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Adaptive robust optimization problems have received significant attention in recent years, but remain noto-
riously difficult to solve when recourse decisions are discrete in nature. In this paper, we propose new
reformulation techniques for adaptive robust binary optimization (ARBO) problems with objective uncer-
tainty. Without loss of generality, we focus on ARBO problems with “selective adaptability”, a term we
coin to describe a common class of linking constraints between first-stage and second-stage solutions. Our
main contribution revolves around a collection of exact and approximate network flow reformulations for the
ARBO problem, which we develop by building upon ideas from the decision diagram literature. Our proposed
models can generate feasible solutions, primal bounds and dual bounds, while their size and approximation
quality can be precisely controlled through user-specified parameters. Furthermore, and in contrast with
existing solution methods, these models are easy to implement and can be solved directly with standard
off-the-shelf solvers. Through an extensive set of computational experiments, we show that our models can
generate high-quality solutions and dual bounds in significantly less time than popular benchmark methods,

often by orders of magnitude.
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1. Introduction
Robust optimization (RO) has become a well-established paradigm for modeling and solving
decision-making problems under uncertainty. It has found diverse applications across a wide range
of problem domains, and is particularly well-suited for environments where the distribution of
parameters in a model are difficult to characterize or when there is a need to consider worst-case
outcomes. While early research has predominantly focused on static RO models, where a single
robust solution is generated for all possible parameter realizations (Bertsimas et al. 2013), there
has been significant recent interest in adaptive robust optimization, where recourse decisions can
be made once additional information is revealed (Yanikoglu et al. 2019).

Adaptive robust optimization problems, particularly those with discrete recourse variables, have

numerous applications. Common examples include, but are not limited to, routing (Eufinger et al.
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2020), scheduling (Yan and Kung 2018), facility location (Hanasusanto et al. 2015), network design
(Alvarez-Miranda et al. 2015), batching (Bayram et al. 2022), assignment (Das et al. 2020) and
matching problems (McElfresh et al. 2019). Despite their importance, adaptive robust optimization
models can be significantly more challenging to solve relative to their static counterpart. While
static models can typically be reformulated and solved as tractable mixed-integer linear program-
ming (MILP) problems, these reformulation techniques do not extend to adaptive models, where
optimal discrete recourse decisions must be defined for each and every parameter value lying within
an uncertainty set. Few solution methods exist for solving these models, and most require elabo-
rate and carefully-tuned iterative algorithms (Zeng and Zhao 2013, Kdmmerling and Kurtz 2020,
Arslan and Detienne 2022). Significant attention has instead been placed on approximation tech-
niques, particularly ones that yield MILP formulations as these can be easily implemented through
standard commercial solvers (e.g., Hanasusanto et al. 2015).

In this paper, we consider adaptive robust binary optimization (ARBO) problems with objective
uncertainty. We focus, without loss of generality, on ARBO problems with selective adaptability,
a term that we coin to describe a class of linking constraints where first-stage variables fix the
values of some recourse variables without restricting the rest; that is, the remaining recourse
variables have the ability to adapt to new information. This distinct structure underlies a variety
of planning and sequential decision-making tasks, and we highlight several examples in Section 3.
More importantly, the particular structure of these linking constraints motivates the design of new
reformulation techniques and solution approaches. In particular, we employ ideas from the decision
diagram community (Castro et al. 2022) to reformulate these ARBO problems into various exact
and approximate constrained network flow models. These models are flexible, easy to implement,
can be solved directly using standard commercial solvers, and offer a number of computational
advantages compared to existing methods.

While many common problems naturally fit the description of ARBO with selective adaptability,
we emphasize that our focus on these problems comes without loss of generality. Specifically, we
will show that any ARBO problem can be reformulated into one that has this property through the
use of auxiliary variables. Thus, all reformulation techniques and models presented in this paper
are relevant to the general class of adaptive robust binary problems with objective uncertainty.

A concise list of our main contributions are as follows:

1. We introduce ARBO models with selective adaptability, and show how the structure of the
linking constraints can be exploited when we have a description of the convex hull of the
recourse feasible space. By highlighting the connection between decision diagrams and this
convex hull description, we show that the ARBO models can be reformulated as constrained

network flow problems, where recourse decisions are represented by continuous flow along



Bodur, Chan, and Zhu: Network Flow Models for Adaptive Robust Optimization
Article submitted 3

certain links in a large capacitated network, and where capacity constraints are given by the
values of first-stage decisions. We show that these models have MILP formulations and can
thus be directly solved using standard commercial solvers.

2. We introduce three approximation techniques to generate smaller and more compact network
flow models for large ARBO problems. The first two techniques utilize approximate decision
diagrams to formulate inner and outer approximations of the recourse feasible space, and
thus generate primal and dual bounds for a given ARBO problem, respectively. The third
technique, which we term as a generalized multi-network flow model, pools together a collection
of multiple constraints and networks to generate a dual bound. We also outline new methods
for specifying the size and quality of these approximation models.

3. We examine the performance of our exact and approximate network flow formulations in two
sets of numerical experiments spanning a robust project investment problem and a robust
assignment problem. For smaller ARBO problems, we find that the exact flow formulations
are small in size and can be solved efficiently. For larger ARBO problems, we show that
approximate network flow formulations are substantially smaller and easier to generate. More
importantly, these approximate formulations consistently generate near-optimal solutions and
high-quality dual bounds in solution times that are orders of magnitude lower than exact
formulations and benchmark models. Furthermore, by adjusting the size of the approximate
models, we show that the complexity and solution times of the approximate models can be
reduced substantially while sacrificing little in terms of solution quality, making these methods
highly scalable for large ARBO problems.

The rest of the paper unfolds as follows. In Section 2, we review the relevant literature on
robust optimization, decision diagrams, and network flow models. In Section 3, we introduce the
ARBO model and the concept of selective adaptability. In Section 4, we present the exact network
flow reformulation, while Section 5 presents a series of approximation techniques that result in
more compact and tractable network flow formulations. Section 6 examines the performance of the
network flow models across various numerical experiments. We conclude in Section 7.

We summarize key notation used in this paper. All vectors and matrices are in bold letters,
while sets are denoted using calligraphic letters. Let & be a feasible set described using linear
and integrality constraints. We use Relax(S) to describe the relaxation of S obtained by removing
integrality constraints, and Conv(S) to denote the convex hull of S; by definition, Conv(S) C
Relax(S). The set of extreme points of any polyhedral set S is denoted by Ext(S).

2. Literature Review
We first review the relevant literature for robust binary optimization with objective uncertainty.

We then review the relevant literature on decision diagrams and network flow models. We refer
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readers interested in a general overview of robust optimization to the comprehensive surveys by

Bertsimas et al. (2013) and Yanikoglu et al. (2019).

2.1. Adaptive robust binary optimization

Static robust binary optimization (RBO) problems with objective uncertainty are prevalent and
have been well-studied in the literature, and we refer to Kasperski and Zielinski (2017) and Buch-
heim and Kurtz (2018) for comprehensive surveys of these problems. To summarize, RBO problems
are challenging, and even robust formulations of polynomially-solvable combinatorial optimization
problems can be NP-hard (Buchheim and Kurtz 2018). Nonetheless, they can be formulated and
solved as MILP models by reformulating the inner adversarial problem using standard optimality
conditions. However, these reformulations do not extend to the adaptive setting, where recourse
decisions must be defined for each and every parameter vector within the uncertainty set.

Few algorithms exist for solving general two-stage RBO problems with objective uncertainty.
The first and most well-known approach is the nested constraint-and-column generation method
proposed by Zeng and Zhao (2013). This algorithm iterates between a master problem and a
subproblem, the latter iteratively adding variables and constraints into the master problem. The
subproblem is itself a max-min problem, and is commonly solved using a decomposition algorithm
(e.g., constraint-and-column generation) for each outer iteration. A second approach is the branch-
and-price algorithm developed by Arslan and Detienne (2022). Within each node of a branch-
and-bound search tree, the algorithm solves a series of iterative pricing problems to add columns
that correspond to feasible second-stage solutions for a fixed first-stage solution generated by a
master problem defined within each given node. Finally, Kémmerling and Kurtz (2020) define a
specialized branch-and-bound algorithm that branches over first-stage solutions while using another
algorithm to iteratively refine the dual bound in each node of the branch-and-bound tree. The first
approach of nested constraint-and-column generation is known to scale poorly to larger instances,
because each iteration of the algorithm adds a full copy of all variables and constraints of the
recourse problem to the master problem (e.g., Dumouchelle et al. 2023). The algorithm also may
not converge in a finite number of iterations, because binding constraints may exist in the interior
of the uncertainty set (Arslan and Detienne 2022). On the other hand, the latter two approaches
are iterative algorithms that require carefully-tuned intermediary steps and may be confined to
specific software; for example, many commercial solvers limit the degree of user customization of
specific branch-and-bound processes.

The challenges that surround these exact solution methods have motivated much interest in
approximation techniques (e.g., Vayanos et al. (2011), Bertsimas and Georghiou (2015), Postek

and Hertog (2016); see Arslan and Detienne (2022) for a comprehensive review). For example,
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Bertsimas and Georghiou (2015) and Bertsimas and Dunning (2016) consider the use of piecewise
constant decision rules to represent the binary recourse variables. On the other hand, Hanasusanto
et al. (2015) and Subramanyam et al. (2020) propose the K-adaptability approximation method
which pre-identifies K recourse solutions to implement in the second stage. The K-adaptability
model, which can be solved as a MILP model, implicitly partitions the uncertainty set into a
finite number of subsets for which a single recourse decision is assigned to each. In recent years,
this MILP formulation has become a commonly used approximation method, particularly for the
problem class that we will examine (e.g., Dumouchelle et al. (2023), Arslan and Detienne (2022)).

In this paper, we present a new set of exact and approximate MILP reformulations for ARBO
problems with objective uncertainty. These formulations, which are presented in the form of con-
strained network flow problems, are flexible, easy to formulate and implement in standard solvers,
and generate high-quality solutions and bounds in times that can be significant lower than alter-

native solution methods.

