
Optimization Methods based on Decision Diagrams for
Constraint Programming, AI Planning, and Mathematical Programming

by

Margarita Paz Castro

A thesis submitted in conformity with the requirements
for the degree of Doctor of Philosophy

Graduate Department of Mechanical and Industrial Engineering
University of Toronto

c© Copyright 2020 by Margarita Paz Castro



Abstract

Optimization Methods based on Decision Diagrams for

Constraint Programming, AI Planning, and Mathematical Programming

Margarita Paz Castro

Doctor of Philosophy

Graduate Department of Mechanical and Industrial Engineering

University of Toronto

2020

Decision diagrams (DDs) are graphical structures that can be used to solve discrete optimization

problems by representing the set of feasible solutions as paths in a graph. This graphical encoding of

the feasibility set can represent complex combinatorial structures and is the foundation of several novel

optimization techniques. Due to their flexibility, DDs have become an attractive optimization tool for

researchers in different fields, including operations research and computer science.

This dissertation investigates new techniques to use DDs in conjunction with existing discrete opti-

mization approaches based on constraint programming (CP), artificial intelligence (AI), and integer pro-

gramming (IP). The central thesis of this dissertation is that DDs are effective tools to capture complex

combinatorial structures of discrete optimization problems that are not fully exploited by general-purpose

solvers. Thus, combinations of DDs with existing technologies can achieve state-of-the-art performance

on challenging optimization problems.

Throughout this work, we address this thesis by developing novel DD procedures that leverage

methodologies from different optimization fields to solve discrete optimization problems. Our first project

employs Lagrangian duality to strengthen DD bounds for pickup-and-delivery problems. The second

project explores new ways to generate admissible heuristics for AI planning tasks by combining DD

relaxations with AI planning techniques. This work also studies the relationship between DD heuristics

and existing admissible heuristics in the community. Lastly, we propose a novel combinatorial lifting

procedure and two cutting plane approaches based on DDs for general-form binary optimization prob-

lems. We show theoretical guarantees for our lifting procedure (e.g., conditions to obtain facet-defining

inequalities) and provide a thorough theoretical analysis of our two cutting plane procedures.

We apply our DD techniques to different problems, extending the usability of DDs in the field. Our

first work extends the literature of DDs for sequencing problems by considering capacity constraints and

proposing a DD construction procedure based on this restriction. We also present two DD encodings for

delete-free AI planning and analyze the properties of both representations. Our last project introduces a

new DD network flow formulation and proposes a novel DD encoding for second-order cone inequalities.
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Chapter 1

Introduction

Discrete optimization is a branch of applied mathematics that aims at finding optimal solutions for

problems where the decision variables take a finite set of values (e.g., binary or integer values). Many

decision-making problems in industry involve discrete decisions such as scheduling resources in hospitals

(Cardoen et al., 2010), routing vehicles for transportation companies (Toth and Vigo, 2014), and allocat-

ing job requests in cloud computing platforms (Singh and Chana, 2016). Different research communities

have proposed general-purpose strategies to solve these problems, including integer programming (IP) in

the operations research (OR) community and constraint programming (CP) in computer science (CS).

Despite the many advances in discrete optimization solvers, there are still several challenges involving

large and complex problems. Thus, it is necessary to develop new methodologies that can address these

challenges and push the boundaries of the field. To do so, we need robust technologies that can exploit

structural properties of a wide range of problems. Also, these methodologies should be compatible with

existing techniques to complement each other and leverage their strengths, in order to develop new

general-purpose solvers that can tackle challenging discrete optimization problems.

Decision diagrams (DDs) are a promising technology to advance the field of discrete optimization.

A DD is a graphical structure that represents the set of feasible solutions of a discrete problem. The

diagram encodes the feasibility set as paths from its root node to its terminal node. The following

example illustrates a DD for an integer linear programming (ILP) problem.

Example 1.1 Consider the ILP model P with a linear cost function and a feasibility set X = {x ∈
{0, 1}4 : 5x1 + 4x2 + 3x3 − x4 ≤ 6}. The left-hand side illustration in Figure 1.1 depicts a DD that

exactly represents the feasible set X .

max
x

2x1 + x2 + 3x3 + x4 (P)

s.t. 5x1 + 4x2 + 3x3 − x4 ≤ 6,

x ∈ {0, 1}4.

The DD is a layered directed acyclic graph with a root node r and a terminal node t. Each layer is

associated to a variable as shown in the figure. Arcs are labeled with variable assignments, where xi = 1

and xi = 0 assignments are illustrated with solid and dashed arrows, respectively. Each r − t path in

the DD represents a feasible solution of X , and each solution of X is encoded as an r − t path. DDs

fulfilling these properties are known as exact DDs for X .

1



Chapter 1. Introduction 2

The bold path (r, u1, u3, u6, t) corresponds to an optimal solution for P, i.e., point x∗ = (0, 1, 1, 1).

We can identify this optimal solution using a longest-path procedure where the length of each arc is

given by its label (i.e., variable assignment) times the respective coefficient in the linear objective. For

example, arc (r, u1) has length 0 and arc (r, u2) has length 2. �

x1:

x2:

x3:

x4:

r

u1 u2

u3 u4 u5

u6 u7

t

r

v1 v2

v3 v4

v5 v6

t

xi = 0

xi = 1

Figure 1.1: An exact DD (left) and relaxed DD (right) for problem P. Bold paths represent optimal
solutions over the DDs.

DDs have shown promising results for solving optimization problems when combined with IP and CP

methodologies (Bergman et al., 2016a). This graphical representation of the solution set is flexible and

can be easily integrated into a wide range for existing techniques. For example, DDs can be combined

with IP solvers using a network flow formulation over the graph, or with CP technologies by developing

a propagation procedure for the DD. Also, the DD graphical encoding is a suitable alternative to model

complex combinatorial structures that are hard to represent with linear inequalities. For example, DDs

can encode non-linear objective functions (Bergman and Cire, 2018) and quadratic constraints (Bergman

and Lozano, 2020).

One of the main limitations of DDs is their exponential growth, i.e., the size of the graph grows

exponentially with respect to the number of variables. Andersen et al. (2007) propose limited size DDs

(i.e., relaxed DDs) to overcome this issue. A relaxed DD over-approximates the set of feasible solutions

by representing infeasible paths. This relaxed graphical structure provides tight discrete relaxations for

several problems and, thus, computes strong dual bounds.

Example 1.2 The right-hand side illustration in Figure 1.1 is a relaxed DD for P. It represents all

points in the feasibility set X as r− t paths, but some paths corresponds to infeasible assignments. For

example, the bold path (r, v2, v4, v6, t) corresponds to the infeasible solution (1, 0, 1, 1).

We can compute valid dual bounds for P using the longest-path algorithm over the relaxed DD

described in Example 1.1. The bold path in the relaxed DD depicts the longest path with value 6.

This value is a valid upper bound for P since all points in X are also encoded inside the relaxed DD.

Conversely, the longest path in the exact DD has a cost of 5 and is the optimal value of P. �

Thesis Statement

This dissertation explores new procedures that combine DDs with existing technologies in the OR and

CS literature to solve discrete optimization problems. The central thesis of this dissertation is as follows:

DDs are effective tools to capture complex combinatorial structures of discrete optimization

problems that are not fully exploited by general-purpose solvers. Thus, combinations of DDs
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with existing technologies can achieve state-of-the-art performance on challenging optimiza-

tion problems.

This dissertation approaches this thesis by presenting novel techniques based on DDs. We explore

new procedures that integrate DD-based methodologies into general-purposes solvers and study their

properties and limitations. Moreover, we tackle challenging discrete optimization applications that are

new to the DD literature. Thus, this dissertation extends the set of DD-based methodologies and the

type of problems that can be addressed with them. The following sections provide an overview of the

dissertation and present the main contributions of this work.

1.1 Dissertation Overview

This dissertation contains two preliminary chapters (Chapters 2 and 3) that formally present DDs and

review the literature on DDs for discrete optimization. The following three chapters (i.e., Chapters 4,

5, and 6) correspond to the main contributions of this dissertation where we tackle different discrete

optimization problems and develop novel DD procedures to solve them. Lastly, Chapter 7 includes the

overall conclusions and future work directions. A summary of each chapter follows.

Chapter 2 presents the necessary background on DDs for this dissertation. We formally define DDs

in the context of discrete optimization and present basic procedures to build and manipulate them.

We also introduce relaxed DDs and explain basic algorithms to create tight relaxations for common

combinatorial structures. The chapter ends with a general discussion on how to integrate DDs with IP

and CP technologies.

Chapter 3 reviews the literature on DDs for discrete optimization problems. This survey focuses

on works that employ DDs to model the set of solutions for combinatorial problems. We organize the

literature review considering the DD representation of the problem (i.e., exact or approximate) and the

techniques employed.

Chapter 4 addresses the multi-commodity pickup-and-delivery traveling salesman problem (i.e., m-

PDTSP). The problem considers a vehicle with limited capacity and different size commodities that

need to be picked up and delivered to different locations. Thus, the m-PDTSP generalizes several

vehicle routing variants such as the traveling salesman problem (TSP), the sequential order problem,

and the pickup-and-delivery TSP. We present a novel approach to tackle this problem that considers a

DD relaxation enhanced with Lagrangian penalties. This work also introduces new procedures to build

DDs that focus on the capacity restriction of the problem, and theoretical guarantees of these novel

techniques. The empirical evaluation shows that our technique surpasses state-of-the-art methodologies

and closes 33 open instances in the literature. This work was published in the INFORMS Journal of

Computing (Castro et al., 2020a).

Chapter 5 considers a planning problem from the artificial intelligence (AI) community, i.e., delete-

free AI planning. We present two novel DD encodings of the problem to create admissible heuristics (i.e.,

dual bounds). The first approach is a multivalued decision diagram (MDD) that models the sequential

aspect of the problem. The second encoding corresponds to a binary decision diagram (BDD) that

ignores the sequential constraints and models the combinatorial structure of the problem. We present

compilation procedures that guarantee the admissibility and consistency of the DD-based heuristics and

relate our techniques with admissible heuristics in the literature. The chapter includes an extensive

empirical evaluation that highlights the strengths and weakness of each DD encoding, and shows the
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potential of these approaches when compared to state-of-the-art techniques. This work led to a conference

paper at The International Conference on Automated Planning and Scheduling (Castro et al., 2019) and

a journal publication in the Journal of Artificial Intelligence Research (Castro et al., 2020c).

Chapter 6 introduces a novel cut-and-lift procedure based on DDs for binary optimization problems.

We present a general framework that can be applied to a large range of binary optimization problems and

show its applicability for second-order conic programming. We identify conditions for which our lifted

inequalities are facet-defining and derive a new DD-based cut generation linear program. Such a model

serves as a basis for a max-flow combinatorial algorithm over the DD that can be applied to derive valid

cuts more efficiently. Our numerical results show strong performance when incorporated into a state-of-

the-art IP solver, significantly reducing the root node gap, increasing the number of problems solved,

and reducing the run-time by a factor of three on average. This work is under review in Mathematical

Programming (Castro et al., 2020b) and won two student paper competitions in 2020: first place at the

Canadian Operation Research Society and runner-up at the INFORMS Computing Society.

