12)

Proof. Let i € [k]. The expected value (over the random selection of the scenarios used
to construct p') of IEZIE% [3(0,0,A)] is E}XE}; [§(07 0, A)]. Since C(+) is a concave function by
assumption, and since the expected value of p is p, by Jensen’s inequality (Theorem 2.2)
the expected value of C'(p?) is at most C(p). Using Markov’s inequality (Theorem 2.1), we
obtain that

EY2 [9(0,0, 4)) + C(7) > (1+ ') (42 [5(0,0, 4)] + C(p)) (4.13)
holds with probability at most ﬁ Since the samples used to construct the empirical

distributions are independent, the probability that this holds for every i € [k] is at most

L e, ¢ 3,1n'<<€_g’>3,1n§:§
1+¢ - 2 - 3

where the first inequality follows from ﬁ <1- %/, which holds for ¢’ € [0, 1], and from
the definition of k.

Therefore, with probability at least 1 —
1 =t, and so we have

high
(B4

<é-

>l

)

%, inequality (4.13) is violated for some index

—

9(0.0, 4] + (7)) — (EX%[9(0.0, 0] + ()
E}%5[5(0.0, 4)] + C(5))
ELS Gy A) + A" +ry)] + )

T 1y + B[y, )+ C))

g

IN

g

IA

I/ N -7 NN

g0 .

IN
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The second inequality follows from Lemma 4.12. The third inequality uses Lemma 4.18
and the fact that ¢/ < %: we have D 4. auisn DA < 2% < % The final inequality follows
because O = h(p;a*, y*) > cTa* + ry* + ENE [g(a*, y*, A)] + C(p). O

Arvp

4.5.3 Details of the proof

We set N := max { N7, No}, where N7 = poly <Z A, i,log %, log %) and Ny = poly()\, 6,log 5)
are given by Lemmas 4.17 and 4.19 respectively. Note that N = poly (I A, ;,log , log 5)

By Lemmas 4.17, 4.19, and 4.20, and using the union bound, we have all of the following
with probability at least 1 — 9:

BN [G(z,y, A)] — ES [G(z, 9, A))| <0 Vie[k], V(z,y) € X xY;  (4.14)
E%[5(0,0, A)] — EY [z, y, A)] < 2¢'(Ta +ry) V(z,y) € X x V' ; (4.15)

Ehlgh [3(0,0, A)] — Ehlgh [G(z,y, A)] < 3'(cTx +ry) Vi € [k],V(2z,9) € X xY ;  (4.16)

<]E;fi§% [(0,0, A)] + C’(ﬁ)) <]E}Afl§};[ (0,0, A)] + C’(ﬁ)) < €0, for some t € [k] . (4.17)
In the sequel, we suppose that (4.14)—(4.17) hold. By Lemma 4.16, there exist 7 and
y/ €Y such that h(p;2*,7) < h(p;x*,y*) +1' < O+7] and h(p7;27,y7) < h(p7 ;27) + 1.
We first use the properties of the estimates { f*} and the choice of the index j to relate the
quality of (z7,y’) under the j-th SAA problem min,ex yefo.1] h(p ;z,y) to the quality of
(2*,7) under any of the SAA problems mingex yepo.7] h(p';2,y) (where i € [k]). We have

RE 7, y7) <h(F ;7)) +of
<+
<f+n

<y- gf;g?h(p z) + 1 (4.18)

. T (5. /
=1 meﬁlél[o,ﬂh(p ST, Y) + 1
<4 h(p ;2" g) + 1.
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The first step follows from the definition of 4. The second step follows from the definition
of f7 in the lemma statement. The third step follows because we chose j as the index
corresponding to the smallest estimate. The fourth step follows from the definition of f?
in the lemma statement. The fifth step follows from (4.7). The final step follows because
(z*,7) is a feasible solution for the i-th SAA problem.

Applying (4.18) to i = j and ¢ = ¢, we obtain
W30, y) <v-h(F52%9) +0
W3, y7) <v-h(p527,7) +1
1

Taking a convex combination of the two inequalities above with coefficients 7 and 1 — i
respectively, we obtain

R 7, y) <h(P ;2% 7) + (W — 1) - h(p' 2" 7) + 17 (4.19)
Next, we evaluate the quality of (27, 37) in the original problem. We have

ﬁ(ﬁ;”x\j,yj) — T + oy 4 Elov [ (Aj A)} [hish [g(/x\j,yj,A)] +C(p) . (4.20)

ANp A~p

To bound the contribution from low scenarios, we use (4.14), obtaining
ES [9(7, 97, A)] <ES [G(3,47, A)] +£0 . (4.21)

A~p

Next we bound the contribution from high scenarios. For any i € [k], let

Af = (B [5(0,0, 4)) + C(7) ) — (Ei%[5(0,0,4)] + C())

A~plY
We have
EL5 [9(#, ', A)] < ER%[5(0,0,4)]
=E}%[9(0,0,4)] — A + C(7) — C(p) (4.22)

<EN [9(7 v/, A)] + 3 (T +ry') — A+ C(F) — Cp).

The first inequality follows from Lemma 4.12. The equality follows from the definition of
AJ. The final inequality follows from (4.16).
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Substituting (4.21) and (4.22) in (4.20), and grouping terms by recalling that
ﬁ(ﬁ 2, y) =TT 4 ry! —i—ElXVNVp»[ (@, 4, A)] —I—E}:ih [G(@.y,A)] +C{@) ,
we obtain
E(ﬁ;ﬁc\j,yj) < ﬁ(ﬁ 2 y7) + €0 + 3 (T +ry’) — A
< [h@ et 5) = &) + (0= 1) B (50" 7) (4:23)
+E'0 4+ 3¢ (T +ryd) +f
where the second inequality follows from (4.19).

We now proceed to bound h(p7 ; 2*,7) — AJ and h(p'; z*,7). We have

h(p 12", 7) — A = cTa" + g + B [6(a, 7, A)) + BV [g(a, 7, A)] + C ()

— (B, 5(0,0, )] + C(7) ) + (E4%[5(0,0, 4] + C(p))

Ta* + 1y + BV [g(a", 7, A)] + ERE[9(0,0, A) + C(p)

(1+2¢')(cTa* + 1) + ESY [G(z*, 7, A)] (4.24)
[G(z".7, A)] + C(p) + €0

(1 —|—25) (p;x ,y)+60
)

< (14380 + (142"

IN A

high
+ENE

IN

The first step only expands the definitions of A(77 : 2*, %) and A?. The second step follows
because g(z*, 7, A) <g(0,0, A) for every A € A by Lemma 4.12. The third step uses (4.14)
to bound the term involving low scenarios and (4.15) to bound the term involving high
scenarios. The fourth step follows because h(p; z*,7) = cTz* +ry+Eas[g(x*, 7, A)]+C(p).
The final step follows because E(p ;) < O+ n.

Similarly, we have
R(pt; 2", 7) < (14300 + (1+ 2 ) + Al < (1 +4¢)0 + (1 + 2 (4.25)

The first inequality is obtained by following the same steps used to derive (4.24) (but using
t instead of j). The second inequality follows from (4.17).
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Substituting (4.24) and (4.25) in (4.23), we obtain

(B3, y7) < [(143)0 + (1420 4+ (0 = 1) |(1+ 410 + (14 26|
+ 0+ 3¢ (T +ryd) +of
= (1 +4)0 + (1 + (1 + 2 + 3¢ (T3 + ryf)
< (1 +46")0 + (2 + 26"\ + 3h(p; 7, y7) |

(4.26)

where the last inequality follows because 1 > 1 and ™% + ry? < h(p: 79, y7).

Therefore we obtain

h(p; @) <h(p; 7,y
144 ~ 2+2¢
SUT Y YT

<p(14e)0+un .

The first inequality follows from (4.7). The second one follows from (4.26). The final

inequality follows because 1+§5 =1+ 1753 ;< 1+14e’ =1+¢and f*gf,n <(4+4e)m =1

(since 1 — 3¢’ > 1). O
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Chapter 5

DRS optimization under a Wasserstein
ball: polynomial-size central
distribution

Recall that in Chapter 4, we proved an SAA result for a discrete DRS optimization problem
under a Wasserstein ball,

min {CTI + sup  Ega,[cost of z*] } : (DRSOw)
reX,zEZ: L 5.0)<r
(z,24)€F(A) VAeA by

where Ly is a Wasserstein metric defined relative to a scenario metric ¢, and the central
distribution p is given by a sampling oracle.

We moved from (DRSOw) to its relaxation with integer first-stage decisions and (im-
plicit) fractional second-stage decisions,

gg)r(l {h(p;x) =cTx+z(p;2)}. (Q®))

Informally, we gave a reduction from (Q(p)) to a collection of DRS problems of the type

Ixrél)rcl {h(p;z) :=cTx+ z(p;z)}, QD))

where the central distribution p has a polynomially-bounded support size (see Theorem 4.1
for the precise statement). Our goal in this chapter is to design a framework for computing
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an approximate solution for (Q(p)), as well as an estimate of its objective value. Combined
with the SAA result (Theorem 4.1), this allows us to obtain an approximation algorithm
for the relaxed DRS problem (Q(p)) with a black-box central distribution, which can then
be converted into an approximate solution for the discrete DRS problem (DRSOw) via a
second-stage approximation algorithm.

The central distribution p is represented explicitly, that is, we have a collection of pairs
{(A,Da)} seasur specifying the probabilities of the scenarios in the support of p, which we
denote by A%"P. The scenarios that do not appear in this collection of pairs have probability
zero under the distribution p. The input size of the SAA problem (Q(p)) is denoted by Z,
and is defined as the sum of the input size Z of the original problem (DRSOw) and the
encoding size of the pairs {(A,pa)} 4c 4o used to specify the central distribution. Note

that |A%"P| = poly (i) by definition (and when p is obtained via the SAA result from
Theorem 4.1 with parameters (g,7,6), we have |A4™'?| = poly (Z, A, 1, log %, log %))

We now state the main result in this chapter, which gives a reduction from (Q(p)) to
the following problem.

(IT) Given an integer first-stage decision x € X,y > 0, and a scenario A € A, solve
g(z,y, A) = max {g(x,A") —y-L(A A"} .
'e

Recall from Definition 3.5 that a (31, B2)-approximation algorithm for (II) returns a scenario
A € A such that

g(z, A) —y-L(AA) > max {ﬁig(aﬁ, A') = Bay - L(A, A’)} :

1

Theorem 5.1 (combination of Theorem 3.14 and Lemmas 5.2 and 5.6).
Suppose that we have (i) a (B1, Ba2)-approximation algorithm for problem (11); and (ii) a

local p-approximation algorithm. Then, given n > 0, we can compute in poly (f, log %)

time an integer first-stage decision T € X and an estimate f such that

P52 < £ < uap (mig i) +1)

Organization of this chapter. In Section 5.1, we provide an overview of the techniques
used in the proof of Theorem 5.1; we present the proof in detail in Section 5.2. In Sec-
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tion 5.3, we show that for certain choices of the scenario collection A and the scenario
metric ¢, we can solve the fractional SAA problem (Q¥(p)) (with fractional first-stage and
second-stage decisions) exactly, by reformulating it as a compact LP. In Section 5.4, we
present hardness results for some problems related to solving the DRS problem (Q(p)).

5.1 Overview of the techniques

Perhaps the most natural approach for obtaining an approximation algorithm for the DRS
problem (Q(p)) would be to move to its further relaxation with fractional first-stage deci-
sions,

min {h(p; z) = 'z + 2(p52)} (Q*())

compute a (fractional) approximate solution for it, then round it via a local approximation
algorithm. Unlike the case with two-stage {stochastic, robust} optimization, where the
fractional relaxation of a problem with an explicit polynomial-size list of scenarios gives
a compact LP and can therefore be solved in polynomial time, it is substantially more
challenging to even approximately solve (Q"(p)) with a polynomial-size central distribution.
As we now explain, reformulating (Q¥(p)) as an LP leads to an LP with exponentially
many variables and constraints. Recall from Section 4.1 that we can express z(p; ) as the
optimal value of the following LP:

z(p;r) = max Z’yA’A/g(x, A" (T(p, z))
AA!
s.t. ZIYA’A/ S ﬁA \V/A € ./4. (51)
A/
> UAA ) A <7 (5.2)
AA!
>0, (5.3)

Note that, because of constraints (5.1) and (5.3), we can simplify the above LP so
that we only have variables y4 4 for A € A%"P, and constraints (5.1) are only present for
A € AP, Taking the dual of this simplified LP, we obtain a reformulation of z(p;x) as a
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minimization LP; this yields the following reformulation of (Q(p)):

min 'z +ry + Z Dafia
AcAsup
st pa =gz, A —y- (A A) VAe A" A e A
x € P, uERfsup, y>0.

Suppose that under each scenario A, the cost of a fractional second-stage decision 24 is

given by s -z, where s* € R"?. Substituting g(x, A’) = min {SA/ 2 (ZB, zA/) € f(A’)}
in the reformulation above, we obtain the following reformulation of (Q¥(p)) as an LP:

min ¢’z +ry + Z Dalia
AeAsup

st pa>st 2N —y H(AA) YAeA™ AeAd
(x,24) e F(A) VA €A
T E€P,ueRY” y>0.

The numbers of variables and constraints are both Q(].4]). Thus, even though the central
distribution p has polynomial-size support, the LP-reformulation of (Q(p)) has exponen-
tially many variables and constraints, and we are unable to solve it efficiently.

It seems therefore preferable to work directly with (Q¥(p)) as a convex program. One
can show that solving this convex program reduces to the following problem.

1ven a fractional first-stage decision x € P,y > 0, and a scenario A € A, solve
* Gi jonal fi decisi P 0 d io Ae A 1
9(x,y, A) == max {g(z, A') =y - (A, A)} .
'e

(Note that problem (*) is more general than (IT), which is the problem for which we assume
the existence of a non-standard type of approximation algorithm.) Indeed, if we had an
efficient algorithm for (*), then given any point z € P we would be able to efficiently
separate the (exponentially many) constraints of the dual of the simplified version of the
LP (T(p,x)). We would therefore be able to compute an optimal solution for this LP,

! An exception to this is the unrestricted setting (i.e., A = 2Y for some ground set U) with the discrete
scenario metric £95¢ (so Lyy is the 3L metric), under the assumption that g(z, A) < g(z, A’) for all z € P,
A C A’) which holds for covering problems. Here, we can reformulate z(p;z) as an LP with polynomially
many variables {ya 4/} and hence, obtain a reformulation of (Q(p)) as a compact LP. Theorem 5.8 shows
a more general result along these lines.
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which could be used to compute both the objective value h(p;z) and a subgradient of
h(p;-) at x. We would therefore be able to approximately solve (Q"(p)) via the classical
ellipsoid method (Theorem 3.10).

It turns out that (*) is generally a complicated problem that, as we show in Theorem 5.9-
(b), can capture the k-max-min problem maxacy.jaj<k 9(0, A) encountered in two-stage
robust optimization, which is NP-hard in various settings (see Section 2.1). Moreover,
due to its mixed-sign objective, (*) is often inapproximable under the standard notion of
approximation (see Theorem 5.9-(b)).

We therefore consider the non-standard notion of approximation given by Definition 3.5.
If we have a (01, 52)-approximation algorithm for (*), then we can compute a S-approximate
solution v for (T(p,x)), given any fractional first-stage decision z € P, where 8 = (31
(see Lemma 5.5). As shown in Lemma 5.3, this solution 7 could then be used to compute
both (i) a S-approximate estimate of h(p;z) and (ii) a (1 — 1/3)-subgradient of h(p;-) at
x. This suggests that we try to utilize ellipsoid-based algorithms based on approximate
subgradients. We discussed two such algorithms in Section 3.4.1, namely, the algorithm
by Shmoys and Swamy |1 1] based on w-subgradients (see Theorem 3.12) and the alternate
algorithm based on (w, 7) -first-order oracles (see Theorem 3.14).

The algorithm by Shmoys and Swamy |1 /] requires the ability to compute w-subgradients
for quite small values of w, which amounts to obtaining a (1, B2)-approximation algorithm
for (*) with 182, = 1+ e. This is impossible for various problems, because, as mentioned
before, (*) can be used to encode the k-max-min problem maxacy.jaj<k 9(0, A), which is
APX-hard in various settings.

Therefore, we move to the ellipsoid-based algorithm from Theorem 3.14. One can
show that an approximate evaluation oracle for A(p;-) can be combined with an algorithm
for computing w-subgradients to obtain a generalized first-order oracle in the sense of
Definition 3.13; this holds for any value of w. However, one final difficulty remains: even
in cases where we know how to (approximately) solve the k-max-min problem, which as
noted earlier is a special case of (*), we only have an algorithm that works with integer
first-stage decisions. (This is also the reason why in Theorem 5.1, we only assume the
approximability of (IT), which involves computing g(z, y, A) for integer first-stage decisions
x.) However, in (*), x could be fractional. To remedy this, we utilize the flexibility of the
alternate first-order oracle from Definition 3.13, where we are allowed to move to a different
point. Here, when faced with a fractional point z € P, we will first round = using a local
p-approximation algorithm to an integer point ¥ € X, and then find a [-approximate
solution for (T(p, 7)), using the (5, f2)-approximation algorithm for (II) (see Lemma 5.5).
We show in Lemma 5.4 that this indeed yields a (p, X)-first-order oracle, which we then
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use in the ellipsoid-based algorithm from Theorem 3.14.

5.2 Proof of Theorem 5.1

We show in Lemma 5.2 that we can utilize a (/31, f2)-approximation algorithm for (IT),
in conjunction with a local p-approximation algorithm, to obtain a (f;82p, X)-first-order
oracle for h(p;-). Recall from Definition 3.13 that this oracle is an algorithm that, given
any fractional first-stage decision z € P, computes a tuple (z, f,d) € X x R x R™ such
that (i) h(p;7) < f; and (ii) h(p;2') > if for every 2/ € X such that d7(z’ —x) > 0.
Equipped with this generalized first-order oracle and the bound on the Lipschitz constant
of h(p;-) given by Lemma 5.6, we can then immediately obtain Theorem 5.1 by utilizing
the ellipsoid-based method from Theorem 3.14.

Lemma 5.2 (combination of Lemmas 5.4 and 5.5). Suppose that we have (i) a (p1, B2)-
approzimation algorithm for problem (I1); and (ii) a local p-approximation algorithm. Then

we can obtain a poly (f) -time (1 52p, X)-first-order oracle for h(p;-).