2.2. Decision diagrams and network flow models

Decision diagrams (DDs) are increasingly used to generate solutions and bounds for discrete
optimization problems. With few exceptions, this literature focuses on deterministic problems
(Bergman et al. 2016). We refer to Castro et al. (2022) for a comprehensive survey of this literature.

Several works have examined the use of decision diagrams for two-stage stochastic programming
with binary recourse decisions. Lozano and Smith (2018), Guo et al. (2021), and MacNeil and
Bodur (2023) consider various two-stage problems for which the recourse feasible space under each
scenario can be represented as a decision diagram, making the two-stage problem amenable to
standard Benders decomposition techniques that would otherwise only apply to problems with
continuous recourse (Rahmaniani et al. 2017). In their problems, first-stage decision variables serve
as capacity constraints in the diagrams, and given a first-stage decision, a shortest path algorithm
can be applied on the diagram to generate a cut for the master problem. On the other hand, Serra
et al. (2019) consider a monolithic formulation of a two-stage scheduling problem where a subset
of constraints are replaced with DD-based network flow constraints. Integrality of the flows across
these networks are then enforced using binary variables.

To our knowledge, there is only one application of decision diagrams for robust optimization.
Lozano et al. (2022) consider the reformulation of static robust binary optimization models as
DD-based constrained shortest path problems for which specialized algorithms can be employed.

In contrast to these works, we consider the first use of DD-based network flow models for adaptive
robust optimization. We show that in our problem setting, the complete set of optimal recourse

decisions given any first-stage solution can be represented as a continuous flow across a network
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(i.e., rather than a flow along a single path). We extend the analysis by proposing several primal and
dual bounding techniques using the concept of approximate decision diagrams (Castro et al. 2022).
These are the first application of DD-based approximation schemes for robust optimization, and
we show that they can lead to highly tractable and effective models in our numerical experiments.

Finally, we remark that decision diagrams are also closely related to the state transition graphs
found in the dynamic programming literature; we refer to Hooker (2013) and Castro et al. (2022)
for detailed comparisons of these two research areas. de Lima et al. (2022) provide a survey on
dynamic programming-based network flow formulations for deterministic optimization problems.
As the authors point out, one of the main advantages of these formulations is that they can be
solved directly using standard MILP solvers, overcoming the necessity of more elaborate iterative
methods. We consider exact and approximate DD-based network flow formulations for similar

reasons, and show that they are also highly effective for our robust optimization problems.

3. Robust Binary Optimization with Selective Adaptability
In this section, we define the ARBO problem of interest, introduce the concept of selective adapt-

ability, and derive several preliminary insights based on the structure of the ARBO problem.
3.1. Problem definition
Consider an ARBO problem of the form

. . T T
min max min ¢ X+ 1
XEX E€E yeYnS(x) £y (1)

where X C {0,1}™ defines the feasible set of binary first-stage decisions, = := {£|T¢& < d} is
a bounded polyhedral uncertainty set, and Y N S(x) C {0,1}" defines the feasible set of binary
recourse decisions where the set ) :={y € {0,1}" |Gy > h} captures the constraints that do not
depend on x, while §(x) C R™ models the linking constraints. In this paper, we focus on problems

where S(x) satisfies a condition that we term selective adaptability.

Definition 1 (Selective Adaptability) A linking constraint between first-stage and second-
stage decision variables is defined to be selectively adaptive if it can be expressed as y; < x;, y; = T,
or y; > xj, for some i € {1,...,n} and j € {1,...,m}. The ARBO problem (1) is said to have

selective adaptability if all constraints defining S(x) are selectively adaptive, i.e.,

ngl’] V(z,j)ebﬁ
Sx)=qyeR" |yi=u; V(i,j) el }, (2)
Yi > X5 V(i,j) €Us

where Uy, Us, Us are disjoint sets, and Uy UUs UUs C{1,...,n} x{1,...,m}.
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An ARBO problem with selective adaptability implies that the value of each binary recourse
variable y; € {0,1} is either (i) fixed by the values of first-stage decisions x € X’ (due to constraints
corresponding to Us,, and those associated with U; and Us if x; is 0 or 1, respectively), or (ii)
not restricted by the values of first-stage decisions x € X (since the constraints associated with y;
become redundant when U, = (), and when x; =1 for all (i,7) €Uy and z; =0 for all (4,5) € Us).
Practically, this implies that individual recourse variables not impacted by the first-stage decisions

can be used to “adapt” to new information.

3.2. Models with selective adaptability

We give a few examples of ARBO problems with selective adaptability and then show that our
examination of this problem structure comes without loss of generality. We begin with two examples
of sequential decision-making problems that naturally exhibit this linking constraint structure:

e In a facility location problem, a planner can only make an assignment (or shipping) decision
between a potential location j and an individual customer [ if a facility (e.g., hub, warehouse,
factory) has been placed at location j (Kdmmerling and Kurtz 2020). Assuming that customer
demand is given by &, the sequential nature of this decision-making process can be repre-
sented by linking constraints of the form y;; <x;, where y,; is a particular location-customer
assignment decision and z; determines whether a facility is placed in location j.

e In a project investment problem, an investor with a limited budget aims to maximize invest-
ment returns across two decision stages by investing in different projects where early-stage
investments come with risk but higher return rates (Arslan and Detienne 2022). For each
project i € {1,...,n}, the linking constraint y; > x; captures early-stage commitment decisions.
We revisit this problem in our numerical experiments in Section 6.

The concept of selective adaptability can also be used to as a framework for introducing limited
degrees of flexibility into static robust binary optimization problems. These models can be used to
narrow down the set of choices to consider before model parameters are known exactly. Specifically,
given the static robust problem

min max &'y
yeY €= ’

we can define extensions where we have a budget on the level of adaptability. For example, consider
problem (1) with S(x)={y e R"™™ |y <x}, ¢=0, and X = {x€{0,1}"|w'x <3} where w and
[ are non-negative. In this setting, 8 controls the budget on adaptability, where higher values imply
that more recourse decisions are “available” in the second stage. For example, consider a daily
route generation problem in a transportation context. If w =1 and = 0.1n, where n represents

the number of links in a road network, the corresponding model would identify the most important
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10% of links (denoted by x) for constructing real-time vehicle routes (denoted by y € Y NS(x)).
Highlighting such subnetworks may be important for regular planning, communication, or training
purposes. A similar problem is examined in the numerical experiments in Section 6.

Finally, we emphasize that any ARBO problem without selective adaptability can be reformu-
lated into one that has this property by introducing additional auxiliary variables into the recourse
problem. Specifically, let Fx + Gy <h be a set of linking constraints that are not in the form
of equation (2) and let IcC {1,...,m} be the indices of the x variables that appear in these con-
straints. Now, let y*™ € {0, 1}|i | be a new set of auxiliary recourse variables. For each j € 7, we can

replace z; in Fx + Gy < h with the corresponding 2

5" variable, making these constraints a part

of ), and redefine the linking constraints as the set S(x) = {y3"* = ;, Vj € 7}. This reformulation
technique is inspired by Arslan and Detienne (2022), and implies that all results derived in our

paper are applicable to any ARBO problem, with or without selective adaptability.

3.3. Preliminary model insights
Problem (1), which is a min-max-min optimization problem, can be rewritten as the infinite-

dimensional MILP model

min  ¢'x+v (3a
v,x,y5
st. &'yt<wv, VEeE (3b

vy ey, VEe=
y*eS(x), VEe=
xeX, (3e

where v represents the worst-case recourse objective value, and where a set of variables (y*) and
constraints ((3b) - (3d)) must be defined for every £ € E.

Zeng and Zhao (2013) proposed a nested constraint-and-column generation to iteratively refine
an approximation of this infinite-dimensional MILP formulation. In their approach, the set = in
model (3) is replaced with a finite set = which is iteratively enlarged by solving a subproblem that
computes points in = to add to the set = However, since model (3) is a complex combinatorial
problem even for very small sets EcC =, the approach, which adds an additional copy of variables
and constraints to the model at each iteration, can quickly become intractable. Furthermore, as
discussed in Section 2.1, the nested constraint-and-column generation algorithm may be challenging
to implement, and finite convergence may be neither quick nor guaranteed.

In this paper, we begin by showing that model (3) permits a more tractable MILP reformulation
when S(x) satisfies selective adaptability. This reformulation is shown in the next proposition,

which relies on the following lemma. All proofs can be found in the Electronic Companion.
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Lemma 1 Conv(YNS(x))=Conv(Y)NS(x), Vxe{0,1}™.

Proposition 1 If Problem (1) has selective adaptability, then model (3) can be reformulated as

shown, where y becomes a vector of continuous variables:

323 c'x+wv (4a)
st £ly<wv, VEeE (4b)
y € Conv()) (4c)

y €S(x) (4d)

xec k. (4e)

Proposition 1 is important for two main reasons, and motivates the rest of this paper. First, model
(4) is equivalent to a static RO problem, i.e., where both x € {0,1}™ and y € R" represent “first-
stage” decision variables. Practically, this means that we can solve the original ARBO problem as
a MILP model if we have a polyhedral representation of Conv(})). Section 4 focuses on the use of
network flow constraints in an extended space to describe Conv()’). Second, Proposition 1 provides
intuition for developing approximation schemes. In particular, model (4) implies that replacing
Conv(Y) with an inner-(or outer-) approximation will generate a valid primal (or dual) bound on
the optimal value of (4). For example, replacing constraint (4c) with the continuous relaxation of
Y, defined as Relax()) := {y € [0,1]"| Gy > h}, generates a lower bound on the optimal value of
model (4). Approximation schemes will be the focus of Section 5.

Finally, there may naturally exist problems where the relaxation of ) is an integral polytope,
i.e., Relax()y) = Conv(})’). One example is the budgeted adaptive routing problem mentioned in
Section 3.2, if we assume that the routing problem is a shortest path problem. In this setting, the

adaptive robust problem can solved directly as a monolithic MILP model.

Proposition 2 If Relax()) = Conv(Y), then model (3) is equivalent to

min ¢'x+d'\

X, ¥, A
st. T'A=y
Gy>h (5)
y € S(x)

xeX, ye[0,1]", A>0

by reformulating the uncertainty set using duality conditions (Gorissen et al. 2015).