Finally, we conclude this dissertation in Chapter 7 with a set of final remarks and future research

directions.

1.2 Summary of Contributions

The contributions of this dissertation include new DD encodings for novel applications and new DD

procedures to solve discrete optimization problems. We study the theoretical properties of our DD-

based techniques and evaluate their empirical performance with respect to state-of-the-art procedures.

The following lists include the main contributions of each chapter in terms of models, algorithms, theory,

and empirical results.

Chapter 4: Multi-Commodity Pickup-and-Delivery

1. A novel relaxed DD encoding for the m-PDTSP that provides valid dual bounds. We present

structural results and strategies for constructing relaxed DDs that take into account both tour

constraints and vehicle capacities, extending previous work on DDs for sequencing problems.

2. A Lagrangian technique to strengthen the DD dual bounds. We introduce Lagrange multipliers that

penalize DD solutions which do not represent valid Hamiltonian tours or which violate precedence

and capacity constraints. Thus, the technique exploits discrete and linear relaxations information,

benefiting from DD and IP technologies.

3. A numerical study that evaluates our DD construction strategies and the performance of different

DD-based Lagrangian relaxations. We incorporate our DD relaxation into a CP solver and evaluate

the quality of our bounds and the solution performance with respect to state-of-the-art techniques.

Our methodology provides improvements over the existing dataset, which is more pronounced when

the instances have a small vehicle capacity relative to the commodity weights.

Chapter 5: Delete-Free AI Planning

1. An MDD encoding of a delete-free planning task and a BDD representation of its sequential

relaxation. We propose construction procedures for each graphical structure that guarantee the
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admissibility and consistency of their resulting heuristics. We explore the theoretical properties of

our relaxed DDs and relate their heuristics to existing techniques in the literature.

2. A set of novel procedures to extract additional information from relaxed DDs. We present pre-

processing procedures to identify landmarks and redundant operators. We also consider solution

extraction techniques from relaxed DDs to compute primal bounds.

3. A novel critical-path algorithm to compute dual bounds from relaxed MDDs. The procedure

returns bounds that dominate the shortest path alternative. Our critical-path bounds can be

applied to other sequential problems that consider multiple dependencies.

4. An extensive empirical analysis that highlights the advantages and disadvantages of using DD-

based admissible heuristics instead of linear programming (LP) relaxations. We identify domain

characteristics that are suited for our BDD and MDD heuristics. We show that small relaxed DDs

have a competitive performance with respect to LP relaxations on most instances.

Chapter 6: Cut Generation and Lifting for Binary Optimization Problems

1. A general combinatorial lifting procedure applicable to any binary problem encoded using one or

multiple (relaxed) DDs. We show theoretical properties of the lifted inequality, including sufficient

conditions to obtain facet-defining inequalities. The procedure relates to several lifting algorithms

based on 0-1 disjunctions and it is the first one to leverage the combinatorial structure of the

problem via DDs.

2. A novel cutting-plane algorithm defined over a DD. This procedure extends the literature on DD-

based cuts by proposing a new cut generation approach that formulates the separation problem as

a joint-capacity max-flow problem. We show that our cuts define the convex hull of the feasibility

set and present a theoretical comparison with existing DD-based cutting-plane approaches. We

also introduce a tractable but weaker alternative to our cuts and prove that these cuts are stronger

when using reduced DDs.

3. A novel DD representation of second-order cone (SOC) inequalities. The DD encoding is based

on a recursive model for SOC constraints and extends the set of non-linear constraints encodings

based on DDs. Our construction procedure is an extension of the iterative refinement for linear

constraints and can construct exact and relaxed DDs.

4. A numerical analysis that evaluates the effectiveness of our combinatorial cut-and-lifting procedure

for SOC problems. We tested our approach over the well-known SOC knapsack constraints and

general-form SOC inequalities coming from chance-constrained stochastic problems. Our procedure

outperforms a state-of-the-art IP solver in both scenarios and achieves better performance than

existing cut-and-lifting techniques for SOC knapsack constraints.



Chapter 2

Background on Decision Diagrams

This chapter introduces Decision Diagrams (DDs) for discrete optimization, including relevant procedures

and the notation employed in this dissertation. We start by defining DDs for a general optimization

problem and use a binary knapsack problem as a running example throughout this chapter.

Consider a maximization problem DO of general form to present the theoretical properties and

algorithms of DDs. The problem considers an n-dimension integer variable x ∈ Zn with finite domain,

i.e., the domain Di of xi is a finite subset of Z for each i ∈ I = {1, . . . , n}. We denote the feasible set

of DO by X ⊆ D1 × · · · ×Dn, which could be represented by one or more constraints, and consider a

objective function f : Zn → R. The model is given by:

max
x

f(x) (DO)

s.t. x ∈ X ⊆ Zn

DDs are a graphical representation of all the points in X . Specifically, a DD is a layered graph

where each layer is associated with a variable in x and arcs emanating from that layer have labels that

correspond to possible variable-value assignments. We say that a DD D exactly represents X if all paths

in D have a one-to-one relationship to points in X .

Example 2.1 Consider a knapsack problem with feasible set X = {x ∈ {0, 1}4 : 7x1+5x2+4x3+x4 ≤ 8}
and a linear objective f(x) = c>x with cost vector c = (4, 2, 5, 1). Figure 2.1 illustrates the set of feasible

solution in X over two graphs. Here, dashed arrows represent arcs associated with a zero-value variable

assignment (i.e., va = 0) and solid arrows correspond to arcs with a one-value variable assignments

(i.e., va = 1). The left graph in Figure 2.1 corresponds to a decision tree (e.g., in a branch-and-bound

procedure) where paths from the root r to each leaf node correspond to valid variable assignments.

Conversely, the right graph illustrates a DD for X . Each DD layer is associated with a variable and

arcs denote valid variable-value assignments. Note that there is a one-to-one correspondence between

root-to-leaf paths in the decision tree and r− t paths in the DD, i.e., the DD exactly represents X . �

Example 2.1 illustrates a compact DD representation of a discrete optimization problem. As discussed

in Section 2.3, this graphical encoding is quite flexible and can be used in conjunction with existing

methodologies to efficiently solve optimization tasks. For example, DDs can be seen as global constraint

in Constraint Programming (CP) and, thus, can be used for inference and propagation (Hoda et al.,

2010). Alternatively, the convex combination of solutions in a DD can be represented as a network-flow

6
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Figure 2.1: A decision tree and a DD for X = {x ∈ {0, 1}4 : 7x1 + 5x2 + 4x3 + x4 ≤ 8}.

model (Behle, 2007), i.e., an extended linear reformulation of X .

We now formally define DDs and introduce the notation used throughout this dissertation. A DD

D = (N ,A) is a layered-directed acyclic graph with node set N and arc set A. The node set N is

partitioned into n+ 1 layers N = (N1, . . . ,Nn+1). The first and last layers are the singletons N1 = {r}
and Nn+1 = {t}, respectively, where r is the root node and t is the terminal node. An arc a = (u, u′) ∈ A
has a source node s(a) = u and a target node t(a) = u′ in consecutive layers, i.e., u′ ∈ Ni+1 whenever

u ∈ Ni for every i ∈ I.

The points in X are mapped to paths in the network, as follows. Without loss of generality, arcs

emanating from layer Ni, for each i ∈ I, are associated with values in the domain of variable xi. Every

arc a ∈ A with source s(a) ∈ Ni has a value va ∈ Di, and each node u ∈ Ni has at most |Di| emanating

arcs, each one with a different value. Given an arc-specified r− t path p = (a1, . . . , an) with s(a1) = r

and t(an) = t, we let xp = (va1 , va2 , . . . , van) ∈ D1 × · · · ×Dn be the n-dimensional point encoded by

path p. Then, the set of points represented by the DD is

Sol(D) =
⋃
p∈P
{xp},

where P is the set of all r − t paths in D. Thus, D exactly represents X if Sol(D) = X , i.e., there is a

one-to-one correspondence between points in X and paths in P.

We can naively construct a DD for X by enumerating all points in X in a decision tree and then

merging nodes in the same layer with equivalent sub-trees (see Figure 2.1). However, this procedure is

impractical due to the potential exponential size of X . The following sections explain how to construct

DD in a systematic and tractable manner, while introducing alternatives to overcome their potential

exponential size.

Outline. The reminder of this chapter is as follows. Section 2.1 presents how to construct a DD for

any recursive model and introduces a reduction procedure to decrease its size. Section 2.2 defines a

relaxed DD as a limited-sized DD that over-approximates the feasible set of the problem. This section

includes a theoretical framework on the creation of valid DD relaxations and examples for commonly

used combinatorial structures. Lastly, Section 2.3 discusses how to use DDs in conjunction with existing

technologies to solve discrete optimization problems.
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2.1 Decision Diagrams and Recursive Formulations

DDs are graphical structures that encode the feasible set of any discrete optimization problem. However,

there are currently no efficient algorithms that can create DDs for an arbitrary problem DO. As depicted

in Figure 2.1, a naive alternative is to construct the decision tree defining X and create a DD by merging

nodes with equivalent sub-trees. Unfortunately, this procedure is intractable due to the potentially

exponential size of the feasible set X .

A common practice in the literature is to construct DDs based on a recursive formulation of DO. As

discussed by Hooker (2013), there is a strong relationship between DDs and the state transition graph

in the DP literature. DPs represent optimization problems via a recursive model where decisions are

made sequentially (Bertsekas, 2017). Then, the state transition graph can be obtained by unfolding the

recursive model for any possible state in the system.

In the following, we detail how to construct a DD for DO based on a recursive reformulation. We

start by introducing a general-form recursive model ROP using syntax from the DP literature (Bertsekas,

2017). We consider a n+1 stage recursive model with decision variables x ∈ Zn, i.e., one decision variable

xi for each stage i ∈ I. For a given stage i ∈ {1, . . . , n+ 1}, state variables S ∈ Si represent the current

information of the system given the decisions made so far, where set Si is the state space at stage i. The

set of feasible assignments of variable xi at a state S ∈ Si is given by the feasibility set Xi(S) ⊆ Di.

To move from one stage to the next, the transition function φi : Si ×Xi → Si+1 maps the current state

and decision variable in stage i to a state in the following stage, i.e., S′ = φi(S, x) with S′ ∈ Si+1.

Each state S ∈ Si and decision variable x ∈ Xi(S) at stage i ∈ {1, . . . , n + 1} has an immediate cost

fi(S, x) and the total cost is given by the accumulated costs over all stages. Consider hi : Si → R as the

maximum accumulated cost from a state in stage i to any last-stage state. Then, the recursive model

ROP is given by:

hi(S) = max
x∈Xi(S)

{fi(S, x) + hi+1(φi(S, x))} , ∀i ∈ I, (ROP)

where the optimal value of the system is the accumulated value at the initial state, i.e., h1(S1). Without

loss of generality, we assume that the accumulated cost for all last-stage state variables S ∈ Sn+1 is

hn+1(S) = 0 and that there is a single initial state, i.e., S1 = {S1}.

