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Abstract

We describe an algorithmic framework generalizing the well-known framework originally
introduced by Benders. We apply this framework to several classes of optimization problems
that fall under the broad umbrella of multilevel/multistage mixed integer linear optimization
problems. The development of the abstract framework and its application to this broad class
of problems provides new insights and new ways of interpreting the core ideas, especially those
related to duality and the value function of an optimization problem.

1 Introduction

This paper describes an algorithmic framework that extends the well-known framework of Benders
[1962] and illustrates the principles involved by applying them to the solution of several well-known
classes of optimization problems. These classes of problems are all contained under the broad
umbrella of what we informally refer to as multilevel /multistage mized integer linear optimization
problems (MMILPs). MMILPs comprise a broad class of optimization problems in which multiple
decision makers (DMs), with possibly competing objectives, make decisions in sequence over time.
Each DM’s decision impacts the options available to other DMs at other (typically later) stages. In
economics, these problems fall under the general umbrella of game theory. We do not formally define
the broad class comprising MMILPs here, but rather describe some specific subclasses contained
within it. Readers wishing to have a more complete overview of MMILPs should refer to Bolusani
et al. [2020].

MMILPs have a natural recursive structure, which lends itself to solution using Benders’ original
approach. An [-stage problem is most naturally defined recursively in terms of an I-1-stage problem.
This recursive structure mirrors that of the polynomial time hierarchy (PTH), a recursively defined
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family of complexity classes into which MMILPs can naturally be categorized. The lowest level of
the PTH is the well-known class P of problems solvable in time polynomial in the size of the input,
and the I level (denoted Elp) is comprised of problems solvable in polynomial time given an oracle
for problems in the (I-1)%* level. MMILPs with [ levels are prototypical complete problems for the
I*" level of the PTH.

Although the application of Benders’ original algorithm was to standard mathematical optimiza-
tions problems with an underlying structure that suggested a natural division of the variables into
two groups, it can be similarly applied not only to two-stage MMILPs, but by extension, to I-stage
problems in which there is a natural division of the variables into [ groups. Benders’ framework
can be applied first and foremost in simply reformulating such problems as standard mathematical
optimization problems, with the reformulation suggesting an associated algorithmic approach that
can be applied recursively, essentially decomposing the problem by stage. In such an approach, the
subproblem arising when solving an I-stage problem is a (lexicographic) optimization problem with
[ — 1 stages.

This work is a natural successor to that of Hassanzadeh and Ralphs [2014a], who utilized a gen-
eralization of Benders’ approach that can be seen as a special case of the one described here, to
develop an algorithm to solve two-stage stochastic mixed integer linear optimization problems with
recourse (2SSMILPs). In order to emphasize the connection to stochastic optimization and also
because of its broader connotation, we use the term “stage” throughout this paper in describing
the decision epochs of an MMILP, rather than the more standard “level.” Thus, we use the term
“multistage optimization problems” informally to refer to MMILPs.

The remainder of the paper is organized as follows. In Section 2, we discuss the principles underlying
our generalized Benders’ framework at a high level in the context of a general optimization problem,
including concepts of bounding functions and general duality. In Section 3, we illustrate these
principles concretely with two examples, summarizing existing algorithms for the case in which
there are two stages and the objectives functions are the same in both stages. Section 4 goes into
more detail in describing an algorithm for general two-stage/bilevel mized integer linear optimization
problems (MIBLPs), the special case of MMILPs in which there are only two stages. Finally,
in Section 5, we discuss further extensions to general multistage problems before concluding in
Section 6.

We emphasize that while we have implemented the algorithms described here, the implementation
is naive and only meant as a proof of concept. This paper is not aimed at discussing efficiency or
comparing the algorithms described herein to alternatives. For the algorithmic framework described
here to be brought to fruition with efficient implementations, substantial additional development
is required.

2 Benders’ Principle

In this section, we introduce the basic principles of the framework. We first describe it in a very
general context and then focus on the special case in which the objective and constraint functions are
additively separable (defined formally below). The idea of such a generalization of Benders’ original
algorithm is not new. As far back as the 1970s, Geoffrion [1972] had already proposed a similar



idea. Its application to MMILPs, however, provides new insights and new ways of interpreting the
core ideas.

We first consider the following general optimization problem in which the variables are partitioned

into two sets. We refer to these sets as the first-stage variables, denoted by x € R™, and the
second-stage variables, denoted by y € R™2. The problem is then
i F >0

pein  Af (@ y) [ Flwy) >0}, (GP)

where f : R™ x R™ — R is the objective function and F' : R™ x R — R™ is the constraint

function, with X € R’}' and Y C R}? denoting the additional disjunctive constraints on the values

of the variables. Typically, we have X = Z'' x RI'™"™ and Y = Z'? x R}>"", and we therefore

consider that form for the remainder of the paper. By convention, we take the optimal objective
value to be oo if the feasible region

F={(z,y) € X xY | F(z,y) > 0}

is empty and —oo if the problem (GP) is unbounded. We assume that in all other cases, the
problem has a finite minimum that can be attained.

The most succinct way of describing Benders’ approach is that it projects (GP) into the space
of the first-stage variables. In this way, we obtain a reformulation involving only the first-stage
variables. The projection operation is natural in applications where the optimal values of the first-
stage variables are our primary concern, while the second-stage variables are present only to model
the later-stage effects of the first-stage decisions.

As we show shortly, the reformulation process necessarily introduces complex functions of the
first-stage variables, which model the effects mentioned above. Algorithms for solving these refor-
mulations thus begin by bounding these complex functions from below via so-called lower-bounding
functions to obtain a relaxation of the original problem, called the master problem, which is solved
to yield a first-stage solution and a lower bound. The associated subproblem, on the other hand, is
to solve the second-stage problem with this fixed first-stage solution to yield an upper bound, as
well as a bounding function that is fed back into the master problem to strengthen the relaxation.
This process is iterated until the upper and lower bounds are equal.

2.1 General Optimization Problems

In this section, we provide a formal description of the framework, assuming general objective and
constraint functions, highlighting the basic algorithmic structure.

2.1.1 Projection and the Subproblem

The simple yet fundamental idea is to note that (GP) can be equivalently formulated as follows.

wig g (1) | Pl 2 0} (GP-Decomp)



Here, we have decomposed the optimization into two stages. By replacing the second-stage opti-
mization problem with a function, we obtain the reformulation

;Iéi)rcl ¢ss(), (GP-Proj)
where
dss(x) = min {f(z,y) | F(z,y) > 0} Vo e R™. (GP-SP)
yey

In this new formulation, ¢gg is a function that returns the optimal value of the second-stage problem
as a function of the first-stage variables. By convention, ¢gg(z) = oo if z & proj,(F), where

proj,(F) ={z € X | F(z,y) > 0 for some y € Y} (GP-FR-Proj)

is the projection of the feasible region of (GP) into the space of the first-stage variables, and
¢ss = —oo if the optimization problem (GP-SP) is unbounded.

Although the formulation (GP-Proj) does not explicitly involve proj,,(F), the fact that ¢gs(x) = 0o
for = & proj,(F) implicitly disallows such first-stage solutions from being selected as an optimum
(assuming F is non-empty). Hence, (GP-Proj) can be viewed simply as the projection of (GP) into
the space of the first-stage variables.

The evaluation of ¢gg for particular first-stage solutions is what we referred to earlier as the
subproblem. Although this evaluation apparently involves only the determination of the optimal
solution value, in practice, we also try to extract information that can help in forming the lower-
bounding function that is a crucial component of the master problem, described next.

2.1.2 Bounding Functions and the Master Problem

In principle, the optimal value of (GP), as well as an optimal first-stage solution, can be obtained
by solving (GP-Proj). However, we usually do not have a closed-form description of ¢gg and even
when such closed form exists in theory, its description is typically of exponential size and would
thus be impractical. We therefore replace ¢gg in (GP-Proj) with a lower-bounding function [
(defined below) to obtain a relaxation we earlier referred to as the master problem. Although it
should be intuitively clear what is meant by a “lower-bounding function,” we provide a formal
definition here.

Definition 1 (Lower-Bounding Function). A function ¢ : R™ — R U {£oo} is said to be a
lower-bounding function of the function ¢ if

¢(z) < p(z) Vo eR™.