We now discuss how to obtain Lemma 5.2. First, we show in Lemma 5.3 that, given any
fractional first-stage decision x € P, an approximate solution for (T(p,z)) can be utilized
to compute an approximate subgradient of h(p;-) at . Then, we show in Lemma 5.4 that
given any x € P, if we round it to an integer first-stage decision Z € X using a local
approximation algorithm, then an approximate solution for (T(p,Z)) can be utilized to
compute a valid output for a generalized first-order oracle, when x is given as the input.
Finally, we show in Lemma 5.5 that one can compute an approximate solution for (T(p, T))
utilizing the approximation algorithm for problem (IT).

Recall from assumption (A5) that for any scenario A € A, the function z — g(z, A) is

convex over P, and at every x € P, we can efficiently compute its value, and a subgradient
a4,

Lemma 5.3. Let p be a probability distribution over A. Let x € P be a fractional first-
stage decision, and let v be a [-approximate solution for (T(p,x)). Define f = Tz +
S anvang(@ A and d = c+ >, 4 yand®Y . Then we have (i) f < h(p;z) < Bf and
(ii) d is a (1 — 1/B)-subgradient of h(p;-) at z.

Proof. We start by proving (i). Since 7 is feasible for (T(p, z)), we have

h(p;x) > "o+ ZVA,A’Q(%A,) =/,
AA
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which proves the first part of (i). To prove the second part of (i), note that

h(piz) =cz+2pi2) < Tz + Y yawglr, A) <Bf
AA

where the first inequality holds because 7 is a S-approximate solution for (T(p, x)).

Now we prove (ii). Let 2’ € P. Consider the function ¢ : T — cTT+3_, 1 74,49(T, A').
We claim that d is a subgradient of ((-) at z. Assuming this, we obtain

h(p;a') = ((z) 2 ((¢) = ((z) 2 d" (2" — z) ,

where the first inequality follows because 7 is a feasible solution for (T(p,z’)), and the
second inequality follows because d is a subgradient of ((-) at z. It follows that

B

where the final inequality follows from part (i): we have ((z) = f > %h(ﬁ ;x). Since this
holds for every 2’ € P, it follows that d is a (1 — 1/3)-subgradient of h(p;-) at z.

h(p;a') —h(p;2) > d (2 —x) +((x) — h(p;2) > d"(2 — ) — <1 - l>h(1'5;x) ,

It remains to prove the claim. For any 2’ € P, we have

(@) = ((x) = (@' = 2) + ) yaulgla’, A) — gz, A))

A,A
> —x)+ ZWA’A/dm’A/ (2 —x)
AN
=d"(z' —x),
where the second inequality follows because d®4’ is a subgradient of g(-, A') at x. m

Lemma 5.4. Let x € P be a fractional first-stage decision, and let T be obtained by
rounding x via a local p-approximation algorithm. Let v be a B-approximate solution for

(T(p,)). Define f:=p- <CT§+ Yo vang(Z, A’)) and d:=c+ 3, 4 Yaad®*. Then
we have (i) h(p;Z) < f and (i) h(p;2') > Bipf for every &’ € X such that d™(x' —x) > 0.

Proof. Part (i) follows immediately from part (i) of Lemma 5.3, setting (p, z) to (p, 7).

Now we prove (ii). Let 2’ € X such that d7(z’ —x) > 0. Consider the function
C:T— T+ > 4 47449(T, A"). By repeating the arguments used in the proof of
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Lemma 5.3, we obtain that h(p;a2’) — {(z) > d"(2’ —x) > 0. Since T is obtained by
rounding z via a local p-approximation algorithm, we have ((Z) < p{(z), so we obtain
Wp;a') > C(@) > 2(@) = & f. .
Lemma 5.5. Suppose that we have a (B1, 52)-approximation algorithm for problem (IT).
Then, given an integer first-stage decision T € X, we can compute in poly (i) time a

B1Ba-approzimate solution for (T(p,Z)).

Proof. Recall that, as noted in Section 5.1, we can simplify the LP (T(p,Z)) so that we
only have variables y4 4 for A € A®"P, and constraints (5.1) are only present for A € A%"P.
The simplified LP, which has a polynomial number of constraints, is stated below.

max Z Ya,ag(Z, A) (P)
AeAsup Ale A
s.t. Z YA,A S ]/?\A \V/A S Asup
A'eA
Z g(A,A,)’}/A’A/ S T
AeAsup Ale A

v € Rfupx““ .

The dual of the LP above is

min  ry -+ Z Dafia (D)
AeAsup
st pa>g@ A)—y-L(AA) VAe A" A'e A (5.4)

HERET 4 >0

Notice that (D) is an LP (since T is fixed) with only O(|.4%'?|) = poly <f> variables, but

O(|.A%"P||A|) constraints, which may be exponential in the input size. It is evident that
a ([31, f2)-approximation algorithm Alg for problem (II) yields some type of approximate
separation oracle for (D). Using a standard technique in approximation algorithms, we
prove that (D), and the primal (P), can be solved approximately (see, e.g., [23, 47,

, 76, 78]).

Let Q(v) denote the set of feasible solutions of (D) with objective value at most v,
that is, Q(v) := {(1,y) : (5.4), (5.5), Ty + > sc w0 Papta < v}. Note that OPT(D) is the

smallest value of v such that Q(v) # (. We use Alg to obtain a poly (f)—time approx-

9 I
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imate separation oracle in the following sense. Given v and (u,y), we either show that

(Bip, B152y) € Q(P152v), or we exhibit a hyperplane separating (u,y) from Q(v). Thus,
given v, by running the ellipsoid method with this approximate separation oracle, we can in

poly <Z> time either certify that Q(v) = (), or obtain (i, y) with (Bip, B152y) € Q(B152v).

We now describe the separation oracle. Given v and (p,y), we first check if (5.5) and
TY+ scasuw Pata < v hold, and if not, we use the appropriate inequality as the separating
hyperplane. Next, for every scenario A € AP we run Alg for the input (Z,y, A), thus
obtaining a scenario A € A. Then we verify if 4 > g(f, Z) —y-L (A,Z). If this constraint
is violated, then we use it as the separating hyperplane. Note that the running time of this

separation oracle is poly (f)

If no violated constraint is fgund by this approximate separation oracle, then for every
A€ A and A’ € A, letting A denote the output of Alg when given input (z,y, A), we
have

Ha 2> g(/x\?Z> -y €<A=z) 2 ég(f{:\, A/) - B2y ’ €<A7A/> :

This implies that (81p, 5152y) € Q(B1P2v).

We claim that by running the ellipsoid method as described above for different values
of v, using binary search, we can compute an approximate solution for (D). To define
the range of ¥ on which to do binary search, we need to find lower and upper bounds
on OPT(D). First, note that OPT(D) > 0, since every feasible solution (u,y) of (D)
is nonnegative by (5.5). To obtain an upper bound, we run the ellipsoid method as de-
scribed above for v = 20,222 23 . until we find v = ¥ such that the algorithm re-
turns a solution in Q(/;527). Then UB := B;f,7 is an upper bound on OPT(D). Note
that this takes poly (f) time, since we consider O(log OPT(D)) different values of v, and
OPT(D) = OPT(P) < maxarecq g(7, A’), and we have log(maxac4 g(Z, A’)) = poly(Z) by
assumption (A5).

Let ¢ > 0. Since OPT(D) € [0,UB], we have that Q(—f152¢) = 0 and Q(UB) # 0,
and so we can perform binary search on the interval [—¢,UB] to find a value v* such
that the ellipsoid method, when run for v = v* (with the approximate separation oracle
introduced above), returns a solution (p*,y*) with (5yu*, 5162y*) € Q(F152v*), and when
run with v = v* — ¢, certifies that Q(v* —¢) = (0.2 Since Q(B18:v*) # 0, we have
B > OPT(D) = OPT(T(p,7)). The ellipsoid method with v = v* — ¢ generates a

2Note that there does not necessarily exist a threshold v separating the two different types of outcomes

for the ellipsoid method, namely: (i) certifying that Q(v) = (); or (ii) producing a solution (u,y) with

(B1pt, P1P2y) € Q(B1P2v). Indeed, while we can say that we have outcome (i) when v < OngB(?) and
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subset of poly (i) constraints from the family of constraints (5.4). Consider the LP (D),

obtained from (D) by restricting the family of constraints (5.4) to this subset. Since the
constraints generated by the ellipsoid method certify that Q(v* —¢) = 0, it follows that

OPT(]S) > v* —¢e. We can choose ¢ small enough with logi = poly (f) so that this also
implies OPT(f)) > v*. Note that this choice also guarantees that log % = poly (f) and

hence the binary search takes poly <f) time.

Now, consider the dual (P) of (D). By strong duality, we obtain OPT(P) = OPT(D) >

v*. Note that (P) corresponds to the LP obtained from (P) by restricting v to use only
the variables y4 4 corresponding to constraints from the family (5.4) that were retained

in (f)) Therefore, by computing an optimal solution for (ﬁ) (which we can do in poly (f)

time, as it has poly (f) variables and constraints), we obtain a feasible solution for (P)
with objective value

OPT(P) > v* > -OPT(T(p, 7)) . O

We now bound the Lipschitz constant of the objective function of (Q¥(p)). Note that
log(||c[| + K) = poly(Z) by assumption (A5).

Lemma 5.6. Let p be a probability distribution over A. Then the function h(p;-) is
(Ilc]] + K)-Lipschitz continuous over P.

Proof. We show that for every fractional first-stage decision x € P, there exists a sub-
gradient of h(p;-) at x with Euclidean norm at most [|c|| + K. The result then follows
from Lemma 1.1. Indeed, let x € P, and let v be an optimal solution for (T(p,z)). Then
by Lemma 5.3 (setting 3 = 1), we have that d :==c+ >, 4 Ya,4d™ is a subgradient of
h(p;-) at x. We have

ldll = |le+ 3 pavd

AA

|| < el + K

< lel| + ZVA,A/
AN

where the first inequality follows from the triangle inequality, and the second one follows
because ||d*"'|| < K for every A’ € A by assumption (A5) and >, 4 va.a < 1. O

outcome (ii) when v > OPT(D), both outcomes are possible for v € {%B(ZD), OPT(D)).
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5.3 Solving (Q¥(p)) exactly in certain settings

In this section we show that, for certain choices of the scenario collection A and the scenario
metric £, we can reformulate the fractional SAA problem (Q"(p)) as a compact LP, and
hence solve it exactly.

Definition 5.7. We say that the scenario collection A is collapsible under the scenario
metric ¢ if given any scenario A € A, we can compute in poly(Z) time a collection of
scenarios ¢(A) C A such that for every fractional first-stage decision z € P and every

y > 0, we have

A) = AN — - 0(AADY .
g(z,y, A) Ag%){g(x, ) —y-L(AA)}

Note that if we only have a polynomial number number of scenarios (i.e., if |A| is
poly(Z)), then clearly A is collapsible under any scenario metric ¢, since we can simply
define ¢(A) := A for every scenario A. Therefore the discussion in the sequel implies that
in this case, we can solve (Q"(p)) efficiently by reformulating it as a compact LP.

Theorem 5.8. Suppose that the scenario collection A is collapsible under the scenario met-
ric ¢, and that the second-stage costs {g(x, A")} are given by compact LPs, say, g(x, A’) =
min {s4 - 24" : (z,24") € F(A")}. Then we can compute an optimal solution for (Q™(p)),

and its objective value, in poly (f) time.

Proof. Recall from the discussion in Section 5.1 that we can reformulate (Q¥(p)) as the
following convex program:

min 'z +ry + Z Dajia
AgAsup

st pa>g(x,A)—y-L(AA) VAe A" AeAd (5.6)
r€P,ueRY” y>0.

If A is collapsible under ¢, then the exponentially many constraints in (5.6) are equivalent
to

pa>gla, A —y - U(AA)  VAe A A e (A . (5.7)

Substituting constraints (5.6) with (5.7) and replacing g(z, A’) with its LP formulation,
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we obtain the compact LP

min 'z +ry + Z Dafba

Ae Asup
st s> sV 2N —y U(AA) YAe AP A e ¢(A)
(z,24) € F(A) VA € Ugcamwd(A)

:UGP,MGR“;_‘SHP, y>0.

Solving this LP yields an optimal solution for (Q¥(p)). O

5.4 Some hardness results

Recall the k-max-min problem
0,A

Argjgkg( JA)
where A<y, := {A C U : |A| < k} for some ground set U. For several underlying combinatorial-
optimization problems, this problem is APX-hard (see the discussion in Section 2.1). In
this section, we provide reductions that relate the difficulty of some of the tasks that we
encounter when developing our framework for DRS optimization under a Wasserstein ball
to that of the k-max-min problem. We focus on the explicit central-distribution setting,
wherein we have a DRS problem of the type

;21)1(1 {h(p;x) :=c"x+2(p;2)} , (Q(p))

and the central distribution p is specified by the collection of pairs {(A, Pa)} scsupp(p)-

We show that under some conditions, given this two-stage DRS problem, the following
tasks can capture the k-max-min problem (and hence are computationally hard if the latter
problem is hard): (a) evaluating the objective function h(p;x) of the DRS problem (Q(p));
(b) solving the problem (II) of computing g(z,y, A) := maxaeq {g(z, A") —y-L(A, A")},
given (z,y,A) € X x Ry x A; and (c) evaluating the objective function h(p;x,y) :=
cx+ry+Eaplg(z,y, A)] of the reformulation (R(p)) of (Q(p)) (obtained via Lemma 4.4).

Note that (a) and (c) are in contrast with classical two-stage stochastic optimization,
where (using fractional second-stage decisions) evaluating the objective function of the

problem is computationally hard when the probability distribution is given by a sampling
oracle, but straightforward when it is given explicitly. For (b) and (c), we also show
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impossibility of obtaining any multiplicative approximation guarantee. All the reductions
in this section hold for two-stage DRS problems both in the k-bounded setting and in
the unrestricted setting. Furthermore, the results for (a) and (c) hold even if the central
distribution pis restricted to having constant support size, which shows that, as alluded to
above, these hardness results do not stem from the complexity of the central distribution
p. (Note that (b) does not involve the distribution p.)

Theorem 5.9.
Consider the two-stage DRS problem under a Wasserstein ball mingcx h(p;z), where
the central distribution p is given explicitly. Consider the following two settings:

(B1) the k-bounded setting (i.e., A = A<y) with { as the discrete scenario metric (4;
and

(B2) the unrestricted setting (i.e., A =2V ) with ¢ given by: (A, A) =0 for all A € A;
for A+ A" € A, we have ((A, A") =1 if |A|,|A'| < k, and 2Z otherwise, where
Z > maxge 4 g(O,Z).

Assume that g(0,0) = 0, and that the k-max-min problem

o 9(0, A) (E)

is NP-hard and has optimal value at least 1. We have the following hardness results in

both settings, assuming P#£NP.

(a) One can choose the central distribution p and the radius r so that the problem of

—_

computing z(p;0) is equivalent to (Z) (and hence admits no polytime algorithm,).

(b) No polytime multiplicative approzimation is possible for computing g(0,y,0), given
y > 0 in the input.

(¢) By choosing the central distribution D suitably, the hardness result in (b) carries
over to the problem of computing E 4 5[g9(0,y, A)], given y > 0 in the input.

Proof. Let A* € A<; be an optimal solution for (=), and OPT(Z) = ¢(0, A*) be its
objective value.
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Part (a). For the setting (B1), it suffices to set 7 := {.x (and p may be arbitrary).
Then the ambiguity set D = {p : L(p,p) < r} encompasses all the distributions over Ay.
It follows that
p;0) = Ea,[g(0,A)] = 0,A) .
2(p;0) = max Eaulg(0,4)] = max ¢(0,4)
For the setting (B2), we set r := 1, and take p to be the distribution that puts weight

of 1 on ) (and 0 on the remaining scenarios). We claim that z(p;0) is again equivalent to
the problem (Z). Recall that z(p;0) is the optimal value of the LP

max Z Ya,49(0, A" (T(p,0))

AA

s.t. Z’YAA/ S}/?\A VAe A
A/

> UA A0 <

A
v=>0.

Setting vp 4« = 1, and setting the remaining variables to zero, yields a feasible solution
for (T(p,0)) with objective value g(0, A*) = OPT(Z). We now work toward showing that
no feasible solution ~ attains a higher objective value. Let a denote the amount of flow
sent on the edges (), A’) with |A’| > k. Note that this flow contributes a.-2Z to the (-cost
of 7, and at most a - Z to its objective value. Let 6 be the amount of flow on the edge
(0,0). This does not contribute to the ¢-cost of 7, or to its objective value. The flow on
the remaining edges has volume 1 — a — 6; it contributes (1 — a —6) - 1 to the ¢-cost of
v and at most (1 —a —0) - OPT(Z) to its objective value. Therefore, the ¢-cost of 7 is
a-2Z4+(1—a—-0)-1=2aZ+ (1 —a—0); since v is feasible for (T(p,0)), we obtain
2aZ + (1 —a —6) < 1. We can therefore bound the objective value of v as follows:

> vawg(0,A) <a-Z+(1-a—06) OPT(E)
AA

g“;0+(1_a—9)-opT(z)

< <1 - O‘;9> . OPT(2)
< OPT(E) ,

where the third inequality follows because OPT(Z) > 1 by assumption.
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Part (b). We consider the setting (B1) first. First, note that

9(0.0.0) = masx {9(0.4) ~0- (0. 4)} = max g(0.4).

'EA<y,

and so for y = 0, computing ¢(0,y, () is equivalent to (Z).

By exploiting the mixed-sign objective, we can argue that any multiplicative approxi-
mation for g(0,y, #) would allow us to solve the decision version of (Z): given v > 0, decide
whether OPT(Z) > v. Suppose we have such an approximation algorithm, and run it with
input y = v. If OPT(Z) > v, then we have

9(0,,0) > g(0,A") —y - L(D,A") >v —v-1=0,

and so the approximation algorithm would return a solution with a positive objective value.
If on the contrary we have OPT(Z) < v, then for every scenario A" € A< with A" # () we
have

g(ovAl) -y K(Q),Al) = g<07A/) —v<0.

Since

we conclude that ¢(0,y,0) = 0, and so the approximation algorithm must return a solution
with objective value 0. So we can distinguish between OPT(Z) > v and OPT(Z) < v.

Now consider the setting (B2). Again, we suppose that we have an approximation
algorithm for computing ¢(0,y,?), and we show that given any v > 0, we can decide
whether OPT(Z) > v. Since by assumption OPT(Z) > 1, we may assume that v > 1, as

otherwise the answer is clearly yes. Suppose we run the algorithm with input y = v. If
OPT(Z) > v, then

g(o7yv@) Zg(0>A*)_y€(@7A*) >V—V'1:0a

and so the approximation algorithm must return a solution with positive objective value.
If on the contrary we have OPT(Z) < v, then we claim that ¢(0,y,0) = 0, and so the
approximation algorithm must return a solution with objective value 0. Thus, we can
distinguish between OPT(Z) > v and OPT(Z) < v. To prove the claim, we consider three
types of scenarios separately. For A’ = (), we have
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for A’ # () with |A’| < k, we have
g(0,A) —y - LD,A)<v—v-1=0;
finally, for scenarios A’ with |A’| > k, we have
g(0,A) —y LD,A)V< Z—v-2Z=(1-2v)Z2<0,

where the last inequality follows because v > 1.