Example 2.2 Consider the knapsack problem introduced in Example 2.1 with weight vector w =

(7, 5, 4, 1). We consider decision variables x ∈ {0, 1}4 and a single state variable S = Q that represents

the load of the knapsack at each stage. Then, for an initial state Q1 = 0, the recursive model for this

knapsack instance is given by

hi(Q) = max
x∈Xi(Q)

{cix+ hi+1(Q+ wix)} , ∀i ∈ {1, . . . , 5}. (R-KNP)

The transition function φi(Q, x) = Q + wix updates the load of the knapsack, while the immediate

cost function fi(Q, x) = cix corresponds to the gain of choosing item i. Since the weight of each item

is positive, the feasibility set for state Q ∈ Si is given by Xi(Q) = {x ∈ {0, 1} : Q + wix ≤ 8}, for all

stages i ∈ {1, . . . , 4}. �
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2.1.1 Construction and Optimization

Given a recursive model ROP, we can construct a DD for X in a similar fashion as its state transition

graph, i.e., by unfolding the recursive model one stage at a time in sequential order. The main idea is

to associate a unique state S ∈ Si to each DD node in layer Ni and i ∈ I. Specifically, we denote by

S(u) to the state S associated with node u ∈ N . Starting from i = 1, the root node r corresponds to

the initial state S1, i.e., S(r) = S1. Then, each node in layer Ni is associated with a state S ∈ Si such

that its emanating arcs have values in Xi(S) and point to nodes in layer Ni+1 with state values given

by the transition function φi(·).
Algorithm 1 depicts this procedure known as top-down construction in the DD literature (Bergman

et al., 2011). The algorithm receives the recursive model ROP as input. It then unfolds the recursion in

sequential order by creating a node for each new observed state. Arcs emanating from a node u ∈ Ni
are directed to nodes in the next layer following the transition function, i.e., u′ = t(a) ∈ Ni+1 for arc

a ∈ Aout(u) if and only if S(u′) = φi(S(u), va). Lastly, since the final layer considers a single terminal

node t, this node represents the union of all last-stage states.

Algorithm 1 DD Top-Down Construction Procedure

1: procedure TopDownDD(ROP)
2: Create DD D = (N ,A) with n+ 1 empty layers.
3: Create the root and terminal node, i.e., r ∈ N1 and t ∈ Nn+1

4: Assign the initial state to the root node, i.e., S(r) = S1

5: for i ∈ {1, . . . , n− 1} do
6: for u ∈ Ni do
7: Create an arc a emanating from u for each possible value in Xi(S(u))
8: for a ∈ Aout(u) do
9: if there exists node u′ ∈ Ni+1 with S(u′) = φi(S(u), va) then

10: Direct arc a to node u′, i.e., t(a) = u′

11: else
12: Create a new node u′ in Ni+1 with S(u′) = φi(S(u), va) and point arc a to u′

%% Last layer %%
13: for u ∈ Nn do
14: Create an arc a emanating from u for each possible value in Xn(S(u)) with target t(a) = t

15: return D

Notice that in the above procedure all nodes in a layer are associated with different states. Moreover,

we construct an arc for each possible value of xi given by its current state and stage i ∈ I. Thus, the

procedure creates an exact DD for the feasible set X defined by ROP.

Example 2.3 Consider the knapsack problem in Example 2.1 with feasible set X = {x ∈ {0, 1}4 :

7x1 + 5x2 + 4x3 + x4 ≤ 8} and recursive model R-KNP. Figure 2.2 depicts the top-down construction

procedure, including the resulting DD (right graph). The left graph shows the resulting diagram after

creating all nodes in layer N2 where the state of each node is written below it. Similarly, the middle

graph illustrates the diagram after creating all nodes in layer N3. Notice that all nodes in the same layer

have different states and the graph structure is defined by the transition function in R-KNP. �

As in deterministic DP models (Bertsekas, 2017), we can use a longest-path algorithm over D to

obtain the optimal value of ROP. Intuitively, we assign each arc a ∈ A a length given by the immediate

cost function over its value va and the state of its emanating node, i.e., `a = fi(S(u), va) for any arc a

emanating from node u ∈ Ni. Then, the longest r− t path corresponds to the optimal solution over D.
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Figure 2.2: Top-down DD construction procedure for R-KNP. Values below nodes correspond to states.

The longest-path algorithm starts at the terminal node t and traverses each layer in decreasing

index order, i.e., we process all nodes in layer Ni before moving to layer Ni−1. Consider h(u) as the

maximum cumulative value from node u ∈ Ni to t, i.e., the value function over the state associated

with u, h(u) = hi(S(u)). We calculate the longest-path value by assigning h(t) = 0 and applying the

following recursion:

h(u) = max
a∈Aout(u)

{`a + h(t(a))}, ∀u ∈ Ni, i ∈ I.

The above recursion is equivalent to the recursive model ROP due to our arc length definition and

the top-down DD construction procedure. Thus, the longest-path value h(r) corresponds to the optimal

value of ROP, i.e., h1(S1).

Example 2.4 Consider the knapsack problem in Example 2.1 with cost vector c = (4, 2, 5, 1) and its

top-down DD in Figure 2.2 (right). Starting at the terminal node we have h(t) = 0 and value h(u9) =

h(u8) = h(u7) = h(u6) = 1 for nodes in layer N4. The longest path is given by p = (r, u1, u3, u7, t) with

value h1(r) = 6. �

2.1.2 Reduction Procedure

Algorithm 1 constructs a DD that has a node in layer Ni for each reachable state at stage i ∈ {1, . . . , n}.
However, the number of states in each stage can grow exponentially in n. One way to overcome this

issue and decrease the size of a DD D is to apply a reduction procedure, i.e., merge nodes with different

state values that have equivalent sub-graphs. By doing so, the resulting DD maintains the same solution

set but can potentially have a considerably smaller number of nodes.

Formally, a reduced DD D is the smallest network (with respect to number of nodes) that represents

the set of points Sol(D) for a given variable ordering. Given any DD D we can construct a reduced DD

in polynomial-time over the number of nodes in D (Bryant, 1986). The main idea is to merge nodes in

the same layer that have equivalent solutions. Intuitively, we say that two nodes u, u′ ∈ Ni represent

equivalent solutions if the solution set given by the u−t and u′−t paths are equal. Thus, u, u′ ∈ Ni have

equivalent solutions, u ∼ u′, if for each arc a ∈ Aout(u) there exists an arc a′ ∈ Aout(u′) with equal value

and target node, i.e., va = va′ and t(a) = t(a′), and vice-versa. We consider [u] = {u′ ∈ Ni : u′ ∼ u} as

the set of equivalent solution nodes given any node u ∈ Ni.
Algorithm 2 illustrates a variant of DD reduction procedure introduced by Bryant (1986) that is
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Algorithm 2 DD Reduction Procedure

1: procedure ReduceDD(D)
2: i = n
3: while i ≥ 0 do
4: for u ∈ Ni do
5: Find all equivalent nodes to u, i.e., all u′ ∈ [u]
6: Redirect incoming arcs, i.e., for each u′ ∈ [u] and a ∈ Ain(u′) set t(a) = u
7: Eliminate equivalent nodes, i.e., Ni = (Ni \ [u]) ∪ {u}
8: i = i− 1

9: return D
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Figure 2.3: Two exact DD for X = {x ∈ {0, 1}4 : 7x1 + 5x2 + 4x3 + x4 ≤ 8}. The right graph is the
reduced DD obtained after applying Algorithm 2 to the left DD.

better suited for discrete optimization (Bergman et al., 2016a). Specifically, we omit the step that

removes redundant nodes and replaces them with long arcs. While this step can further reduce the

nodes in each layer, it changes the semantics of the DD presentation since long arcs group several

variable assignments. We avoid long arcs because the layered DD representation is more appropriate for

the procedures presented in this dissertation (e.g., Lagrangian duality and network flow models).

Therefore, the reduction procedure employed in this dissertation is as follows. Starting from the

second to last layer, we iterate over each layer identifying and merging equivalent nodes (lines 2-5).

Specifically, for every node u ∈ N , the procedure redirects all incoming arcs of nodes in [u] to a single

node and eliminates the remaining nodes in the set (lines 6-7).

Example 2.5 Consider the knapsack problem introduced in Example 2.1 and two exact DDs for its

feasibility set depicted in Figure 2.3. The right most DD, D2, in Figure 2.3 is a reduced DD obtained

when applying Algorithm 2 to the left most DD, D1. Notice that in the fourth layer all nodes are

equivalent and are replaced by a single node u5 in the reduced DD. Similarly, there are two equivalent

nodes in the third layer of D1 after the fourth layer reduction (i.e., u4 ∼ u5) which are replaced by a

single node u4 in the reduced DD. �

As illustrated in Example 2.5, the reduction algorithm significantly decreases the size of the diagrams

both in terms of nodes and edges. Despite this reduction, the size of a reduced DD can also be exponential

in the number of variables n (Bergman and Cire, 2016c). Moreover, the procedure requires an initial

DD that can be significantly larger than the resulting reduced DD. In the following section, we present

a DD variant that tackles this problem by introducing infeasible paths to limit the diagram size.
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2.2 Relaxed DDs

So far we considered an exact DD D for X (i.e., X = Sol(D)) which can have exponential size in the

number of variables n. To overcome this problem, Andersen et al. (2007) propose to over-approximate

X using a relaxed DD, i.e., a DD D with solution set such that X ⊆ Sol(D). Thus, every point in X
maps to a r− t path in D but the converse is not necessarily true. Relaxed DDs allow us to construct a

discrete relaxation of X that can be used, for instance, to compute bounds for an optimization problem

(see Section 2.2.4).

Recall that each node in an exact DD D is associated with a unique state. However, while exact

DD nodes corresponds to states in ROP, a node in a relaxed DD represents relaxed states, i.e., the

union of multiple states from the same stage. Thus, we construct a limited-size relaxed DD that over-

approximates X by representing relaxed states in each DD node.

We present relaxed states following the definitions and formalism introduced by Hooker (2017). Given

two states S,S′ ∈ Si, we define S̃ = S ⊕ S′ as its merged state where ⊕ is an appropriate merging

operator, i.e., the following properties hold for any stage i ∈ I:

(C1) The set of feasible assignments over states S and S′ are also feasible over S̃, i.e., Xi(S), Xi(S
′) ⊆

Xi(S̃).

(C2) The immediate cost at state S̃ is greater than or equal to the immediate cost at states S and S′.

Thus, for any x ∈ Xi(S) and x′ ∈ Xi(S
′) we have fi(S, x) ≤ fi(S̃, x) and fi(S

′, x′) ≤ fi(S̃, x
′),

respectively.