It is called strong at & € X if

Given a lower-bounding function, the master problem is then

min ¢ g(2). (GP-MP-LB)



Naturally, for any relaxation-based method to be practical, solving the relaxation (in this case,
(GP-MP-LB)) should be easier than solving the original problem (in this case, (GP-Proj)). The
difficulty of solving (GP-MP-LB), however, is directly related to the structure of the function ¢ 55
itself. In the cases discussed later, this function is piecewise linear and the master problem can be
formulated as a mixed integer linear program.

2.1.3 Overall Algorithm

The overall method is to iteratively improve the master problem formulation by strengthening ¢ e

In iteration k, candidate solution 2* is produced by solving the current master problem and ¢gg(2*)
is evaluated, producing a primal-dual proof of optimality in the form of a lower-bounding function
ng s that is strong at z*. We describe later in Section 2.2.2 what form this primal-dual proof may
take in specific cases.

To ensure convergence of the method, a global approximation QSS must be maintained that is
strong not only for z*, but for all 2%, i < k. This can be most easily accomplished by taking the
maximum of the bounding functions generated at each iteration. That is, after iteration k,
_ i
?SS(:C) - 121?%%?55(56)7 (LBF)
where ?ZS 4(2) is the lower-bounding function obtained in iteration ¢ < k of the algorithm. In such

cases, the master problem (GP-MP-LB) is usually reformulated using a standard trick to eliminate
the maximum operator by introducing an auxiliary variable z to obtain

min z
oeX A . (GP-MP)
s.t. 2z > Qgs(x) 1< <k.

The formulations (GP-MP) and (GP-MP-LB) are equivalent in this case, since z must be equal to
the maximum of the individual bounding functions at optimality.

The constraints z > Qg g(z) for 1 <4 <k in (GP-MP) are typically called optimality constraints in
Benders’ standard approach. Depending on how the master problem is reformulated, it may also
sometimes be necessary to explicitly add separate constraints referred to as feasibility constraints
whenever z* ¢ proj,(F). These constraints are unnecessary in principle, though, because we have
(;5]; S(ack) = oo in such a case (“oc0” would be replaced by a big-M for practical computations), and
thus, a valid lower-bounding function would still suffice to ensure that such a solution would not
be produced.

The algorithm continues, alternating between solution of a master problem, which produces a lower
bound, and a subproblem, which produces an upper bound, until termination, which occurs when
upper and lower bounds are equal. The overall approach is outlined in Figure 1. This general
framework leaves many steps unspecified and raises many questions regarding implementation in
specific cases. These questions will be answered in detail for the several cases we cover in Sections 3
and 4.

A question that has a more general answer, however, concerns convergence of the algorithm. It
is possible in general that the algorithm will not converge at all or that it will converge to a



Generalized Benders’ Framework for Solving (GP)

Step 0. Initialize k + 1, UB? = oo, LB? = —o0, ¢ (x) = —oo for all z € R™.
Step 1. Solve the master problem (lower bound)

a) Construct the lower-bounding function ¢, () = max Qgs(a:) and formulate the master

0<i<k—1
problem (GP-MP).
b) Solve (GP-MP) to obtain an optimal solution (z¥, z¥). Set LB¥ « 2.
Step 2. Solve the subproblem (upper bound)

a) Solve (GP-SP) for the given 2" to obtain an optimal solution y* and strong lower-bounding
function Q’;S such that Q’;S(xk) = ¢gs(2"). Set UBF «+ ¢g5(z").

b) Termination check: UB¥ = LB*?

1. If yes, STOP. (z*,y*) is an optimal solution to (GP).
2. If no, set k < k+ 1 and go to Step 1.

Figure 1: Outline of the generalized Benders’ decomposition algorithmic framework

local optimum instead of a global optimum [Sahinidis and Grossmann, 1991]. However, Hooker
and Ottosson [2003] proved that the algorithm converges in a finite number of steps under two
conditions that are satisfied in many important cases. Following the framework just described, one
of these conditions is automatically satisfied, as indicated in the following theorem.

Theorem 1. [Hooker and Ottosson, 2003] If the function ¢ is defined as in (LBF) and @gs is
strong at x* in each iteration i, then QSS remains a valid lower-bounding function that is strong at
all previous iterates and the method converges to the optimal value in a finite number of iterations
under the additional assumption that | proj,(F)| < oo.

The proof of this result is rather straightforward. In fact, a slightly more general result also holds,
since the function need not be constructed in this particular way, as long as we can ensure that the
overall lower-bounding function is strong at all the previous iterates. In practical implementations,
taking the maximum of previous bounding functions is a natural approach and we consider the
same here.

2.2 Additively Separable Optimization Problems

We now move to the more specific setting that is central to the application of Benders’ method to
MMILPs, that in which the constraint and objective functions are additively separable.

Definition 2 (Additively Separable Function). A function f : R™ x R" — R is additively
separable if 3 g : R™ — R and h : R™ — R such that f(x,y) = g(x)+h(y) for all (z,y) € R™ xR"2.



When the functions f and F' are additively separable, such separability allows us to reformulate
these problems in ways that enhance intuition and also ease implementation. As such, let g :
R™ - R, h:R™ - R, G:R" — R™, and H : R"™ — R™ be such that f(z,y) = g(z) + h(y) and
F(x,y) = G(z)+ H(y) for all (z,y) € R™ x R™. Because we are specifically interested in the case
of linear functions, we also introduce a right-hand side b € R™, as is standard for the problems
involving linear functions. We then obtain the new form of general optimization problem

pemin  {g(x) +h(y) | G(w) + H(y) = b} (GP-AS)

that we consider in the rest of the paper.

2.2.1 Projection and the Value Function

A reformulation of (GP-AS) analogous to (GP-Proj), obtained upon projecting into the space of
the first-stage variables, is

min {g(z) + ¢vr (b - G(@))}, (GP-VF)

where

Ppvr(B) = yen@ {hy) lye P2(B)NY} VB ER™, (SP-VF)

and
Po(B) ={y €RY | H(y) > B} VBeR™

is a parametric family of polyhedra containing points satisfying the second-stage feasibility con-
ditions. By convention, ¢y r(f) = 4oo for § € R™ if Po(S)NY = 0, and ¢yp = —oo if the
second-stage problem is unbounded.

As opposed to the earlier-defined function ¢gg, which was parameterized on the first-stage solution,
¢y F is parameterized on the right-hand side of the associated second-stage optimization problem
(which is in turn determined by the first-stage solution). The second-stage optimization problem,
analogous to the earlier defined subproblem (GP-SP), is to evaluate ¢y r at a specific right-hand
side. In the context of the framework described in Figure 1, ¢y r would be evaluated in iteration
k of the algorithm at the right-hand side g% = b — G(z*).

Those readers familiar with the more general duality theory associated with mixed integer linear
optimization problems (see, e.g., Nemhauser and Wolsey [1988], Giizelsoy and Ralphs [2007]) will
recognize ¢y as the value function of the second-stage problem. The value function of the second-
stage problem and the associated dual problem are a crucial element of the framework in the
additively separable case, so we now briefly review these basic concepts.

2.2.2 General Duality and Dual Functions

In general, the value function of an optimization problem returns the optimal objective value
for a given right-hand side vector. As in the general framework from Section 2.1, we form the
master problem by replacing the value function with a function that bounds it from below. Such
functions are known as dual functions and arise naturally as the solutions to a general dual problem



that captures the essential role of duality in solution algorithms for optimization problems. For a
particular right-hand side 8 € R™, the general dual problem

max {D(3) | D(B) < ovr(B) V5eR™}) (SP-VF-GD)
e m

associated with (GP-VF) is an optimization problem over a class Y™ C {v | v : R™ — R} of real-
valued functions. The objective of the dual problem is to construct a functjon that bounds the
value function from below and for which the bound is as strong as possible at 5. As such, we define
a (strong) dual function as follows.

Definition 3 (Dual Function). A dual function D : R™ — R U {%oo} is one that satisfies
D(B) < ¢oyvr(B) for all B € R™. It is called strong at € R™ if D(B) = ¢y r(f).

The dual problem itself is called strong if T™ is guaranteed to contain a strong dual function. As
long as the value function itself is real-valued' and is a member of Y™, then the dual will be strong,
since the value function itself is an optimal solution of (SP-VF-GD).