Part (c). This follows from part (b) by simply taking p to be the distribution that puts
a weight of 1 on the scenario () (and 0 on the remaining scenarios); then for every y > 0
we have E45[g(0,y, A)] = ¢(0,y, (), so the hardness result in part (b) carries over. O

83



Chapter 6

DRS optimization under a Wasserstein
ball: applications

In this chapter we demonstrate the versatility of our framework—i.e., Theorem 3.6 and
the two main components used in its proof, namely Theorems 4.1 and 5.1—for handling
general two-stage DRS problems under a Wasserstein ball by applying it to obtain the
first approximation guarantees for the DRS versions of various combinatorial-optimization
problems, namely set cover, vertex cover, edge cover, facility location, and Steiner tree.
Except for set cover, our approximation factors are within constant factors of the guarantees
known for the deterministic counterparts of these problems.

For convenience, we restate Theorem 3.6 below.
Theorem 3.6 (see proof in Section 6.1).
Suppose that assumptions (A1)-(A7) hold, and that we have:

(1) a second-stage a-approximation algorithm;
(2) a (B1, B2)-approximation algorithm for problem (1), with log 1 = poly(Z); and
(3) a local p-approximation algorithm.

Then there exists a two-stage algorithm that, given e > 0 and § € (0,1), computes a
dasy Bap(1 + €)-approzimate solution for (DRSOw) with probability at least 1 — § in
time pon(I, A, %, log %)
We also restate assumptions (A1)—(A7) below.
(A1) log|X| = poly(Z).
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(A2) We have 0 € X and ¢(0,A) > g(x, A) for every x € P and A € A.

(A3) We know an inflation factor A > 1 such that ¢(0, A) < g(z, A)+ AcTz for every x € P
and A € A.

(A4) We have positive bounds Rgnan < 1 and Rjage such that:

e P contains a Euclidean ball of radius Rgpan;
e P is contained in the Euclidean ball of radius Riee centered at the origin; and

o log Dare poly(Z).

Rsmall

(A5) For every scenario A € A, the function z — g(z, A) is convex over P. Furthermore,
given any point z € P, we can compute in poly(Z) time the value of this function at z
and a subgradient d at = such that ||d|| < K, where log K = poly(Z). By Lemma 1.1,
this also implies that the function x +— g(z, A) is K-Lipschitz continuous.

(A6) For every fractional first-stage decision x € P and every non-null scenario A € A we
have Tz 4 g(z, A) > 1.

(A7) We have a number 7 > 1 with log 7 = poly(Z) such that g(x, A")—g(z, A) < 7-0(A, A")
for every fractional first-stage decision x € P and every pair of scenarios (A, A’) with
(A A") > 0.

We defer the proof of Theorem 3.6 to Section 6.1, where we show that it can be obtained
by combining Theorems 4.1 and 5.1. Here, we discuss what is needed in order to apply
Theorem 3.6 and obtain results for our applications.

1. Verify that assumptions (A1l)—-(A7) hold. For the applications we consider, we have
X ={0,1}" and P = [0,1]™, so assumptions (A1) and (A4) are readily satisfied by
taking Renan = % and Riage = v/m. Assumptions (A2) and (A3) follow because all
our applications are covering problems, and every first-stage action is associated with a
corresponding second-stage action that is more expensive by a bounded factor. Hence,
it is always possible to not take any first-stage action; taking more first-stage actions
can never hurt the recourse cost, and (A3) holds by taking A to be the maximum factor
by which the cost of a first-stage action increases in the second stage. Assumption (A5)
follows from prior work of Shmoys and Swamy [114], as the underlying two-stage problem
falls into the class of two-stage LPs considered therein. Assumption (A6) typically

holds if first-stage and second-stage decisions have integer costs. Assumption (A7) can
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usually be satisfied by setting 7 := max {1, UB/A}, where UB is a suitable upper bound
on maxac4g(0,A) and A is a lower bound on ming anea,.ays0£(A, A’); for any tuple
(x, A, A’) fulfilling the conditions of (A7) we obtain g(z, A") — g(x, A) < g(z, A’) <
g(0, A"y <UB < 7-((A A

2. Furnish the following algorithms.

(a) A second-stage a-approximation algorithm: this typically reduces to obtaining an
LP-based approximation algorithm for the deterministic version of the problem, and
we can simply plug in known approximation results.

(b) A local p-approximation algorithm: we have p = 2« for set cover, vertex cover,
and edge cover, and p = O(1) for facility location (see Shmoys and Swamy [111]).
We do not have such an algorithm for Steiner tree, but we have a weaker type of
rounding algorithm for a monotone variant of the problem, which is sufficient in
some settings—see Section 6.8.

(c¢) A (b1, B2)-approximation algorithm for problem (II), of computing g(z,y, A), given
(x,y,A) € X x Ry x A. This is a new component that we need to devise, whose
design will depend on the scenario collection A and the scenario metric ¢ (and of
course the underlying combinatorial-optimization problem). For various problems,
we show how to obtain such an algorithm in the k-bounded setting by building upon
results known for k-max-min problems.

Theorem 3.6 then shows that, for any ¢ > 0, we can obtain a 4apf;82(1 + €)-approximate
solution for the discrete two-stage DRS problem (i.e., with integer first-stage and second-
stage decisions) in pon(I, A, %) time (and hence, sample complexity).

We consider two choices for the scenario collection A: the k-bounded setting (A =
A<y = {ACU:|A| <k}), and the unrestricted setting (A = 2Y). We consider two
choices for the underlying scenario metric ¢. For all applications, we consider the discrete
metric (95¢) defined by (95¢(A, A") = 0 if A = A, and (95¢(A, A") = 1if A # A’. For
facility location and Steiner tree, we also consider the asymmetric metric (Z¥™. Recall
that for a distance function w over the ground set U, this asymmetric metric is defined by
2™ (A, A") :=maxyea w(j’, A), where w(j’, A) = minjec 4 wy;.

Table 6.1 summarizes the approximation factors that we obtain for DRS versions of a
variety of applications. For all the nonempty fields in the table, except for Steiner tree,
we are able to obtain approximation guarantees via our general framework (Theorem 3.6).
However, some of the guarantees stated in Table 6.1 are obtained by adapting the general
framework to obtain improved results by exploiting properties that hold in specific settings.
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Also, for Steiner tree, we need to modify our approach somewhat because we do not have
a local approximation algorithm. Figure 6.1 shows the different approaches we utilize to
obtain our results.

Problem (disc £3sym General A, ¢
A=2V Ay, A=2V[ A | B=approx. for (II)
Facility location 21.96 196 21.96 | 196 O(B)
Vertex cover 16 101.3 - - O(B)
Edge cover 12 36 — — O(5)
Set cover O(log |U]) | O(log?|U]) - - O(Blog|U|)
Steiner tree 160 * 160 * *

Table 6.1: A summary of the approximation factors we obtain for various applications in
the Wasserstein setting. We have omitted the O(e) terms that appear in the approximation
factors. The (3¥™ setting does not apply to vertex cover, edge cover, and set cover. The
approximation factor g for (II) is the factor ;5 in Theorem 3.6. The * entries are open
questions.

Organization of this chapter. In Section 6.1, we prove our main result for DRS opti-
mization under a Wasserstein ball (Theorem 3.6). In Section 6.2, we discuss how to obtain
an approximation algorithm for problem (II), which is one of the ingredients required to ap-
ply our general framework. We show that this reduces to obtaining an approximation algo-
rithm for the constrained problem maxaca.ea,a)<, g(x, A'), given (z,pu, A) € X xRy x A
(see Lemma 6.2). In Section 6.3, we present an alternative approach for solving DRS
problems under a Wasserstein ball in the unrestricted setting, which yields improved ap-
proximation factors. Then, each of the Sections 6.4-6.8 delves into a specific application.

6.1 Proof of Theorem 3.6

In this section, we show how Theorems 4.1 and 5.1 can be utilized to prove Theorem 3.6.
We need to do a little more work than directly combining Theorems 4.1 and 5.1, since
the latter theorems involve multiplicative + additive approximations, whereas Theorem 3.6
aims for a purely multiplicative approximation. To overcome this difficulty, we exploit
assumption (A6) to obtain a lower bound on the optimal value of min,ep h(p;x) for every
distribution p, and then use this lower bound to convert the additive errors into multiplica-
tive errors.
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Figure 6.1: The collection of problem reductions utilized by our frameworks for DRS optimization
under a Wasserstein ball. A black arrow from a problem to another indicates that an approx-
imation algorithm for the first one can be used to obtain an approximation algorithm for the
second one; the label indicates the relevant result and any additional ingredients required by the
reduction. Solid black arrows indicate general reductions; dashed black arrows indicate reductions
that apply only to special cases. The red arrow indicates the sequence of reductions utilized by
our general framework; the remaining (green, blue, and yellow) arrows indicate alternative paths
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Lemma 6.1. Suppose that we have a (B1, 52)-approximation algorithm for problem (II).
Then in poly(Z) time we can either (i) determine that x = 0 is an optimal solution for
mingep h(p; ) for every distribution p; or (ii) obtain a lower bound LB on mingep h(p;x)
for every distribution p, where log % = poly(Z).

Proof. We first show that if A contains any non-null scenario, then mingep h(p;z) > =

- Zmax
for every distribution p; otherwise = 0 is an optimal solution for min,cp h(p; x) for every
p- Recall that a null scenario is a scenario A such that g(z, A) = ¢(0, A) for every fractional

first-stage decision x € P.

Suppose that A* € A is a non-null scenario. For any fractional first-stage decision
x € P and any distribution p, there is a feasible solution v for (T(p, z)) that sends at least
" flow to A*, i.e., D c 4744 = 77— It follows that z(p;x) > 7 - g(z, A*), and so

Zmax max

Loy, AT > (Ta + gz, A7) > —

max gmax ‘emax

h(p;x) > cTx +

The second inequality follows because r < /.., by assumption, and the third inequality fol-
lows from assumption (A6) as A* is a non-null scenario. This shows that mingep h(p;x) >
" for every distribution p.

Zmax

Now, suppose that all scenarios in A are null scenarios. Then we have g(z, A) = ¢(0, A)
for every x € P, A € A, and so z(p;z) = 2(p;0) for every x € P and for every distribution
p. It follows that = = 0 is an optimal solution for min,cp h(p;x) for every distribution p.

While we will not quite be able to determine if A contains a non-null scenario, we
can do the following. We run the ([, 53)-approximation algorithm for problem (II) with
input (x,y, A) = (0,0, A), for an arbitrary scenario A € A. Let A be the output obtained.
If g(0,A) < 4, then we claim that (i) holds; otherwise, we claim that (ii) holds for

LB K B’
- ﬂlgmax :

We now argue that the algorithm is correct. First, suppose that g(O,Z) < 6_11 Because
of the guarantee of the approximation algorithm for (IT), we have

_ — 1
9(0.) ~ 0 £(A, ) > mas {Eg(O,A’) — 0. K(A,A’)} |

which reduces to g(O,ﬁ) > B—IImaXA/eA g(0, A"). Tt follows that ¢(0, A") < B, ~g(O,Z) <1
for every scenario A’ € A. This implies that all the scenarios are null, since a non-null
scenario A must satisfy ¢T0+¢(0, A’) > 1. As we have shown above, when all the scenarios

are null scenarios, (i) holds.
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Now, consider the case where g(O,Z) > é We have two subcases to consider. First,

suppose that there exists a non-null scenario. Then we have shown that -/— is a lower

bound on ming,ep h(p;x) for every distribution p. Since ;7— > G as o5 Eaxl, it follows

that (ii) holds as claimed. The second subcase is when all the scenarios are null. As we
have shown above, this implies that z = 0 is an optimal solution for min,cp h(p;x) for

every distribution p. Note that there exists a feasible solution for (T(p,0)) that sends at

least 7—— flow to A, and so
3 ~- ~- ~- r A r
wip 7o) = hipi0) = 23i0) 2 g 2o0.A) 2 g
which yields (ii). O

We are now ready to prove Theorem 3.6.

Proof of Theorem 3.6. We first run the algorithm from Lemma 6.1 to either (i) determine
that x = 0 is an optimal solution for min,cp h(p;x) for every distribution p; or (ii) obtain
a lower bound LB on min,ep h(p; z) for every distribution p, where log & = poly(Z).

We claim that in either case we can obtain a 43;Fsp(1 + €)-approximate solution
for (Q(p)) with probability at least 1—3. We then use the second-stage a-approximation al-
gorithm to obtain integer second-stage decisions, and the theorem follows from Lemma 3.15.

In case (i), we have that x = 0 is an optimal solution of min,cp h(p;x); since this is
a relaxation of (Q(p)) (and since 0 € X), it follows that ¥ = 0 is an optimal solution

for (Q(p)).

Now, suppose that we are in case (ii). Let ¢/ := ¢/5, and assume without loss of
generality that ¢/ < 1. We let k¥ and N be given by Theorem 4.1, with parameters
(¢/,m:=¢"-LB,§), and construct empirical distributions p', ..., p*, each using N indepen-
dent samples. For each empirical distribution p’, we run the algorithm from Theorem 5.1
to obtain an integer first-stage decision 7* € X and an estimate f* such that

b3 < < it (mip (' 50) + 1) < Bufap(1-+€) - miph(7' )
where the final inequality follows because

77:€'~LB§5’-I;1€i7r31h(ﬁ;x)§6’~£:réi)1(1h(ﬁ;x). (6.1)
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Let j := argmin,cy, f°. By Theorem 4.1 (setting ¢ = £12p(1 4 ¢’)), it follows that with
probability at least 1 — ¢ we have

h(p;37) < 4B1Bap(1 +€')? - gg(l h(p;x) + Bifap(l+€)n

< 45152P<(1 +¢') (1 + 25/)> -min h(p; x)

zeX
<41 8op(1 +€) Hg)fg h(p;z),
which proves the claim. The second step follows from (6.1), and the final step uses the fact
that ¢’ = £ < 1.

Note that the running time is poly(Z, A, %,log %) as claimed because we solve k =
poly(£,log ;) SAA problems, each with input size T = poly(Z, N) = poly (I, A, 1, log %, log %)
Each call to the algorithm from Theorem 5.1 takes poly (I, log %) = pon(I, A, %,log %)
time, since log% = pon(I, log %) ]

6.2 Obtaining an approximation algorithm for (II)

Recall that in order to apply Theorem 3.6 to a DRS problem, we need to furnish an
approximation algorithm for the following problem.

(IT) Given an integer first-stage decision x € X,y > 0, and a scenario A € A, solve

g(I,y,A) = %g‘ﬁ {g(l’,A/> -y g(A7A/)} .

In this section, we show that this can be obtained via an approximation algorithm for the
constrained problem

A d
A,GA{E%,)S“Q(I, ) (@)

given (x,pu, A) € X x Ry x A.
Lemma 6.2. Let L C Ry be a finite set containing all the pairwise scenario distances
A AN Y g area- Let (z,y,A) € P xRy x A. For each i € L, let A, be a B-approzimate
solution for the instance (x, u, A) of problem (®), and let

P’ = argmax . o {9(x,A,)) —y-L(AA)} -
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Then we have

1

D —q- 2 > it
9(x, Ap) —y E(A,Au)_g,lg;}{ﬁg

(2, A" —y - @(A,A’)} .
Proof. For every scenario A’ € A, letting y' := ¢(A, A’), we have

g(l’,A#*> - Y- E(A7A,M*> > g(x7Au’) - Y- E(AvA,u’) > g(l’,A/) -y E(AaA,) .

™|

The first inequality follows from the definition of p*, and the second follows from the
definition of A,,. O

For all applications and choices of scenario metrics ¢ that we consider, we can con-
struct a set £ as in Lemma 6.2 with |£| = poly(Z). Lemma 6.2 shows that we can
utilize a [-approximation algorithm for (®) to obtain a (3, 1)-approximation algorithm
for problem (IT). We remark that this reduction can be generalized to yield a (8,1 + ¢)-

approximation algorithm for problem (II) using O(log1 te 12@") calls to an approximation

algorithm for problem (®), where {y.y is an upper bound on maxy 4 £(A, A’), and iy is
a positive lower bound on ming ar.ga,a)>0 £(A, A’).

6.3 Improved results in the unrestricted setting: a re-
duction from (DRSOw) to the fractional SAA prob-

lem (Q*(p))

In this section, we show that for covering problems in the unrestricted setting (i.e., A = 2Y),
we can improve upon our general framework (i.e., Theorem 3.6), and obtain a 4p(1 + ¢)-
approximation using a local p-approximation algorithm for the underlying combinatorial-
optimization problem.

The improvement comes from two sources. First, in the unrestricted setting and for
the scenario metrics of interest, we are able to solve the fractional SAA problem (Q¥(p))
ezactly; this will follow from Theorem 5.8, since we show that A is collapsible for these
scenario metrics (see Lemma 6.4). Second, we give a better and more direct reduction
from (DRSOw) to the fractional SAA problem (see Theorem 6.3). Given optimal solu-
tions {T} for (Q(p)) (for p = p*,p?,...), instead of rounding these solutions to integer
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first-stage decisions using a local approximation algorithm, then utilizing the SAA result
of Theorem 4.1, and finally obtaining integer second-stage actions using a second-stage
rounding algorithm, we proceed as follows. We prove an analogue of Theorem 4.1 for the
fractional SAA problem showing that we can use the solutions {T} to obtain an approxi-
mate solution for (Q¥(5)) (see Theorem 6.6), and then use a local approximation algorithm
to round this solution and obtain integer first-stage and second-stage decisions.

Theorem 6.3. Suppose that we have:

(1) a local p-approximation algorithm; and
(2) a poly (i) -time algorithm that computes a fractional first-stage decision T € P and an
estimate [ such that
h(p;7) < f <4 -minh(p;x) .