We conclude this section with two remarks on the generalizability of the results in this paper

when certain modeling assumptions are relaxed.
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Remark 1 First-stage decisions can be mized-integer, i.e., X C {0,1}™ x Z™2 x R™3, as long as

only the binary variables defining X appear in the linking constraints S(x).

Remark 2 The uncertainty set = can be any convex set. For example, if Z is an ellipsoidal uncer-

tainty set, then the MILP formulations we derive will become mized-integer quadratic programs.

4. Constrained Network Flow Reformulations

In this section, we present a MILP formulation for model (4) when Relax()) # Conv()). Specifi-
cally, in Section 4.1 we introduce decision diagrams and the corresponding network flow formulation
used to obtain a polyhedral description of Conv()). Then, in Section 4.2, we integrate the formu-

lation with first-stage decisions.

4.1. Reformulating the recourse feasible space
We first describe a general procedure for obtaining a decision diagram encoding of the feasible

solutions in ), then represent this diagram using a network flow formulation.

4.1.1. Decision diagram formulation. A binary decision diagram (BDD) is a graphical
structure that can be used to encode the feasible space of a binary optimization problem (Bergman
et al. 2016). Specifically, a BDD is a directed acyclic graph D = (V,.A) with nodes V and arcs A.
The nodes are partitioned into n + 1 non-empty layers V = (Vy,...,V,+1), while the directed arcs
connect nodes in adjacent layers from V; to V;; for i € {1,...,n}. The sets V; ={r} and V,.; = {t}
are each composed of a single node, defined as the root node and terminal node, respectively. Each
arc in the network has a label of either zero or one, and AY and A} define the subset of zero and one
arcs leaving nodes in V;, respectively. A decision diagram D is a valid representation of a feasible
space ) if each path from root node r to terminal node t in D can be mapped to a solution y € ),
and vice versa. This mapping of path to solution is defined by the zero-one label on each arc in
the path. Specifically, for any arc j in the path, if j € Ay then y; =0, or if j € A} then y; = 1. For
example, a decision diagram of YV := {y € {0,1}° | y1 + v + 2y3 + 2y + 3ys < 4} is given in Figure 1.
Finally, we note that the definition of BDDs in the literature generally includes arc weights that
correspond to the value of objective coefficients of an optimization problem. Since these coefficients
are not deterministic in our problem, we instead consider only “unweighted” decision diagrams.

Decision diagrams are closely related to the state-transition graph in the dynamic programming
literature (Hooker 2013). In particular, nodes and arcs in the decision diagram can be mapped to
“states” and feasible “actions” of a recursive formulation where decisions are made sequentially.
Many binary optimization problem structures admit simple recursive formulations that can be used
to obtain decision diagrams; we refer to Bergman et al. (2016), Bergman et al. (2022) and de Lima

et al. (2022) for a comprehensive summary of recursive formulations for a variety of problem
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Figure 1 A decision diagram with six layers, where the zero-one label of each arc is indicated using a dashed or

solid line.

structures. In general, a recursive formulation of a deterministic binary optimization problem can
be written as a Bellman equation of the form

Vi(S)= max {fi<s,yi> +w+1<zz<s,yi>>}, (©)

i €Q4(S)

where S denotes the state of the system, Q;(S) C {0,1} denotes the set of feasible actions at
stage i for state S, T;(S,y;) defines the new state after taking action y;, and the pair V;(.S) and
fi(S,y;) are used to capture the long-term values and immediate rewards of taking specific actions,
respectively. However, since we only need to generate unweighted decision diagrams, we only need
the state-transition graph corresponding to the states S and feasible actions Q;(S). To define the
diagram, we first modify T,,(S,y;) to be T,,(S,y;) = {t}, and then map each state to a node and
each feasible action y; € Q;(S) to a unique arc with label y; that links S and T;(S, y;). This creates
a diagram with a single root node r and terminal node t, where each path from r to t corresponds

to a sequence of actions in the recursive formulation.

Example 1 Consider a feasible set ) = {y e{0,1}" ‘ S gy < h} that is defined by a knapsack
constraint. The recursive formulation of Y is defined by feasible actions Q;(S)={y, € {0,1}|S +
9:yi < h}, state-transition function T;(S,y;) = S + giy; with an initial state S; =0. Fach stage i
in the recursive formulation thus corresponds to a layer ¢ in the diagram. FEach state in layer i
represents the total amount of capacity used by the selection of items among 1,...,7 and feasible
actions correspond to whether an additional item ¢+ 1 can be placed in the knapsack given the
current state. To obtain a single terminal node in the decision diagram, we merge all nodes in layer
n+ 1, which is equivalent to replacing T,,(S,y,) = S + 9oy with T,(S,y,) = h in the recursive
formulation. Note that this change in the state-transition matriz at the final stage n does not change

the set of feasible actions in the recursive formulation.
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Finally, we note for any given decision diagram, it may be possible to obtain a reduced version
that encodes the same set of feasible solutions in a much fewer number of nodes and arcs. Figure
1 is a reduced decision diagram for the knapsack set defined earlier. To obtain reduced decision
diagrams, we can use a simple bottom-up merging technique (Bryant 1992, Bergman et al. 2016).
Starting with nodes in layer n, we can merge any nodes which have the same set of outgoing arc

types and destinations, repeating this procedure from layers n —1 to 1.

4.1.2. Recourse network flow formulation. Let D denote a decision diagram representa-
tion of ). Following the notation of Castro et al. (2022), we use NF(D) to denote the network flow
model of D, which relates arc flows z to values of y € ) in the recourse problem. Specifically, let

NF(D) be defined as

Az=b, y;=>  z, Vie{l,...,n}}, (7)

jeAl

NF(D) := {(y, z) € R" x R

where A € {—1,0,1}VI*I4 denotes the node-arc incidence matrix and b a vector of zeros with the
exception of by = —1 and by = 1. The constraint set Az = b defines standard flow conservation
constraints. The second set of constraints link the value of each variable y; to the sum of total flow

over the one-arcs A} in layer i € {1,...,n}.

4.2. A complete network flow reformulation
A key property of NF(D) is that its projection onto the variables y, denoted by Proj, (NF(D)), is
equal to the convex hull of Y (Castro et al. 2022). We can use this property to derive an MILP

formulation of Problem (1), as shown in the next proposition.

Proposition 3 Problem (1) can be reformulated into the constrained network flow problem

min  c¢'x+d'A (8a)
X,Y,Z,A
st. T'A=y (8b)
yi:sz Vie{l,...,n} (8¢)
jeAl

Az=Db (8d)
yeS(x) (8e)

xeX, z>0. (8f)

Model (8) is thus an exact MILP reformulation of any ARBO problem with selective adaptability.

As we will show in Section 6, this model can be tractably solved for problems of smaller sizes.
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Example 2 Consider the adaptive robust knapsack problem
min  max min ¢ x+&'y
x€{0,1}5> £€E y
y <x (9)
yey:= {y€{0,1}5 ‘yl + Y2 + 2y3 + 2y4 + 3ys §4}.
Recall that the decision diagram for Y s illustrated in Figure 1. Suppose Z =
{€|E >¢°, HE —€OH1 < 5}. Then, problem (9) can be reformulated into model (8), where A is the

node-arc incidency matriz of the decision diagram given in Figure 1, and

-1 0 0 0 07 [ =1 T =€ T .
0 -10 0 0 0 —& Yy
0 0 -1 0 0 0 g0 Y2 =24+ 26
T= , b= . |, d= 3 y Yz =2g+ 210+ 212
0 0 0 —-10 : _54 =zu+z
0 0O 0 0 —1 0 _gg y4:z14 16
101 1 1 1 1 (€9T145] BT

The indices {2,4,6,8,10,12,14,16,19} correspond to the solid lines in Figure 1 when labeled from
left to right in each layer, starting with the first layer.

5. Network Flow Approximations

In this section, we use approximate decision diagrams to derive new approximation methods for
large-scale ARBO problems. We first define restricted and relaxed decision diagrams, which we
then use to propose compact network flow models that generate first-stage solutions, primal bounds
and dual bounds, respectively. We then present a multi-network flow model, which serves as a
more general framework for generating dual bounds. Finally, we conclude the section by outlining

a procedure for evaluating the quality of any computed first-stage solution.

5.1. Approximate decision diagrams

A restricted decision diagram of ) contains paths that map to a strict subset of the feasible solutions
in ). On the other hand, a relaxed decision diagram contains paths that map to a superset of
solutions that include all solutions in ). Restricted and relaxed decision diagrams can be generated
by merging states in the recursive formulation of ) (Castro et al. 2022). Next, we outline two

general “top-down” approaches for building restricted and relaxed decision diagrams.

5.1.1. Merging with width-based thresholds. In Algorithm 1 we present a common
approach that merges nodes whenever a threshold on the diagram’s “width” has been exceeded.
Specifically, each layer in the diagram is constrained to have a width of at most W, that is, there
can be at most W nodes per layer. Considering the recursive formulation, this width constraint
is equivalent to having at most W number of different states at stage ¢. Note that if W = oo in

Algorithm 1, then an exact decision diagram will be generated.
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Algorithm 1 Width-Based Decision Diagram Construction Procedure

Input: A recursive formulation of ), a width parameter W

Output: A decision diagram D

1: Initialization: let S1(r) denote the initial state of the system (at root node r), Vi ={r},
Va,...,Vn :w, Vn+1 :{t}, A=10

2: forie{l,...,n—1} do

3 for u€V; do

4 for y; € Qi(S(u)) do

5 if 3’ € Vit1 where S(u') =T;(S,y:) then add arc from u to u’ with label y;

6: else add node u’ with state T;(S,y;) to Vit1 and add arc from u to u’ with label y;
7 if |Vig1| > W then

8 Vit « select Vi1, [Vigr| = W+ 1)

9 merge(Vit1)

10: for ueV, do

11: for y; € Qi(S(u)) do add arc from u to t with label y;
12: Reduce D= (V, A)

13: return D

In step 8, the algorithm requires a rule for selecting (|Viy1| — W + 1) nodes from the set V.
Random selection is the simplest and most commonly used procedure. Nonetheless, designing node
selection procedures have become a more active topic of research in recent years (e.g., van Hoeve
2022), although such procedures focus on specific classes of deterministic problems.