Exact solution algorithms that produce certificates of optimality typically do it by providing a
primal solution, which certifies an upper bound, and a dual function (solution to (SP-VF-GD)),
which certifies a lower bound. When these bounds are equal, the combination provides the required
certificate of optimality. Dual functions can be obtained in various ways, but one obvious way to
construct them is to consider the value function of a relaxation of the problem. Most solution algo-
rithms for linear and mixed integer linear optimization problems work by iteratively constructing
such a dual function.

The connection between the general dual and Benders’ framework should be clear. The strong dual
function constructed as a certificate of optimality when solving the subproblem (evaluating ¢y r)
is a function that can be directly used in strengthening the global dual function that defines the
current master problem. In fact, it is useful to think of the subproblem not as that of evaluating
v F, but rather of solving a dual problem of the form (SP-VF-GD) to obtain a strong dual function,
which is what we actually need for forming the master problem in the next iteration.

2.2.3 Overall Algorithm

The overall method is largely similar to that described in Figure 1 when applied to problems with
additively separable functions. We relax the reformulation (GP-VF) to obtain a master problem

min g(z) + 2
zeX (MP_VF)
8.6.2> ¢, (b—G(x)),

in which the value function ¢y g is replaced by a dual function. Solving this master problem in
iteration k yields a solution (%, 2*) and a lower bound g(x*)+2*. We then evaluate ¢y r at b—G(z¥)
to obtain a dual function ?l\f/F strong at b—G/(z*) and an upper bound g(z*)+ ¢y r(b—G(2*)). This

"When the value function is not real-valued everywhere, we have to show that there exists a real-valued function
that coincides with the value function whenever the value function is real-valued and is itself real-valued everywhere
else, but is still a feasible dual function (see Wolsey [1981a]).



dual function is combined with previously produced such functions to obtain a global dual function
that is strong at all previous iterates, ensuring eventual convergence under the same conditions as
in Theorem 1.

Naturally, the exact form and structure of the dual functions involved is crucially important to the
tractability of the the overall algorithm, as we do need a method of reformulating and solving the
master problem in each iteration. In the cases discussed in this paper, the dual function takes on
relatively simple forms. For linear optimization problems, the value function is convex and there
is always a strong dual function that is a simple linear function. This linear function is an optimal
solution to the usual LP dual, which is a subgradient of the LP value function.

In the case of mixed integer linear optimization, dual functions can be obtained as a by-product of a
branch-and-bound algorithm. Roughly speaking, the lower bound produced by branch-and-bound
algorithm is the minimum of lower bounds produced for the individual subproblems associated with
the leaf nodes of the branch-and-bound tree. Thus, the overall dual function is the minimum of
dual functions for these subproblems. In the MILP case, the subproblem dual functions utilized
are affine functions derived from the dual of the LP relaxation of the subproblem associated with
a given node. Thus, in the simplest case, the dual function is the minimum of affine functions.

This method of constructing dual functions from branch-and-bound trees can be extended to virtu-
ally any problem that can be solved by the branch-and-bound framework. The lower bound arising
from the branch-and-bound tree is the minimum of lower bounds on individual subproblems, which
are typically (but not always) derived as dual functions of convex relaxations. The overall dual
function is thus a minimum of dual functions for individual leaf nodes, as in the MILP case. In
Sections 3.2.1 and 4.2 below, we describe in detail the application of this principle to the derivation
of dual functions on the MILP and lexicographic MILP cases.

3 Applications From the Literature

In this section, we describe the application of the generalized framework presented in Section 2
to derive algorithms already existing in the literature. We describe these applications here to
emphasize their commonality, and to provide concrete examples in settings in which the application
of the principles is relatively straightforward and the abstractions reduce to familiar algorithmic
concepts.

3.1 Linear Optimization Problems

We begin by considering the application of Benders’ framework to the standard linear optimization
problem (LP)
min {cz + dy | Az + Gy > b, (z,y) € R} x R}?}, (LP)

where A € Q™™ G € Q™" h € Q™, ¢c € Q™ and d € Q2. This problem is the special case
of (GP-AS) in which g(x) = cz, h(y) = dy, G(z) = Az, and H(y) = Gy for all z € X = R]' and
y €Y =R,

10



Projection. Projecting into the space of the first-stage variables, we obtain the reformulation

min {cx + ¢rLp(b— Ax)}, (LP-Proj-VF)
z€ R
where

is the value function of the second-stage optimization problem, which is an LP. This reformulation
is nothing more than the instantiation of the reformulation (GP-VF) in the context of (LP).

Value functions are well-studied and well-understood in the linear optimization case (see, e.g.,
Bertsimas and Tsitsiklis [1997] for details). The structure of ¢rp arises from that of the feasible
region

D={neR"|Gn<d}
of the standard LP dual of the second-stage problem, which is the LP

max n(b — Az) (LPD)
n

when the first-stage solution is € R}'. Although it is not obvious, this dual problem is precisely
equivalent to the general dual (SP-VF-GD) in the LP case. This can be seen by noting the
constraints ensure that the dual solution is a subgradient of ¢ p and hence represents a (linear)
dual function. By noting that the above maximum can be taken over the set £ of extreme points
of D, assuming D is bounded, it is easy to derive that

¢p(f) = max{nf} VB eR™. (LP-VF-Struct)
n

That is, the value function is the maximum of linear functions corresponding to members of £.
Although this function is convex and nicely structured, the cardinality of £ is exponential in general,
so enumerating them is impractical. The global dual function we use to construct the master
problem is thus formed from a small collection of these extreme points, as described next.

Master Problem. In accordance with the principles described earlier, we form the master prob-
lem by replacing ¢rp in (LP-Proj-VF) with a global dual function ¢, p that is the maximum of
the strong dual functions produced in each iteration of the algorithm. In this context, the strong
dual functions produced at each iteration are the linear functions associated with solutions to the
dual (LPD) of the second-stage problem. This results in the master problem
min cx + 2
st.z>¢) (b—Ax) =n'(b—Az), 1<i<k (LP-MP)
r e R}
in iteration k, where 7° € £ is an optimal solution of (LPD) in iteration i. Note that if the optimal

solution to the master problem in iteration k is (:ck , zk), then we have

2k = ¢, p(b— Az = lrgza<xk7] ‘b — AzF),

as desired, and this master problem is the equivalent to (MP-VF) in this context.

11



Overall Algorithm. Initeration k of the algorithm, we begin by solving a master problem (LP-MP)
to obtain its optimal solution z*. The subproblem is then to evaluate ¢rp at B*¥ = b — Az* by
solving the dual (LPD) to obtain n* € £. By defining Q’ZP(/B) =¥ for all B € R™, we obtain that

Q]Z p is a dual function for ¢ p that is strong at 3*.

The overall method is then to add one constraint of the form
z > n"(b— Ax) (Opt-Cut)

to the master problem in each iteration k£ in which (LPD) has a finite optimum. In case (LPD) in
iteration k is unbounded, then z* is not a member of the projection of the feasible region (defined
as in (GP-FR-Proj)) and we instead add a constraint of the form

0> ok (b— Ax), (Feas-Cut)
where o is the extreme ray of D that proves infeasibility of the second-stage problem.

Observe that the master problem, the subproblem, and the optimality constraints described in
this section are identical to the corresponding components in a classical Benders’ decomposition
algorithm for LPs. Conventionally, in the context of LPs, the optimality constraints are referred
to as Benders’ cuts with (Opt-Cut) being Benders’ optimality cut and (Feas-Cut) being Benders’
feasibility cut. Next, we discuss how to further generalize to the class of 2SSMILPs.

3.2 Two-Stage Stochastic Mixed Integer Linear Optimization Problems

The case of 2SSMILPs generalizes the case discussed in the previous section in two important ways.
First, we introduce stochasticity, which is modeled by specifying a finite number of possible scenarios
in the second stage, resulting in a block-structured constraint matrix overall. This generalization
on its own is relatively straightforward and results in the method known in the literature as the
L-shaped method for solving stochastic linear optimization problems with recourse [Van Slyke and
Wets, 1969]. However, we also wish to allow integer variables into the second stage. Although this
doesn’t require any modification of the framework itself, it results in a more complex structure
for the value function of the second-stage problem and hence, a more complex reformulation for
the master problem. We now summarize an algorithm for solving 2SSMILPs that was originally
developed by Hassanzadeh and Ralphs [2014a].