Following the above conditions, we say that S̃ relaxes a state S ∈ Si if Xi(S) ⊆ Xi(S̃) and the

immediate cost function over any x ∈ Xi(S) is larger for S̃ (i.e., fi(S, x) ≤ fi(S̃, x)). These two

properties (C1) and (C2) are necessary (but not sufficient) conditions to define a proper relaxation of

ROP. Hooker (2017) shows that operator ⊕ defines a proper relaxation for ROP if, in addition to (C1)

and (C2), we impose a condition over the transition function:

(C3) If S̃ relaxes state S ∈ Si, then, given any value x ∈ Xi(S), φi(S̃, x) relaxes state φi(S, x), for

all i ∈ I. Thus, S̃ defines a relaxed state in the following stage for each feasible decision variable

assignment.

Thus, we can construct a valid relaxation for ROP (i.e., over-approximate its feasible set and cost)

with any merging operator ⊕ that satisfies conditions (C1)-(C3). Notice that these conditions are quite

general and, as such, they allow us to construct relaxed DDs for a wide range of problems. Example 2.6

shows a merging operator and relaxed state for the knapsack problem. In addition, Sections 2.2.2 and

2.2.3 illustrate merging operators for two common problem structures in the literature.

Example 2.6 Consider the knapsack problem introduced in Example 2.1 with feasible set X = {x ∈
{0, 1}4 : 7x1 + 5x2 + 4x3 + x4 ≤ 8} and recursive model R-KNP. We define the merge operator over

states Q,Q′ ∈ Si at stage i ∈ {1, . . . , 4} as the minimum over both quantities, i.e., Q⊕Q′ = min{Q,Q′}.
Notice that operator ⊕ satisfies (C1) since any solution feasible for a knapsack load Q or Q′ is also

feasible for min{Q,Q′}. Condition (C3) also holds for ⊕ since the transition function is an increas-

ing function over Q (see Example 2.2). Lastly, (C2) holds since the cost function fi(Q, x) = cix is

independent of the current state Q. �
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2.2.1 Construction Procedures

We now present two relaxed DD construction procedures employed in the literature (Bergman et al.,

2016a). Both algorithms construct relaxed DDs by limiting the number of nodes in each layer. Formally,

the width of a DD w(D) is the maximum number of nodes in each layer, i.e., w(D) = max{|Ni| : i ∈ I}.
Thus, we limit the size of D by bounding its width with a value W ∈ Z+ as w(D) ≤ W.

The first construction procedure corresponds to a slight variant of the top-down algorithm for exact

DDs (see Algorithm 1). The main idea is to introduce an additional step that merges nodes when the

maximum width is exceeded (Bergman et al., 2011). As in Algorithm 1, we construct a relaxed DD

starting from the root node r and create nodes for reachable states at each stage in consecutive index

order. The procedure continues until we reach a layer where the number of nodes is larger than the

maximum width, i.e., |Ni| >W for some i ∈ I. In such case, we employ a merging procedure that selects

and merges nodes until we satisfy the maximum-width requirement.

This top-down algorithm has been successfully used to create strong relaxations, e.g., for the set

covering problem (Bergman et al., 2011). However, its naive version merges nodes without information

on how this will affect the relaxation in the following stages. While there exist alternatives that include a

look-ahead step to decide which nodes to merge, these procedures can be quite computationally expensive

(Horn et al., 2018).

An alternative is to construct a relaxed DD using the iterative refinement procedure (Andersen

et al., 2007). In contrast to the top-down algorithm, this procedure starts with an initial relaxed DD

and iteratively increase its width by splitting nodes, i.e., we refine the DD in each iteration. The main

advantage is that we can use information on the resulting DD to guide the refinement in the next

iteration. Examples of this idea include satisfying multiple constraints over the DD one at a time (Ciré

and Hooker, 2014) and iteratively improve DD bounds (Bergman and Cire, 2016c).

Algorithm 3 Relaxed DD Iterative Refinement Construction Procedure

1: procedure ConstructDD(ROP, W, ⊕)
2: D = WidthOneDD({D1, . . . , Dn})
3: while D has been modified do
4: for i ∈ I do
5: UpdateDDNodesTop(Ni)
6: SplitDDNodes(Ni, W)
7: FilterDDArcs(Ni)
8: UpdateDDNodesTop(Nn+1)
9: UpdateDDBottom(D) %% Optional step %%

10: return D

Algorithm 3 illustrates the iterative refinement procedure given a recursive model ROP, a maximum

width W, and a merging operator ⊕. The procedure starts by constructing a width-one DD, i.e., a DD

D where each layer Ni, with i ∈ I, has a single node and emanating arcs for each value in Di. The

root node is associated with the initial state (i.e., S(r) = S1) and each following node corresponds to a

relaxed state computed using the merging operator and its incoming arcs:

S(u) =
⊕

a∈Ain(u)

φi−1(S(s(a)), va), ∀u ∈ Ni, i ∈ {2, . . . , n+ 1}. (2.1)

Then, the procedure iteratively refines D until it cannot be updated any further (lines 3-8). The
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refinement is done one layer at a time in increasing index order and it is divided into three sub-routines:

update relaxed states in each node (UpdateDDNodesTop), split nodes (SplitDDNodes), and filter infeasible

arcs (FilterDDArcs). The UpdateDDNodesTop(Ni) routine iterates over all the nodes in layer Ni and

updates their relaxed states using equation (2.1).

As shown in Algorithm 4, the SplitDDNodes(Ni) sub-routine iterates over the nodes in layer Ni and

splits them into two (or more) nodes to improve the DD relaxation. Intuitively, the procedure chooses

nodes that have relaxed states representing the union of two or more states. The decision on how to

choose and split nodes is problem specific and generally done heuristically. For each chosen node u ∈ Ni,
the procedure partitions its set of incoming arcs and redirects one partition to a newly created node

u′ ∈ Ni (lines 4-6). We create emanating arcs for u′ by duplicating the emanating arcs of u, i.e., these

new arcs have the same value and target nodes as the arcs in Aout(u). This last step guarantees that

the modified DD has the same set of solutions. The procedure ends when we reach the width limit or

there are no more nodes to split.

Algorithm 4 Relaxed DD Split Nodes Procedure

1: procedure SplitDDNodes(Ni, W)
2: for u ∈ Ni do
3: if S(u) represents the union of two or more states then
4: Partition Ain(u) into two sets, i.e., Ain(u) = A1 ∪ A2 and A1 ∩ A2 = ∅
5: Create a new node u′ in layer Ni
6: Redirect arcs in A2 to u′, i.e., for all arcs a ∈ A2, t(a) = u′

7: Duplicate Aout(u), and set their source nodes to be u′, i.e., Aout(u′) = Aout
dup(u)

8: if |Ni| =W then return

The third sub-routine in the iterative refinement algorithm is FilterDDArcs(Ni). This procedure

iterates over the arcs emanating from layer Ni to identify and remove infeasible arcs. Formally, we say

that an arc a ∈ A is infeasible if all r − t paths traversing a correspond to infeasible solutions, i.e.,

xp /∈ X for all r − t paths p ∈ P containing arc a. We identify infeasible arcs by checking a set of

conditions (i.e., filter rules) defined over the relaxed state in their source nodes. These rules are problem

specific and, as shown in Example 2.7, their effectiveness is highly dependent on number of states that

each relaxed state represents.

Example 2.7 Consider the knapsack problem with feasible set X = {x ∈ {0, 1}4 : 7x1 +5x2 +4x3 +x4 ≤
8} and recursive model R-KNP. We construct a relaxed DD for X as follows. For each node u ∈ Ni, we

consider a relaxed states S(u) = (Qmin(u), Qmax(u)) where Qmin(u) and Qmax(u) represent the minimum

and maximum load of the knapsack at node u and stage i ∈ {1, . . . , 5}, respectively. Thus, the merging

operator is given by ⊕ = (min,max). We choose this relaxed state representation to identify if a node

encodes multiple states and, therefore, if it is a candidate for splitting. Intuitively, a node u ∈ N
represents a single state of R-KNP if Qmin(u) = Qmax(u).

Lastly, we identify if an arc a ∈ A with source s(a) ∈ Ni is infeasible if

Qmin(s(a)) + wiva > 8 (KP-R1)

for any i ∈ I. If arc a satisfies filtering rule KP-R1, then all paths traversing a represent solutions with

a knapsack load above its limit. Thus, we can remove arc a from D.

Figure 2.4 illustrates the iterative refinement procedure for R-KNP with maximum width W = 2
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and relaxed states as defined above. The left most DD corresponds to a width-one DD for this problem,

where the values next to each node represents its relaxed state. The middle DD depicts the update,

split, and filter sub-routines in layer N2. Node u1 ∈ N2 is split into two (i.e., u1 and ū1), each node with

one incoming arc and relaxed states updated accordingly. Also, notice that arc a = (u1, ū1) with value

va = 1 is infeasible, since it satisfies KP-R1. The right graph shows the resulting DD after refining layer

N3. In this DD, filtering rule KP-R1 identifies infeasible arc a = (ū2, u3) with value va = 1.

While filtering rule KP-R1 identifies several infeasible arcs during the DD construction procedure,

there exist paths in the right most DD of Figure 2.4 that correspond to infeasible solutions, e.g., path

(r, u1, u2, u3, t) associated with point x = (0, 1, 1, 1) is infeasible. This path cannot be removed from the

DD since all its arcs are also associated with feasible solutions, i.e., all the arcs violate KP-R1. We can

remove this path from the DD if we further split node u2. �
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u3

t

(0, 0)

(7, 7)(0, 0)

(7, 7)(0, 5)

(0, 9)

(0, 10)

va = 0

va = 1

Figure 2.4: Relaxed DD construction procedure for X = {x ∈ {0, 1}4 : 7x1 + 5x2 + 4x3 + x4 ≤ 8} and
W = 2. The figure shows a width-one DD (left), a DD after splitting layer N2 (middle), and a DD after
splitting layer N3 (right). Values next to nodes represent relaxed states. Highlighted arrows correspond
to infeasible arcs that can be removed.

We can construct a relaxed DD for any recursive model ROP with the sub-routines described so

far and an appropriate merging operator. However, as in the top-down construction case, the relaxed

states store information from the current and preceding stages, but not from the remaining stages. An

alternative is to create additional relaxed states for each node u ∈ N that take into account the decisions

made over all u − t paths, i.e., bottom-up relaxed states. The main idea is to use bottom-up relaxed

states to strengthen the relaxation by creating additional filtering rules.

Algorithm 5 Bottom-Up Procedure for Iterative Refinement

1: procedure UpdateDDBottom(D)
2: i = n+ 1
3: while i ≥ 0 do
4: UpdateDDNodesBottom(Ni)
5: FilterDDArcs(Ni−1)
6: i = i− 1

Algorithm 5 depicts the bottom-up procedure, UpdateDDBottom(D). The algorithm iterates over

each layer in reverse order updating the bottom-up states in each layer (i.e., UpdateDDNodesBottom(Ni))
and filtering its incoming arcs (i.e., FilterDDArcs(Ni−1)). The bottom-up states, denote by S↑, are usually

defined similarly to the top-down relaxed states considering the recursion in inverse order. Specifically,

given a bottom-up transition function φ↑i (·) and merging operator ⊕, we update the bottom-up states
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for every DD node as

S↑(u) =
⊕

a∈Aout(u)

φ↑i (S
↑(t(a)), va), ∀u ∈ Ni, i ∈ {n, n− 1, . . . , 1}, (2.2)

and associate the terminal node with an appropriate initial bottom-up state, i.e., S↑(t) = S↑n+1. We

can then create new filtering rules that take into account the information store in the bottom-up states

to identify additional infeasible arcs. Example 2.8 illustrates bottom-up states and a filtering rule for

the knapsack problem. Sections 2.2.2 and 2.2.3 present additional examples of relaxed states (top-down

and bottom-up) and filtering rules for problem structure that emerge in many applications.