Once this subset of nodes V; has been selected, they can be merged to create either restricted
or relaxed decision diagrams. To create relaxed decision diagrams, merging operators must assign
a new state to each merged node such that all subsequent feasible actions in the original recursive
formulation remain feasible under this new state (Hooker 2013). Similarly, a restricted decision
diagram can be created by assigning a new state to the merged node such that a subset of feasible
actions in the original recursive are retained, without introducing infeasible actions. We give an

example below.

Example 3 Consider a feasible space defined by a single knapsack constraint (see Example 1). A
restricted decision diagram can be generated by merging the nodes f)iﬂ and assigning the new node
a state that is the minimum value of the states in the merged set. A relaxzed decision diagram can

be generated by assigning the new node the maximum value of the states in the merged set.

We note that the node merge operation can be performed while building a layer, rather than
after the layer is completely built, to reduce the memory requirement, if desired. Furthermore, we

note that we can also generate restricted diagrams simply by discarding nodes rather than merging
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them in Algorithm 1, since we are effectively removing all feasible actions associated with that
state-stage combination in the recursive formulation. Finally, step 12 is to reduce the size of the

decision diagram using the bottom-up approach described at the end of Section 4.1.1.

5.1.2. Merging with distance-based thresholds. We now propose a merging approach
based on the similarity of states in each layer, that is, we merge two nodes only when their respective
state values are within some “distance” of each another. Algorithm 2 outlines this approach, which
revolves around a partitioning of nodes in each layer into subgroups, where nodes in each subgroup
are then merged. Any suitable set partitioning method can be used, as long two conditions are
met: (i) within each subgroup, some pre-defined notion of distance between any pair of states does
not exceed a user-specified parameter @), and (ii) for any two subgroups, there exists a pair of
nodes, one node in each subgroup, where the distance exceeds (). The latter condition ensures the
fewest number of partitions given (). To the best of our knowledge, we are the first to outline and

implement this distance-based approach for generating approximate decision diagrams.

Algorithm 2 Distance-Based Decision Diagram Construction Procedure

Input: A recursive formulation of Y, a distance function d(-,-) and distance parameter @

Output: A decision diagram D

1: Initialization: let S1(r) denote the initial state of the system (at root node r), Vi ={r},
Va,oo V=0, Vay1={t}, A=0

2: forie{l,....,n—1} do

3 Steps 3 to 6 from Algorithm 1

4 1>¢+1,1,]>¢+1,2, ...« partition(Viy1,Q)

5: for Viy1 € (Viz11,Vis1,2,...} do

6 .

7

merge(Vit1)

Steps 10 to 13 from Algorithm 1

Example 4 We give an example of a partition function (step 4 of Algorithm 2). Consider the fea-
sible space defined in Example 3, for which we can define the following node partitioning procedure:
(i) order nodes according to state values, from smallest to largest, (ii) starting with the smallest
state, create a new subgroup for the next node if and only if its state is more than Q units larger
than the smallest state in the current subgroup. Here, distance between states is simply defined as

the absolutely difference between state values.

The distance-based merging approach is motivated by our initial attempts at using width-based
merging in preliminary experiments. We found that it was difficult to finely tune the size of the

diagram and quality of the approximation through the use of the width threshold parameter W.
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In particular, when the width threshold is exceeded, it is often exceeded by a large margin, which
typically results in the merging of hundreds or thousands of nodes into a single node. Furthermore,
because the width constraint must be satisfied at each layer, there are essentially no restrictions
on which nodes can or cannot be merged. In contrast, the key advantage of the distance-based
approach is that both the size and the quality of the approximation is closely tied to the value of
Q. In distance-based merging, ) determines precisely which nodes in each layer can and cannot
be merged based on the similarity of their states. Furthermore, at each layer, there may be many
subgroups but the number of nodes to be merged within each subgroup may be small. In general,
we find that this distance-based merging procedure leads to approximations of higher quality and
more precision in tuning the size and tractability of the corresponding models.

Finally, we remark that the distance-based approach can be further customized to generate even
more refined approximations, for example, by merging subgroups with some probability p < 1. This
additional feature could help generate approximations that are in-between those generated solely
by incrementally increasing the value of ) (which could be discrete, for example, when all states

are integer-valued as in Example 3).

5.2. Primal bounds
For a restricted diagram Dipper, it is the case that Proj, (NF(Dipner)) € Conv()) since Dipper con-
tains a subset of the feasible solutions of ). Thus, restricted decision diagrams can be used to

design network flow models that generate primal bounds on the ARBO problem.

Proposition 4 Let D;,,er denote a restricted decision diagram of Y. Then, the model

min ¢'x+d'A (10a)
X, ¥,

st. T'A=y (10Db)

y € Proj, (NF(Dinner)) (10c)

y €S(x) (10d)

xeX (10e)

generates a feasible solution x € X and an upper bound on the optimal objective value of model (1).

There are conceptual connections between model (10) and K-adaptability in that both approxi-
mation methods are derived by restricting the set of possible recourse decisions. Nonetheless, there
are two important differences. First, the approximation scheme defined by model (10) relies on
continuous recourse variables, while K-adaptability relies on discrete recourse variables. Second,

the size of model (10) can be more precisely controlled by incrementally changing the width of
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the decision diagram. On the other hand, in K-adaptability, each incremental increase in the value

! and corresponding constraints ).

of K requires adding a set of recourse decision variables y®+
As we will illustrate in our numerical experiments (Section 6), problems with even a few K can

quickly become intractable.

5.3. Dual bounds
A relaxed decision diagram D,y of ) represents a superset of ), which implies that Conv()) C

Proj, (NF(Doyter)). Relaxed decision diagrams can thus be used to derive a dual bound.

Proposition 5 Let D,yi.r denote a relaxed decision diagram of Y. Then, the model

min ¢’ x+d"A (11a)
X, ¥,

st. T'A=y (11b)

y € Proj, (NF(D,yter)) (11c)

y € Relax()) (11d)

y € S(x) (11e)

xeX (11f)

generates a feasible solution x € X and a lower bound on the optimal objective value of model (1).

Model (11) provides a dual bound that is at least as strong as that with a simple continuous
relaxation of recourse decisions y. However, this bound can be stronger, since in general, Relax()) €
Proj, (NF(Doyter)) and Proj, (NF(Doyter)) ¢ Relax(Y). Specifically, Relax()) can have fractional
extreme points, whereas Proj, (NF(Dguter)) is an integral polyhedron but includes solutions y €
{0,1}™ that are not in ). The intersection of Relax()) and Proj, (NF(Dsuter)) can thus be a more
accurate outer approximation of Conv())) than either of the two sets alone.

While both models (10) and (11) are bounding techniques that rely on approximating Conv())
using a single decision diagram, we now propose a generalization where dual bounds can be derived

with an outer approximation of Conv()) using a collection of diagrams and feasible sets.

Proposition 6 Suppose that Y = {y € {0,1}"|(g")Ty > hy,...,(g7)Ty > hs}, and let J =
{1,...,J} denote the set of constraint indices. Now, suppose we are given a collection of subsets of

indices Jy',..., T and J2, ..., J? where U_, J' € J and U, J? C J. For an arbitrary set J; C J
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let D7 and DY, denote an ezact and relaxzed decision diagram for the feasible set described by

the constraints with indices in [J;, respectively. Then, the model

min c¢'x+d"'A
X, ¥,

st. T'A=y
y € Proj, (NF(D%)), VT e{Td) . T
y € Proj,(NF(D}L,.,), VT e{J%....T2} (12)
y € Relax())
y €S(x)
xeX

generates a feasible solution x € X and lower bound on the optimal objective value of model (1).

As a proof of concept, consider the model from Example 2, but with an additional constraint of

Y1+ Y2 + y3 < 2. Rather than formulating an exact or relaxed decision diagram of
Y= {y € {0, 1}’ [y + 92+ ys < 2,51 + Y2 + 2ys + 2y4 + 3ys 34}7

we could generate two exact or relaxed decision diagram, one for each constraint, and combine
them into the multi-network flow model (12).

In practice, multi-network approximations can be useful when single-network representations are
too large or when the underlying problem structure does not admit an obvious recursive formula-
tion. In these settings, we can generate exact or relaxed decision diagrams for subsets of constraints
that do admit a simple recursive formulation. Furthermore, in many decision-making problems, a
large subset of constraints defining ) may have a totally unimodular constraint coefficient matrix
and integer right-hand sides, and thus define a feasible space for which its relaxation is an integral
polytope. In this setting, we can generate decision diagrams only for the remaining constraints.
The corresponding multi-network flow approximations may potentially be smaller in size, easier to
implement, or better in quality than single-network approximations. We will further explore these

models in the numerical experiments in Section 6.2.

5.4. [Evaluating the quality of a solution
All approximation techniques presented in this section generate a feasible first-stage solution x € X.
We can compute the true objective value of this solution, which we denote using z(%x), by solving
N : T T
z(X) := max min c x4+ . 13
(%) := max min £y (13)
One way of solving for the value z(X) is to use the constraint generation method described in

Kammerling and Kurtz (2020). Specifically, the authors consider an iterative algorithm between
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a master problem that computes a specific parameter realization é € Z and a subproblem which

computes recourse solutions y € Y NS(x). At iteration k, the master problem is

MP(y',...,9" 1) = I%EZX {v

v<c k&Y Vel k—1), EEE}.

ik
The optimal solution £ to this master problem is then passed to the subproblem

SP(&") = min {eTx+ E)Tylyey NS}

Let y* denote an optimal solution of the subproblem. If the objective value of the subproblem is less
than the master problem objective value, then we add constraint v <c¢ %+ &' y* into the master
problem, and move to iteration k + 1. Otherwise, z(X) =c'%x + (ék)Tyk is the optimal objective
value of Problem (13). Since the master problem is a linear program and the subproblem is one
instantiation of the recourse problem, the effort required to compute the value of z(X) for a given
X € X is generally negligible relative to the general ARBO problem of solving for an optimal x € X.