Then there exists a two-stage algorithm that, given ¢ > 0 and 6 € (0,1), computes
a 4pY(1 + €)-approzimate solution for (DRSOw) with probability at least 1 — & in time

pon(I, A, %, log %)

Lemma 6.4. Suppose that we are in the unrestricted setting (i.e., A = 2Y), and that
for every fractional first-stage decision x € P and every pair of scenarios A, A" € A with
A C A" we have g(z, A) < g(x, A"). Then the collection of scenarios A is collapsible under
the discrete metric (9 and the asymmetric metric (2™,

Proof. Let A € A be an arbitrary scenario. If £ is the discrete metric /4%, then we set
o(A) == {A,U}. If £ is the asymmetric metric Y™ defined with respect to the metric w
over the ground set U, then we set

Qb(A) = {{jEU:w(j>A)§M}:M€‘C}7

where £ := {wj; : j,j' € U} is the set of all the pairwise distances over the ground set.
Note that in both settings, if we choose an arbitrary pair (z,u) € P x R, the collection
of scenarios ¢(A) contains the (unique) maximal solution A’ for the instance (x, pu, A) of
the constrained problem (®). By the monotonicity property of the second-stage costs
g(-,+) imposed in the lemma statement, A’ is optimal for this instance. By Lemma 6.2,
it follows that ¢(A) contains an optimal solution for max e {g(x, A") —y - £(A, A")} for
every (x,y) € P x R,. It follows that A is collapsible under /. O

We now show that combining Theorem 6.3 with Theorem 5.8 and Lemma 6.4, we obtain

an improved 4p(1 4 €) approximation factor for the discrete DRS problem (DRSOw) in
the unrestricted setting, for certain choices of the scenario metric £.
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Theorem 6.5. Suppose that we are in the unrestricted setting (i.e., A = 2Y), that
the scenario metric € is either the discrete metric (9¢ or the asymmetric metric (3™,
and that the second-stage costs {g(x,A’)} are given by compact LPs, say, g(xz,A’) =
min {SAI A (a:, ZA/) € ]-"(A/)}. Moreover, suppose that we have a local p-approximation
algorithm. Then there exists a two-stage algorithm that, given ¢ > 0 and § € (0,1), com-
putes a 4p(1 + e)-approzimate solution for (DRSOw) with probability at least 1 — 9§ in time

poly(Z, A, ,log ).

Proof. By Lemma 6.4, we have that A is collapsible under ¢. Theorem 5.8 then implies
that we can compute an optimal solution for the fractional SAA problem (Q"(p)), as well
as its objective value. The result then follows from Theorem 6.3, setting ¢ = 1. m

In the remainder of this section, we focus on proving Theorem 6.3. We use the following
variant of Theorem 4.1, which allows translating approximate solutions for SAA problems
min,cp h(P"; z) into an approximate solution for min,ep h(p;z).

Theorem 6.6. Lete > 0 and é € (0,1), and let LB > 0 be a lower bound on mingep h(p; )
for every distribution p, with log é = poly(Z). There exist numbers k = poly(é7 log %) and
N = poly (I, A, %, log %) such that the following holds. Let p*,...,p" be empirical estimates
of p, each constructed using N independent samples. Suppose that for each i € [k] we have
a fractional first-stage decision T € P and an estimate [ such that

~ i Ly o~
h(p's7') < f <¢-minh(p';) |

where ) > 1. Let j := argmin, e 71 Then with probability at least 1 — § we have

S-71 < Aq) 1 o, ]
B(5T) < 60(1+ ) - mig h(is 0

Proof. The result follows by applying Theorem 4.1 to a suitable discretization of the poly-
tope P. Let ¢’ := ¢/9, and assume without loss of generality that ¢’ < 1. By Lemma 5.6, we
have that h(p;-) is K-Lipschitz continuous for every distribution 7, where K := ||¢/| + K.
Recall that by assumption (A4), P contains a ball of radius Rgpna.n < 1 and is contained in

large

a ball of radius Rjaree centered at the origin, with log g—n = poly(Z). We discretize P as

. _ £"LB-Rgnan 1 1
in Swamy and Shmoys [123]. Let A = = P and consider the grid

G={zeP:x;=nmA, n;€Z, foralliec|m|} .
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(Note that Rgynan needs to be a part of the specification of the grid step size; otherwise, a
“flat” polytope P could evade the grid across arbitrarily large distances.) As shown in [123],

we have: (i) |G| < (Q&Aﬂ)m, and so log |G| = pon(I, log %) (since m, log K, log o5, and

log Barze gre all poly(Z)); and (ii) for every x € P, letting ¢(z) denote the point in G closest

Rgman

to z in Euclidean distance, we have ||z — ¢(x)|| < 8}(8, and hence, |h(p;x) — h(p;o(x))| <
¢’'LB for every distribution p.

Consider the two-stage DRS problem min,cg h(p;x), and note that it satisfies prop-
erties (A1)—(A7). Properties (A2)—(A7) are directly inherited from the DRS problem
mingex h(p;x), so it suffices to show property (Al). Let Z' denote the size of the in-
put of the DRS problem over the grid G, which consists of the input of the original DRS
problem over X along with the parameters € and LB (which are used for determining the
grid step size A). Since log |G| = pon(I, log %), we have log |G| = poly(Z').

Let the number k£ of SAA problems and the number N of samples used to construct
each empirical estimate p' be as given by Theorem 4.1, when we apply it to the two-stage
DRS problem mingcg h(p;x) (i.e., we take X in the theorem statement to be the grid G),
with parameters (¢/,n := €'LB,d). To invoke the theorem, we need to supply the required
points {7} and estimates { f'}. We set 7' := ¢(z") and f := ' +€'LB for every i € [k]. We
claim that these satisfy the precondition in the statement of Theorem 4.1, with 1) = ¢ +¢'.
To see this, consider any i € [k]. On the one hand, we have

h(P ;7)) <h(p;7) +LB< T +LB=f.
On the other hand, we have

i _ / Py, fon 28 / A AN i i i
ff=f +elB <y I:]crélgh(p,x)+€LB§(¢+5) {Erlelgh(p,m)gw Iglelélh(p,l‘).

Moreover, the index j, which is a minimizer for the estimates {7} ol is also a min-
iclk
imizer for the new estimates { fi}ie[k]. So applying Theorem 4.1, we obtain that with

probability at least 1 — 9,
h(p;27) <4yp(1+¢€)- min o(p; ) +
xe
=4p(1+¢') - minh(p;z) + ¢e'LB .

zeg

~—
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Note that

inh(p:x) <minh(p; < minh(p; ‘LB .
minh(p;x) < minh(p; ¢(x)) < minh(p;z) +e

Therefore, we obtain
h(p;77) <4yp(l+¢€)- min h(p;x) +e'LB
<4p(1+4¢)- arélg h(p;x) + (Y’ + 4p(1 +£')e")LB
<4(1 +¢) ~r$n€i7r)1h(]5;x) .

The final step follows because LB < mingep h(p; ), and also uses ¢ = 1) + &’ < (1 + ')
and &' = 5 < 1. O

Proof of Theorem 6.3. The proof follows very closely the structure of the proof of Theo-
rem 3.6, so we omit some details. Using Lemma 6.1, we can either find an optimal solution
T for mingep h(p;x), or obtain a lower bound LB on min,cp h(p; z) for every distribution
p. In the latter case, given that we have a i-approximation algorithm for the fractional
SAA problem min,ep h(p; ), we invoke the SAA result from Theorem 6.6 (setting ¢ = 1))
to obtain a 41 (1 + ¢)-approximate solution T for min,ep h(p;x). Using the local approxi-
mation algorithm to round Z, we obtain a 4pi(1 4 ¢)-approximate solution for (DRSOw)
by Lemma 3.16. [

6.4 DRS set cover

In two-stage DRS set cover (DRSSC), we have a collection S of subsets of a ground set U.
A scenario is a subset of U, and specifies the set of elements to be covered in that scenario.
We may buy a set S € S in either stage, incurring costs of ¢ € Z, and c§ € Z, in the
first and in the second stage respectively. For each scenario A, the sets chosen in the first
stage and in scenario A (in the second stage) must together cover A. The goal is to choose
some first-stage sets ST C S and sets S* C S in each scenario A so as to minimize

SesA

I
E cs+ sup Eavp
SesT p:L(p,p)<r

The input size Z is the encoding size of (U, S, c, r). We may assume that (Jg.s S = U,
as otherwise the problem is infeasible.
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It is easy to see that DRSSC can be cast as an instance of (DRSO): the first-stage
decision set X and the second-stage decision set Z are X = Z = {0, 1}U; the corresponding
sets of fractional first-stage and second-stage decisions are given by the polytopes P = Z =
[0,1]Y. The polytope specifying the feasibility conditions for a scenario A is

F(A) ::{(x,zA)erZ: Z (xs+z§‘)21VeeA}.

SES:ecS

11
The inflation factor A is defined as max {1, maxses ZTS} Note that we may assume that
S

cg = 0 if ¢§ = 0 since we can always buy S (for free) in the first stage; in the above
expression for A, we adopt the convention that 0/0 = 0.

Different scenarios could be quite unrelated, so there does not seem to be a natural
choice for a (non-discrete) scenario metric ¢; we therefore consider the discrete scenario
metric (¢ (and so L is the 1L; metric). We can take lyay = 1.

Lemma 6.7. Assumptions (A1)-(A6) hold for DRSSC. Moreover, when ( is the discrete
metric (9, assumption (A7) holds for 7 = max {1,Y ¢ sc§}.

Proof. Properties (A1)—(A5) follow from the discussion in the introduction of this chapter.

We now prove that property (A6) holds. Note that if A € A is a non-null scenario,
then A contains an element e such that every set S € S containing e satisfies ¢ > 1, and
hence ¢y > 1. Therefore, any fractional feasible solution (:p, ZA) for scenario A has cost

Z(chs + CISI,Z?) > Z (cfgxg + CISI,Z?) > Z (Is + zﬁ) >1.
Ses SeS:ecs SeS:ecs

To see that property (A7) holds, note that mina anea.ays0f(A, A") > 1, and that
maxaca 9(0,A) < Y gcgcy. The latter inequality follows because, given any scenario
A € A, setting 24 = 1 for every set S € & yields a feasible solution for scenario A
under the first-stage decision z = 0, with cost >4 g 4. The result then follows from the
discussion in the introduction of this chapter. O

Shmoys and Swamy [l 11] give a local p-approximation algorithm for DRSSC with

p = O(log|U|). Applying Theorem 6.5 immediately yields the following result in the
unrestricted setting.
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Theorem 6.8. Consider DRSSC under a Wasserstein ball in the unrestricted setting, with
¢ being the discrete metric (9. There exists a two-stage algorithm that, given ¢ > 0 and
6 € (0,1), computes an O((1 + ) log |U|)-approximate solution with probability at least
1—9in pon(I, A, %,log %) time.

We now consider the k-bounded setting. To apply Theorem 3.6, we need to furnish
a second-stage a-approximation algorithm; a (31, 2 )-approximation for problem (II); and
a local p-approximation algorithm. We can set a = O(log|U|) using the well-known LP-
based O(log |U|)-approximation algorithm for (deterministic) set cover (see Chvatal [27]),
and Shmoys and Swamy [111] show that we can set p = 2o = O(log |U|). We now show
that we can set (01, 82) = (O(log|U]), 1).

Lemma 6.9. For DRSSC in the k-bounded setting with { being the discrete metric £95¢, we
can obtain an (O(log |U|), 1)-approximation algorithm for problem (II).

Proof. By Lemma 6.2, it suffices to obtain O(log |U|)-approximation algorithm for the
constrained problem (®). Consider an instance (x,pu, A) € X x Ry x A of (). If p < 1,
then the only feasible scenario is A itself, so we can solve this instance exactly. Otherwise,
all the scenarios are feasible, so the problem reduces to maxae., g(z, A). Note that this
is equivalent to a k-max-min fractional set cover problem (i.e., the problem of finding a
scenario A € A<y so as to maximize the cost of an optimal fractional set cover of A),
where the cost of buying a set S € S is set to cy if xg = 0, and to 0 if zg = 1. Gupta,
Nagarajan, and Ravi [60] give an O(log |U|)-approximation algorithm for k-max-min integer
set cover, wherein the goal is to choose a scenario A € A< so as to maximize the cost
of an optimal integral set cover for A. It is implicit in their analysis that this also yields
an O(log|U|)-approximation for k-max-min fractional set cover.! We therefore obtain a
O(log|U|)-approximation algorithm for (®). O

We can therefore use Theorem 3.6 to obtain an approximation factor O(af;f2p) =
O(log3 \U\) for DRSSC under a %Ll—ball in the k-bounded setting. By incorporating a
decoupling idea of Shmoys and Swamy |1 14] in our ellipsoid-based algorithm (in a manner
similar to Feige, Jain, Mahdian, and Mirrokni [16] in their work on two-stage robust set
cover), we can avoid the use of a local approximation algorithm inside the ellipsoid method,
thus obtaining an improved approximation ratio.

!See Theorem 4.2 and Claim 4.3 in [60]; Theorem 4.2 proves that the optimal fractional cost of the
set-cover instance (S, F) is at most ¢(®*) + 127*.
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Theorem 6.10. Consider DRSSC in the k-bounded setting, with ¢ being the discrete metric
¢disc There exists a two-stage algorithm that, given ¢ > 0 and 6 € (0,1), computes an
O((1+e¢) log? U|)-approzimate solution with probability at least 1 —6 in poly(Z, A, 1,log })
time.

The key ingredient for proving Theorem 6.10 is the following result, which can be seen
as a variant of Theorem 5.1. Whereas Theorem 5.1 shows that in general one can obtain an
approximation algorithm for an SAA problem min,ey h(p;x) by using an approximation
algorithm for problem (II) and a local approximation rounding algorithm, the result below
shows that, for set cover, we can obtain an approximation algorithm for the SAA problem
mingep h(p; ) (with fractional first-stage decisions) using only an approximation algorithm
for problem (IT).

Theorem 6.11. Consider a DRSSC problem mingep h(p;x), where the distribution D is
giwen explicitly. Let T denote the input size of this problem. Suppose that we have a
(B1, B2)-approximation algorithm for problem (I1). Then, given n > 0, we can compute in

poly (f, log %) time a fractional first-stage decision T € P and an estimate f such that
hp;T) < f <2615 (ggg h(p;z) + ?7) :

We now show how Theorem 6.11 can be used to obtain Theorem 6.10.

Proof of Theorem 6.10. The proof follows very closely the structure of the proof of Theo-
rem 3.6, so we omit some details. Using Lemma 6.1, we can either find an optimal solution
T for mingep h(p;z), or obtain a lower bound LB on min,ep h(p;x) for every distribu-
tion p. In the latter case, Theorem 6.11 (setting n = LB and (51, 32) = (O(log|U]|), 1),
using Lemma 6.9) yields an O((1 + ¢) log |U|)-approximation algorithm for the fractional
SAA problem min,ep h(p;x). We can then invoke the SAA result from Theorem 6.6 to
obtain an O((1 + ¢) log|U|)-approximate solution Z for min,ep h(p;x). Using the local
O(log |U|)-approximation algorithm from Shmoys and Swamy [111]| to round Z, we obtain
an O((1 + ¢)log” |U|)-approximate solution for (DRSOw) by Lemma 3.16. O

In the remainder of this section, we explain how to obtain Theorem 6.11. Let us
consider an instance (U .S, ch, r) of DRSSC. The improvement comes from a better way
of generating a cut passing through the center = € P of the current ellipsoid. Instead
of using a local p-approximation algorithm to round T to an integer first-stage decision
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T € X, then using an approximation algorithm for (II) at T to generate a suitable cut
at T (as we did in Lemma 5.2 for the general framework), we do the following. Let
Szi={e €U : Y gegeesTs = 1/2} be the set of elements covered to an extent of at least
1/2 by the sets (fractionally) bought in the first stage under the decision Z. Since elements
in Sz are mostly covered by 7, and the remaining elements are mostly uncovered, intuitively
only these remaining elements should matter. Indeed, we argue that approximate solutions
to

H}gﬁ {9(07 Al \ SE) -y E(A7 A/)}

(for different values of y and A) can be used to obtain a suitable cut at . Note that this
problem can be cast as ¢(0, y, A) for a modified instance where we add Sz to our set system
S, with costs cg_ = c§ = 0. Thus, we avoid the p-factor loss that was incurred in the

ellipsoid-based method due to the use of the local approximation algorithm.

Consider the following LP:

max Z Ya.ag(0, A"\ Sz) (Wz)
AA!
s.t. Z’}/A,A/ S ]/)\A VA S Asup
A/

> UA Ayyan <
AA 4>0.

We prove an analogue of Lemma 5.5 showing that one can compute an approximate
solution ~ for (Wz) using an approximation algorithm for (II) (see Lemma 6.12). Then
we prove an analogue of Lemma 5.4, showing that we can use v to both approximate
h(p;z) for a related point  (Lemma 6.13 (i)), and obtain a suitable cut passing through
7 (Lemma 6.13 (ii)).

Lemma 6.12. Suppose that we have a (51, fs)-approximation algorithm for problem (II).

Then, given any T € P, we can compute a (1 y-approximate solution for (Wz) in poly (f)
time.

Proof. Consider the instance of DRSSC obtained from the original instance (U, S, c', ¢!, )
by adding the set Sz to S, with costs cg_ = c§_ = 0. Let {g"V(z, A)},cp 4c4 denote the
second-stage costs for this new instance of DRSSC. Note that, for every scenario A € A,
we have ¢"*V(0,A) = ¢g(0,A\ Sz). Therefore, if we were to write the LP (T(p,0)) for
this modified instance of DRSSC (i.e., (T(p,0)) with g substituted by ¢"*"“), we would
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obtain (Wz). This means that we can obtain a (31 Se-approximate solution v to (Wz) by
applying Lemma 5.5 to the modified instance (using the (5, 52)-approximation algorithm
for (IT) given to us, also applied to the modified instance). O

Lemma 6.13. Let T € P and T := (min{27Tg, 1})ses. Let v be a B-approzimate solution
for (Wz). Define f = [3- (20% + D4 vAag(0, AT\ Sf)> andd = c+)_, u Va4 dBANT
Then we have (i) h(p;T) < f and (ii) h(p;x) > %f for every x € P such that d"(z — =) > 0.

Proof.

Part (i). Let v* be an optimal solution for (T(p,7)). We claim that for every scenario
A" € A, we have g(z,A’) < ¢(0, A"\ Sz). Assuming this, we obtain

h(p:T) =cZ+ > viag(@ A)
A A
< 27T+ ) 74 ag(0, A\ S5)

ALA

<2TT+ B ang(0, A"\ Sp)

AA

<B-f.

The first inequality follows from x < 27 and from the claim. The second inequality follows
because v is a [f-approximate solution for (Wz). The final inequality uses the fact that
8>1

It remains to prove the claim. Consider a scenario A’ € A, and let z* be an optimal
fractional second-stage decision for scenario A’ \ Sz given the first-stage decision x = 0.
Since z* fully covers all elements of A"\ Sz and 7 fully covers all the elements of Sz, we
have that = + z* fully covers A’, and so z* is feasible for scenario A’ given the first-stage
decision 7; this implies that g(z, A") < (cost of 2*) = ¢g(0, A"\ Sz).