Example 2.8 Consider the knapsack problem with feasible set X = {x ∈ {0, 1}4 : 7x1+5x2+4x3+x4 ≤
8} and recursive model R-KNP. Notice that we can change the variable ordering of recursion R-KNP

without altering the set of feasible solutions and optimal value. Then, we use this fact to create the

bottom-up state S↑(u) = Q↑min(u) as the minimum knapsack load for all partial solutions represented

by u − t paths. The bottom-up updates follow the same structure as the top-down updates shown in

Example 2.7. Thus, we set Q↑min(t) = 0 and update the bottom-up states as:

Q↑min(u) = min
a∈Aout(u)

Q↑min(t(a)) + wiva, ∀u ∈ Ni, i ∈ {4, 3, . . . , 1}.

Notice that for any arc a ∈ A emanating from layer Ni, the expression Qmin(s(a))+wiva+Q↑min(t(a))

underestimates the load of the knapsack given by all r − t paths traversing arc a. Then, the following

condition is a valid filtering rule for the problem:

Qmin(s(a)) + wiva +Q↑min(t(a)) > 8.

Thus, all arcs satisfying this condition are only part of solutions that violate the knapsack constraint. �

2.2.2 Special Case: Separable Inequalities

We now present the relaxed states and filtering rules for feasible sets defined by separable functions

(Andersen et al., 2007; Hoda et al., 2010). Consider X = {x ∈ Zn :
∑
i∈I gi(xi) ≤ b} where gi : Di → R

is a real function for each i ∈ I and b ∈ R is the right-hand-side constant. Notice that separable

inequalities arise in a wide range of problems, e.g., problems defined by linear constraints. Here we

assume that X has a single inequality but the relaxed states and filtering rules can be extended for

multiple inequalities.

As for our knapsack running example, we define X recursively considering a single state variable

S = Q that represents value
∑i−1
j=1 gj(xj) at stage i ∈ {2, . . . , n + 1}. Then, the initial state is S1 = 0

and the transition function is given by φi(Q, x) = Q+ gi(x) for all i ∈ I. The set of feasible decision is

given by Xi(Q) = Di for stages i ∈ {1, . . . , n − 1} and Xn(Q) = {x ∈ Dn : Q + gn(x) ≤ b} for the last

decision variable.

Similarly to Example 2.7, we define two (top-down) relaxed states S(u) = (Qmin(u), Qmax(u)) for

each node u ∈ Ni that respectively under-estimate and over-estimate the value of Q considering all

r − u paths. We compute these values using the merge operator ⊕ = (min,max) and the initial state
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S(r) = (0, 0). Then, the relaxed states for each node u ∈ Ni are updated recursively as follows:

Qmin(u) = min
a∈Ain(u)

{Qmin(s(a)) + gi−1(va)}, (2.3)

Qmax(u) = max
a∈Ain(u)

{Qmax(s(a)) + gi−1(va)}. (2.4)

These two relaxed states can be used during the splitting procedure to identify nodes that represent

multiple states, i.e., any node u ∈ N with Qmin(u) < Qmax(u). Also, we use the relaxed states to create

a filtering rule for any arc a ∈ A emanating from layer Nn:

Qmin(s(a)) + gn(va) > b. (SI-R1)

The validity of this rule follows from the relaxed state updates (2.3) and the inequality defining X .

However, rule SI-R1 only detects infeasible arcs in the second-to-last layer and its effectiveness depends

on the node relaxation degree in that layer (i.e., the Qmax(u) − Qmin(u) difference). Fortunately, we

can introduce bottom-up states for this problem structure and create filtering rules that can identify

infeasible arcs in any layer.

We define bottom-up states for our relaxed DD following the same ideas introduced in the knapsack

problem (see Example 2.8). Consider the bottom-up state S↑(u) = Q↑min(u) for any node u ∈ Ni that

represent the minimum value of
∑n
j=i gj(xj) for all u−t paths. Thus, we assign Q↑min(t) = 0 and update

the bottom-up states for every node u ∈ Ni and stage i ∈ I as

Q↑min(u) = min
a∈Aout(u)

{Q↑min(t(a)) + gi(va)}. (2.5)

For a given arc a ∈ A emanating from layer Ni, we under-approximate the last-stage state value

Q ∈ Sn+1 for all paths traversing a using the top-down and bottom-up states as Qmin(s(a)) + gi(va) +

Q↑min(t(a)). The validity of this bound follows directly from the state updates (2.3) and (2.5). Thus, the

following inequality is a valid filtering rule to identify infeasible arcs emanating from layer Ni for any

i ∈ I:

Qmin(s(a)) + gi(va) +Q↑min(t(a)) > b. (SI-R2)

Note that SI-R1 is a special case of SI-R2 since the terminal node has bottom-up state Q↑min(t) = 0.

Moreover, filtering rule SI-R2 identifies all infeasible arcs with respect to X (Andersen et al., 2007), a

property known as DD consistency in the CP literature (see Section 2.3.1).

2.2.3 Special Case: All-Different Structure

We now present relaxed states and filtering rules for combinatorial structures where all variables have to

take different values (Andersen et al., 2007; Hoda et al., 2010), i.e., X = {x ∈ Zn : xi 6= xj , for any i, j ∈
I, i 6= j}. This structure is known as the All-different global constraint in the CP literature and has

many applications, including sequencing and assignment problems (Rossi et al., 2006). We represent set

X considering a state variable S = E ∈ Si as the set of values assigned to variables at stage i ∈ I, i.e.,

E ⊆ D1 ∪ · · · ∪Di with cardinality |E| = i. The initial state is the empty set S1 = ∅, i.e., no variable

has been assigned to a value yet. For each stage i ∈ I, the transition function φi(E, x) = E ∪ {x} adds

the value assigned to x to set E and the feasible set Xi(E) = {x ∈ Di : x /∈ E} enforce x to take a value
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different to the ones in E.

We consider two relaxed states S(u) = (Eall(u), Esome(u)) to approximate E at node u ∈ N . Specif-

ically, Eall(u) represents the set of values that appear in all r− u paths, while Esome(u) corresponds to

the set of values that are assigned to at least some arc in a r − u paths. Then, we set the initial state

as S(r) = (∅, ∅) and update the relaxed states for a node u ∈ N \ {r} as follows:

Eall(u) =
⋂

a∈Ain(u)

{Eall(s(a)) ∪ {va}}, (2.6)

Esome(u) =
⋃

a∈Ain(u)

{Esome(s(a)) ∪ {va}}. (2.7)

Notice that a relaxed state S(u) = (Eall(u), Esome(u)) at node u ∈ N represent a single exact state if

Eall(u) = Esome(u). Thus, we can use the relaxed states to identify possible nodes to split, i.e., whenever

node u has Eall(u) ⊂ Esome(u). Moreover, we can identify if an arc a ∈ A emanating from layer Ni is

infeasible if one of the following filtering rules hold:

va ∈ Eall(s(a)), (AD-R1)

|Esome(s(a))| = i and va ∈ Esome(s(a)). (AD-R2)

The validity of AD-R1 follows directly from the All-different structure X . Condition AD-R2

states that if all r− s(a) paths have i variables and at most i different values, then arc a needs to have

a value outside of Esome(s(a)), otherwise all paths traversing a repeat at least one value.

As for the separable inequality case, we define bottom-up states considering the recursion in inverse

order. Consider bottom-up states S↑(u) = (E↑all(u), E↑some(u)) for node u ∈ N as the set of values

that appear in all or at least some u − t path, respectively. Thus, the terminal node has relaxed state

S↑(t) = (∅, ∅) and the bottom-up states at node u ∈ N \ {t} are given by:

E↑all(u) =
⋂

a∈Aout(u)

{E↑all(t(a)) ∪ {va}}, (2.8)

E↑some(u) =
⋃

a∈Aout(u)

{E↑some(t(a)) ∪ {va}}. (2.9)

We use the bottom-up states to define the following filtering rules to identify infeasible arc a ∈ A
emanating from layer Ni for any i ∈ I:

va ∈ E↑all(t(a)), (AD-R3)

|E↑some(t(a))| = n− i and va ∈ E↑some(t(a)), (AD-R4)

|Esome(s(a)) ∪ {va} ∪ E↑some(t(a))| < n. (AD-R5)

Filtering rules AD-R3 and AD-R4 are analogous to AD-R1 and AD-R2, respectively, but over the bottom-

up states instead. Rule AD-R5 checks whether all paths traversing a repeat a value by comparing the

number of different values and variables.
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2.2.4 Objective Bounds and Filtering

So far we have introduced how to create relaxed DDs for different combinatorial structures ignoring

their objective functions. We now introduce two common objective functions and show how to create

valid relaxations for the recursive model ROP. Moreover, we present cost-based filtering rules to remove

sub-optimal solutions from the relaxed DDs. We first introduce the simplest case where we have a

state-independent objective function and then show a procedure for the sum of set-up times objective

for sequencing problems.

State-Independent Objective

Consider a recursive maximization problem ROP and an objective function that is independent of the

current state, i.e., fi(S, x) = fi(x) for any state S ∈ Si and stage i ∈ I. Examples of this objective

include linear functions f(x) = c>x where fi(x) = cixi. Note that in this case there is no need to impose

condition (C3) over the merging operator ⊕ since the immediate cost is independent of the (relaxed)

state.

We compute an upper bound for ROP using a longest-path procedure over D (Andersen et al., 2007).

For each arc a ∈ A emanating from layer Ni with i ∈ I, we assign arc a a length `a = fi(va). Every node

u ∈ N has a value h(u) that corresponds to the longest-path value for all r− u path. The longest-path

values are calculated traversing the DD once in a top-down fashion by setting h(r) = 0 and using the

following equation:

h(u) = max
a∈Ain(u)

{h(s(a)) + `a}, ∀u ∈ N \ {r}. (2.10)

The longest-path value is hence given by h(t). Since D is a relaxed DD for X (i.e., X ⊆ Sol(D)), the

longest-path value over D is a valid upper bound for ROP:

h(t) = max
x∈Sol(D)

f(x) ≥ max
x∈X

f(x).

Besides bound computation, we can also refine the relaxed DD D by removing arcs that represent

sub-optimal solutions with respect to any given lower bound lb (Hadzic and Hooker, 2007). To do so, we

consider a bottom-up version of the longest-path procedure and apply a filtering rule similar to SI-R2.