To model the stochasticity, we introduce a random variable U over an outcome space €2 representing
the set of possible scenarios for the second-stage problem. We assume that U is discrete, i.e., that
the outcome space €} is finite so that w € 2 represents which of the finitely many scenarios is
realized. In practice, this assumption is not very restrictive, as one can exploit any algorithm for
the case in which 2 is assumed finite to solve cases where €2 is not (necessarily) finite by utilizing
a technique for discretization, such as sample average approximation (SAA) [Shapiro, 2003].

Under these assumptions, a 2SSMILP is then a problem of the form

min cx + Eyecq [d2yw]

s.t. Alz > bl
(2SSMILP)
G?y, > V2 — A%z YweQ
re X,y €Y.

12



where ¢ € Q™ , d? € Q2, Al € QM>™ G2 € Qm2*"2 and b' € Q™. A2 € QM2X™ and b2 € Q"2
represent the realized values of the random input parameters in scenario w € €, ie., U(w) =
(A2 b2). The first term in the objective function represents the immediate cost of implementation
of the first-stage solution, while the second term is an expected cost over the set of possible future
scenarios.

3.2.1 Projection

We now reformulate the problem by exploiting two important properties. First, since U is discrete,
we may associate with it a discrete probability distribution defined by p € RI?l such that 0 < p,, < 1
and ) .o Pw = 1, where p, represents the probability of the scenario w € Q. This allows us to
replace the expectation above with a finite sum. Second, we note that the second-stage problem has
a natural block structure, so that the problem decomposes perfectly into |2 subproblems, which
differ only in the right-hand side vector once the first-stage solution is fixed (this is one of the
advantages of using this approach in this setting). Thus, when we project this problem as before
into the space of the first-stage variables, we obtain the reformulation

min {csc + Z oo (b2, — A2 )

we

Alz >bl, € X} , (2SSMILP-SE)

where the value function ¢ of the second-stage problem is defined by

¢(B) = min {y |y eP(B)NY} VBER™, (MILP-VF)
ye]&r
and
Pa(B) = {y e R} | G’y > B} VB eR™. (MILP-VF-FR)
By convention, ¢(3) = oo if the feasible region {y € R'? | y € P2(8)NY} is empty, and ¢(5) = —oo if
the second-stage problem associated with 5 is unbounded which results in ¢ = —oo for all § € R™2.

Note that the single second-stage value function that appeared in the analogous reformulation in
Section 2.2 is replaced here with expected value of the value function across all scenarios, expressed
as a weighted sum. Although each scenario results in a separate outcome, the evaluation of those
scenario outcomes is done in principle using the single second-stage value function ¢, which links
the scenarios.

It is clear from (2SSMILP-SE) that solving (2SSMILP) (directly or iteratively) requires exploiting
the structure of the MILP value function (MILP-VF), just as we exploited the structure of the LP
value function in solving (LP-Proj-VF) in Section 3.1. Therefore, we now take a quick detour to
discuss this structure and construction of a strong dual in the MILP case.

The MILP Value Function. The structure of the value function of an MILP is by now well-
studied. Early foundational works include Johnson [1973, 1974], Blair and Jeroslow [1977, 1979a,b,
1982, 1984], Jeroslow [1978, 1979], Bachem and Schrader [1980], Bank et al. [1983], Blair [1995]. A
number of later works extended these foundational results [Giizelsoy and Ralphs, 2007, Giizelsoy,
2009, Hassanzadeh and Ralphs, 2014b, Hassanzadeh, 2015]. What follows is a summary of results
from these later works.
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Figure 2: MILP value function ¢ (MILP-Toy)

Let us first look at an example to get some intuition about the structure of ¢.

Example 1 Consider the following parametric MILP, described by its associated value function,
plotted in Figure 2.
#(B) = min 2y; + 4ys + 3y + 4ys

s.t. 2y1 + 5y2 + 2y3 + 2ys > B, (MILP-Toy)
Y1,Y2,Y3 € Z+7 Ya € R+
O

The function shown in Figure 2 is observed to be piecewise linear, non-decreasing, non-convex,
and non-concave. These are all properties of general value functions of the form (MILP-VF), but
there are also several other important properties that are not evident from this simple example. In
particular, the value function may be discontinuous, but is always lower semi-continuous and also
subadditive.

Another important property of ¢ that is evident from Figure 2 is that its epigraph is the union
of a set of convex radial cones. These cones are translations of the epigraph of the value function
of a single parametric LP, the so-called continuous restriction of the given MILP (defined later in
Section 4.2) resulting from fixing the integer variables. Hassanzadeh and Ralphs [2014b] further
proved that the value function can be described within any bounded region by specifying a finite
set of points of strict local convexity of ¢, which are the locations of the extreme points of these
radial cones (assuming the epigraph of the LP value functions is a pointed cone). This resulted in
a finite discrete representation of ¢ (see Hassanzadeh and Ralphs [2014b] for additional details and
formal results).
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Although there exist effective algorithms for evaluating ¢ for a single fixed right-hand side B (e.g.,
any method for solving the associated MILP), it is difficult to explicitly construct the entire function
because this evidently requires solution of a sequence of MILPs. Algorithms for evaluating ¢ at a
right-hand side B, such as branch-and—bpund algorithm, do, however, produce information about

its structure beyond the single value ¢(3). This information comes in the form of a dual function
that is strong at 3. We next describe the form and structure of these dual functions.

Dual Functions. Dual functions can be obtained from virtually any algorithm that produces
a primal-dual proof of optimality. We focus here on dual functions from the branch-and-bound
algorithm, which is the most widely used solution method for solving MILPs. We refer the reader
to Giizelsoy [2009], Giizelsoy and Ralphs [2007] for an overview of other methods. Wolsey [1981b]
was the first to propose that dual functions could be extracted from branch-and-bound trees, as
described in the following result.

Theorem 2. [Wolsey, 1981b] Let B € R™ be such that ¢(ﬁ) < 00 and suppose T is the set of
indices of leaf nodes of a branch-and-bound tree resulting from evaluation of ¢(3). Then there exists
a dual function ¢ : R™2 — RU {£oo} of the form

¢(8) = min(Bn’ +af) VB eR™, (MILP-DF)

where nt € R™2 is an optimal solution to the dual of the LP relazation associated with node t
and o € R is the product of the optimal reduced costs and variable bounds of this LP relaxation.

Further, ¢ is strong at B, i.e., ?(B) = QS(B)

The interpretation of the function ¢ in (MILP-DF) is conceptually straightforward. The solution
to the LP relaxation of node ¢ of the branch-and-bound tree yields the standard LP dual function
(ﬁnt + at), which bounds the optimal value of the relaxation problem associated with that node.
The overall lower bound yielded by the tree is then the smallest bound yielded by any of the leaf
nodes. This is the usual lower bound yielded by a branch-and-bound-based MILP solver during
the solution process. Finally, we obtain ¢ by interpreting the optimal solution to the dual of the
LP relaxation in each node as a function.

One subtle point we should address further has to do with the infeasible nodes. In the above
discussion, we simply appealed to the existence of a dual solution that could be used to construct
an appropriate dual function at each node. In practice, we need to be able to obtain such dual
solutions in a practical way. Consider again a node t € T" whose LP relaxation is infeasible. One
method of obtaining an appropriate dual solution is to let (o%,cf, ') be an extreme ray of the
dual feasible region that proves the infeasibility of the primal LP relaxation and let (7i*,n*,7') be
a dual feasible solution generated just prior to discovery of the dual ray. In these tuples, the last
two elements correspond to reduced costs of the LP relaxation, which can also be interpreted as
the dual multipliers on the bound constraints on the variables. By adding an appropriately chosen
scalar multiple of the ray to this dual solution, we obtain a second dual solution with the desired
property that we can use in Theorem 2. More formally, let A\ € R™ be a given scalar and consider



—_—0

10 [— 1
— 2
—

Figure 3: Dual functions for (MILP-Toy)

By choosing A large enough, we obtain a feasible dual solution with a bound smaller than the opti-
mum. In practice, we may also avoid this issue by putting an explicit bound on the dual objective
function value, since once the objective value of the current dual solution exceeds the global upper
bound, the solution method can be terminated. In this case, the dual solution generated in the last
iteration would itself be a solution that has the required property.