Part (ii). Consider the function ¢ : x — cTx + 3, 4 ya.a9(z, A"\ Sz). We claim that d
is a subgradient of ((-) at Z. Assuming this, let 2 € P such that d"(z —T) > 0. We obtain

hp;z) —¢(@) = ¢(x) = ((7) 2 d"(z —7) =20 .
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The first inequality follows because 7 is a feasible solution for (T(p,x)). The second
inequality follows because d is a subgradient of ((-) at T. The final inequality follows from
the definition of z. It follows that h(p;z) > ((T).

Now, note that for every scenario A" € A, we have g(z, A"\ Sz) > 2¢(0, A"\ S5). To
see this, let z* be an optimal fractional second-stage solution for scenario A"\ Sz given T
as the first-stage decision. Then z* covers elements of A\ Sz to an extent of at least %,
and so (min {2z%, 1})ses is a feasible second-stage solution for scenario A"\ Sz given 0 as
the first-stage decision. This implies that

g(0, A"\ Sz) < (cost of (min{2z2%,1})ses) < 2(cost of 2*) = 2¢g(7, A"\ Sz) .
So we obtain

h(p;x) = ¢(7)
=TT+ Y yawg(@ A\ Sp)

AA

_ 1 /
> T+ AZA/”YA,A’Q((L A"\ S5)

1
:%f_

It remains to prove the claim. For any x € P, we have

((x) =¢(@) =Tz —T) + Y _yanl(gle, A\ Sz) — g(T, A"\ S5))

AA

> (o =7) + Y aad™ (@ - 7)
AA

= dT(.f—f) )

where the second inequality follows because d®4\%% is a subgradient of g(-, A’ \ Sgz) at
. ]

We are now ready to prove Theorem 6.11.

Proof of Theorem 6.11. Using Lemmas 6.12 and 6.13, along with the given approximation
algorithm for problem (IT), we obtain a (2; 35, P)-first-order oracle for A(p; ) with running
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time Toracle = poly <f) . Recall that h(p;-) is (||| + K)-Lipschitz continuous by Lemma 5.6.

We can therefore obtain (7, f) with the sought guarantees via the ellipsoid-based algorithm
from Theorem 3.14. [

6.5 DRS vertex cover

In two-stage DRS vertex cover (DRSVC), we are given a graph G = (V, E). A scenario is
a collection of edges A C F. We may buy a vertex v € V in either stage, incurring costs
cl € Z, and c!! € Z, in the first and in the second stage respectively. For each scenario A,
the vertices bought in the first stage and in scenario A (in the second stage) must together
cover A (a collection of vertices is said to cover A if it contains at least one endpoint of each
edge in A). The goal is to choose some first-stage vertices V! C V and vertices VA C V in
each scenario A so as to minimize

11
>4

veEVA

ZC£+ sup Eua-,

weyl p:L(p,p)<r

The input size Z is defined as the encoding size of (V, E,c', ", r).

Note that DRSVC can be seen as a special case of DRSSC: an instance (V, E, ¢, ", r)
of DRSVC is equivalent to an instance of DRSSC with ground set U := E, and with a
collection of sets & = {5, :v € V}, where for each vertex v € V the set S, consists
of the edges incident with v, and has costs ¢! and c!! in the first and in the second stage
respectively. It is therefore clear that we can use (DRSO) to model DRSVC, while satisfying
assumptions (A1)—(A7) (see Lemma 6.7). We again consider ¢ to be the discrete scenario
metric (4% (and so L is the %Ll metric), and take £ == 1.

The following lemma gives the ingredients we use to obtain our results in the unre-
stricted and in the k-bounded setting.

Lemma 6.14. We have the following algorithms for DRSVC:

(1) a second-stage 2-approximation algorithm;

(ii) a (i 1) -approximation for problem (I1) in the k-bounded setting, with { being the

e—1’

discrete scenario metric 9¢; and

(111) a local 4-approzimation algorithm.
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Proof.

Part (i). Consider an integer first-stage decision © € X and a scenario A C E. Note
that g(Z, A) is the minimum cost of a fractional vertex cover of the graph G’ obtained from
(V, A) by deleting the edges that are covered by vertices v with Zg, = 1 (where the cost
of a vertex v is c!l). We can therefore compute an integer vertex cover for G’ with cost

at most 2g(Z, A) (see, e.g., Section 1.3 of Williamson and Shmoys [129]), which induces a

suitable integer second-stage decision 24,

Part (ii). We show how to obtain a 2% -approximation algorithm for problem (®). The
result then follows from Lemma 6.2.

Consider an instance (7, pu, A) € X x Ry x A of (®). If 4 < 1, then A is the unique
feasible solution for (®), so we are done. Otherwise, (®) reduces to maxaea_, 9(7, A),
a problem for which Feige, Jain, Mahdian, and Mirrokni [10] give a %—appraximation
algorithm.

Part (iii). This follows from part (i) and Theorem 2.1 in Shmoys and Swamy [111],
which shows that one can convert a second-stage a-approximation algorithm into a local
2a-approximation algorithm for set cover (and in particular for vertex cover). O

We obtain the following results for DRSVC.

Theorem 6.15. Consider DRSVC under a Wasserstein ball, with ¢ being the discrete metric
¢disc There exists a two-stage algorithm that, given € > 0 and 6 € (0,1), computes a
Y-approximate solution with probability at least 1 — § in poly(I,)\, %,log %) time, where

1 =16 + O(e) in the unrestricted setting and v = 101.3 + O(e) in the k-bounded setting.

Proof. The result for the unrestricted setting follows from Theorem 6.5, setting p = 4 (using
the local approximation algorithm from Lemma 6.14-(iii)). The result for the k-bounded
setting follows from Theorem 3.6, setting a = 2, (81, f2) = (25,1), and p = 4 (using the

e—1’

algorithms from Lemma 6.14-(i), Lemma 6.14-(ii), and Lemma 6.14-(iii) respectively). O

6.6 DRS edge cover

In two-stage DRS edge cover (DRSEC), we are given a graph G = (V, E). A scenario is a
collection of vertices A C V. We may buy an edge e € E in either stage, incurring costs
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cl € Z, and ¢! € Z, in the first and in the second stage respectively. For each scenario A,
the edges bought in the first stage and in scenario A (in the second stage) must together
cover A (a collection of edges is said to cover A if it contains at least one edge incident
with each vertex in A). The goal is to choose some first-stage edges E' C E and edges
EA C E in each scenario A so as to minimize

Zc£+ sup Eua-,

ccEl p:L(p,p)<r

s

ecEA

The input size Z is defined as the encoding size of (V, E,c', ', r).

Note that DRSEC can be seen as a special case of DRSSC: an instance (V, E,d, 7’) of
DRSEC is equivalent to an instance of DRSSC with ground set U := V', and with a collection
of sets S := {S¢ := {u,v}},_, cp; for each edge e € E, the first-stage and second-stage cost
of the corresponding set are defined as ¢y, := ¢ and cg := c{' respectively. It is therefore
clear that we can use (DRSO) to model DRSEC, while satisfying assumptions (A1)—(A7)
(see Lemma 6.7). We again consider ¢ to be the discrete scenario metric (4 (and so L is

the %Ll metric), and take {;,., = 1.

The following lemma gives the ingredients we use to obtain our results in the unre-
stricted and in the k-bounded setting.

Lemma 6.16. We have the following algorithms for DRSEC:
(i) a second-stage %—approximation algorithm;

(i1) a (2,1)-approzimation for problem (I1) in the k-bounded setting, with { being the
discrete scenario metric 9 ; and

(i1i) a local 3-approximation algorithm.

Proof.

Part (i). Consider an integer first-stage decision ¥ and a scenario A C V. Note that
g(Z, A) is the minimum cost of a fractional edge cover of A if we set the cost of each edge
e € Etodlifz, =0, and to 0 if Z, = 1. It is well known that we can compute an
edge cover of A of cost at most %g(/x\, A), which induces a suitable integer second-stage
decision z# (more generally, for an instance of set cover where each set contains at most f
elements, one can compute an integer set cover whose cost is at most 1+ % 4+ 4 % times
the minimum cost of a fractional set cover—see Chvéatal [27]).
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Part (ii). We show how to obtain a 2-approximation algorithm for the constrained prob-
lem (®). The result then follows from Lemma 6.2.

Consider an instance (T, pu, A) € X x Ry x A of (®). If p < 1, then A is the unique
feasible solution for (@), so we are done. Otherwise, (@) reduces to maxaca_, 9(7, A), a
problem for which Feige, Jain, Mahdian, and Mirrokni [1(]| give a 2-approximation algo-
rithm.

Part (iii). This follows from part (i) and Theorem 2.1 in Shmoys and Swamy [114],
which shows that one can convert a second-stage a-approximation algorithm into a local
2a-approximation algorithm for set cover (and in particular for edge cover). ]

We obtain the following results for DRSEC.

Theorem 6.17. Consider DRSEC under a Wasserstein ball, with £ being the discrete metric
¢disc. There exists a two-stage algorithm that, given ¢ > 0 and § € (0,1), computes a
W-approrimate solution with probability at least 1 — & in pon(I)\, %,log %) time, where

1 =124 O(e) in the unrestricted setting and 1 = 36 + O(e) in the k-bounded setting.

Proof. The result for the unrestricted setting follows from Theorem 6.5, setting p = 3 (using
the local approximation algorithm from Lemma 6.16-(iii)). The result for the k-bounded
setting follows from Theorem 3.6, setting o = 3, (01, 52) = (2,1), and p = 3/2 (using the
algorithms from Lemma 6.16-(i), Lemma 6.16-(ii), and Lemma 6.16-(iii) respectively). [

6.7 DRS facility location

In two-stage DRS facility location (DRSFL), we have a metric space <.7-" uc, {wij}ivjefuc),

where F is a set of facilities, and C is a set of clients. We assume that w;; € Z for every
1,7 € FUC. A scenario is a subset of C indicating the set of clients that need to be served
in that scenario. (We can model integer demands by creating colocated clients.)

We may open a facility i € F in either stage, incurring costs of f! € Z, and fI' € Z,
respectively. In scenario A, we need to assign every client j € A to a facility i(j) opened
in the first stage or in scenario A (in the second stage). The goal is to minimize

> e Bayl 3 fi”z“””“”]‘

i opened in stage 1 i opened in scenario A jEA
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The input size Z is defined as the encoding size of (F,C, w, fL, 1 7’).

It is easy to see that DRSFL can be cast as an instance of (DRSO): the first-stage
decision set X and the second-stage decision set Z are X = {0,1}” and Z = {0, 1}7°7*9);
the corresponding sets of fractional first-stage and second-stage decisions are given by
the polytopes P = [0,1]7 and Z = [0,1]7Y" >, The polytope specifying the feasibility
conditions for a scenario A is

1eEF

F(A) = {( )EPXZ: ZZ >1VjeA, <xz+z VzefjeA}

11
The inflation factor A is defined as max {1, max;cr J;—I} Note that we may assume that

fl=0if f!! = 0 since we can always open facility 4 (for free) in the first stage; in the above
expression for A, we adopt the convention that 0/0 = 0.

We consider two choices for the scenario metric ¢: the discrete metric ¢4 and the
asymmetric metric £2¥™ (defined with respect to the underlying metric w). We set lax 1= 1
and lyax 1= max; ycc w; i in these two settings respectively.

Lemma 6.18. Assumptions (A1)-(A6) hold for DRSFL. Moreover, assumption (A7) holds
for T = max {1, Yier i+ Zie}',jec w;j ¢ when { is the discrete metric (9 or the asym-
metric metric £2Y™,

Proof. Properties (A1)—(A5) follow from the discussion in the introduction of this chapter.

We now prove that property (A6) holds. Note that if A € A is a non-null scenario, then
A contains a client j' € C such that f' + w;; > 1 for every facility i € F. Therefore, for
every facility i we have fI' > 1 (and hence f] > 1) or w;; > 1, and so min { I fZ-H} +w;j >
1. Therefore, any fractional feasible solution (x, ZA) for scenario A has cost

Zf x; + ZszA + Z w,]zw > Z flo; + szA +w,]/z )

ieF 1EF i€F,jeC ieF

> Z(min {L Y (2 + 2 + wij’zf}’)

ieF

> > (min {f}, fi'} + wiy) 25
i€F
>y =1,

ieF
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where the third and the fifth steps follow from the assumption that (x, ZA) is feasible for
A.

To see that property (A7) holds, note that mina anea.ays0f(A, A’) > 1, and that
maxaca g(0,4) < D2icr fi' + Xicr jec wij- The latter inequality follows because, given
any scenario A € A, by opening an arbitrary facility i € F in the second stage and
connecting all clients of A to it, we obtain a feasible second-stage solution for A, given
x =0 as a first-stage decision, with cost fil + 37, wi; < D icr fi' + D ier e wij- The
result then follows from the discussion in the introduction of this chapter. n

Lemma 6.19 and Theorem 6.20 give the main ingredients we use to obtain our results
for DRSFL in the unrestricted and in the k-bounded setting.

Lemma 6.19. We have the following algorithms for DRSFL:

(1) a second-stage 1.488-approximation algorithm; and

(11) a local 5.488-approzimation algorithm.

Proof.

Part (i). Consider an integer first-stage decision z and a scenario A C C. Note that
g(Z, A) is the minimum cost of a fractional solution for the (deterministic) facility-location
instance defined as follows: the set of facilities is F, the set of clients is A, the distances
are {wij};e 7 ic 4> and the opening cost of each facility i € F is 0if 7; = 1, and f}' if ; = 0.
We can compute an integer solution for this instance of cost at most 1.488 - ¢(Z, A) using

the algorithm by Li [$3]; such a solution induces a suitable integer second-stage decision
z4.
Part (ii). Shmoys and Swamy |[l11] showed that an LP-relative g-approximation for

deterministic facility location having a certain “demand-obliviousness” property, combined
with a second-stage a-approximation algorithm, can be turned into a (¢ + «)-approximation
algorithm for two-stage stochastic facility location. If the p-approximation algorithm
has the property that it returns a solution where every cost component of the rounded
solution—i.e., the facility cost, and each client’s assignment cost—is at most o times the cor-
responding cost component of the fractional solution, then the resulting algorithm is a local
approximation algorithm. Using the deterministic 4-approximation algorithm of Shmoys,
Tardos, and Aardal [115] and the algorithm from part (i) gives a local p-approximation
with p = 5.488. O
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Theorem 6.20 (see proof in Section 6.7.1). Consider DRSFL in the k-bounded setting (i.e.,
A = Acy.), and suppose that { is either the discrete scenario metric (4¢ or the asymmetric
metric (2™, Then we have a (6, 1)-approzimation for problem (II).

We obtain the following results for DRSFL.

Theorem 6.21. Consider DRSFL under a Wasserstein ball, where the underlying scenario
metric { is either the discrete metric (¢ or the asymmetric metric (2Y™. There exists a
two-stage algorithm that, given € > 0 and § € (0,1), computes a (¢ + O(¢))-approximate
solution with probability at least 1 — 9 in pon(I, A, %, log %) time, where ¢ = 21.96 in the

unrestricted setting, and 1 = 196 in the k-bounded setting.

Proof. The result for the unrestricted setting follows from Theorem 6.5, setting p = 5.488
(using the local approximation algorithm from Lemma 6.19-(ii)).

The result for the k-bounded setting follows from Theorem 3.6, setting o = 1.488,
(81, 82) = (6,1), and p = 5.488 (see Lemma 6.19-(i), Theorem 6.20, and Lemma 6.19-(ii)
respectively). O

6.7.1 Proof of Theorem 6.20

In this section, we prove Theorem 6.20. We give a 6-approximation algorithm for the
constrained problem (®). The result then follows immediately from Lemma 6.2. Consider
an instance (Z,u, A) € X x Ry x A of (®). If ¢ is the discrete metric and p < 1, then
we return A, which is the only feasible solution. In every other case, we claim that we
can compute a set of clients C C C such that a scenario A’~ € A is feasible if and only if
A" C C. If £ is the discrete metric and p > 1, then we set C := C. If £ is the asymmetric
metric Y™, then we set C := {j € C : w(j, A) < u}. It follows that approximately solving
this instance of (®) amounts to approximately solving the k-max-min fractional facility

location problem for an underlying facility-location instance (]—' .C, {wi;}, JCFUE {ﬁ} ) ,
, ieF

where f; == 0if Z; = 1, and f; := f otherwise. We now give a 6-approximation algorithm
for this problem.

Theorem 6.22. There exists a 6-approzimation algorithm for the k-max-min facility lo-
cation problem: given an instance of DRSFL, compute maxsca_, (0, A).

Khandekar, Kortsarz, Mirrokni, and Salavatipour [30] give a 10-approximation for the
version of integral k-max-min facility location where a scenario may place an arbitrary
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number of colocated clients at a location in C (and the global number of clients is con-
strained to be at most k).? However, in our setting, we may place at most one client at any
location in C, so the algorithm in [$0] does not work for our purposes. (Clearly, our setting
is more general, since we can encode the scenario setting of [30] by creating k colocated
copies at every j € C.) As noted earlier, we can model more general settings, where clients
have (integer) demands, by creating a fixed number of colocated clients at locations in C;
but, here again, we have a constraint that limits the number of colocated clients at any
jecC.

We therefore need to develop new techniques to devise an approximation algorithm
for fractional k-max-min facility location. The key tool that we exploit here is that of
cost-sharing schemes. We uncover a novel connection between cost-sharing schemes and
k-max-min problems by demonstrating that one can exploit a cost-sharing scheme for
facility location having certain properties to obtain an approximation algorithm for k-
max-min {integral, fractional} facility location. Previously, cost-sharing schemes have
been exploited in the boosted-sampling approach of Gupta, Pal, Ravi, and Sinha [62] for
two-stage stochastic optimization, however to our knowledge, they have not been used
previously to tackle k-max-min problems. Our result also improves the approximation
factor for integral k-max-min facility location from 10 to 6 (see Remark 6.24).

A cost-sharing method is a function ¢ : 2¢ x C — R, where £(S, 5) for j € S intuitively
gives the contribution of j toward the cost incurred in satisfying the client set S (i.e.,
the cost of opening facilities and assigning clients in S to these open facilities). For sets
S, T C C, define {(S,T) = > ;0 &(S5,7). Pal and Tardos [95] devised a cost-sharing
method ¢ satisfying the following properties.

e {(5,j)=0ifj ¢ 5.
e (Competitiveness) For every S C C, we have (5, 5) < ¢(0,.5).
e (Cost-recovery) For every S C C, we have £(S5,S) > ¢(0,5)/3.

e (Cross-monotonicity) For all S; C Sy C C and every client j € C, we have £(Ss,j) <
5(517 ]) .

We will prove an additional useful property about &, for which we very briefly describe
how ¢ is computed. For every S C C and i € F, we compute a certain time t(S,i) > 0.