Finally, recall that the approximation models presented in Section 5.3 generate dual bounds in

addition to a solution x € X'. For these models, we can thus compute a model-based optimality gap,

which we define as

1 (e
dua bour}d z(%) 100, (14)
(%)

where ‘dual bound’ denotes the optimal objective value of the approximation model. The model-
based optimality gap serves as a proxy for the true optimality gap. In particular, the former is
an upper bound on the latter. This distinction is important, because the true optimality gap can
be challenging to compute in numerical experiments as it requires solving the ARBO problem
exactly. Nonetheless, we will show in Section 6 that for most problems considered, the model-based
optimality gap is in fact very low. This observation highlights that these approximation models

not only compute high-quality solutions but can also verify the near-optimality of the solutions.

6. Numerical Experiments

In this section, we demonstrate and compare the effectiveness of three types of formulations: (i)
exact network flow models, (ii) approximate single-network flow models, and (iii) approximate
multi-network flow models. These models are applied to two ARBO problems, namely, a capital
budgeting problem and a robust assignment problem. All experiments were coded in Python 3.7
and MILP models were solved using Gurobi 9.1.1 under default settings. Decision diagrams were
created and manipulated using the NetworkX package. The experiments were conducted on an
Macbook Pro (M1 Chip) with 16GB of RAM. Unless otherwise stated, all benchmark models that

we discuss next were also implemented and solved under the same conditions.
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6.1. Capital budgeting problems
We first consider a capital budgeting problem, which seeks to compute a robust investment plan
for a set of n projects under an investment budget constraint. Several variants of this problem have
been studied in the adaptive robust optimization literature (Hanasusanto et al. 2015, Subramanyam
et al. 2020, Kdmmerling and Kurtz 2020, Arslan and Detienne 2022, Dumouchelle et al. 2023). In
this problem, investment decisions are binary and can be made in two stages, i.e., projects can
either be invested in at an early stage (denoted using x € {0,1}") or in a later stage (denoted using
y €{0,1}"™). The profitability of a project is not known with certainty in the first stage and is only
revealed in the second stage. Early stage investors are rewarded with a first-mover advantage that
entails a higher percentage on final profit generated by the project (otherwise, the optimal action
would be to postpone all investment decisions until more information is revealed).

For the rest of this section, we follow the model formulation from Arslan and Detienne (2022)
and use their publicly-available problem instances'. Specifically, we consider the following adaptive

capital budgeting problem

Max min max (1= f)(§' %)+ f(€y) (15a)
st y>x (15b)

g'y<h (15¢)

y €{0,1}". (15d)

In this model, g; denotes the cost of investing in project i, h is the total investment budget,
f€10,1) captures the first-mover advantage, and ¢; is the payoff of project ¢ which is unknown in
the first stage. The payoff of each project depends on a set of M common risk factors ay,...,a,,.
Specifically, it is assumed that & = Zj\il U;ja; where U,; € R describes the impact that each risk

factor a; has on the payoff &;. The risk factors «; are assumed to reside in [—1,1], i.e.,
E= {£|£:Ua,a€ [—1,1]M}.

Note that in this problem, constraint (15b) defines a selective adaptability constraint while con-
straints (15¢)-(15d) can be reformulated or approximated in an extended network space.

We consider 300 instances of varying size where n = {10, 20,30, 40,50} and where each value of n
is associated with 60 different instances (Arslan and Detienne 2022). Each instance is characterized
by a random sample of project costs and payoffs, as well as an investment budget defined as a

fraction of total project costs, i.e., h=m> . g; with m ={0.2,0.4,0.6,0.8}.

! see https://github.com/borisdetienne/RobustDecomposition (accessed February 2024)



Bodur, Chan, and Zhu: Network Flow Models for Adaptive Robust Optimization
Article submitted 21

Since (15¢) is a knapsack constraint, we generate the exact network flow model by following the
steps in Example 1 and the reformulation technique outlined in Section 4. We also examine approx-
imate network flow models based on relaxed decision diagrams. These diagrams are generated using
the distance-based merging approach discussed in Section 5.1.2. Recall that in this approach, a
user-specified value @) bounds the distance between state values of nodes that are to be merged.
In the capital budgeting problem, the state value of a node in layer i defines the amount of weight
that has been added to the knapsack based on decisions y,...,¥;, and ) represents the maximum
difference in weight values between any two nodes to be merged. We follow the procedure described
in Example 4 to determine which nodes should be merged. Once merged, the new node is assigned
the minimum state value of the nodes that were merged.

Since the approximation models generate first-stage solutions and dual bound, we can calculate
optimality gaps for each solution. A key takeaway of the following numerical experiments is that

these models can generate solutions that are verifiably near-optimal in very little time.

6.1.1. Model formulation and solution time. We begin by examining the size, formulation
time, and solution time of the exact and approximate network flow models. Table 1 highlights the
number of arcs in the decision diagrams used to represent constraint (15c), shown over various
values of (). This number conveys the size of the corresponding network flow model, since each arc

in the decision diagram corresponds to a continuous variable in our formulation.

Q=0 Q=1 Q=3 Q=5 Q=10
n=10 166 164 (99%) 151 (91%) 134 (81%) 109 (65%)
n=20 | 2992 1972 (66%) 1198 (40%) 894 (30%) 554 (19%)
n=30 | 12334 6726 (55%) 3600 (29%) 2463 (20%) 1359 (11%)
n=40 | 28121 14621 (52%) 7374 (26%) 4912 (17%) 2622 (9%)
n=>50 | 48285 24589 (51%) 12180 (25%) 7954 (16%) 4160 (9%)

Table 1 The average number of arcs in the reduced decision diagrams under different Q values. The

percentage of each value relative to that of the exact decision diagram (i.e., Q@ =0) are given in parentheses.

Similarly, Table 2 highlights the time it takes to generate the decision diagram and solve the
network flow model. We make two observations. When n increases, the time it takes to formulate
and solve the exact model grows exponentially. This makes the exact models intractable beyond
small values n. In contrast, as we increase () for a fixed value of n, the time it takes for both these
processes can be reduced drastically. For example, when n = 50, the total time it takes to generate
and solve the network flow models can be reduced by several orders of magnitude when @ > 3.

Next, we examine the quality of the solution generated by these approximate models.
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| Q=0 Q=1 Q=3 Q=5 Q=10

Instances Awverage build time for the reduced diagram, in seconds
n=10 0.1s 0.1s 0.1s 0.1s 0.1s
n =20 3s 1s 0.3s 0.2s 0.1s
n =230 17s oS 2s 0.7s 0.2s
n =40 558 16s 4s 2s 0.5s
n =250 112s 33s 8s 4s 1s

Instances Average solution time of network flow model, in seconds
n=10 0.1s 0.1s 0.1s 0.1s 0.1s
n =20 1s 0.5s 0.3s 0.2s 0.1s
n =230 87s 11s 3s 1s 0.3s
n =40 534s 458 8s 3s 1s
n=>50 >3600s 117s 22s 8s 2s

Table 2 The average build time and solution time of relaxed decision diagrams under different @) values. Build

time includes time to generate and reduce a diagram.

6.1.2. Quality of model solutions. For each solution, we calculate the model-based opti-
mality gap as well as the true optimality gap where possible (see Section 5.4 for details). Table 3
summarizes the values of these optimality gaps. Note that only the model-based optimality gap
is shown for the n =50 instances, since the exact models (i.e., where @ =0) could not be solved
within the time limit. We also note that since the formulation and solution times of the exact
models are generally negligible for n =10 and n =20 (see Table 2), we focus our discussion on the

instances with n = 30,40 and 50, where tractable approximations become more critical.

Instances | Q=0 Q=1 Q=3 Q=5 Q=10
n=10 0%  1.2% (1.5%)  3.0% (4.3%)  2.6% (4.6%)  4.4% (7.6%)
n =20 0%  1.2% (1.5%)  1.5% (21%)  1.0% (1.7%)  1.1% (2.2%)
n =30 0%  0.3% (0.5%)  0.4% (0.7%)  0.5% (0.8%)  0.9% (1.4%)
n =40 0%  0.1% (0.2%)  0.2% (0.3%)  0.2% (0.4%)  0.2% (0.5%)
n =50 : - (0.08%) - (0.2%) - (0.3%) - (0.5%)

Table 3 The average true optimality gap and model-based optimality gap of the solution, the latter of which is

shown in parentheses.

The main takeaway from Table 3 is that both the true and the model-based optimality gaps
remain very small despite the large reduction in solution times (as shown in Table 2). For example,
when n =40 and Q =5, the average optimality gap of solutions is less than 0.5%, despite the
models taking two orders of magnitude less time to formulate and solve compared to the exact

model (i.e., an average of 5 seconds versus 589 seconds; see Table 2). Similarly, when n = 50, the
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average model-based optimality gap is 0.08% when @ =1 and 0.5% when @ = 10, the latter of which
requires an average solution time that is three orders of magnitude less than the exact model (i.e.,
3 seconds versus 3600+ seconds; see Table 2). These observations highlight that the approximate
network flow models are able to independently generate both (i) near-optimal solutions and (ii)
almost-tight dual bounds, as both of these conditions must be met to observe small model-based
optimality gaps. Finally, as a side note, we point out that for any fixed value of (), the average
optimality gap decreases as n increases. This is because in our problem setting, by holding @
constant, the relative degree of the approximation decreases as the problem size increases.

Figure 2 provides a more nuanced illustration of the model-based optimality gap for each instance
as a function of solution time. The main observation is that across all problem sizes, we observe an
exponential decay in the optimality gap as a function of solution time. Specifically, the results show
that when solution times are small, a slight increase in model complexity and solution time (i.e., by
decreasing the value of @ slightly) can result in a large decrease in optimality gap. Put differently,
a slight approximation of the exact model can drastically reduce solution times while sacrificing
very little in terms of the quality of solutions and dual bounds. This is most evident in the n =40
(n =50) instances, where reducing the average solution time from 589 seconds (3600+ seconds)
to 1.5 seconds (3 seconds) results in an average suboptimality loss of 0.2% (at most 0.5%). These

insights highlight that our approximate network flow models are highly effective and scalable.