In principle, stronger dual functions can be obtained. For example, stronger functions can be con-
structed from the branch-and-bound tree by considering non-leaf nodes, suboptimal dual solutions
arising during the solution process, full LP value function at each leaf node ¢ instead of a single
hyperplane Sn' + o, etc. Further details on these methods are mentioned in Giizelsoy and Ralphs
[2007], Hassanzadeh and Ralphs [2014a].

Example 2 Figure 3 shows the dual functions obtained upon applying the result in Theorem 2 to
the MILP (MILP-Toy). We solve this MILP with three values of the right-hand side 3.

e 3 =5: There is only one node in the associated branch-and-bound tree with the optimal dual
solution n = 0.8, n = (0.4,0,1.4,2.4), and 7 = (0,0,0,0). This results in the dual function

$,(8) =083 VB eR.

e 3 = 0: There is still only one node in the tree with the optimal dual solution n = 0,
n=(2,4,3,4), and 7 = (0,0,0,0). This results in the dual function

6,(8)=0 VBER.
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t | Branching constraint | 7 ' 0t Bnt + ot
y2 <0 (0,0,1,2) | (0,-1,0,0) o]
yo > 1 0|(2,4,3,4) | (0,0,0,0) 4

—_

Table 1: Data for construction of the dual function from the branch-and-bound tree in Example 2

e 3 = 2: There are three nodes in the tree, i.e., one root node and two leaf nodes resulting
from the branching disjunction yo < 0V yo > 1. The optimal dual solution and the resulting
dual function 8n* + of at each leaf node t are mentioned in Table 1. This results in the dual
function

?,(8) = min{3,4} VB eR.

Naturally, as in the formulation of the master problem, the value function approximation can be
improved by taking the maximum of multiple dual functions strong at different right-hand sides. In
the above example, the dual function max{¢, (83), ¢,(8),#,(8)} is already seen to be a reasonable
approximation of the full value function. O

3.2.2 Master Problem

By exploiting the specific structure of the dual functions described in the previous section, we
can straightforwardly adapt the algorithmic framework from Section 2 to obtain an algorithm for
solving (2SSMILP-SE) similar to that derived by the authors in Hassanzadeh and Ralphs [2014a].

As we mentioned before, the second-stage problem has a natural block structure and decomposes
into || independent subproblems, which differ only in the right-hand side. In iteration k of the
algorithm, evaluating the second-stage value function overall involves evaluating ¢ at || different
points, one for each scenario. Thus, the subproblem in iteration k is to evaluate

(b2 — A22") = min d?y
st G2y > b2 — A2a" (2SSMILP-SP)
yey

for all w € , where 2* is an optimal solution to the master problem in the current iteration. The

result is a scenario dual function @Z of the form (MILP-DF) for each w € . Introducing auxiliary
variables z, for each scenario, as in previous reformulations, we obtain the master problem in
iteration k as
min cx + Z P 2w
we
s.t. Alz > bl
2z > max ¢! (02 — A%z) Yw e Q
W = 19;5)2%( w w )
x e X.

Because each scenario dual function is the minimum of a collection of affine functions, the over-
all master problem can be eventually reformulated as an MILP by introducing additional binary
variables (see Hassanzadeh and Ralphs [2014a] for details).

(2SSMILP-MP)
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3.2.3 Overall Algorithm

Putting this all together, in each iteration k, a master problem of the form (2SSMILP-MP) is
solved to obtain its optimal solution (z*, {2*},cq) and a lower bound. Following that, one scenario
subproblem is solved for each w € €2, which consists of evaluating ¢(b2 — A2z*) using a branch-
and-bound algorithm. The result is a strong dual function (MILP-DF) for each scenario, as well
as an overall upper bound. If the upper and lower bounds are equal, then we’re done. Otherwise,
the dual functions are fed back into the master problem and the method is iterated until the upper
and lower bounds converge.

4 Mixed Integer Bilevel Linear Optimization Problems

We now move on to a detailed discussion of the application of the generalized Benders’ principle
to MIBLPs, the class of problems in which we are most interested. As described earlier, MIBLPs
are two-stage MMILPs in which the variables at each stage are conceptually controlled by different
DMs with different objective functions.

MIBLPs model problems in game theory, specifically the Stackelberg games introduced by Von Stack-
elberg [1934]. Bilevel optimization problems in the form presented here were formally introduced
and the term was coined in the 1970s by Bracken and McGill [Bracken and McGill, 1973], but
computational aspects of such optimization problems have been studied since at least the 1960s
(see, e.g., Wollmer [1964]). Most of the initial research was limited to continuous bilevel linear op-
timization problems containing only continuous variables and linear constraints in both the stages.

Study of bilevel optimization problems containing integer variables and algorithms for solving them
is generally acknowledged to have been initiated by Moore and Bard [1990], who discussed the
computational challenges of solving such problems and suggested one of the earliest algorithms, a
branch-and-bound algorithm that converges to an optimal solution if all first-stage variables are
integer variables or all second-stage variables are continuous variables.

Since then, many works have focused on special cases, such as having only binary integer variables
in the first stage or only continuous variables in the second stage. It is only in the past decade
or so that study of exact algorithms for the general case in which there are both continuous and
general integer variables in both stages has been undertaken. Table 2 provides a timeline of the
main developments in the evolution of such exact algorithms, while indicating the types of variables
supported in both the first and second stages (C indicates continuous, B indicates binary, and G
indicates general integer).

4.1 Formulation

To state the class of problems formally, we introduce a type of constraint that doesn’t seem to
naturally fit the paradigm of a standard mathematical optimization problem. In addition to the
usual linear constraints, we have a constraint that requires the second-stage solution to be optimal
with respect to a problem that is parametric in the first-stage solution. The formulation including
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Citation Stage 1 Variable Types | Stage 2 Variable Types
Wen and Yang [1990]

Bard and Moore [1992]

Faisca et al. [2007]

Saharidis and Ierapetritou [2008]

Garcés et al. [2009]

DeNegre and Ralphs [2009], DeNegre [2011]
Koppe et al. [2010]

Baringo and Conejo [2012]

Xu and Wang [2014]

Zeng and An [2014]

Caramia and Mari [2015]

Caprara et al. [2016]

Hemmati and Smith [2016]

Tahernejad et al. [2016]

Wang and Xu [2017]

Lozano and Smith [2017]

Fischetti et al. [2018], Fischetti et al. [2017]

QQ
aQQ

a Q=<
Q
oXe)

QQ

Q Q

CRNOPFRANOFQQAIR W WX
aa

oYoYoYol-A--NoloNoNoNoNoNol--I--I--No

Q

Table 2: Evolution of algorithms for bilevel optimization

this constraint, as it usually appears in the literature on bilevel optimization, is

min cz + d'y
s.t. Alx + Gly > bl
reX
y € argmin {d*y
st. G*y > b* — A%z
yevy,

(MIBLP)

where Al c lexn17 Gl c lexn27 bl c le’ A2 c ngxn17 G2 c ngxn27 b2 c ng’ o= in,
d' € Q™, and d*> € Q2. Note that the above-mentioned parametric problem is nothing but the
evaluation of ¢(b?> — A2x), where ¢ is the MILP value function (MILP-VF).

Underlying the above formulation are a number of assumptions. First, there is an implicit as-
sumption that whenever the evaluation of ¢(b?> — A%z) yields multiple optimal solutions, the one
that is most advantageous for the first-stage DM is chosen. This form of MIBLP is known as the
optimistic case and is just one of several variants. The pessimistic variant, for example, is one in
which the second-stage solution chosen is always the one least advantageous for the first-stage DM.
It should also be pointed out that we explicitly allow the second-stage variables in the constraints
Alz+Gly > b'. This is rather non-intuitive but there are applications for which this is a necessary
element. We now define so-called linking variables.

Definition 4 (Linking Variables). Linking variables are the first-stage variables whose indices
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are in the set
L={ie{l,...,m}| A? #0},
where A? denotes the ith column of A2.
Assumption 1. All linking variables are integer variables.
This assumption is required to ensure the existence of an optimal solution for the given MIBLP.
The optimal solution may not be attainable when there are linking variables that are continuous

and second-stage variables that are integer [Moore and Bard, 1990, Vicente et al., 1996, Képpe
et al., 2010].

Assumption 2. All first-stage variables are linking variables.