2Since the gap between the integral and fractional optimal values for facility location is at most
a = 1.488 (see Li [83]), a B-approximation for the integral (respectively fractional) version implies an
af-approximation for k-max-min fractional (respectively integral) facility location.
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The cost-share of a client j € S is then defined as (S, j) := min;er max {¢(5,4), w;; }. The
function ¢(-, ) satisfies the following property: for every set S C C, every client j ¢ S, and
every facility ¢ € F, we have t(S + j,i) < t(S,7). Furthermore, if this inequality is strict,
then t(S + j,4) > wy;.

Lemma 6.23. Consider S C C and two clients j; € S and jo & J. Then &(S + ja, j1) >
min {£(S, 71), (S + J2, j2) }-

Proof. By cross-monotonicity, we have £(S + ja,71) < &(S,71). If this holds at equality,
then the result follows immediately. So assume otherwise. By the way in which the cost-
shares are defined, £(S + ja, j1) < &(S, j1) implies that £(S + j2, j1) = t(S + J2,4) for some
facility ¢ and ¢(S + jo,7) < ¢(S,7). This implies that ¢(S + ja,4) > w;j,, and it follows that
§(S + J2, j2) < max{t(S + j2, 1), wig, } = 1(S + j2, 1) = (S + J2, j1)- u

Proof of Theorem 6.22. We may assume that k& < |C| (otherwise, we simply set k = |C]).
Consider the following simple greedy algorithm. Initialize ¢ < 0 and Sy < (). For ¢t =
1,...,k, we find j + argmax;ees, , £(Si—1 +J, ), and set S, <= 5,1 U {j}.

Let O* be an optimal solution for the k-max-min problem maxsc_, g(0, A). We claim
that £(Sk, Sk) > £(Sr U O*, S, UO*)/2. This will complete the proof since this implies
that

f(SkUO*,SkUO*) > g(O,Sk UO*) > g(O, O*)

> >
9(0, Sk) > &(Sk, Sk) > 5 5 > 6 ;

(6.2)

where the first inequality uses the competitiveness property, and the third inequality uses
the cost-recovery property.

We now prove the above claim. Suppose that Sy # O* (otherwise, the claim immedi-
ately follows). For any t € [k], we show that {(S¢, j) > M, := maxjce\s, , £(Se—1 + 7', 7')
for all j € S;. We prove this by induction on ¢. Note that M, > M;,; due to cross-
monotonicity, and since C\ S;_1 2 C\ S;. The statement is clearly true for ¢ = 1. Suppose
that it is true for index ¢, and consider index ¢ 4+ 1. Let j be the element added to S; in
iteration ¢ + 1. By definition of j, we have f(StH,j) = M, ;. For every j € S, we have

£(Sps1,7) > min {&(S, 5),&(Ser1,7) } > min { M, Myy1} = Mgy .

The first inequality follows from Lemma 6.23. The second inequality follows from the
induction hypothesis and the fact that & (St+1,3) = M,;,1. Thus, for every j € S;i1, we
have &(Si41,7) = Myyq1. This completes the induction step.
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Therefore, we obtain

&(Sk, Sk) = k - My,

- Sii i
> jergg\gkﬁ( -1+ 7, 7)

> k- SrU0O*,j
> jergg\gkf(k ,J)

E(SrUO*, 0%\ Si)
0%\ S|
> E(SpUO, 0%\ Sy)
(S U 0", S, UO%) — £(S U O, Sh)
> £(S, U O™, 85, UO™) — &(Sk, Sk) -

> k-

The first inequality follows from the statement proved in the previous paragraph. The
second one is simply because we restricted C \ Sy_; to O* \ Sk. The third one follows from
cross-monotonicity. The fourth one is because we replaced max by an average and all cost
shares are nonnegative. The fifth one is because |O*| < k. The last inequality is again due
to cross-monotonicity. We obtain &(Sk, Sx) > £(Sk U O*, S, U O*)/2 as claimed. O

Remark 6.24. In fact P4l and Tardos [95] show a stronger form of cost recovery, namely,
that for every scenario S C C there exists an integer solution 2° feasible for scenario S
such that £(S,S) > (cost of 2%) /3. Modifying the proof of Theorem 6.22 by using this
stronger property in the chain of inequalities (6.2), one can also obtain a 6-approximation
algorithms for integral k-max-min facility location.

6.8 DRS Steiner tree

In two-stage DRS Steiner tree (DRSST), we are given a complete graph G = (V, E') with
metric edge costs {c.} .y, aroot vertex s € V, and an inflation factor A > 1. A scenario is
a set of vertices A C V' (called terminals) specifying the nodes that need to be connected
to the root s. We may buy an edge ¢ € E in either stage, incurring costs ¢l € Z, or
cl' = Ac. in the first and in the second stage respectively.® For each scenario A, the union

3With non-uniform inflation factors for different edges, even two-stage stochastic Steiner tree becomes
at least as hard to approximate as group Steiner tree (see Ravi and Sinha [98]), which is known not to
admit an O(log%e(number of groups))-approximation unless NP C ZTIME(nPO'y'Og(")) (see Halperin and
Krauthgamer [66]).
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of the edges F' C E bought in the first stage and F4 C E bought in scenario A (in the
second stage) must connect all nodes in A to s, and we want to minimize

|

eCFA

I
E ce+ max [Eyu.,

:L(p,p)<r
s p:L(p,p)<

An impediment for obtaining an approximation for DRSST utilizing the results we
discussed so far is that we do not have a local approximation algorithm for DRSST. There
is however a weaker type of rounding algorithm for a monotone version of DRSST (which
we refer to as MDRSST), wherein we require that for every scenario A, the set of edges
F U F4 contain a path from each node v € A to the root s consisting of a segment starting
at v comprising edges from F4, followed by a segment ending at s comprising edges from
F. A path from v to s with this property is said to be monotone. This monotonicity
property was stipulated by Dhamdhere, Goyal, Ravi, and Singh [33] and Gupta, Ravi, and
Sinha [64] in the context of two-stage {stochastic, robust} Steiner tree respectively, where
they show that imposing this condition only incurs a factor-2 loss. We now state a result
used by Dhamdhere, Goyal, Ravi, and Singh [33] to show that approximation guarantees
for two-stage robust Steiner tree can be obtained via its monotone counterpart, then we
use it to show that the same holds in the DRS setting.

Lemma 6.25 (see Lemma 4.1 in Dhamdhere, Goyal, Ravi, and Singh [33]). Let A C 2V.
Consider edge sets <F, {FA}AeZ) such that F' U FA contains a path from v to s for every

A e A and every v € A. Then there exist edge sets (ﬁ, {ﬁA} X) such that:
Ae

(i) F U FA contains a monotone path from v to s for every A € A and every v € A;
(”) Zeeﬁ C£ S 2- ZeEF Cé; a’nd
(iii) > cpacl <23 pacll for every set A € A.

Lemma 6.26. Consider an instance I of DRSST, and let I™™ be the corresponding in-
stance of MDRSST. Then every v-approzimate solution for I™™ is a 2i-approrimate
solution for I.

Proof. By applying Lemma 6.25 to an optimal solution for I (and setting A := A), we
infer that OPT(/™°") < 2-OPT(I). Therefore, given any y-approximate solution for 1™,
it is also feasible for I (since [ is a relaxation of I™°") and attains objective value at most
- OPT(1™") < 2¢- OPT(). O
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Given Lemma 6.26 (and the absence of a local approximation algorithm for DRSST, as
mentioned above), we focus on obtaining an approximation algorithm for MDRSST. The
input size 7 is defined as the encoding size of (G, cl s\, r). We now show that MDRSST
can be cast as an instance of (DRSO). The set of integer first-stage decisions is set to
X = {0, 1}E, and the polytope of fractional first-stage decisions is set to P := [0, 1].

The representation of second-stage decisions is based on the IP formulation used by Gupta,
Ravi, and Sinha [61]. We use a vector of binary variables ¢* € {0,1}” to indicate the edges
bought in scenario A. For notational simplicity, we assume that s ¢ A; clearly, this can
always be ensured without changing the problem. To encode the requirement that there is
a monotone v-s path for every v € A, we bidirect the edges to obtain the set of arcs ?,
and use two vectors of binary flow variables fi4v fiLAv e £, 1}? to specify the segments
of v’s path comprising first-stage and second-stage edges respectively. For a vertex v € V/,
let 6(v) (respectively 6°**(v)) denote the arcs of E entering (respectively leaving) v. For
an arc e € E | we abuse notation and use z. to denote the component of x corresponding
to the undirected version of e. We can then express the cost incurred in scenario A if we
make optimal integer second-stage decisions, given the integer first-stage decision x € X,
as the optimal value of the following IP.

: A
min E Ce G,

eck
st Y (I A = T (M) 21 Yeed (6.3)
eE(;OUt(’U) eEéin(’U)
DA Ay = Y (N £ Vo€ AueV\{s v}
e€dout (u) e€dn (u)
(6.4)
A<, A< g weavee®  (03)
Z frAv < Z fhAv Voe AueV\{sv}
e€sin (u) e€sout (u)
(6.6)
¢/ € {0,1} Vee E 6.7
T (RY vedce . (63)
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Constraints (6.3) and (6.4) enforce that f4v 4 f1IL4% sends one unit of flow from v to s
for every terminal v € A (so it dominates a directed v ~ s path),* and (6.5) enforces that
this flow is supported on edges bought in the first and second stages. Constraints (6.6)
encode the monotonicity requirement on the v-s path.

To incorporate the IP formulation above into (DRSO), we set the polytope specifying

the fractional second-stage decisions to Z := [0, 1] *(ExV)<(ExV) | For a scenario A cVv,
the polytope F(A) is composed of the tuples (IL‘, (qA, {f,I’A"} , {f,H’A"})) € P x Z that
are feasible for the LP relaxation of the IP above (wherein we replace constraints (6.7)
and (6.8) with nonnegativity constraints).

We obtain results in the unrestricted setting, and leave the k-bounded setting for future
work. We consider two choices for the scenario metric £: the discrete metric /4% and the
asymmetric metric 2™ (defined with respect to the underlying metric c!). We set £yax := 1
and lyayx 1= Maxy, ey c{w in these two settings respectively.

Lemma 6.27. Assumptions (A1)-(A6) hold for MDRSST. Moreover, when ( is the

discrete metric (9 or the asymmetric metric (3¥™, assumption (A7) holds with T =
max {1,> .z cl}.

Proof. Properties (A1)—(A5) follow from the discussion in the introduction of this chapter.

We now prove that property (A6) holds. Note that if A € A is a non-null scenario,
then A contains a vertex v such that every v ~» s path has c-cost greater than or equal
to 1. Consider any fractional feasible solution (x, (qA, { f,I’A"} , { f,H’A"})) for scenario A.
Then fi4v 4+ fI42 sends one unit of flow from v to s, and so = 4+ ¢* dominates a convex
combination of v ~» s paths, which implies that the total cost of this solution for scenario
A is greater than or equal to 1.

To see that property (A7) holds, note that ming anea,a)s0 (A, A’) > 1, and that
maxaca9(0,4) < Y cp cl. The latter inequality follows because, given any scenario
A € A, by buying every edge e € E in the second stage, we can obtain a feasible second-
stage solution for A, given x = 0 as a first-stage decision, of cost ) __p cl. The result then
follows from the discussion in the introduction of this chapter. n

While we do not have a local approximation algorithm for MDRSST (or DRSST), we
have a weaker type of rounding algorithm that resembles a local approximation algorithm.

4Constraint (6.3) is slightly modified with respect to the formulation in [62], which instead of enforcing
that the net outgoing flow from any terminal is at least 1, only enforces that the outgoing flow is at least
1.
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Definition 6.28. A restricted local p-approzimation algorithm is an algorithm that takes as
input a fractional first-stage decision 2 € P and a collection of scenarios A, and computes
in pon(I , |.AD time an integer first-stage decision 7 € X and integer second-stage decisions

{/Z\A}AGZ such that:

(i) (z,2") is feasible for scenario A, for every A € A;
(i) ™ < p-cTx; and

(iii) (cost of 24) < p- g(z, A) for every scenario A € A.

To see that this is indeed a weaker type of rounding algorithm, note that a local
p-approximation algorithm (Alg', Alg") immediately yields a restricted p-approximation
algorithm: given an instance (.75 .A) e P x 2V, it suffices to run Alg' with input z, then run
Alg" for each of the scenarios in A. Gupta, Ravi, and Sinha [6] presented a restricted local
20-approximation algorithm for MDRSST, and Gupta [65] improved the approximation
factor to 10.

Recall from Definition 5.7 that we say that the scenario collection A is collapsible under
a scenario metric £ if given any scenario A € A, we can compute in poly(Z) time a collection
of scenarios ¢(A) C A such that for every fractional first-stage decision x € P and every
y > 0, we have

g(z,y, A) = max {g(x, A") —y - L(AA)} .

We show that in the collapsible setting, a restricted local approximation algorithm and
a second-stage approximation suffice to obtain an approximation algorithm for the DRS
problem (DRSOw) (see Theorem 6.29). Instantiating this result for Steiner tree yields
approximation algorithms for DRSST in the unrestricted setting, when ¢ is the discrete
metric (9% or the asymmetric £2¥™ (see Theorem 6.31).

Theorem 6.29 (see proof in Section 6.8.1). Consider a generic DRS problem under a
Wasserstein ball (DRSOw) satisfying assumptions (A1)—(A7). Suppose that the scenario
collection A is collapsible under the scenario metric £, and that the second-stage costs
{9(z, A")} are given by compact LPs, say, g(x,A’) = min{sA' 2 (x,zA/) € F(A’)}.
Moreover, suppose that we have:

(1) a second-stage a-approximation algorithm; and
(2) a restricted local p-approximation algorithm.
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Then there exists a two-stage algorithm that, given ¢ > 0 and 6 € (0,1), computes
a dap(l + e)-approzimate solution for (DRSOw) with probability at least 1 — § in time

pon(I, A, %, log %)

Before exploiting the theorem above to obtain our main result for DRSST, we show
that we have a second-stage approximation algorithm for MDRSST.

Lemma 6.30. We have a second-stage 2-approximation algorithm for MDRSST.

Proof. Consider an integer first-stage decision ¥ € X and a scenario A. Our goal is to
show that we can compute an integer second-stage decision that is feasible for scenario A
(under the first-stage decision ¥) with cost at most 2¢(7, A).

Let T denote the vertex set of the connected component of (V,{e € F : z, = 1}) that
contains the root s, and let G be the graph obtained from G by contracting 7" to a single
vertex 5. One can show that a vector ¢g* coming from an optimal solution for the LP
defining (7, A) yields a feasible fractional solution for an instance of Steiner tree on G,
with root 3, terminals A\ 7', and edge costs given by c!!. Using the primal-dual algorithm

by Agrawal, Klein, and Ravi [1], we can obtain a solution for this Steiner tree problem of
cost at most 2, _p clgA = 2g(7, A); this solution induces a suitable integer second-stage
decision. []

We are now ready to prove our results for DRSST.

Theorem 6.31. Consider DRSST under a Wasserstein ball in the unrestricted setting,
where the underlying scenario metric ¢ is either the discrete metric (95¢ or the asymmetric
metric (2™, defined relative to the underlying metric c on the vertex set V.. There exists a
two-stage algorithm that, given € > 0 and 6 € (0,1), computes a (160 + O(e))-approzimate
solution with probability at least 1 — 0 in time pon(I, A, %,log %)

Proof. Note that the scenario collection A is collapsible under ¢ by Lemma 6.4. Given an in-
stance I of DRSST, we apply Theorem 6.29 to the corresponding instance I™°" of MDRSST,
with @ = 2 (using the second-stage approximation algorithm from Lemma 6.30) and

= 10 (using the restricted local approximation algorithm from Gupta [65]). This yields
an (80 + O(e))-approximate solution for /™. By Lemma 6.26, this is a (160 4+ O(¢))-
approximate solution for I. n
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6.8.1 Proof of Theorem 6.29

The following preliminary lemma shows that for a distribution p represented explicitly,
one can utilize a restricted local approximation algorithm to efficiently convert an approx-
imate solution for mingcp h(p;x) into an approximate solution for mingey h(p;x). This
can be seen as a variant of Lemma 3.16; the difference is that the conversion algorithm
from Lemma 6.32 requires a weaker type of rounding algorithm (i.e., a restricted local
approximation instead of a local approximation), and can only be performed efficiently in
the explicit-distribution setting.

Lemma 6.32. Consider a two-stage DRS problem under a Wasserstein ball (DRSOw) in
the explicit central-distribution setting, with input size 7. Suppose that (i) the scenario
collection A is collapsible under the scenario metric {; and (ii) we have a restricted local
p-approzimation algorithm. Then, given a Y-approzimate solution for min,ep h(p;x), we

can compute in poly (f) time a py-approzimate solution for mingex h(p;x).

Proof. Let A®'® denote the support of p, and let A := Ugc 4 (A), where {¢(A)} are the
scenario collections given by Definition 5.7. Note that |A| = poly(Z,|A*"P|) = poly (f)

Let T € P be a ty-approximate solution for min,ep h(p;z), and let T € X be obtained
by running the restricted local p-approximation algorithm, giving as input the fractional
first-stage decision T and the scenario collection A; this can be computed in poly(I , {A‘) =

poly (f) time. We claim that h(p;Z) < p- h(D;T); this implies that
a7 < . ; - < . ; -
h(p:7) < p¢ - minh(p;z) < pip- minh(p; )

as desired. By Lemma 4.5, and by the definition of the scenario collections {¢(A)}, we
have that

h(p;z) = cTz + min {Ty+ > Pa- max {g(x,A’)—y-ﬁ(A,A’)}}

Alep(A
AeAmup #(A)

5Although the restricted local approximation algorithm also returns integer second-stage decisions
{EA} e We will not use them. We use however the fact that g9(z, A) < p-g(x, A) for every scenario

A € A, which is implied by these decisions.
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for every fractional first-stage decision = € P. Using this, we obtain

h(ﬁ;ﬁf\)ZCTerggg{ryﬂL > Pa maX){g(f,A')—y-f(A,A')}}

A’ A
A Amp €o(

<p-c"T+min< ry + pa- max {p-g(@ A) —y- (A A
<p y>o{y A;ﬂpm Jmax {p-g(@ A) —y - A, A)}

Sp(CTT—FIyHZ%l {ry+ Z D4+ max {g(f,A’)—y-E(A,A’)}})

A€ Asup A€o
=p-h(p;7),

where the first inequality follows from the guarantees of the restricted local approximation
algorithm (since by definition ¢(A) C A for every A € A%P). O

Proof of Theorem 6.29. The proof follows very closely the structure of the proof of The-
orem 3.6, so we omit some details. Using Lemma 6.1, we either obtain that T = 0 is
an optimal solution for mingep h(p;x) (and hence for min,cx h(p;z)), or obtain a lower
bound on min,ep h(p;x) for every distribution p. In the latter case, Theorem 5.8 gives an
exact algorithm for the SAA problem min,ep h(p;2). Combining this with Lemma 6.32,
we obtain a p-approximation algorithm for the SAA problem min,cx h(p; ). We can then
invoke the SAA result from Theorem 4.1 to compute a 4p(1 + €)-approximate solution T
for min,ex h(p; ). (Note that we have an exact value oracle for the SAA objective func-
tion h(p;-); this follows because we can write z(p;x) as a compact LP, mimicking the
proof of Theorem 5.8.) We then use the second-stage approximation algorithm to obtain

second-stage decisions; by Lemma 3.15, this yields an 4ap(1l + ¢)-approximate solution
for (DRSOw). O
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Chapter 7

DRS optimization under an L., ball

In this chapter, we consider the discrete DRS problem under an L, ball

min {ch + sup  Eup[cost of 2] } ) (DRSO4)
rzeX,zeZ*: :Loo (p,p)<r
(w,24)eF(A) VAeA pibeb D)

where the central distribution p is given by a sampling oracle. Throughout this chapter,
we assume without loss of generality that r» < 1 (since Lo (p,p) < 1 for every distribution

).