6.1.3. Brief comparison with alternative methods. We briefly comment on the perfor-
mance of the K-adaptability model (Hanasusanto et al. 2015), which is a popular approximation
method that has also served as a benchmark for the same capital budgeting instances (i.e., see
Arslan and Detienne (2022) and Dumouchelle et al. (2023)). The K-adaptability model generates a
feasible solution and a primal bound; for reference, we provide the complete formulation in Section
EC.2.2. Since there is strong evidence from previous literature that the model can be challenging
to solve even for small problem sizes and small K, we, for practical reasons, select a sub-sample of
100 instances and impose a maximum time limit of 1200 seconds for each instance. Our sub-sample
consists of 20 instances for each value of n = {10, 20, 30,40, 50}, which we select simply by choosing
every third instance in the GitHub repository from Arslan and Detienne (2022).

Table 4 highlights the solution times of the K-adaptability model for K = 2,3,4. First, note
that the solution times for the K-adaptability model increase exponentially as we increase either
the value of K or the size of the instances. For example, even when K = 2, many instances where
n > 30 cannot be solved within the 1200-second time limit. As another example, when n = 20, the
average solution time goes from 13 seconds to over 675 seconds when K is increased from 2 to 4.

When n =40 and n = 50, 15 out of 20 instances could not be solved within 1200 seconds for any K,
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Figure 2 The model-based optimality gap as a function of the total time to formulate and solve the network flow

models. Note that the data points roughly follow an exponential decay curve, that is, an incremental

increase in solution time can result in a large decrease in optimality gap, when solution times are small.

while 5 of 20 took less than one second (resulting in the consistent average of 900 seconds). Finally,

many instances of K-adaptability had large optimality gaps (e.g., > 10%) when the 1200-second

time limit was reached.

Instances ‘ Q=0 Q=5 Q=10 ‘ K=2 K=3 K=4
n =10 0.1s 0.1s 0.1s 0.1s 0.2s 1.2s
n =20 4s 0.3s 0.1s 13s > 171s > 675s
n =30 176s 2s 0.5s > 627s > 755s > 900s

=40 - 4s 2s > 900s > 900s > 900s
=50 - 10s 3s > 900s > 900s > 900s

Table 4 A comparison of average solution times of approximation models. For each entry, the symbol > is used
to denote any average that is taken when there exists at least 1 instance that exceeds the 1200-second threshold.

The total time for the network flow models include the model formulation time (i.e., diagram generation time).
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In comparison to the K-adaptability models, our network flow models can be solved much more
efficiently. For example, the average solution time for instances where n =50 and @Q =5 is 10
seconds, and, as we highlighted in the previous subsection, the generated first-stage solutions are
within 0.2% of optimality. As another example, it takes an average of 4 seconds to solve the n =20
instances exactly, while it takes more than 675 seconds to solve the K-adaptability model with
K =4 (which still does not generate optimal solutions for all instances). Finally, and perhaps
most importantly, our network flow models also simultaneously generate high-quality dual bounds,
which allow us to evaluate the quality of any feasible solution, including those that are generated
independently by heuristics or other approximation models like K-adaptability.

In summary, our models provide a flexible framework for generating both high-quality solutions
and dual bounds in significantly less time. Compared to K-adaptability, the complexity of our
model can also be tuned much more precisely. For example, increasing the value of @) gradually
increases the solution time of the model, whereas solution times increase exponentially with small
changes in the value of K. Related discussion was also presented in Sections 5.1.2 and 5.2.

Lastly, we remark that while our discussion focuses on the K-adaptability model for reasons
previously mentioned (e.g., popularity and ease of implementation in standard solvers), we also
compare our results to the solutions times of the exact branch-and-price algorithm presented in
Arslan and Detienne (2022). We find that the solution times of many exact and/or near-exact
reformulations do not exceed those reported for the branch-and-price algorithm, but more impor-
tantly, our approach can generate approximate reformulations that are significantly faster to solve
while sacrificing little in terms of solution quality. We refer the reader to Section EC.2.3 of the

Electronic Companion for details.

6.2. Robust assignment problems

In the previous subsection, we examined exact and approximate single-network flow models in the
context of the capital budgeting problem, which has a single linking constraint between first-stage
decisions and each second-stage decision. In this subsection, we examine a problem setting in which
numerous such constraints exist. Specifically, we examine robust assignment problems and focus
on the use of multi-network flow models, which are discussed in Section 5.3.

Assignment problems encompass numerous decision-making tasks that span many applications.
A standard assignment problem can be modeled as a bipartite graph (£, M,S) of agents £ =
{1,...,L}, tasks M ={1,..., M} and directed links S. Let £(m) C £ denote the subset of agents for
which there exists a directed link to task m € M, and similarly, let M(¢) C M denote the subset of
tasks which can be assigned to agent ¢ € L. Depending on the context, agents can represent people,

products, resources, funding, or jobs, whereas tasks can represent locations, facilities, projects or
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Figure 3 A robust assignment problem. Agents 1,..., L are associated with weight a1,...,ar, tasks 1,..., M are

associated with capacity bi,...,by, and agent-task pairings (¢,m) generate reward £, .

machines. Each agent ¢ € L is associated with weight a, > 0 and each task m has capacity b,, >0,

while the reward &, >0 (e.g., match quality) of a specific agent-task pairing is unknown (e.g.,

varies day-to-day or must be estimated from data). Figure 3 illustrates this assignment problem.
Given this setup, a standard robust assignment problem can be formulated as

max min ETX with X:{XE{O,l}ls‘ : Z Zom <by, YmeM,

X =
< &€ LeL(m)

> wm<1,  weerLlh

meM(L)

Consider a setting where a planner seeks to introduce a limited degree of flexibility in the
assignment planning and decision-making process. Specifically, suppose that the planner wants to
pre-identify a set of potential agent-task pairings from which assignments can be made once rewards
become known. Practically, this may arise when there is a desire to train people for specific tasks,
inform individuals about potential assignments, or inspect match quality before making a final
decision. We assume that we have a cardinality constraint limiting the number of pre-identified

pairings, and formulate the adaptive robust assignment problem as

. T
max min max &y (16a)
s.t. Z QelYe,m < bm, Ym e M (16b)
LeL(m)
Z Yem <1, VieLl (16¢)
meM(L)
y € (0.1} (164)

y<x (16e)
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where X = {x€{0,1}/°! : ||x[|, <B-|S|}. In our experiments, we consider 8 values of 0.5, 0.6,
0.7, 0.8, and 0.9, which correspond to the ability to pre-identify 50%, 60%, 70%, 80%, and 90% of

pairings in the first stage, which can then be used to form a final assignment in the second stage.

6.2.1. Experimental setup. We consider assignment problems of five sizes where (L, M) is
equal to (20,2), (20,3), (20,4), (25,5) and (25,8). For each problem size, we randomly generate 10
instances. Each instance is characterized by (i) a randomly generated a bipartite graph with 50%
sparsity (such that |S| = 20,30,40,63 and 100, respectively) and (ii) randomly generated vectors
of agent weights a and task capacities b, where each element of a is a random integer from [1, 10]
and each element of b is an random integer from [2-max(a), =||al,].

For each instance, we generate the uncertainty set as follows. Let £” denote a vector representing
the nominal reward of each link. With slight abuse of notation, each element £ is a random number
generated from [0.5a,a] where a is the weight of the agent associated with this link. Then, the

uncertainty set is defined on the percentage of deviation from £&°, namely,

_{5

We consider both an exact network flow formulation and a multi-network flow approximation

S|

D

=1

[1]

&/& —1] <0118,

&/& —1/<05 We{l,...,|8\}}.

for solving the adaptive assignment problems. These two formulations are denoted as Exact NF
and Multi NF in the tables and figures, and we generate them as follows:

e Exact NF. Model (16) can be represented as an exact network flow model by reformulating
constraints (16b) — (16d) based on a straightforward extension of the procedure outlined in
Example 1. Specifically, the state S in the recursive formulation of (16b) — (16d) is a vector
of size L+ M (rather than scalars) that captures the amount of capacity remaining in (16b) —
(16¢) based on previous decisions of yi,...,y;. Generating this recursive formulation (i.e., the
decision diagram) is straightforward, as shown in Section EC.3.1 of the Electronic Companion.

e Multi NF. To form the multi-network flow approximation, we generate an exact decision
diagram for each knapsack constraint in (16b) along with binary domains in (16d) and inte-
grate the corresponding network flow constraints. We leave constraints (16¢) intact since they
satisfy the integral polyhedron property (as an implication of Proposition 6 in Section 5.3).
This model generates a feasible first-stage solution and a dual bound.

The Multi NF model defined above can be considered as one of the most natural or straightfor-
ward approximations of the ARBO problem, and we will show that it performs well in the numerical
experiments. Nonetheless, we remark that there are many possible variations of this model which
we could use to tighten or loosen the approximation. For example, instead of generating one exact

decision diagram for each knapsack constraint, we could generate one for each pair of constraints,
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which would tighten the approximation quality but potentially lead to larger formulations. On the
other hand, we could also generate an approximate decision diagram for each knapsack constraint
(like in Section 6.1), which leads to a worse approximation but could significantly reduce the size
and solution time of the model. In summary, various Multi NF models could be defined that will
trade off between lower solution times and better solution quality.

Finally, for each network flow model, we enforce a one-hour time limit to build and reduce each
diagram. Similar to Section 6.1, we also consider the K-adaptability model with K =3 and K =4
as a point of reference; the complete MILP formulation can be found in Section EC.3.3 of the

Electronic Companion. For all models, we enforce a 30-minute time limit for the solver.

Model BDD attributes (20,2)  (20,3) (20,4) (2555) (25, 8)
avg. build time 0.5s 67s - - -
avg. reduction time 1.4s 243s - - -

E NF

xact avg. # of arcs (unreduced) 11994 199856 - - -
avg. # of arcs (reduced) 498 5506 - - -
avg. build time 0.1s 0.1s 0.1s 0.1s 0.1s

Multi NF avg. reduction time 0.1s 0.1s 0.1s 0.2s 0.4s
avg. # of arcs (unreduced) 1262 2577 3911 8855 20365
avg. # of arcs (reduced) 287 884 1385 3669 7742

Table 5  The build time and attributes of the decision diagrams. Values for Multi NF are given as a summation

over all the diagrams used to generate the multi-network formulation for a particular instance.