To this end, consider h↑(u) as the longest-path value for all u− t paths, where h↑(t) = 0 and

h↑(u) = max
a∈Aout(u)

{h↑(t(a)) + `a}, ∀u ∈ N \ {t}. (2.11)

We identify and remove sub-optimal paths from D using a cost-based filtering. Given any arc a ∈ A,

all r− t paths traversing a correspond to sub-optimal solutions if the following condition holds:

h(s(a)) + `a + h↑(t(a)) < lb. (CB-R1)

The right-hand-side of CB-R1 corresponds to the longest-path value for all r − t paths traversing arc

a. Thus, if this value is smaller than our lower bound lb, we can deduce that all paths traversing a

represent sub-optimal solutions.
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Minimizing the Sum of Setup Times

Relaxed DDs has been successfully applied to many sequencing problems to obtain stronger bounds

when compared to linear relaxations (Hooker, 2017, 2019). One of the most common objectives for these

problems is minimize the sum of setup times. We introduce this objective over a simple sequencing

problem and present a shortest-path procedure to get valid lower bounds (Cire and van Hoeve, 2012,

2013).

Consider a sequencing problem defined by a set of jobs J = {1, . . . , n} that need to be executed

one at a time in a single machine. The set of feasible solutions can be modeled by an All-different

structure as X = {x ∈ Jn : xi 6= xj , for any i, j ∈ I, i 6= j} where xi represents the i-th job executed

for all i ∈ I. Thus, we can create a relaxed DD for X using the relaxed states and filtering rules from

Section 2.2.3.

The sum of setup times objective considers a cost cj,j′ that represents the setup time to process job j′

immediately after job j, for each j, j′ ∈ J , j 6= j′. The objective is to find a feasible sequence x ∈ X such

that the total setup time f(x) =
∑n
i=2 cxi−1,xi is minimized. Notice that this cost structure depends on

the previous and current decision, so the states of a recursive model must save the last decision made

(Held and Karp, 1962). However, we can compute lower bounds for this problem without any additional

state information by considering a cumulative arc length instead (Cire and van Hoeve, 2013). Each arc

a ∈ A has a length that represents the minimum sum of setup times considering all r− t(a) paths that

contain arc a. The arc length for any arc a ∈ A is given by

`a =

0, a ∈ Aout(r),

mina′∈Ain(s(a)){`a′ + cva′ ,va}, otherwise.
(2.12)

A lower bound for this problem is given by the minimum arc length in the last layer, i.e., min{`a :

a ∈ Ain(t)}. Conversely, we can compute the same bound by traversing the relaxed DD in inverse order

as follows. Consider `↑a as the minimum sum of setup times considering all s(a) − t paths that contain

arc a, i.e.,

`↑a =

0, a ∈ Ain(t),

mina′∈Aout(t(a)){`↑a′ + cva,va′}, otherwise.
(2.13)

Notice that we can use the arc length values given by (2.12) and (2.13) to compute the minimum

setup time for all r − t paths traversing an arc a as the sum `a + `↑a. Thus, for a given upper bound

ub, we can identify and remove arc a ∈ A representing sub-optimal solutions if the bellow cost-based

filtering rule holds:

`a + `↑a > ub. (CB-R2)

While here we present the most basic sum of setup times cost structure, this can be extended, for

example, by considering release and due dates (Cire and van Hoeve, 2013). In addition, Kinable et al.

(2017) extended this cost structure for position dependent cost, i.e., the setup time cij,j′ for any two

distinct jobs j, j′ ∈ J depends on the sequence position i. In such case, equations (2.12) and (2.13) need

to consider the layer of the preceding arcs.
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2.3 Integration of DDs with Existing Technologies

This section briefly introduces how to use DDs with two methodologies to solve discrete optimization

problems: Constraint Programming (CP) and Integer Programming (IP). While here we focus on these

two technologies, there exist other alternatives in the literature, e.g., using DDs as a stand-alone solver

(Bergman et al., 2016b). We refer the reader to Chapter 3 for a literature review on how to employ DDs

to solve discrete optimization problems.

2.3.1 Constraint Programming

CP is a discrete optimization paradigm that utilizes tree-search and logical inference over combinatorial

structures to prune variables domains and find optimal solutions (Rossi et al., 2006). The feasible set X
is given by a set of global constraints, i.e., general-form constraints that represent sub-structures of the

problem. Each constraint has a propagator algorithm that, given the current domain of the variables,

identifies and removes variable assignments that are infeasible. Thus, a CP solver uses tree-search to

explore the space of variable assignments and employs the constraint propagators to identify parts of

the space that correspond to infeasible assignments.

In this context, a DD for a combinatorial structure can be seen as a global constraint for a CP

solver. The DD is constructed to have an exact (or relaxed) graphical representation of a feasible set X .

Then, given the current variable domains, we propagate this information in the DD by removing arcs

and updating the graph accordingly. The new domains inferred by the DD (i.e., its possible arc values

in each layer) are then communicated back to the CP solver, and the process iterates until we find an

optimal solution and/or exhaust the search space.

The main advantage of DDs in comparison to existing global constraints is that they allow the

encoding of multiple combinatorial structures in a single diagram. In fact, relaxed DDs where initially

proposed in the CP literature as a replacement of the domain store (Andersen et al., 2007). The domain

store represents all possible variable assignments and updates its values by propagating each global

constraint separately during search. Conversely, a relaxed DD can encode all the constraints of the

problem and, thus, capture the interaction of several constraints at once during propagation. However,

constructing such relaxed DD is impractical in many problem, so researchers have mostly focus on using

a DD to represent a subset of the constraints defining X (Bergman et al., 2016a).

Hoda et al. (2010) introduced the concept of DD consistency to identify the inference capabilities of

a relaxed DD for a given constraint C. Formally, we say that a relaxed DD D = (N ,A) is consistent with

respect to constraint C if eliminating any arc a ∈ A will result in removing a solution that is feasible for

C. In other words, we achieve DD consistency if the set of filtering rules is able to identify all infeasible

arcs. This property can be achieve in polynomial time over the DD for simple problem structures, e.g.,

for linear constraints (see Section 2.2.2). However, achieving DD consistency is NP-hard for a wide range

of constraints, e.g., for the Sequence global constraint (Bergman et al., 2014c).

Lastly, DDs have been used to compute bounds for weighted CP problems. The idea is to create a

relaxed DD for the complete problem and then compute bounds using, for example, the longest path

procedures introduced in Section 2.2.4. The DD bounds can be used in a branch-and-bound tree search

to avoid exploring sub-optimal branches and prove optimality. Since CP solvers have weak bound

procedures (if any), DD bounds can have a large impact on reducing the search space (Bergman et al.,

2016a). Notable examples include sequencing problems (Cire and van Hoeve, 2013; Kinable et al., 2017),
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where DD bounds are usually tighter than linear programming alternatives (Hooker, 2019). We refer

the reader to Chapter 3 for more details on how researchers have integrate DDs in CP technologies.

2.3.2 Integer Programming

IP solvers also employ a tree-search algorithm to explore the decision space of discrete optimization

problems. However, IP technologies rely on a continuous relaxation of the problem to guide the search

and avoid infeasible and sub-optimal portions of the search space. In this context, DDs are graphical

models of X that can be encoded as a linear network flow model, NF(D), for any D = (N ,A). This flow

model, introduce by Behle (2007), represents the convex combination of the paths in P as flows over

D and, thus, can be easily integrated to any IP modeling tool. We refer the reader to Chapter 3 for a

description on network flow model NF(D).

The polytope NF(D) has the advantage that its projection over the x variables is equivalent to the

convex hull of all solutions represented by D (Behle (2007), Theorem 4.1). Thus, given any DD D, the

network flow model NF(D) is an extended linear formulation for Sol(D). This model has been used,

for example, for linearization of non-linear objectives (Bergman and Cire, 2018) and to develop cut-

generation procedures (Becker et al., 2005; Tjandraatmadja and van Hoeve, 2019). Also, we can use

NF(D) to employ techniques in the IP literature to enhance a DD relaxation. For example, Bergman

et al. (2015b) introduce a Lagrangian relaxation procedure over DDs to penalize infeasible paths and,

thus, improve DD relaxations. Further examples of DD and IP interactions can be found in Chapter 3.



Chapter 3

Literature Review

This chapter presents a survey on Decision Diagrams (DDs) for discrete optimization. We focus on papers

that represent the set of solutions to a combinatorial problem with a DD, which includes encoding a

subset of the constraints with an exact or approximate (i.e., relaxed or restricted) DD. Thus, we mostly

consider papers related to the DD for optimization framework introduced by Bergman et al. (2016a),

which covers papers published in the last two decades.

We organize this survey considering different DD-based techniques to solve discrete optimization

problems, and the research advances in these directions. In particular, the type of DD (i.e., exact,

relaxed, or restricted) relates to the DD procedure to tackle the problem. This difference arises from the

theoretical guarantees of each DD structure. On one side, exact DDs model the entire solution space, so

any property that holds for the DD is also valid for the original problem. Conversely, approximate DDs

provide weaker information about the problem that specific procedures can be leverage (e.g., dual bounds

in a branch-and-bound scheme). Thus, our classification considers the use of exact or approximate DDs.

Works employing exact DDs are classified into four groups: (i) modeling, (ii) solution extraction,

(iii) feasibility checking, and (iv) solution-space analysis. We divide each class depending on the specific

approach the authors used. In particular, different discrete optimization methodologies integrate and

exploit DDs in different ways. For example, a DD model can be formulated as a network flow model

and integrated into any Integer Programming (IP) formulation. Conversely, a DD model can be coupled

with a propagation procedure to create a global constraint for a Constraint Programming (CP) solver.

Table 3.1 presents the paper classification for exact DDs and their respective sub-classes. The last

column represents the main optimization paradigm used in each sub-class, where “Other” corresponds

to a technology different to IP and CP, and “-” represents a general procedure that is not related to a

particular optimization technique.

Similarly, papers that consider approximate DDs do so for two purposes: (i) bound computation and

(ii) propagation. Several works in this area have proposed different procedures to construct relaxed DDs.

Thus, we divide the literature of approximate DDs into three classes where the last considers several

algorithms to construct tight DD relaxations. Table 3.2 summaries the works that focus on approximate

DDs for each class and sub-class. As in Table 3.1, the last column corresponds to the primary technology

used in conjunction with DDs. Note that for completeness Tables 3.1 and 3.2 include published works

from this dissertation.

23
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Table 3.1: Paper classification for exact DDs.

Sub-class Papers Technology

Modeling

Recursive Model Hooker (2013), Hooker (2017), Nadarajah and Cire (2017). DP

Network Flow

Behle (2007), Bergman and Cire (2016a), Latour et al. (2017),

LP/IP
Haus et al. (2017), Bergman and Lozano (2020), Lozano et al. (2018),
Bergman and Cire (2018), Serra et al. (2019), Hosseininasab and van Hoeve (2019),
Latour et al. (2019), Cire et al. (2019), Ploskas et al. (2019).