Recall that z(p;z) := max,ep Eay|g(x, A)] denotes the expected cost incurred in the
second stage if we take the fractional first-stage decision x € P, and if we allow fractional
second-stage decisions. We work with the relaxation with fractional first-stage and second-
stage decisions

min {A(p; ) = o + 2(pi )} . Q%)

Our main result in this chapter is that we can obtain an approximation algorithm for
problem (Q¥) via an algorithm for the following problem:

1
(T) Given a fractional first-stage decision z € P and 1 < ¢ < min {|A| , —} ,
,

find the t scenarios A € A with largest g(z, A) value.

120



Theorem 7.1 (see proof in Section 7.6).
Suppose that we have a poly(Z,t)-time algorithm for problem (Y). Given € > 0 and
d € (0,1), we can compute a fractional first-stage decision T € P such that

h(p;T) < (2+¢) - min h(p; o)

with probability at least 1 — & in poly (I, A, %, %, log %) time.

Combining this with a local p-approximation algorithm yields an approximation factor
(2 + €)p for the discrete DRS problem (DRSO,,) (see Theorem 3.9).

Note that when |.A| is poly(Z), then problem (Y) can be trivially solved in poly(Z) time.
Indeed, as is the case for DRS optimization under a Wasserstein ball (see Remark 3.7 and
Section 5.3), if (i) |.A| is poly(Z) and (ii) the central distribution p is represented explicitly,
then the fractional relaxation of the DRS problem, min,ep h(p; ), can again be cast as a
compact LP, and hence solved easily in polynomial time.

Organization of this chapter. In Section 7.1 we give an overview of the techniques
used to prove the theorem above; the proof is presented in Sections 7.2—7.6. In Section 7.7
we utilize Theorem 3.9 to obtain approximation algorithms for various applications.

7.1 Overview of the techniques

At a high level, our approach is as follows. We first show how to obtain a suitable con-
vex proxy function AP"(p;z) that is pointwise close to the objective function h(p;z) (see
Lemma 7.2). Instead of utilizing an SAA approach to move to an SAA version of h?*(p; x)
with a central distribution of moderate support size, show that a near-optimal solution for
the SAA problem translates to a near-optimal solution for the original problem, and finally
show how to approximately solve the SAA problem (which is again challenging and requires
the ellipsoid method, since this does not reduce to a polynomial-size LP), it is simpler to di-
rectly solve the proxy problem, min,cp hP*'(p; x), using the approximate-subgradient based
machinery in Shmoys and Swamy [114]. We show that, if we have an algorithm for the
problem (T) of computing the ¢ worst scenarios for a given fractional first-stage decision
x € P, then we can compute an w-subgradient of h*"(p;-) at x in pon(I, %, A, %) time (see
Lemma 7.7), and hence can directly use the ellipsoid-based approach in [114] to obtain a
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solution T € P such that
P (557) < (14 O(e)) min (55 1) + 1
TEe
This in turn implies that

h(p;w) < (2+0(e)) minh(p;a) +1 .
The algorithm from [114] also requires a bound on the Lipschitz constant of the proxy
function; we show how this can be obtained in Section 7.5. We can fold the additive

error into a multiplicative error by computing a lower bound on mingep hP(p;x) (see
Lemma 7.12).

7.2 A proxy function for h(p;x)

In this section, we introduce a proxy function for the objective function h(p;z) of prob-
lem (Q™), and show that these two functions are pointwise close. Let p be any distribution
in the ambiguity set D (that is, p satisfies Lo (p,p) < r), and consider a scenario A € A.
Note that we must have py > max {ps — r,0}. We refer to the right side of this inequality
as the blocked mass in scenario A. The remainder of the probability mass pa (i.e., the dif-
ference between p4 and the blocked massed) may be moved to other scenarios, and hence
we call it the free mass in scenario A.

Separating the free mass and the blocked mass of all the scenarios, we obtain a decom-
position p = piree + pblocked " where phlocked := max {ps — 7,0} and piee := py — phocked =
min {pa,r} for every scenario A € A. The definition of our proxy function is based on the
following (informal) interpretation of the ambiguity set D. A distribution p belongs to D if

it can be obtained from p by redistributing the free mass p™° among the different scenarios

(while keeping the blocked mass pPoked steady), and ensuring that this does not increase
the total mass of any scenario by more than r. It is not hard to see that, if p € D, then
we can perform this redistribution in such a way that each scenario A € A only receives
free mass from other scenarios, or sends free mass to other scenarios, but not both. With
this restriction, imposing that the total mass on each scenario increases by at most r is
equivalent to imposing that it receives a mass of at most r from other scenarios. Letting
pfree .= % AcA pee denote the total free mass in p, this motivates “decomposing” z(p; x)
as
Eavslg(x, A)] + max x,A), 7.1
avplg(w, A)] + may %qw( ) (7.1)
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where

R = {qERﬁ:ZqASﬁ’free, qurVAG.A} )
AcA

The first term in (7.1) can be seen as the maximum contribution to z(p;z) from mass
that remains in its original scenario, whereas the second term can be seen as the maximum
contribution from mass that is redistributed.

Note however that we cannot compute Pfree exactly, since we only have access to p via
a sampling oracle. Our main result in this section is that if we have a suitable estimate
Prree of Pfree then we can use a decomposition of z(p;x) as described above (but using
Pfree instead of Pfree) to obtain a proxy function that is pointwise close to h(p;x).

Lemma 7.2. Let € > 0, and let Pfree be an estimate of Pfree gych that
ﬁfree S ﬁfree S min {(1 + €>ﬁfree’ 1} .
Consider the proxy function

P (p;x) = cTo + Easp[g(z, A)] + max Z qag(z, A) |
I€R Aca

-~

(Wa)

J/

where R = {q € R DY oaeada < Pﬁ”ee ga <r VA e A} . For every fractional first-
stage decision x € P, we have

h(p;z) < hP(psx) < (2+¢)-h(p;z) .

Before proving Lemma 7.2, we need the following preliminary lemma.

Lemma 7.3. For every fractional first-stage decision x € P we have
OPT(W,) < (1+5) - 2(j: )

Proof. Let ¢* be an optimal solution for (W,). We prove that there exists a distribution
q € D such that ¢ > %Jreq*. Assuming this, the result follows, since we obtain

2(pix) = Eaglg(z, A)] 2 1+ > qhgla, A) (Wy) .

AcA
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We give a constructive proof of the existence of ¢, via an iterative algorithm. We start

by setting ¢ := pPlocked 1 %ﬁq*. We claim that

|H

(i) ¢2> =05

L

1

+

(ii) ga > max{pa — 1,0} for every scenario A € A; and
(iii)) ga < min{ps + r, 1} for every scenario A € A.

Note that (i) follows immediately from the definition of ¢, as does (ii) (since g > pPlocked),

To show (iii), note that for every scenario A € A we have

ga = max{ps —r,0} + ¢y <max{pa,r} <min{ps +r,1} .

1+¢

The first inequality follows because ¢* € R implies 1—ing < 1—}%7’ <r.
From now on, we iteratively modify ¢ to obtain ), ,qa = 1, while preserving the
invariants (i)—(iii). Note that if we achieve this, then we are done: (ii), (iii), and > ,. , ga =

1 combined imply that ¢ is a probability distribution with L., (p,q) < r and hence ¢ € D.
Note that

Z a’A _ Z (ﬁkj{locked + 1_—qu) < Z p}kf)}locked + ﬁfree =1,

AcA AcA AcA

where the inequality follows because ¢* € R implies 3 aea i < Pfree < (1 4 g) P If this
inequality is tight, then we are done. Otherwise, since ), . ,pa = 1, there must exist a
scenario A € A such that g4 < p4. We increase the component g4 until one of the following
stopping conditions is reached (whichever happens first): >, . ,qa =1 or g4 = pa + 7. If
we still have ), 4, g4 < 1, then we repeat the same step with a different scenario. As each
step (except possibly the final one) decreases the number of scenarios A such that g4 < pa,
this process eventually stops, and so at this moment we have >, g4 = 1. Note that
these operations preserve invariants (i) and (ii), since we are only increasing components
of ¢. Invariant (iii) is also preserved due to the second stopping condition used at each
iteration. 0

We are now ready to prove Lemma 7.2.
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Proof of Lemma 7.2. Let x € P be fixed throughout this proof. We start by showing
the first inequality. Let ¢* := argmax,;_.)<r Ba~glg(z, A)], so that h(p;x) = T +
E g [g(x, A)]. We decompose ¢* into two vectors as follows: we write ¢* = ¢' + ¢, where
¢y == min{q}, pa} and ¢4 := ¢’y — ¢} for every scenario A € A. Next we upper bound the
contribution of each of these two vectors to the objective value h(p;z). Since ¢* < p, we
have Y, 4 ¢hg(z, A) < Eaoplg(x, A)]. We claim that ¢° € R. Assuming this, we obtain

h(p;x) =cTe+ ) dhgle, A) + ) dhg(x, A)

AeA AeA
< Tz 4+ Eaylg(z, A)] + max Y qag(x, A)
9€R e
=hP(p;z) .

We now prove the claim that ¢* € R. First, note that for every scenario A € A we
have 0 < ¢4 < r: if ¢ < pa, we have ¢4 = 0; otherwise we have ¢4 = ¢’} — pa, and hence
0 < ¢4 < rsince Loo(p, ¢*) < r. Furthermore, we have

Y dh =) (ah—min{g},pa})

AcA AcA

= > (¢i—pa)

AcA:q >pa

= Z (Pa — q4)

A€ A:qy<pa

< ) (pa—max{pa—r,0})

A€ A:q<pa

_ ofree
= E Pa

AcA:q <pa
S ﬁfree
Diree
< P7et

The third equality holds because

S (gi—pa)— D> Ba—q) = (¢h—pa)=0,

AcA:q >pa AcA:q <pa AeA
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where the last step uses the fact that ¢* and p are probability distributions. The first
inequality follows because Lo (p,¢*) < r. This concludes the proof of the claim.

Now we proceed to prove the second inequality in the lemma statement. Since p € D,
we have z(p;z) > Ealg(x, A)]. By Lemma 7.3, we have OPT(W,) < (1+¢) - 2(p; z).

Using these two inequalities, we obtain

hP*(p; @) = cTo + Eaplg(z, A)] + OPT(W,)
<cz+(2+¢e)z(p;x)
<(24¢)-h(p;x) . O

7.3 Estimating Ppree

Recall that the proxy function AP"(p;-) introduced in Section 7.2 requires a suitable esti-
mate of the total free mass Piee = Y oaca phee. In this section, we present an algorithm
for computing such an estimate.

Lemma 7.4. Given e > 0 and 6 € (0,1), we can compute in poly(I, % T,log 5) time an
estimate P of Piee guch that with probability at least 1 — & we have

ﬁfree < ﬁfree < min {(1 + E_:)ﬁfree’ 1} .

Before proving Lemma 7.4, we need two preliminary lemmas. We start by obtaining a
lower bound on Pfee,

Lemma 7.5. We have Pfree > r.

Proof. If there exists a scenario A € A with p*® > r  then we have Pfree > plee > 7.
Otherwise, we have Pfree — Soaeabie =3 euba=1>r. O

We partition the scenario collection A into a collection of frequent scenarios A4 :=
{A € A:pa>r} and a collection of rare scenarios A" := {A € A: pa <r}. The lemma
below shows that, in order to obtain a suitable estimate of Pfree, it suffices to utilize an
empirical estimate of p of p that is accurate enough over a superset of the frequent scenarios.

Lemma 7.6. Consider a partition A = Afrea (. frare of the scenario collection, with
Afred € Afrea fgnd hence A™° C A™¢). Let p be a probability distribution such that
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A~ o

> Acjivea |[Pa — Pa| < isr. Let Q¥ = > AcAtvea MINADA, T} 4+ D 4 Geare DA and Ppfree .=
min { Q™ + 3er,1}. Then we have

ﬁfree < ﬁfree < min {(1 + E)ﬁfree’ 1} .

Proof. We first show that the first sum in the definition of Q"¢ is a good estimate of the
amount of free mass in A4, We have

Z min {Pa, 7} — Z phee] < Z |min{ﬁA,T}—ﬁf§ee

Aeﬁﬂeq Ae;\\fmq AeA\freq

= S fmin (a7} — min {7}
AEA\frcq (72)

> |pa—pal

Ac Area

< 1
—E&r
] ’

IN

where the first step uses the triangle inequality, and the final step is by assumption.

Next we show that the second sum in the definition of Q¢ is a good estimate of the
amount of free mass in A™°. We have

~ ofree ~ o
D Pa= 3 B =| X Pa ) ba
AEA\rare AEA\rare Aeﬁrare Aeﬁrare
=| D> Pa= ) b (7.3)
Acdvea  AcAwes
< Z [Pa — Pal
Ae dtven
S Zgr )

The first step follows because Arare . frare 5y piee = py for all A € A, The second
step follows because p and p are probability distributions and jfreq, Arare L ig g partition of
A. The third step follows from the triangle inequality. The final step holds by assumption.
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Combining (7.2) and (7.3) yields ‘eree _ e

< %57". We now show that this implies

that the estimate Pfree has the claimed guarantees. If Ppfree — 1, then we clearly have
pfree > pfree. gtherwise we have Pfee = Qfree %57“ > Pfree On the other hand, we have

~ 1 o o
P = min {eree + ok 1} < min {Pfree +er, 1} < {(1 + ¢) Pfree, 1} )
where last step follows from Lemma 7.5. O]

We are now ready to prove Lemma 7.4.

Proof of Lemma 7.4. We first work toward computing a superset Afrea of Afrea Note that

‘Afreq‘ < %, since
T ST S R PCTRS

AcA A€ Afreq

Let p be an empirical estimate of p constructed N; samples (we will determine the value
of Ny later). For any frequent scenario A € A9, we can see D4 as an empirical estimate
(computed using N; samples) of the indicator random variable

W::{1 A=A

0 , otherwise,

where A’ is sampled according to the distribution p. Note that E[W] = p4. By Hoeffding’s
inequality (Corollary 2.4), we can choose N; = pon(%, log 5—1T) = poly(%, log %) such that

3 T
for every A € A™9 we have Pr[|j§A — pal > f] < 5—27'. By the union bound, we have

with probability at least 1 — ‘.Afreq} 5—; >1-— g that for every A € A™9 the inequality
[P — Pal < % holds, and so pa > pa — 5 > L. We set A" := {A:ps > L}, so we have

Afred C Afred with probability at least 1 — g

N3

Now that we have ﬁffeq, we work toward obtaining another empirical estimate p of p
using N, independent samples (where Ny will be defined later) that is sufficiently accurate
for the scenarios in A9, so that we can compute an estimate of P as in Lemma 7.6.

First, note that ‘A\freq < %, since
~ r
1 = 5> A>‘Afreq._‘
E ba = EA Pa =2 5
AEA AEAfreq
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Using Hoeffding’s inequality (Corollary 2.4) and the union bound as above, we can choose

1 1 11 1
Ny = poly | ——,log — = poly (—7 —, log 5)
4|A\freq 2|A\freq er

[
2 | A\freq

such that with probability at least 1 — ‘ﬁﬁ”eq

=1- % the inequality |[pa — pa| <

4|£+eq holds for every A € Afrea, Adding this inequality over all scenarios A € Afrea yields

> ciea [Da — Pa| < 3er. We can then invoke Lemma 7.6 to compute the estimate Ppfree
The success probability is at least (1 — %)2 >1-—0. O]

7.4 Computing approximate subgradients of the proxy
function

In this section, we discuss how to compute w-subgradients of the proxy function h*"(p;-),
utilizing an algorithm for problem (7).

Lemma 7.7. Letw > 0 and 6 > 0. Suppose that we have an algorithm for problem (T) with
running time poly(Z,t). Given any fractional first-stage decision x € P, we can compute
a vector d that is an w-subgradient of the prozy function hP (p;-) at x with probability at
least 1 — 9 in pon(I7 %, A, %,log %) time.

Part (i) of Lemma 7.8 gives an exact expression for a subgradient of hP"(p;-) at an
arbitrary point € P. Part (ii) shows that we can compute an w-subgradient at z if we
have (a) a vector that is componentwise close to E4~;[d**]; and (b) an optimal solution for
(W,). (Recall that d*4 denotes a subgradient of g(-, A) at x with —\c < d®4 < 0, which
we can compute efficiently by assumption (A5’).) Complementing this, Lemma 7.9 shows
that we can obtain (a) by using an empirical estimate of p constructed with a suitable

number of samples, and Lemma 7.10 shows that we can obtain (b) using the algorithm
for (7).

Lemma 7.8. The function h*(p;-) is convex. Furthermore, for any fractional first stage-
decision x € P, letting ¢* denote an optimal solution to (W), we have:

(1) the vector d :=c+Es; [d“”’A} + D aea Cad™? is a subgradient of WP*(p;-) at x; and
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(ii) if d™* € R™ is a vector such that —we < d*®* — E [dz,A} <0, then d = ¢+ dest o
> aen €hd™? is an w-subgradient of RP*(p;-) at x.

Proof. Convexity of h?*(p; ) will follow from the fact that we have a subgradient of h*"(p ;)
at every point € P (which follows from part (i)). Note that part (i) is a special case of
part (ii) with w = 0, so we focus on proving part (ii). For any 2’ € P, we have

WP (psa’) — WP (55 2) > T2’ — x) + Bacplg(a’, A) — gz, A+ Y qa(g(a, A) — g(x, A))
AcA
> cT(2' — 2) + Eap[d™" - (2 — 2)] + Z ¢hd™* - (2 — )
AeA
> T (2 —x) +d* - (2 — )

+ Z Gd>t - (o) —2) + Z (2], — ze)wee

AcA exx! <xe
>di(2 —2) —w- T
>di(2) — ) —w- kP (pia) .