6.2.2. Computational results. We first give an overview of the size and formulation time of
the network flow models. Then, we examine the solution time, solution quality, and dual bounds
generated by the models.

The attributes of the decision diagrams underlying the network flow models are shown in Table
5. Specifically, Table 5 highlights the time it takes to generate and reduce the diagrams as well
as the sizes of the diagrams. We note that the size and formulation time of the exact decision
diagrams increases rapidly with the size of the assignment problem. Specifically, it takes an average
of 2 seconds for the (20,2) instances, 310 seconds for the (20,3) instances, and more than one
hour for all the other instances. Since the set of all feasible recourse decisions must be represented
within a single decision diagram, the size of this diagram may grow exponentially with the number
of constraints used to define the feasible space. In fact, in the robust assignment problem, the
main computational bottleneck problem is in generating the exact decision diagram rather than
solving the corresponding network flow formulation. This will become even more clear in the next

paragraph. In contrast, the average size and formulation time of the multi-network models is far
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smaller and generally negligible (< 1 second). Since this model is simply a collection of individual
decision diagrams that are each exact reformulations of only one constraint in (16b), the size and
formulation time scales linearly in the number of constraints in (16b). Note that for Multi NF
models, the generation of individual diagrams for each constraint could be parallelized.

Table 6 highlights the average solution time of the various models over different problem
instances. Note that despite the exact decision diagram taking significant time to generate for the
(20,3) instances, it only takes 1 second to solve the exact network flow formulation. As for the Multi
NF models, they can be solved relatively efficiently even as the size of the assignment problem
grows larger. We briefly point out that the solution times for the K-adaptability model with K =3

and K =4 are orders of magnitude larger than the network flow models.

Model (20,2) (20,3) (20,4) (25,5) (25.,8)
Exact NF 0.1s (50)  1.1s (50) - - -
Multi NF 0.1s (50)  0.3s (50) 1.8 (50) 81s (50)  >633s (33)

3-Adapt  1.2s (50) 48s (50) >324s (46) >1634s (5) >1800s (0)
A-Adapt  26s (50) >342s (46) >1134s (24) >1749s (3) >1800s (0)

Table 6 Average solution times across the different models. The value in the parentheses denotes the number

of instances, out of 50, that could be solved within the 30-minute time limit given to each instance.

250 === o
(25,8)
(25,5)
o 2001 (20,4)
§ (20,3)
8 . (20,2)
3 150
s
3 100/
£
=}
=2
50 1
0,
0% = 1% = 2% = 3%

Optimality Gap

Figure 4 Model-based optimality gap of solutions of the Multi NF model.

Despite having significantly lower solution times, the Multi NF models are still able to generate
solutions that have very low model-based optimality gaps, as shown in Figure 4. Note that, as
discussed in Section 6.1, these values are upper bounds on the true optimality gap of the solution,

meaning that the true quality of the solution could be even better than expected. First, we note that
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86 out of the 250 problem instances had a model-based optimality gap of 0%. In these instances,
the Multi NF model found the optimal solution and verified its optimality. Most of these cases
pertained to problem instances that were smaller in size. Second, 223 out of 250 instances had a
model-based optimality gap that was less than 1%, 247 out of 250 had a gap less than 2%, and no
solution had an optimality gap that was greater than 3%. These statistics include solutions of the
Multi NF instances that could not be solved within the time limit (see Table 6).

The main takeaway of these results is that the multi-network flow model can efficiently gener-
ate near-optimal first-stage solutions and high-quality dual bounds across all problem instances
considered. This is consistent with the observations from Section 6.1, which highlighted the same

findings using approximate single-network flow models.

6.3. Summary of numerical results

We briefly summarize the main takeaways of the numerical section. First, we show that exact
network flow formulations can be tractably formulated and solved for smaller instances of ARBO
problems. Second, for larger instances, the approximate network flow formulations are tractable
and simultaneously generate (i) high-quality solutions and (ii) high-quality dual bounds. Finally,
the size and solution times of the approximate network flow models can often be reduced drastically

while sacrificing very little in terms of the quality of solutions and dual bounds.

7. Conclusion

In this paper, we examine adaptive robust binary optimization problems with objective uncertainty.
We leverage ideas from the decision diagram community to reformulate and approximate our
adaptive problems as single-stage constrained network flow models. We outline methods to generate
network models where the size and quality of the models can be easily controlled through a user-
specified parameter. Our models are also easy to implement and solve using standard MILP solvers.
Through an extensive set of computational experiments, we show that these models can efficiently
generate both high-quality solutions and high-quality dual bounds.

By forming this connection between adaptive robust optimization and decision diagrams, our
framework can also take advantage of independent research contributions that emerge from the
latter research community. Specifically, these developments may create opportunities to extend our
ideas to more general problem settings. For example, recent literature has considered the use of
decision diagrams to solve deterministic integer and/or nonlinear optimization problems (Castro
et al. 2022), and similar ideas could potentially be integrated into our framework to reformulate

adaptive robust problems with general integer recourse.
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Electronic Companion

EC.1. Proofs
Proof of Lemma 1. We first show that Conv(Y NS(x)) C Conv(Y)NS(x), Vx € {0,1}™. For
any x € {0,1}™, let y be an arbitrary point in Conv(YNS(x)). By definition, ¥ can be written as a
convex combination of points y',...,y" that are feasible in both J and S(x). Since y*',...,y® € ),
it must be true that y € Conv()). Similarly, since y!,...,y® € S(x), y € Conv(S(x)) = S(X).
Next, we show that Conv())NS(x) C Conv(YNS(x)). We prove this by contradiction. Suppose
there exists a vector y € Conv(Y)NS(x) such that y ¢ Conv(Y NS(x)). Then, y must satisfy one
of the two conditions:
e The vector y is a binary vector, i.e., y € {0,1}". However, if y € {0,1}" and y € Conv()), then
y € V. This implies that y € ) and y € S(%x), which further implies that y € Conv(Y NS(x)).
This is a contradiction.
e The vector y must have at least one index k where g, € (0,1). This implies that y must be
a strict convex combination of a set of binary vectors y!,...,y" €Y, that is, y = Zil Ay,
Zil)\T =1, and A\, >0 Vr € {1,...,R}. If all binary vectors y',...,y" € S(x), then y €
Conv(S(x)) = S(x) which implies that y € Conv(Y NS(x)). This is a contradiction. Thus, it
must be the case that there exists a binary vector y* € {y!,...,y"} such that y* ¢ S(x). Based
on our definition of S(x), this implies that there is a violated constraint of the form y! <z,
yi =&, or yf > 2, for some j € {1,...,m}. Recall that y* and X are binary vectors. Without
loss of generality, suppose y¢ =1 which violates the constraint y! < Z; when Z; = 0. However,
since ¥ is a strict combination of binary vectors which includes y*, we have ; > 0, thus it must
be true that g; also violates this constraint. This implies that y ¢ S(x), which contradicts our
initial assumption. This argument can be made for every value of g/ and #; which violates

one of the selectively adaptive constraints. This concludes our proof. [J

Proof of Proposition 1. The main idea behind this proof comes from Proposition 1 of Arslan

and Detienne (2022). We first note that Problem (1) is equivalent to

. T
min max min c'x+¢'y.

i
x€X €€E yeConv(YNS(x))
Since both the maximization problem and the inner minimization problem are now over convex

sets, we can apply the minimax theorem (Neumann 1928) to swap the order of these two operations

and derive the equivalent reformulation of

. . T T
min min max ¢ x+&'y.
x€X yeConv(YNS(x)) &€=



ec2 e-companion to Bodur, Chan, and Zhu: Network Flow Models for Adaptive Robust Optimization

Using Lemma 1, we have Conv()Y NS(x)) = Conv(Y)NS(x), thus we can combine the two mini-
mization operations into a single one that is solved with x € X, y € Conv(}), and y € S(x). Finally,
we can introduce the auxiliary variable v to switch to the epigraph formulation of the maximization

problem, which concludes the proof. [

Proof of Proposition 6 This proposition comes directly from the result that for any two sets
A, BCR", it must be true that Conv(ANB) C Conv(A)NConv(B). As a quick proof, let x be an
arbitrary point in Conv(.ANB). By definition, x can be written as a convex combination of feasible
points in AN B. Since these feasible points are in both A4 and B, they must also be in Conv(.A)
and Conv(B). Finally, since x is a convex combination of these points, x must also be in Conv(.A)
and Conv(B). This implies that Conv(.A N B) C Conv(A) N Conv(B). Furthermore, we also note
that for any set B’ such that B C ', it must be true that Conv(B) C Conv(B’), which implies that
Conv(ANB) C Conv(A)NConv(B').

By applying these two arguments, Conv())) must be a subset of the intersection of sets (i)
Relax(), (ii) Proj, (NF(D%)) V.J; € {J}, ..., J¥}, and (iii) Proj, (NF(Dge,)) VT € {T2, ..., T2}.

In other words, the intersection of these three sets is a valid outer approximation of Conv()). O
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EC.2. Details of the Capital Budgeting Problem

The complete capital budgeting problem from Arslan and Detienne (2022) is

M
. Qij§j> _ _
max min max g g — p;((1 — flz; + i+§ (11— o, + fyi) —vxo —
(x,20)€X EEE  (y,y0)EVNS(x) Py <j—1 2 p (( f) fy ) ie/\/'p (( f) fy ) YTo — YHYo
where = :=[—1,1]" and where

yﬁS(x):{(y,yo,wo)6{0,1}N+2 c'y < B+ Ciwo+ Cayo, wo = o, Yi > ; ViGN}-

Note that wy is an auxiliary variable that is used to maintain the selective adaptability condition.

EC.2.1. Deriving the network flow formulation
We show a step-by-step process to obtain our network flow formulation. First, recall that if we had

a description for Conv()} NS(x)), then the problem can be rewritten as

M
_ : Qi€ -
X — o —yuyo + Y pi((1— flzi+ fyi) + min > (Z 5 (L= f)zi+ fy)-
X,Z0 . =7 .
(¥:0) EConv(YNS(x)) N N R =t
Given the uncertainty set =:=[—1,1]", the adversarial problem can be written as

min 3 (30 )1 e+ )

iEN N j=1

st. & >—1, Vie M

gi S 17 Vi € Ma
where M ={1,..., M }. The dual of this problem is

max — E AL+ A2
Al a2
' ieM

st AL =2 < (Q;’m>pi((1—f)xi+fyi) Vm e M
ieEN

AL A2 >0.