Since we focus on optimistic bilevel problems, all non-linking variables can simply be moved to the
second stage without loss of generality. This assumption is made primarily for ease of exposition,
nevertheless results in a mathematically equivalent MIBLP, despite the inconsistency with the

intent of the original model. In combination with Assumption 1, this assumption implies that all
first-stage variables are integer variables, i.e., n; = ry.

Assumption 3. The set

{(z,y) € RT—&L} x R:L—Z KAS Pl(bl — Alﬂf) N Pg(b2 — AQx)}
is bounded, where
Pi(B') = {y e R | Gly > p'}
and P(3?) (as defined in (MILP-VF-FR)) represent families of polyhedra consisting of all points

satisfying G'y > B! and G?y > 32 for given right-hand sides 8! € R™! and 32 € R™2. Assumption 3
is made to avoid uninteresting cases involving unboundedness, but is easy to relax in practice.

Assumption 4. For all z € R™, we have
p(b? — A%z) > —o0,

or, equivalently
{r e R? | G?r >0,d*r < 0} = 0.

Assumption 4 is also made to avoid uninteresting cases involving unboundedness. Observe that in
the case ¢(b?> — A%x) = —oo for a given value of x, then ¢(b? — A%x) = —oc for all values of z. Note
that Assumptions 2-4 can be relaxed in practice.

4.2 Projection

We now apply the familiar operations of Benders’ framework to the formulation (MIBLP). Upon
projecting into the space of the first-stage variables, we obtain the reformulation

min {ex + p(b' — Alz, b* — A1)}, (MIBLP-ReF)
e
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where p is the second-stage reaction function, defined as
p(8', %) = min {d'y |y € P1(BY), y € argmin{d®y |y € Pa(B*)NY}}. (ReF)

Although the reaction function appears at first to be the value function of a general bilevel opti-
mization problem, it is actually the value function of a lexicographic MILP and encodes the part of
the first-stage DM’s objective function that depends on the response of the second-stage DM to a
given first-stage solution. In the next part of this section, we examine its properties and structure
before discussing how to construct associated dual functions.

Reaction Function. As with all value functions, p(3!, %) = oo for a given (8!, 3?) € R™t x R™2
if either {y € R} | y € P1(BY) NP2(B?)NY} = 0 or ¢(5%) = —oco (which cannot happen under
Assumption 4), and p(3!, %) = —oo for all (B!, 3%) € R™! x R™2 if the lexicographic MILP is itself
unbounded, i.e., {r € R’? | Gl'r > 0,G?*r > 0,d'r < 0} # 0.

Observe that our initial definition (ReF) of the reaction function has embedded within it exactly
the kind of optimality constraint we tried to eliminate by using projection to reformulate the given
MIBLP. Using the MILP value function ¢ (MILP-VF), we can use a similar technique to again
re-define the reaction function equivalently as

p(B',8%) =min{d'y | y € P1(B") N P(B*) NY,d%y < (8°)} . (ReF-VF)

Although ¢ is a nonlinear function in general, ¢(3?) is a constant for a fixed value of 32. Hence,
for a given value of (3!, 3?), evaluating p(3', 3?) is equivalent to solving an MILP.

We now illustrate the structure of the reaction function with a simple example. Although its
structure is combinatorially more complex than that of the MILP value function, it nevertheless
also has a piecewise polyhedral structure. We do not provide formal results concerning the structure
and properties of the reaction function here, but these can be derived by application of techniques
similar to those used to derive the structure of the MILP value function.

Example 3 Consider the following reaction function arising from an MIBLP with G = 0.

p(B) =min —y; +y2 — 5ys + ya

(y1,Y2,Y3,y4) € argmin {291 + 492 + 373 + 4794
291 + 5o + 293 + 204 > B
U1,92,Y3 € Z4, Js € Ry}

(ReF-Toy)

This function can be reformulated as
p(B) =min —y1 +y2 — 5ys + ya
2y1+5y2 +2ys +2ys > 3
2y1 + 4ya + 3ys + 4ys < ¢(B)
Y1, ¥Y2,Y3 € Ly, ys € Ry,

(ReF-Toy-VF)

using the MILP value function ¢ which is the same as for (MILP-Toy). The function p is plotted in
Figure 4. It can be seen from this figure that the structure is quite complex, though still piecewise
polyhedral. O
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Figure 4: Reaction function p (ReF-Toy)

As usual, we do not have an exact description of p in general, so we cannot solve (MIBLP-ReF)
directly and we replace p in (MIBLP-ReF) with a dual function p. Following the earlier procedure,
this dual function is taken to be the maximum of the strong dual functions p* obtained by solving
a subproblem in each iteration k. The resulting master problem in iteration k is

min cx + 2
s.t. 2 > pl(b! — Ale, ¥ — A%z), 1<i<k (MIBLP-MP)
x e X.

As before, the subproblem in iteration k is to evaluate p(b* — A'z*, b? — A%2zF) for the solution z*

to (MIBLP-MP), in order to construct a dual function Bk strong at (b' — Az, b? — A%2F). We
next detail how this strong dual function is constructed.

Dual Functions. As we have already noted, the subproblem in iteration k is to evaluate the
reaction function (ReF) for (3!, 8%) = (b' — Ala* b — A22F), This problem is an MILP and we
have the following theorem based on Theorem 2.

Theorem 3. Let (BAl,BQ) € R™ x R™2 be such that p(ﬁl,ﬁQ) < oo and suppose T is the set of

indices of leaf nodes of a branch-and-bound tree resulting from evaluation of p(ﬁAl,BQ). Then there
exists a dual function p : R™ x R™? — RU {fo0} of the form

p(B',B%) = : (ﬂln“ + B2n*t + (82>t + o/) V(8 8%) € R™ x R™2, (ReF-LBF)

in
eT
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Figure 5: Dual functions for (ReF-Toy)

t | Branching constraint | (n>?,n®?) n' Uk > B+ n?te(B) + ol
1 Y2 > 2 0.-3) | G303 | (0,000 —30(8) + %

2 2 < 1,41 <0 (11,-9) (0, 0,0, 15) | (-5,-18, 0, 0) 118 —9¢(B8) — 18

3 <lLyn>1,43<0| (3,-35) | (0,0,0,9) | (0,0,-0.5,0) 36 — 3.56(5)

4 y2<1l,y1 >1,y3>11 (13,-16) | (5,0, 17, 39) (0, 0,0, 0) 135 — 16¢(B) + 22

Table 3: Data for construction of the dual function in Example 4

where (nbt, n*t,n?t) € R™ x R™2 x R is a dual feasible solution of the LP relaxation associated
with node t, and o € R is the product of reduced costs and variable bounds of this LP relaxation.

Further, this dual function is strong at (BI,BQ) if g(/él,,éa) = P(BI,B2).

The interpretation of this result is similar to the interpretation of Theorem 2. Let us look at an
example now, depicting these functions.

Example 4 Figure 5 shows five dual functions obtained upon applying the result in Theorem 3
to the reaction function (ReF-Toy) for right-hand sides 8 = 0,1,2,5,8. As expected, these dual
functions are piecewise polyhedral. For example, solving (ReF-Toy) with 8 = 8 as an equivalent
MILP (after obtaining ¢(8) at first) yields the dual information (dual solution and reduced costs)
from leaf nodes of the branch-and-bound tree shown in Table 3.
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This results in the dual function

p(8) = min {—gqs(ﬁ) + 511 8- 96(8) — 18,35 — 3.50(8), 135 — 16 6(5) + 22} ,

containing the MILP value function ¢. The remaining dual functions are obtained the same way. [

It is clear from Theorem 3 that construction of ¢ is required for construction of p in (ReF-LBF).
However, construction of ¢ is itself a difficult task and generally impractical. Furtfler, the complex
structure of ¢ makes the structure of p highly complex. To work around these difficulties, we replace
¢ in (ReF-VF) with a primal function (defined formally below), which bounds the value function
from above and is strong at the given right-hand side. This results in an alternative dual function,
which we denote by p that is still strong at the given right-hand side and can be used in place of
p- To this end, we now embark on a small diversion into MILP primal functions.

MILP Primal Functions. In contrast with dual functions, strong primal functions bound the
value function from above.

Definition 5 (Primal Function). A primal function P : R™ — RU {£o0} is one that satisfies

~

P(B) > ¢(B) for all p € R™2. It is strong at 5 € R™2 if P(B) = ¢(5).