Global Constraints

Cheng and Yap (2008), Cheng and Yap (2010), Perez and Régin (2014),

CP

Amilhastre et al. (2014), Perez and Régin (2015b), Perez and Régin (2015a),
Perez and Régin (2016), Roy et al. (2016), Perez and Régin (2017c),
Perez and Régin (2018), Verhaeghe et al. (2018),
Verhaeghe et al. (2019), de Uña et al. (2019).

Solution Extraction

General Hadzic et al. (2004). Other

Column Generation Morrison et al. (2016), Kowalczyk and Leus (2018), Raghunathan et al. (2018). LP/IP

Feasibility Checking

General Nishino et al. (2015), Xue and van Hoeve (2019). Other

Cutting Planes
Becker et al. (2005), Behle (2007), Tjandraatmadja and van Hoeve (2019),

LP/IP
Davarnia and van Hoeve (2020), Castro et al. (2020b).

Benders Decomposition Bergman and Lozano (2020), Lozano and Smith (2018), Guo et al. (2019). LP/IP

Inference
Subbarayan (2008), Hadzic et al. (2009), Gange et al. (2011),

CPGange et al. (2013), Kell et al. (2015).

Solution-Space Analysis

Post-Optimiality Analysis Hadzic and Hooker (2006), Hadzic and Hooker (2007), Serra and Hooker (2019). -

Solution Enumeration
Löbbing and Wegener (1996), Bergman and Cire (2016b),

-
Bergman et al. (2018), Haus and Michini (2017).

Polyhedral Analysis Behle and Eisenbrand (2007), Tjandraatmadja and van Hoeve (2019). LP/IP

Outline. This literature review is organized as follows. Section 3.1 introduces the origins of DDs and

some of the most important papers of the field. This section also presents several DD variants that are

relevant to discrete optimization. Section 3.2 presents the four uses of exact DDs and shows how to

integrate them into IP and CP methodologies. Similarly, Section 3.3 reviews the two primary usages of

approximate DDs and several works presenting procedures to construct DD relaxations. Lastly, Section

3.4 presents the conclusions of this chapter and introduces general research directions.

3.1 Early Works on Decision Diagrams

Binary Decision Diagrams (BDDs) were the first type of DDs introduced in the literature to represent

and analyze digital functions (Akers, 1978). This graphical representation is based on the work of Lee

(1959) who introduce a binary-decision program representation for switching circuits.

After their introduction to the circuit design community, BDDs gain popularity as a graphical rep-

resentation of Boolean functions (Bryant, 1986). These BDDs are closely related to our definition in

Chapter 2 since they are layered graphs where each layer is associated with a single variable and em-

anating edges represent variable assignments, i.e., Ordered Binary Decision Diagrams (OBDDs). This

seminal work also presents several procedures to manipulate BDDs, including the reduction algorithm

described in Chapter 2.

Due to their flexible representation of Boolean formulas, BDDs have been used in many applications,

including verification, finite-state system analysis, and probabilistic inference, to name a few (Bryant,

1992; Wegener, 2000). Moreover, several researchers have extended this graphical structure to represent
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Table 3.2: Paper classification for approximate DDs.

Sub-class Papers Technology

Bound Computation

Dual Bounds

Andersen et al. (2007), Cire and van Hoeve (2013),
CPKinable et al. (2017), Castro et al. (2020a).

Kell and Van Hoeve (2013), Bergman et al. (2014a), Hooker (2017),
-van den Bogaerdt and de Weerdt (2018), Maschler and Raidl (2018),

Castro et al. (2019), Castro et al. (2020c), van Hoeve (2020).

Lagrangian Bounds Bergman et al. (2015a), Bergman et al. (2015b), Hooker (2019), Castro et al. (2020a). LP/IP

Primal Bounds
Kell and Van Hoeve (2013), Bergman et al. (2014d),

Other
ONeil and Hoffman (2019), Horn and Raidl (2019).

Branch-and-Bound Bergman et al. (2014b), Bergman et al. (2016b), González et al. (2020). -

Propagation

Andersen et al. (2007), Hadzic et al. (2008b), Hoda et al. (2010),

CPCire and van Hoeve (2012), Cire and van Hoeve (2013), Bergman et al. (2014c),
Perez and Régin (2017b), Perez and Régin (2017a), Kinable et al. (2017).

Constructing Relaxed DDs

Methodology

Andersen et al. (2007), Hadzic et al. (2008a), Ciré and Hooker (2014),

-Bergman and Cire (2016c), Bergman and Cire (2017),
Römer et al. (2018), Horn et al. (2018).

Merge/Split Bergman et al. (2011), Frohner and Raidl (2019), Frohner and Raidl (2019). -

Variable Ordering Behle (2008), Bergman et al. (2011), Cappart et al. (2019). -

more complex functions. One of the most relevant extensions to this literature review are Multi-valued

Decision Diagrams (MDDs) (Srinivasan et al., 1990), i.e., DDs that allow arcs to represent discrete values.

Another important variant is Zero-Suppressed Decision Diagrams (ZDDs), which represent Boolean

expressions in a smaller graph by removing redundant edges and nodes (Minato, 1993). Lastly, Algebraic

Decision Diagrams (ADDs) and Affine ADDs (AADDs) (Bahar et al., 1997; Sanner and McAllester, 2005)

extend DDs to compactly represent complex algebraic functions.

3.2 Exact Representation of Solutions

Exact DDs encode the set of solutions of a discrete optimization problem as paths over a directed acyclic

graph. This graphical representation is quite flexible and can be applied to a wide range of procedures.

As shown in Table 3.1, we distinguish four different purposes in constructing an exact DD: modeling,

solution extraction, feasibility checking, and solution-space analysis. In the following, we review each of

these purposes and show how to integrate them into IP and CP solvers.

This section focuses on works where one or multiple exact DDs represent either the complete problem

or a subset of its constraints. We first present different modeling techniques based on DDs. We then

review works that use DDs to extract solutions or to check feasibility. The last subsection describes

several enumeration procedures and post-optimality analysis algorithms over DDs.

3.2.1 Modeling

One of the most common purposes of DDs is to model complex combinatorial structures. A DD can

represent any combinatorial problem since it enumerates the feasible solutions as paths. This character-

istic is particularly appealing for problems that consider constraints that are usually hard to represent

with standard methodologies, e.g., non-linear inequalities. This section presents different algorithms to
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encode a combinatorial problem into a DD. We then describe modeling techniques that integrate DDs

into IP and CP methodologies.

Recursive Models

A simple procedure to represent a combinatorial problem as a DD is to enumerates all the solutions in

a tree and then merges nodes with equivalent solutions. This is a naive alternative that is impractical

in many applications due to the exponential growth of the solution set with respect to the number

of variables. Thus, most papers in the literature create DDs using algorithms that avoid explicitly

enumerating all the solutions first.

A common approach to create DDs is to first reformulate the combinatorial problem as a recursive

model (see Section 2.1 for additional details). Hooker (2013) studies the relationship between DDs and

the state-transition graph of a recursive model and shows that DDs can be seen as a compact represen-

tation of the state-transition graph. Thus, we can create a DD by building the state-transition graph

and merging nodes representing equivalent solutions. However, this algorithm might be computationally

intractable depending on the size of the state-transition graph.

Bergman et al. (2016b) revisited this idea and presented a general procedure to create DDs based on

the top-down algorithms to build relaxed DDs (see Section 2.2 for further details). The authors present

recursive models for several classic combinatorial problems (e.g., the maximum independent set) and

show that their procedure can efficiently create exact and relaxed DDs based on such recursive models.

Hooker (2017) analyzes the relationship between DDs and recursive models for sequencing problems. The

author formalizes some of the ideas introduce by Bergman et al. (2016b) to create valid DD relaxations

and presents a general framework to define recursive models that are suited for exact and relaxed DDs.

We refer the reader to Chapter 2 for a detailed explanations on how to construct DDs based on recursive

models based on the works of Bergman et al. (2016b) and Hooker (2017).

Most of the papers in this review use a recursive model to create a DD for two reasons. First,

several discrete problems have a natural recursive formulation, e.g., the knapsack problem and several

sequencing problems. Second, there exists a wide range of algorithms in the literature to construct a

DD from a general recursive formulation. Thus, this is the most systematic procedure to build a DD.

However, there are specific cases where other mechanisms are more suited to create a DD encoding, e.g.,

global constraints that represent a list of feasible solutions (Cheng and Yap, 2008).

Network Flow Formulation

One of the most appealing characteristics of DDs for the mathematical programming community is their

network flow reformulation (Behle, 2007). This formulation can be integrated into any IP model by

adding new variables and constraints. Moreover, the network flow model is a core component for ad-

vanced procedures that combine DDs and IP methodologies, e.g., cutting planes, Benders decomposition,

and Lagrangian relaxations. We now review notable applications of this reformulation as a modeling

tool and briefly describe an extension for probabilistic problems.

Given a DD D = (N ,A), the network flow model NF(D) uses a set of variables y ∈ R|A|+ to represent

the flow traversing each DD arc and the original variables x ∈ Rn to limit the flow in each layer.

Equalities (3.1a) and (3.1b) are balance-of-flow constraints over D. Constraint (3.1c) links the arcs of D
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with solutions x.

NF(D) = {(x;y) ∈ Rn × R|A|+ :∑
a∈Aout(u)

ya −
∑

a∈Ain(u)

ya = 0, ∀u ∈ N \ {r, t}, (3.1a)

∑
a∈Aout(r)

ya =
∑

a∈Ain(t)

ya = 1, (3.1b)

∑
a∈A:s(a)∈Ni

vaya = xi, ∀i ∈ I
}
. (3.1c)

Intuitively, the flow over each path p ∈ P can be seen as the weight of its corresponding point xp. By

restricting the total flow to have value one, the flow variables represent a convex combination of the points

in Sol(D). In particular, the polytope NF(D) projected over the x variables is equivalent to the convex

hull of all solutions represented by D, i.e., Projx(NF(D)) = conv(X ) (Behle, 2007; Tjandraatmadja and

van Hoeve, 2019). Thus, the network flow model NF(D) is an ideal linear formulation of the solution set

of D. This property is appealing for the mathematical programming community since it can be used to

create extended linear formulations of complex combinatorial structures.

Recent works have shown the advantage of using a DD network flow formulation as a modeling

mechanism in a wide variety of real-world applications. Cire et al. (2019) tackle a clinical rotation

scheduling problem for medical students that need to stay in a subset of hospitals to fulfill their training.

The authors create a DD-based network flow model to represent all feasible schedules and couple it

with additional constraints to model service requirements, preferences, and other restrictions. Their

experimental results show the superior performance of their network flow model when compare to a

traditional mixed integer linear programming (MILP) formulation.

Another notable application is the design of a heat exchange circuit (Ploskas et al., 2019). The

problem considers a set of tubes in a circuit that needs to be connected to maximize the heat exchange.

The authors create a DD to represent all possible tube configurations and use its network flow formulation

to encode the tube configurations in a MILP model. Their model is significantly smaller than an existing

MILP formulation and manages to solve large instances in a reasonable time limit.