Finally, combining this inner maximization problem with the outer maximization problem, we

obtain our final network flow formulation of
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max o+ > Di((L= Pai+ fu) = (D A+ %) = o
(x,20),(¥,50),2,A Py M

s.t. A;@_)\zn_z<Qi’m>ﬁi((1—f)xi+fyz‘) Vm e M,

1EN 2

Az =Db,
Yi = Z Zj, Vie N

JEIt(3)

Yo = Z Zj

eIt (N-1) (EC.1)

Wy = E Zj,

JEIT(N)

y 22X,

Wo = Zo,

c'x < B+ Cyx,
(x,20) € {0, 1},

AL A% z>0.

EC.2.2. Deriving the K-adaptability formulation
We derive the K-adaptability formulation for the capital budgeting problem, which is based on
Theorem 2 of Hanasusanto et al. (2015). For a given solution (x,y',...,y%), the adversarial problem

can be written as

min T
(3%
Qljgj
s.t. T> ’7370_'7/‘340‘{'2 Z (l—f)xz—i—fyz —I—sz 1—f)$z+fyz), Vke K
1EN 1EN
&> -1, Vie M
& <1, Vie M.

The dual of this problem is

RECEE O DRYEPYY +Zm<—fymo—wy§+2@((l—f)xi+fyf)>

meM iEN

st AL =N = ZZ(Q”")‘- — Pz + fyim) YmeM

k=14ieN

K
Zﬂ'k =1
k=1

AL AT eR™, e RE,
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Note that since Zszl 7, = 1, the model is equivalent to

K
min = (> AL X)) —ywe+ (1= ) P+ > iyl — Yuyi T

AL A2 meM iEN k=14ieN
Q = Q
1 2 i,m \ — Lmo\ = ek
s.t. Am—Am_Z< 5 )pi(l—f)$¢+zz<2 )pzfymk Vm e M
ieN k=1icN

K
Zﬂ'k =1
k=1

AL ERT, T eRE.

Finally, because of the bilinearity, we can replace every instance of my¥ with ¢¥. We thus arrive

at the final K-adaptability formulation of

K
min - — (> AL AL =+ (L= )Y piwi+ > Y Pigk —ypab

meM iEN k=14ieN
Q = Q
1 2 _ im \ — iwm \ - p k
s.t. )\m—)\m—z< 5 )pi(l—f)xi—i-ZZ(z)pifqi, Vm e M
PEN k=114ieN

af <yt qf <mqf >mo+yf—1, Vie{l,...,|S|},ke{l,...,K}
c'y* <B+Cizo+ Coyp, Vke{l,..., K}

y*>x, Vke{l,... K}

c'x<B+Cixg

K

>om=1

k=1

AN ERT, meRY d', ..., " €RY

x,y',...,y" {0, 1}

EC.2.3. A brief comparison with branch-and-price results
We briefly compare the results of our network flow models against the solution times presented in
Arslan and Detienne (2022) for the capital budgeting instances. As discussed in the main body
of the paper, branch-and-price algorithms represent a family of methods that can be effective
if implemented properly, but may require significant implementation effort (e.g., fine-tuning of
many intermediate steps, see Cire et al. (2019), de Lima et al. (2022)). The main purpose of our
comparison is simply to show that our approach, which is model-based and can be solved directly
using any standard solver, is a viable and promising alternative for solving these problems.

Table EC.1 highlights the total time to compile and solve the network flow models, as well as the
solution time of the branch-and-price (B&P) algorithm reported in Arslan and Detienne (2022).



ech e-companion to Bodur, Chan, and Zhu: Network Flow Models for Adaptive Robust Optimization

Instances ‘ Q=0 Q=1 Q=3 Q=5 B&P
n=10 0.1s - - - 0.1s
n = 20 4s - - - 1.8s
n = 30 104s 16s (0.3%) - - > 268s
n = 40 589s 78s (0.1%) 12s (0.4%) - > 451s
n = 50 - 150s (0.08%*) 30s (0.2%*) 12s (0.3%*) 116s

Table EC.1 Solution time of the network flow models compared to the branch-and-price algorithm. Notes:
Solution times of B&P algorithm are taken from Arslan and Detienne (2022). Two of the n = 30 instances and
five of the n =40 instances could not be solved within the one-hour time limit using the B&P algorithm. For the
n =30 and n =40 instances, we give the true optimality gap of the solutions in the brackets. For the n =50
instances, we present the model-based optimality gap (denoted using *), which is an upper bound on the true

optimality gap.

For the network flow models, the times are taken directly from Table 2 in the main body of the
paper, and we censor some values here for ease of discussion. The values in the brackets next to the
solution times denote the average optimality gap of the solutions, which are taken directly from
Table 3. We remind the reader that there are 60 instances for each value of n =10, 20, 30, 40, 50.

First, we observe that for the n =10 and n = 20 instances, both methods can solve the instances
exactly within a few seconds. For the n = 30 instances, our exact network flow model takes an
average of 104 seconds to solve while the B&P algorithm takes an average of 268 seconds with
2 instances that cannot be solved within the one-hour time limit imposed in the paper. For the
instances where n =40 and n = 50, our exact formulations become more difficult to compile and
solve, and their solution times often exceed those of the B&P algorithm. However, the approx-
imation techniques in our paper provide a method for drastically reducing solution times while
sacrificing little in solution quality. For example, for the n =40 instances, we can generate signifi-
cantly smaller network flow models with @ =1 (Q = 3) that solves in an average of 78 (12) seconds
while generating solutions that have an average optimality gap of 0.1% (0.4%). In comparison, the
B&P algorithm requires an average of 451 seconds with 5 instances that cannot be solved within
the one-hour time limit. Similar observations can be made for the n =50 instances.

In summary, we remark that both exact approaches will become more difficult as the size of
instances increase (this will naturally be the case for any exact approach for solving ARBO prob-
lems). We observe that the solution times of our approach are comparable to those of branch-and-
price, but more importantly, we have proposed a rigorous framework for generating approximate

formulations that are significantly faster to solve while sacrificing little in terms of solution quality.
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EC.3. Details of the Robust Assignment Problem

EC.3.1. Recursive formulation

In order to generate the exact decision diagram for the set of constraints

Z aéyé,mgbnu VmE{l,,M}

LeL(m)

S o<1, Vee{l,...L}
meM(L)

y € {0,1}151,

we can extend Example 1 to consider state vectors. For simplicity, we abuse notation slightly
and consider decision vector y in the form of y = [y1,...,ys)], where for some element yx_( m),
agent(yy) is a zero vector with a single entry a,y; at the m-th element, where task(y;) is a zero
vector with a single entry y; at the ¢-th element. The recursive formulation can then be given
with initial state S; = 0, state-transition function T;(S,yx) = S + [agent(yx); task(yx)] and feasible
action space Q;(S) = {yx € {0,1}T:(S,yx) < [b;1]}.

EC.3.2. Complete network flow formulation

Recall that the robust assignment problem considered is a max-min-max problem. Through a
simple transformation, we can consider an equivalent min-max-min formulation (i.e., by applying
a negative in the objective function and taking the negative of the optimal objective value). We
use this min-max-min model to formulate our network flow problem. We show the step-by-step
process below.

Recall that the uncertainty set to the robust assignment problem is defined as

-

Given this uncertainty set, we can then write the adversarial problem as

S|

D

i=1

&/& —1]<0.1]8],

&/& —1<05 We{l,...,|S\}}.

max —&'y
&w

wiZ]_f&/f?, VZE{177|S‘}

w; < 0.5, Vie{l,...,|S]}
S|

> w; <0.1[8].
=1

The dual of this problem is

IS|
min  0.1|S[a+ > (Al = A7 +0.5m)

i=1
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st Al —A2=—£%,, Vie{l,...,|S|}
=N —AN+a=0, Vie{l,...,|S|}

AL A% eR? a>o.

Finally, the complete network flow formulation of the adaptive robust optimization problem is

min  0.1|S|a + %(Ag — A\ +0.5m;)

s.t. )\g—A?:Z—_g?yi, Vie{l,...,|S|}
Ti— N — A +a=0, vie{1,...,|S|}
y € Proj(NF(D))
y<x
[l <8

xe {0,115 y A" N 7 GREI, a>0.

EC.3.3. K-adaptability formulation
We similarly outline the step-by-step process for formulating the K-adaptability model, which
is based on Hanasusanto et al. (2015). First, for a given solution (x,y',...,y%), the epigraph

formulation of the adversarial maximization problem is

fwr |

st r<—¢'y* Vke{l,...,K}
w > 6/ —1, vie{l,...,|S|}
w>1-6/€, Vie{l,...,|S|}

w,; < 0.5, vie{l,...,|S]}
|S|

> w; <0.1[8].
=1

This problem has a dual of

5]
min  0.1|S[a+ Y (Al = A? +0.5m)
i=1
K
st A=A == &k, Vie{l,...,|S|}
k=1
=M\ — A +a=0, vie{l,...,|S|}

K
Z/’Lk =1
k=1

M2 eR? peRX, a>o0.
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Note that there are bilinear terms of the form p,yF. However, since y* € {0,1}", we can replace

each bilinear term with auxiliary variable ¢F and add constraints
0 <yi,q; <pwedf 2 pt+y; =1 Ve {1, |Shke{l,... K},

Since the outer problem of choosing x,y!,...,y¥ is also a minimization problem, we obtain the

following K-adaptability formulation

S|
min 0.1]8\0&—0—2()\} — A\ +0.5m;)
1=1
K
s.t. Z,ukzl
k=1
K
NN =S e vie{l,...S]}
k=1
Ti— A=A +a=0, vie{l,...,|S|}
@ <up qf < a2 ey =1, Vie{l,....IS[}, ke{l,....K}
vy <x, Vke{l,...,K}
Ix[lL <8
y', ...,y are feasible assignments

X7y17"'7yK’€ {0’ 1}‘$|

a5 ANN eR® peRK, a>0.
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