An obvious way to construct such a function is to consider the value function of a restriction of the
given MILP (see Giizelsoy [2009] and Giizelsoy and Ralphs [2007] for methods of construction). The
following theorem presents the main result for constructing strong primal functions from restrictions
of the given MILP.

Theorem 4. [Giizelsoy, 2009] Consider the MILP value function (MILP-VF). Let K C N =
{1,...,n2}, s; €Ry Vi € K be given, and define the function ¢ : R™2—R U {400} such that

B(B) = disi+omk(B— D Gis;)) VBER™, (MILP-UBF)

€K €K
2 th 2
where G is the i'"* column of G* and

oni(B) = min Y dfy

iEN\K
s.. Z Gly: >
iEN\K
yi €Zy Viel, y; e Ry VieC,
where I € N and C'C N represent sets of indices for integer and continuous variables respectively.
Then, ¢ is a valid primal function of ¢, i.e., $(B) > ¢(B) VB € R™2, if s; € Zy Vi € IN K and

s; € Ry Vi e CN K. Further, the function ¢ will be strong at a given right-hand side if s; Vi € K
corresponds to the optimal solution values of y; Vi € K at this given right-hand side.

The above result indicates that a primal function obtained from a restriction in which the values of
certain variables have been fixed is strong at 8 € R™2 if the fixed values of these variables correspond
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Figure 6: Primal functions for (MILP-Toy)

to those of an optimal solution at B . A convenient restriction is the continuous restriction mentioned
earlier, obtained by fixing all integer variables to their optimal values. The resulting value function
¢c¢ is nothing but the value function of an LP discussed briefly in Section 3.1. Let us now look at
an example of using continuous restrictions to generate primal functions.

Example 5 Consider the MILP (MILP-Toy). Figure 6 demonstrates four primal functions ob-
tained upon applying the result in Theorem 4 to this MILP for right-hand sides g = 0,2, 4, 5. Here,
we consider continuous restrictions of the given MILP. For example, for 8 = 0, the optimal solution
of (MILP-Toy) is (0,0,0,0) resulting in the following continuous restriction.

¢o(B) =min{dys | 2ys > B, y1 €R1} VB ER
It is easy to observe that this LP value function is

[0 i#B<0
9c(B) _{ 23 otherwise ’

which itself is the required primal function ¢ at 3 = 0 because the integer component of the MILP
objective function is zero. Other primal functions can be constructed in a similar way by solving
the MILP with a new right-hand side, calculating the integer component of the MILP objective
function at its optimal solution, and simply translating ¢c based on this integer component value.
The primal function can be strengthened in the same way as dual functions are strengthened, by
considering the minimum of multiple such (strong) functions. The epigraph of such a function is
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the minimum of convex radial cones and equals the epigraph of the value function when enough
such cones are considered, as mentioned in Section 3.2.1. ]

Because we do not expect to be able to obtain a full description of this LP value function, we consider
a partial function that we can obtain relatively easily. Specifically, we use a single hyperplane
of (LP-VF-Struct) to construct ¢. In Example 5, this is equivalent to considering only one of
the two hyperplanes forming the cone corresponding to the LP value function. It is obvious from
Figure 6 that any single hyperplane cannot form a valid primal function in the entire domain of
the right-hand side vector. Therefore, we also need to restrict the domain of the right-hand side
vector to only the region in which the single hyperplane is a valid upper bound.

Let y* = (y7,y.) be an optimal solution of an instance of (ReF) for a known right-hand side
(B, %), where I and C correspond to sets of indices of second-stage integer and continuous variables
respectively. This inherently implies that ¢(3%) = d?y*. The value function ¢¢ of the continuous

restriction is then o
¢c(B) = min doyc

s.t. G2 cyc > B
yc = 0.

Let n* be a dual optimal solution of this LP with right-hand side 5% — [yI Then n*f is a dual
function strong at 5% — G2 7y7- From the theory of LP duality, we know that this function provides a
valid upper bound as long as * remains optimal, which is the case for all 5 such that (GQB)_l 8 >0,
where B is the index set corresponding to the optimal basis and GQB is the optimal basis matrix.

Thus, we obtain our final primal function by restricting the domain to obtain the final form of the
function

{(62 Ghyp)n™ +diy; if (G}) (8 — Giyp) 2 (MILP-RPUBF)

00 otherwise

with which we replace ¢ in (ReF-LBF). This ensures that the dual function p that we construct in
each iteration of the algorithm is valid for all values of (5, ?).

4.3 Master Problem

Combining the results obtained in the previous section, the final form of p is
p(8",5%) = min <61 Lt 4G22t 4 gyt ¢ oﬁ) , (ReF-LBF-Final)
where ¢ is the primal function (MILP-RPUBF). This results in the optimality constraint

2= min (81" + 850> + o + o) (MIBLP-OC)
te
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that we add to the master problem in each iteration of the algorithm, with (3, %) = (b' — Alz, b? —
A%z). Finally, the updated master problem after iteration k of the algorithm is

min cx + z
stz > ?éiTr.l{(bl — Azt 4+ (0P — A2 + ot 4 aly 1<i<k
* * * : _1 *
3= (b — A%z — G%y”)ni + d%y” if (GQB,i) (b — A%z — G%y”) >0 1<i<k
‘ o0 otherwise -~
e X,

(MIBLP-MP-Updated)
where the vectors, matrices and sets with the subscript i correspond to the information obtained
in iteration ¢ < k of the algorithm.

4.4 Overall Algorithm

We now have all the components required for solving (MIBLP) with the generalized Benders’
decomposition algorithm in Figure 1. In each iteration k of the algorithm, a master problem
of the form (MIBLP-MP-Updated) is solved to obtain its optimal solution (z*,z¥) and a global
lower bound. Then, the subproblem is solved as an equivalent MILP, by evaluating (ReF) at
(8L, 8%) = (b* — AlzF, b2 — A%2¥), to obtain a branch-and-bound tree and a global upper bound.
Then, an optimality constraint of the form (MIBLP-OC) is constructed and added to the master
problem to strengthen z. This constraint introduces some nonlinear components in the master
problem but they can be linearized (mentioned below) to obtain an MILP formulation for the
master problem. These steps are repeated until the termination criterion is achieved.

We now illustrate the above discussion with an example.

Example 6 Consider the MIBLP

min 1 — 32 —y1 + Y2 — 5y3 + ya
st. —x1+ 229 <1
1 <3, 20 < 2, 1,19 € L+
(Y1, Y2, Y3, ya) € argmin {21 + 472 + 373 + 474
s.b. 291 + 592 + 203 + 294 > 1 + X2
1, U2, U3, € Ly, Ya € Ry},

(MIBLP-Toy)

which is based on (MILP-Toy) and (ReF-Toy). Based on earlier discussion, we solve four op-
timization problems in iteration k of the algorithm: a master problem, an MILP (MILP-Toy)
(with ¥ = % + 2%), a subproblem (ReF-Toy) (with 8% = 2% + z%), and a continuous restriction
of (MILP-Toy).

Iteration 1. Our initial dual function is simply p°(3) = —occ for all 3 € R™? and solving the initial
master problem yields the optimal solution (z},73) = (3,2) and 2! = —oc0, so that LB! = —0.
Then, we solve (MILP-Toy) with right-hand side x1 + 23 = 5 to obtain ¢(x1 + xd) = 4. Next,
we solve the subproblem to obtain its optimal solution (y},v3,v3,yi) = (0,1,0,0), so we have
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,t 1,6t -2t _3;t _4;t
t Rt n?t) | b et | ettt ) | ontB + nié1(B) + ol

1| (3.29,-3.86) | (0.14,0,0,9.86) (0,0,0,0) 3.298 — 3.86 61(5)

Table 4: Data for construction of the dual function in Example 6.

p(xl + 23) = 1 and UB! = 2} — 3z} + p(x] + 23) = —2. We obtain the dual information (dual
solution, positive and negative reduced costs) shown in Table 4 from the branch-and-bound tree,
which has only one node. Since UB! # LB!, we further solve the continuous restriction to obtain
its optimal dual solution 7} = 0 and optimal basis inverse matrix (GQBJ)*1 = [-1]. Finally, we
construct and add the dual function

p'(8) = min{3.298 — 3.86¢1(B)} = 3.29 B — 3.8641(B),

where
o [4 ifB<5
$1(B) = { oo otherwise.

to the master problem and proceed to the next iteration.
For conciseness, we now mention only Bk(ﬁ) and ¢ (/) obtained in each iteration k.