The first inequality follows since ¢* is an optimal solution for (W, ) and a feasible solution
for (W,/). The second inequality follows since d®# is a subgradient of g(-, A) at z for
every A € A. The third inequality follows from the componentwise closeness of d** and
Eap [dx’A]. The fourth inequality follows because

Z (2, — zo)wee > —w Z Celle > —w-CTx .
e:x!, <Te e:x!, <Te
The last inequality holds because hP"(p;z) > cTz. ]

Lemma 7.9. Letw > 0 andd € (0,1). Given any x € P, we can compute in pon(I, A, %, log %)
time a vector d®* € R™ that with probability at least 1 — 0 satisfies

—we < d® —Eqs[d™] <0 .

~

Proof. We sample scenarios Aj,..., Ay from the central distribution p, and set d :=
%~ > iV d®4i where N will be determined later. Note that for each e € [m], we can

view d, as an empirical estimate of the random variable W, := d®4, where A is sampled
according to p. Note that W, lies in the range [—Ac,, 0], and that E[W,] = E4;[d%*]. By
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Hoeffding’s inequality (Corollary 2.4), we can choose

ACe 1 1 1
N = poly (%,bg T) = poly (I, A, —, log —)
wee 2 w o

2 m

such that

S_
m

o e

de = Eavy[di] ’ >

for every e € [m]. By the union bound, it follows that with probability at least 1 — m% =
1 — 6 we have

1 ~ 1
——wc<d—-FEu [dx’A] < —we
2 2
We can therefore take d®' := c/l\ — %wc. O

Lemma 7.10. Suppose that we have a poly(Z,t)-time algorithm for problem (Y). Given
any fractional first-stage decision x € P, we can compute an optimal solution for (W,) in
pon(I, %) time.

Proof. We start by setting ¢ := min { [ﬁiee-‘ , |.,4|} and using the algorithm for problem (7)
to compute the ¢ scenarios A with largest g(z, A) value. (Throughout this proof, suppose
for simplicity that there are no ties. If there are ties, they may be broken arbitrarily.) Note
that this takes poly(Z,t) = poly (I, %) time. We define ¢* as follows: we set ¢% := r for all

the scenarios returned, except for the one with smallest g(x, A) value; for this one, we set

¢% = min {r, Pfree _ (t — 1)7"}. For the remaining scenarios A, we set ¢% = 0.

We now argue that ¢* is an optimal solution for (W,). Consider the polytope %7@ =
{%q 1q € ﬁ} Note that (W,) is equivalent to the problem max, 1z {ZAeA qag(z, A)}

(up to scaling of the solutions), which can be seen as a fractional knapsack problem: we

have an item of value g(x, A) and weight 1 for each scenario A € A; the capacity of the
ﬁfree

knapsack is set to The result then follows by using the well-known fact that one
can compute an optimal solution for a fractional knapsack problem in a greedy fashion, by
repeatedly picking among the available items the one with the highest value/weight ratio,

until the knapsack is full or we run out of items (see, e.g., Dantzig [28]). Computing this
solution for the fractional knapsack problem, then scaling it back by an r factor, we obtain
q. O

Lemma 7.7 now follows easily by combining the preliminary lemmas.
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Proof of Lemma 7.7. We start by using Lemma 7.9 to compute a vector d*' such that
—we < d®™ — Eyp [d“”’A} < 0 with probability at least 1 — . Then, we use Lemma 7.10
to compute an optimal solution ¢* for (W,). Finally, we compute and return ¢ + d** +
> 4eq €4d™*. By Lemma 7.8, this is an w-subgradient of h**(p;-) at z, as long as the call
to the algorithm from Lemma 7.9 to compute d** was successful. O]

7.5 Lipschitz-continuity of the proxy function

In this section, we show how to obtain a suitable upper bound on the Lipschitz constant
of the proxy function AP"(p;-), which will be necessary when utilizing the ellipsoid-based
method of Shmoys and Swamy [111] (Theorem 3.12) to find an approximate solution for
mingep AP (p; x).

Lemma 7.11. The proxy function h*"(p;-) is (2A + 1) ||c||-Lipschitz continuous.

Proof. By Lemma 1.1, it suffices to show that hP"(p;-) has a subgradient of Euclidean
norm at most (2\ + 1) ||c|| at every point. Let x € P, and let ¢* be an optimal solution for
(W,). By Lemma 7.8, we have that d := ¢ + Ea;[d™?] + 3 4o 4 ¢3d™* is a subgradient
of hP"(p;-) at x. We have

||dH = |lc+ EANﬁ [dm’A} + Z Qde’A

AcA

<llel + > palla™ + > aq [ < @A+ 1) |le]l.
AcA AcA

The second step follows from the triangle inequality, and the final step follows because
[d=4]| < Mc|| for every A € A by assumption (A5), > ,c4Pa = 1, and >, 4 ¢y <
ﬁfree S 1. ]

7.6 Proof of Theorem 7.1

We now combine our results from Sections 7.2-7.5 to prove Theorem 7.1. First, we exploit
assumption (A6) to obtain a lower bound on min,ep AP (p;x); this allows us to fold the
additive error incurred when applying the ellipsoid-based method by Shmoys and Swamy
[114] (Theorem 3.12).
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Lemma 7.12. Suppose that Pfee < Pfree < min{(l +6)fo’free, 1}, and that we have a

poly(Z,t)-time algorithm for problem (Y). Then we can determine in poly(Z) time that
either (i) mingep hP"(p;x) > r; or (it) x = 0 is an optimal solution for mingep hP*(p; x).

Proof. We first show that if A only contains null scenarios, then x = 0 is an optimal
solution for mingep AP"(p; x); otherwise, we have min,ep h? (p;x) > r. First, suppose that
A only contains null scenarios. Then the value of E4s[g(x, A)] + max .z > 4c 4 qa9(x, A)
is independent of x, and so x = 0 is a minimizer of h**(p;-). Now, suppose that there
exists a non-null scenario A* € A. Let g € RA be defined by ga+ := r and g4 = 0 for every
other scenario A. Note that ¢ € R, since by Lemma 7.5 we have Pfee > pPfee > g
follows that for every fractional first-stage decision x € P we have

hP(p; ) = T+ rg(a, A%) 2 r(cTe + g(a, A%)) =7,

where the second inequality follows because r < 1 by assumption, and the final inequal-
ity follows from assumption (A6) since A* is a non-null scenario. We conclude that
mingep h(p;z) > 7.

While we will not quite be able to determine if A contains a non-null scenario, we can
do the following. First we run the algorithm for problem (Y) with input (z,¢) = (0,1) to
compute A := argmax, 4 g(0, A). If g(O,Z) > 1, then we claim that (i) holds; otherwise,
we claim that (ii) holds.

We now show that the algorithm is correct. First, suppose that g(O,Z) < 1. Then

for every scenario A € A we have ¢70 + ¢(0, A) < €70 + g(O,Z) < 1. This cannot hold
for a non-null scenario A by assumption (A6), and so we conclude that A only has null
scenarios. As shown above, it follows that (ii) holds.

Now, suppose that g(O,X) > 1. We have already shown that (i) holds if there exists a
non-null scenario. Now, suppose that A only has null scenarios. As explained above, this
implies that # = 0 is an optimal solution for min,ep AP (p; ). Let § € R* be defined by
Gz = and g4 = 0 for every other scenario A. Note that g € ﬁ, since by Lemma 7.5 we
have Pfree > pfree > Tt follows that (i) holds, since we obtain

min A (p;z) = A (5;0) > rg(0,4) >r . O

zeP
Proof of Theorem 7.1. We show how to obtain a solution Z € P such that

h(p;T) < (2+7¢) - min h(p; o)
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with probability at least 1 — ¢ (the theorem then follows by applying this weaker result
with parameter £ instead of €). Let us assume without loss of generality that ¢ < 1.

We start by using the algorithm from Lemma 7.4 to compute an estimate Ppfree of

I—g’free, setting the failure parameter to %. Let us assume in the sequel that Pliee < Pree <

min {(1 + 5)fo’free, 1}; this happens with probability at least 1 — %.

Next, we run the algorithm from Lemma 7.12 to determine that either (i) mingep h*"(p;z) >
r; or (ii) x = 0 is an optimal solution for min,ep AP (p;x). In case (ii), we set T := 0.
Now, suppose we are in case (i). We run the variant of the ellipsoid method by Shmoys
and Swamy [!11] (Theorem 3.12) with parameters (5,77 = er, %) to find an approximate
solution for the problem ming,ep AP"(p; ), using the algorithm from Lemma 7.7 to com-
pute approximate subgradients; the Lipschitz constant is set to K := (2A+ 1) ||c|| (see
Lemma 7.5). Let T be the solution returned. Then with probability at least 1 — g we have

P (p;7) < (1+¢)- mi7r)1 R (p;z) +er < (14 2¢) - minh*(p;x) ,
faS

zeP

where the last inequality follows because mingep A?"(p; ) > r. Assuming that h?'(p;7) <
(14 2¢) -mingep hP"(p; ) (which holds with probability at least 1 — 2 in case (i), and with
probability 1 in case (ii)), we obtain
h(p;T) < hP(p;T)
14 2¢) -minh™(p;
(1+2¢) - min h™(p; z)

IA A

<(1+4+2)(2+¢)- migh(ﬁ;a:)
TE

IN

(
(24 T7e) - Iglelg)lh(p;x) :

The first and the third inequality follow from Lemma 7.2; the final inequality follows
because (1 + 2¢)(2 4 ¢) < 24 7¢ holds for every € < 1.

The success probability is at least (1 — %)2 > 1—9. It remains to bound the running
time. The call to the algorithm from Lemma 7.12 takes poly(Z) time. The call to the
algorithm from Theorem 3.12 takes

~ 1
poly | Z,log K,poly| Z, —, A, —, log ,log —
rw 0 n
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Rsman n 4n

~ o P2 ~ T .
time, where N := "2m2 ln(%)—‘, n:=N- ln(%), and w = minlel} (This

is obtained by plugging in the running time of the algorithm for computing approximate
subgradients from Lemma 7.7 in the bound given by Theorem 3.12.) We now give (loose)
bounds on the terms appearing above: we have

1. log K = log((2A + 1) ||c||) = poly(Z, \);

2. log% =log = = poly(Z, 1);

3. N = pon(I7 A, %) (using 1 and 2, along with assumption (A4));
4. n = poly (I, A, %) (using 1-3, along with assumption (A4));

5. L =poly(Z,\, 1) (using 4); and

6. log (Q(N;-ﬁ)

) = poly(Z, A, 1,log }) (using 3 and 4).

) g

Combining all these bounds, we conclude that the call to the ellipsoid-based method takes
pon(I, AL L log %) time. ]

[P

7.7 Applications

Recall that the problem (Y) asks for the ¢ scenarios A with highest g(z, A) value, given
a fractional first-stage decision x € P. In this section we show that, if the underlying
problem is a covering problem, then we can solve (T) efficiently in the unrestricted setting
(A = 2Y); see Lemma 7.13. This, combined with Theorem 3.9, leads to approximation
algorithms for DRS optimization under an L., ball in the unrestricted setting for various
applications. See Table 7.1 for a summary of the results, and Theorem 7.14 for the precise
statement.

Lemma 7.13. Consider the unrestricted setting (i.e., A = 2Y for some ground set U).
Suppose that g(x, A) < g(x, A’) for every fractional first-stage decision x € P and for every
pair of scenarios (A, A’) with A C A’. Then there is an algorithm for problem (Y) with
running time poly(Z,t).
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Problem A=2V
Facility location 11
Vertex cover 8
Edge cover 6
Set cover O(log|U)

Table 7.1: A summary of the approximation factors we obtain for DRS optimization under
an L., ball. We have omitted the O(e) terms that appear in the approximation factors.

Proof. Consider an instance (z,t) of problem (Y). Our goal is to construct a sequence of
scenarios Ay, ..., A;, where A; is the i-th scenario with highest g(z, A) value.

By the monotonicity assumption of g(-,-), the costliest scenario is U, so we start by
setting A; := U. We then proceed as follows for ¢ = 2,...,t. Suppose that we have already
computed Ay, ..., A; 1. Computing A; amounts to solving the problem

max {g(z,A) : Ae A\ {A1,...,Ai1}} . (7.4)

We claim that (7.4) admits an optimal solution that is a maximal proper subset of A; for
some 1 <14’ < i. Indeed, let A* be an optimal solution of (7.4) with maximum cardinality,
and suppose for a contradiction that it is not a maximal proper subset of A; for any
1 < ¢ < i. Note that since A; = U, we have A* # U, so there is an element e € U \ A*.
Now, consider the scenario A := A*U{e}. Since by assumption A* is not a maximal subset
of Ay for any 1 < ¢ < i — 1, it follows that A is feasible for (7.4). By the monotonicity
assumption, since A* C A, we have g(x, Z) > g(z, A*), and so A is also an optimal solution
for (7.4). Since |A| > |A*|, this contradicts the definition of A*.

We now utilize the observation above to show that given x and Ay,..., A;_1, we can
solve (7.4) in poly(Z,i) time. This can be done by enumerating all maximal proper sub-
sets of Ay,..., A;_1. Since each set A; has |A;| maximal proper subsets, we enumerate
S |Av] < (i — 1) |U| = poly(Z,4) scenarios. Since evaluating g(z, A) for a given scenario
A takes poly(Z) time, the claim follows. We conclude that we can solve problem () by
solving (7.4) for i = 2,...,t, which takes Y_'_, poly(Z,i) = poly(Z,) time. O

Theorem 7.14. Consider the two-stage DRS optimization problem (DRSOy,) in the unre-
stricted setting (i.e., A =2Y). Suppose that for every fractional first-stage decision x € P
and every pair of scenarios A, A" € A with A C A" we have g(x, A) < g(x, A"). Moreover,
suppose that we have a local p-approximation algorithm. Then, given € > 0 and 6 € (0, 1),
we can compute a (2 + &) p-approzimate solution for (DRSO,) with probability at least 1—§
mn pon(I,)\ L1 90g %) time. In particular, we have the following approximation factors

) e
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for specific applications: (a) O(log |U|+ €) for set cover; (b) 8+ O(e) for vertex cover; (c)
6 4+ O(e) for edge cover; and (d) 10.98 + O(e) for facility location.

Proof. The general result follows immediately by combining Theorem 3.9 and Lemma 7.13.

Now, let us consider the four applications mentioned. They all satisfy assumptions (A1)—
(A4), (A5’), and (A6). Recall that vertex cover and edge cover are special cases of set cover.
For assumptions (A1)—(A4) and (A6), see Chapter 6, specifically Lemma 6.7 for set cover
and Lemma 6.18 for facility location. Shmoys and Swamy |1 14| show that assumption (A5’)
holds for a broad class of two-stage problems that includes set cover and facility location.
These are all covering problems, so the monotonicity assumption on g(-,-) is satisfied. We
have local p-approximation algorithms with p = O(log |U|) for set cover (see Shmoys and
Swamy [!11]); p = 4 for vertex cover (see Lemma 6.14-(iii)); p = 3 for edge cover (see
Lemma 6.16-(iii)); and p = 5.488 for facility location (see Lemma 6.19-(ii)). O
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Chapter 8

Conclusions and open directions

In this thesis, we developed a framework to solve distributionally robust stochastic (DRS)
combinatorial-optimization problems when the ambiguity set of distributions arises as a
ball in the Wasserstein metric, or the L., metric, around a central distribution specified
only by a sampling oracle. We showed that our framework is versatile and utilized it
to obtain the first approximation guarantees for DRS versions of various combinatorial-
optimization problems such as set cover, vertex cover, edge cover, facility location, and
Steiner tree.

Our work opens up various directions for further research, and we conclude by listing
some of these directions. We list the open questions below, roughly speaking, in order
of more concrete questions that directly stem from our work and pertain to improving
the guarantees that we obtain and/or expanding the scope of our work, followed by more
open-ended questions related to distributionally robust stochastic optimization.

e Some of the approximation factors we obtained for specific applications (see Tables 3.1
and 3.2) can likely be improved by constant factors by utilizing stronger LP-relaxations
and /or improved rounding algorithms.

e In the Wasserstein setting, can one compute a (1 + ¢)-approximate solution using only
poly(input size, \) independent samples from the central distribution? Whereas this is
known to be achievable in the classical two-stage stochastic model under comparable
assumptions (see Charikar, Chekuri, and Pal [21] and Shmoys and Swamy [111]), our
framework incurs a factor-4 loss due to the use of the proxy function h(p;-) that is (up
to a constant term) within a factor 2 of the true objective function of the DRS problem
(see Theorem 4.1 and Lemma 4.10). (As noted in Remark 4.15, this can be improved to
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a factor-2 loss with some additional work.) In the L., setting, can the %—dependenee of
the number of samples in Theorem 3.9 be avoided?

In the Wasserstein setting, we obtained approximation algorithms for various applica-
tions with two choices of scenario metrics: the discrete metric /45 and the asymmetric
metric £2¥™. Various other scenario metrics can be considered in future work, such as
the asymmetric metric £7>" and the symmetric metrics 2™ and ¢ mentioned in the
context of DRS facility location in Section 3.1.

Is it possible to obtain constant-factor approximation algorithms for DRS Steiner tree
under a Wasserstein ball in the k-bounded setting? One way to obtain such a result would
be to provide a local O(1)-approximation algorithm for Steiner tree; it is also conceivable
that this can be achieved using only a restricted local approximation algorithm. The
lack of a local approximation algorithm for Steiner tree also prevented us from directly
applying our framework to obtain an approximation algorithm for DRS Steiner tree under
an L., ball in the unrestricted setting. It is unclear how to obtain such an algorithm
even in the polynomial-size central distribution setting.

Another open question is whether we can apply or extend our framework for DRS opti-
mization under an L., ball to obtain approximation algorithms for specific applications
in the k-bounded setting. The obstacle encountered in directly applying our framework
is that, for the applications we considered, we do not have a suitable algorithm for prob-
lem () (which asks for the ¢ most expensive scenarios under a given first-stage decision

As mentioned in Section 2.3, in addition to Wasserstein balls and L., balls, various other
types of ambiguity sets have been considered in the literature, and it would be inter-
esting to obtain approximation algorithms in those settings as well. We have obtained
preliminary results for ambiguity sets consisting of a finite number of distributions given
by sampling oracles.

Another direction is obtaining approximation algorithms for the DRS versions of the
applications that we considered via combinatorial techniques.
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