Iteration 2.

P(8) = —362(8)
[0 i B<O
2(6) = { oo otherwise

Iteration 3.

p*(8) = min {0.5¢3(8), —4.5 ¢3(8) + 8.5}

o [2 ifp<2
¢s(6) = { 0o otherwise
Iteration 4.
'0) = min {~364(5) + 21175 - 136(6), ~0564(9), 215 - 206u(5) + 10
o (4 ifp<4
4(B) = { oo otherwise

Iteration 5. Solving the updated master problem yields (23, 23,2°%) = (1,1, —1) and LB® = —3.
Solving the subproblem yields (y7,v3,%3,v3) = (1,0,0,0), p(z] + 23) = —1 and UB® = —3. Since
UB® = LB?, the termination criterion is achieved. Hence, we stop the algorithm with an optimal
solution (7,25, y1,v5,vs,vs) = (1,1,1,0,0,0).

Figure 7a shows the value function ¢ and its primal functions obtained in every iteration. Similarly,
Figure 7b shows the reaction function p and its dual functions. The function values are infinite
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Figure 7: Functions constructed in the algorithm for solving (MIBLP-Toy)

wherever there is no plot. These figures illustrate the fact that overall approximations of ¢ and p
are strengthened after every iteration. After the final iteration, the approximation function values
are the same as the exact function values at the right-hand side =] + 25 = 2. O

To conclude, we briefly discuss the linearization of the master problem (MIBLP-MP-Updated).
For notational simplicity, we drop the subscript denoting the iteration. There are two types of
nonlinearities in this problem: (1) the if-else condition in (MILP-RPUBF) and (2) the minimization
operator in (ReF-LBF-Final). We eliminate these nonlinearities by introducing binary variables
and big-M parameters. This results in the following MILP form of the master problem.

min cx + 2

stz > (b — Atz)nbt + (0 — A2)n®t 4+ ot + of — Mp(1 — ) (c1)
du=1 (c2)
teT
¢ = (b — A%z — Glyj)n* + diy] + Mpo (c3)
— Mot < (GB) (2 — A% — G2y}) < M(1—vY) —¢ (c4)
Muv — Z vi >0 (cb)

ie{l,...,mg}
v — Z v <0 (c6)
1€{1,...,ma}

x € X,z free, ¢ free,us € BVt € T,v € B,v} € BYi € {1,...,ms}

Constraints (c1)-(c2) eliminate the minimization operator by adding the binary variables wu; for
t € T and the big-M parameter Mp. Constraints (c3)-(c6) eliminate the if-else condition by adding
the binary variables v, v} fori € {1,...,ma} and the big-M parameters M, M and M. Specifically,
the constraints (c4)-(c6) impose domain restriction on the first-stage variables w.r.t. the primal
function (MILP-RPUBF). This in turn restricts the domain of the right-hand sides for which ¢

may be evaluated. The main idea is to set some v} = 0 whenever (G2Bi)71(b2 — A%z — G3y}) > 0
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and to set v} = 1 whenever ((}'2&)_1(()2 — A%z — G3y¥) < 0, where (GZBZ,)_1 is the i row of the
optimal basis matrix inverse. If at least one vz-l = 1, then v = 1 further implying ¢ will have a
very large value which is as required. If all v} = 0, then v = 0 further implying ¢ will have a
finite value which is also as required. Finally, € is also a parameter corresponding to the domain
restriction constraints added to deal with the strict inequality arising from “otherwise” condition

in (MILP-RPUBF), and is the trickiest of all parameters to evaluate.

5 Multistage Mixed Integer Linear Optimization Problems

In this final section, we discuss the application of the generalized Benders’ principle to the general
class of MMILPs that is the natural extension of MIBLPs to [ stages. Just like MIBLPs, an l-stage
MMILP can be formulated as a standard mathematical optimization problem by considering a
constraint requiring values of all but first-stage variables to be optimal for an I-1-stage MMILP
that is parametric in the first-stage variables, in addition to the usual linear constraints. Then,
assuming that all input vectors and matrices are rational of appropriate dimensions without loss of
generality, we have an [-stage MMILP with a parametric right-hand side 8 defined as

MMILP!(8) = min d'ta! + d"%2? + ... + d'a!
st At 4+ A2 4 4+ A >
ol e X!
(z%,23, ..., 2!) € optimal set of MMILP!~1(b% — A% z1),

(MMILP?)

where MMILP!~!(b? — A%'z') denotes an [ — 1-stage MMILP with the parametric right-hand side
b?> — A?'z!, which in turn is a linear function of first-stage variables, defined similar to (MMILP')
but with [ — 1 variable vectors, as

MMILP'"Y(8) = min d*22? + d®23 + ... + d*4!
st A2 4+ AP 4+ A% >
22 e X2
(23,2, ..., 2") € optimal set of MMILP!~2(b® — A312! — A3222).
(MMILP!~1)
These formulations exhibit the natural recursive property of MMILPs that we spoke about in the
beginning of the paper. It should be clear by now why this recursive structure also means that the

Benders’ framework makes it easy to envision algorithms for solving such problems (whether these
algorithms are practical is another question).

We thus apply the operations of generalized Benders’ decomposition framework here. Upon pro-
jecting (MMILP!) (for a fixed § = b') into the space of the first-stage variables, we obtain the
reformulation

min {d“xl + oIl — ANl B2 A%y | 2l € Xl} , (MMILPL-ReF)
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1

where p'~! is an I-1-stage reaction function analogous to p in (ReF), defined as

P H(BY, B?) = min d22? + dBad + ..+ dtlat
st A22? 4 AV 4 4 Al > Bt (ReF!~1)
(2%, 23,...,2") € optimal set of MMILP!~1(3?).

This results in the master problem

min d'tz! + 2
stz > p (0t — Altat) b7 — A% (MMILP!-MP)
! e X1,

1

where BZ_ is a (strong) dual function constructed by solving the subproblem, which is nothing but

evaluating (ReF'~!) at a known right-hand side.

This subproblem itself involves an I-1-stage MMILP (MMILP'~!), and solution of it calls for solv-
ing this I-1-stage MMILP. But this [-1-stage MMILP can also be solved with the generalized Ben-
ders’ principle due to the recursive structure. For constructing (strong) dual functions, recall
that the subproblem in the context of MIBLPs is solved as an equivalent MILP. This allowed us
to construct (ReF-LBF-Final) with the help of Theorem 3. A similar approach can be adopted
here for evaluating the [ — 1-stage reaction function by reformulating it using an [-2-stage func-
tion. This allows us to construct required (strong) dual functions in the current context similar to
(ReF-LBF-Final).

While this approach obviously results in an algorithm whose running time will be super-exponential,
it nevertheless provides the intuition as to exactly why these problems are so hard to solve and
what the polynomial time hierarchy is really all about.

6 Conclusions

We have described a generalization of Benders’ decomposition framework and illustrated its prin-
ciples by applying it to several well-known classes of optimization problems that fall under the
broad umbrella of MMILPs. The development of the abstract framework and its application to
the class of MIBLPs is our main contribution. These stemmed from our observation that Benders’
framework can be viewed as a procedure for iterative refinement of dual functions associated with
the value function of the second-stage problem and that this basic concept can be applied to a wide
range of problems defined by additively separable functions. These observations resulted in the
development of the generalized Benders’ decomposition algorithm for solving MIBLPs, as well as a
conceptual extension to the case of general MMILPs. Although not discussed here, this framework
can be readily applied to even broader classes of problems, such as those discussed in Bolusani
et al. [2020], which incorporate stochasticity. While the algorithms could be of practical interest,
the algorithmic abstraction itself serves to illustrate basic theoretical principles, such as concepts of
general duality and why k-stage MMILPs are canonical hard problems for stage k of the polynomial
time hierarchy.
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The algorithms described here are naive in the sense that their efficient implementations for practical
purposes would require substantial additional development, especially for the classes of MIBLPs
and MMILPs. To this end, our plans include enhancement of these algorithms by working in the
areas of preprocessing techniques, warm starting of master and subproblem solves, cut management,
a branch-and-Benders’ framework, alternative linearization techniques, and other enhancements.
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