While these last two works create a single DD to represent the complex combinatorial component

of the problems, several works consider multiple DD network flow models together. Bergman and Cire

(2016a) first propose the idea of decomposing a problem using multiple DDs that represents specific

aspects of the problem. Their procedure creates a network flow model NF(D) for each DD D where the

x variables are common to each model, i.e., (3.1c) are linking constraints that synchronize the solutions

among all DDs. Lozano et al. (2018) study the complexity of this multiple network flow model and show

that it is NP-hard in the general case. The authors also propose a cutting-plane algorithm that solves

a maximum flow problem over the DDs to derive cuts and solve the problem more efficiently.

Despite its complexity, the idea of using multiple DDs has been particularly successful in representing

non-linear function as network flow models. Bergman and Cire (2018) employ this procedure to represent

non-linear objective functions that admit a recursive formulation. Their technique assumes that the

objective function corresponds to the sum of non-linear functions and considers one DD for each function.

Bergman and Lozano (2020) present a similar decomposition for quadratically constrained problems.

Their procedure decomposes the matrix of a quadratic constraint as the sum of multiple smaller matrices,
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where a DD encodes the solution set induced by each sub-matrix. The authors then use a network flow

formulation with linking constraints to linearize the quadratic constraint. Lastly, Nadarajah and Cire

(2017) used multiple DDs to create an approximated linear program (ALP) in the context of Dynamic

Programming. The authors create multiple DD-based network flow models to approximate the value

function for each state in state-space.

Recent works also use these network flow models based on multiple DDs to solve challenging appli-

cations. Serra et al. (2019) consider a problem that assigns train trips and commuter vehicles to an

uncertain set of passengers to minimize the number of commuter trips and total traveling time. The

problem considers a DD for each possible destination and scenario to model the set of passengers associ-

ated with a commuter vehicle. Hosseininasab and van Hoeve (2019) use a similar strategy to tackle the

multiple sequence alignment problem where the authors create a DD flow model to represent all pairwise

sequence alignments and use linking constraints to synchronize the DD solutions. The overall problem is

solved using a Logic-Based Benders Decomposition (LBBD), where the master problem corresponds to

the DD flow models with linking constraints, and the sub-problems enforce additional constraints over

the chosen alignments.

While the aforementioned works employ the network flow model of Behle (2007), other authors have

presented variants for DDs that encode stochastic constraints. Latour et al. (2017, 2019) represent

probabilistic constraints with DDs where the parameters follow a probability distribution that depends

on the decision variables. The authors use the DD to model the probability of each constraint by

encoding the decision variables and the stochastic parameters inside the DD. The DD is reformulated

into a quadratic constraint model that is linearized and introduced into a MILP formulation of the

problem.

Haus et al. (2017) also consider a variant of the network flow model for a class of two-stage stochastic

programs. Their problem considers endogenous uncertainty, i.e., the first stage decision influence the

stochastic process. The authors aggregate the possible scenarios with equal cost using multiple DDs and

relate these scenarios with the first stage decisions. Similar to Latour et al. (2017), each DD computes

the probability of achieving a cost value. The probability computation is a quadratic model that is

linearized to obtain a MILP reformulation.

We note that most of the works described here create a DD network flow model to represent a

subset of constraints that are generally hard to encode with linear inequalities. For example, several

works model the sequencing aspect of the problem using a DD since other alternatives consider big-M

constraints that have a loose linear relaxation (Cire et al., 2019; Ploskas et al., 2019; Serra et al., 2019;

Hosseininasab and van Hoeve, 2019). Alternatively, some authors employ DDs as linearization tools for

non-linear expressions (Bergman and Cire, 2018; Bergman and Lozano, 2020) and probabilistic structures

(Latour et al., 2017, 2019; Haus et al., 2017). Thus, a DD network flow formulation is most beneficial

when standard procedures lead to poor relaxations and the DD encoding is small enough. Section 3.2.3

reviews alternative procedures (i.e., decompositions and cutting planes) for problems where the DD is

too large to include directly into an IP/LP formulation.

Global Constraints

In contrast to IP technologies, CP solvers represent combinatorial problems using global constraints,

i.e., general-form constraints that encode sub-structures of the problem (Rossi et al., 2006). A global

constraint has an inference procedure that retrieves information about feasible variable assignments and
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a propagation mechanism to update the set feasible solutions inside the constraint. In this context, a

DD that represents a set of solutions is a global constraint where the inference procedure checks the arc

values to determine the current domain of the variables and the propagation procedure removes arcs to

update the set of feasible solutions.

Andersen et al. (2007) introduce a general framework for exact and relaxed DDs in CP solvers. The

authors encode the complete solution set (e.g., domain store) with a DD and propagate the branching

decisions. Since the DD could grow exponentially, the authors approximate the solution space using a

relaxed DD (see Section 3.3.2 for further details). Alternatively, we can represent sub-structures of the

problem using exact DDs.

Several researchers have represented different global constraints with DDs and even pre-compile

sub-problem structures into DDs to enhance propagation (de Uña et al., 2019). This line of research

has inspired new DD variants that are suitable for CP technologies, such as non-deterministic DDs

(Amilhastre et al., 2014). In the following, we review several works that represent global constraints

using exact DDs. Section 3.3.2 discusses the alternative of encoding global constraints with relaxed DDs.

One of the main applications of DDs in the CP community is to encode global constraints that

explicitly enumerate the set of solutions. Cheng and Yap (2008) first propose to model Table constraints

(i.e., a list of feasible solutions) using an exact DD. The authors present an algorithm to convert a Table

constraint into a DD by first representing the set of solutions in a tree and then merging identical sub-

trees to obtain a reduced DD. Their DD construction procedure was later improved by Cheng and Yap

(2010) and generalized to consider negative Table constraints (i.e., a list of infeasible solutions).

These preliminary works became the stepping stone for DD-based Table constraints and similar

structures. Perez and Régin (2014) present a new algorithm for DD inference over Table constraints

that shows superior run-time performance compare to existing methodologies. The same authors also

introduce new algorithms to construct DDs from specialized Table constraints (Perez and Régin, 2015b).

Moreover, the authors present improved procedures to manipulate DDs, e.g., algorithms to reduce a DD

or to add/remove solutions (Perez and Régin, 2015a, 2016), and introduce a parallelization strategy for

these algorithms (Perez and Régin, 2018). Lastly, Perez and Régin (2017c) study DD-based propagation

for linear cost functions. Their work improves the cost-based propagator of a DD (i.e., propagation of

a linear cost function) and introduces a DD propagator for soft constraints (i.e., constraints that allow

infeasible solutions with a cost penalty).

Verhaeghe et al. (2018) also study how to efficiently encode Table constraints into DDs. The authors

propose a related data structure called semi-DD (or sDD) where the middle layer is non-deterministic.

Intuitively, an sDD is a DD obtained by connecting the leaf nodes of two trees representing partial

solutions for half of the variables. The main advantage of this structure is that the maximum number

of nodes in each layer can be exponentially smaller than a standard DD. The authors introduce several

mechanisms to construct and manipulate an sDD, including a reduction procedure and an algorithm

to remove solutions. In a related work, Verhaeghe et al. (2019) propose a new DD variant to model

Smart-Table constraints. Their basic-smart DDs (or bs-DDs) can represent unary constraints (e.g.,

x1 ≥ 1) over arcs to compactly encode sets of feasible values. Therefore, bs-DDs avoid having multiple

arcs with the same source and target node.

So far, we have reviewed DD encodings for existing constraints. However, there are some works

that use exact and relaxed DDs to build new global constrains. Roy et al. (2016) introduce a new

global constraint based on DDs that models binary relations over sequences of temporal events. The
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authors empirically show that their DD-based global constraint was superior to a classical scheduling

representation of the same temporal relations. We refer the reader to Section 3.3.2 for further examples

of relaxed DD encodings of global constraints.

One of the main advantages of the DD representation of a global constraint is that it achieves

generalized arc consistency (GAC). We say that a variable x is GAC for a constraint C if for every value

of its domain there exists a feasible solution with respect to C. Since the DD represents all feasible

solutions of a global constraint C, we can check in polynomial time if a variable assignment is related to

a feasible solution or not. Another important characteristic is that CP solvers construct a DD only once

and can efficiently update the graph to eliminate infeasible assignments according to other constraints

or branching decisions. We note that these two properties do not hold for relaxed DDs and, thus, it

is necessary to build sophisticated procedures to efficiently integrate relaxed DD with CP technologies

when exact representation are too large.

3.2.2 Solution Extraction

The second purpose for constructing exact DDs is to extract feasible solutions. Since DDs represent all

the solutions of a combinatorial problem, we can easily extract solutions by choosing any path in the

DD. In particular, we can use this property to extract solutions with certain structure or solutions that

are optimal for a specific linear objective function.

Hadzic et al. (2004) first explore this idea for a manufacturing problem. The authors create a DD

to represent all product configurations and propose a polynomial-time algorithm to extract solutions

that satisfy a set of configuration requirements specified by a user. Their algorithm ignores all arcs

that represent infeasible configurations and returns a sub-diagram without the ignored arcs. While the

authors tested their procedure in a manufacturing problem, the same idea can be applied for any other

combinatorial problem to extract solutions with user-specified variable assignments.

Column Generation

Solution extraction has been mostly used as a sub-routine of the column generation procedures in IP/LP

technologies. Morrison et al. (2016) propose a general scheme that applies DDs in a branch-and-price

algorithm (Barnhart et al., 1998). The DD solves the pricing problem of the column generation sub-

routine, i.e., the DD returns a promising solution and adds a new column to the master problem. The

authors separate the last queried solution from the DD to avoid duplicated solutions. Their implemen-

tation also considers a branching rule over the original variables, which can be easily integrated into the

DD by ignoring arcs with specific values.

There are three advantages of the Morrison et al. (2016) procedure to solve the pricing problem in

comparison to other methodologies. First, the DD can solve the pricing problem in polynomial time

(with respect to its size) for any linear objective function. Thus, their implementation constructs the

DD only once and can solve the pricing problem multiple times. Second, the DD can return all optimal

solutions for the pricing problem and, thus, add multiple columns in each iteration. Third, we can

easily include branching decisions over the DD without changing the complexity of the pricing problem.

Therefore, this procedure can be a better alternative to other methodologies when there is a compact

DD representation of the pricing problem.

Morrison et al. (2016) tested their procedure in instances of the graph coloring problem, but their
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technique can be applied to other problems. Kowalczyk and Leus (2018) implement the branch-and-

price procedure of Morrison et al. (2016) for a parallel machine scheduling problems. Similarly to

the previous work, a DD solves the pricing problem by representing all possible job assignments to

machines. Raghunathan et al. (2018) also apply a similar DD-based branch-and-price routine to solve a

transportation scheduling problem. Their application has multiple pricing problems, each one modeling

the tours of an origin-destination pair using a DD.

Solution extraction has the advantage that we can decompose the problem into two parts. The first

part, encoded with a DD, represents a relaxation of the original problem to create candidate solutions.

The second part of the problem checks the feasibility of the extracted solution and gives feedback to

the DD to extract new solutions. Notice that this general mechanism is a generalization of the column

generation procedure and, thus, it can be applied with other technologies. We also point out that this

decomposition scheme is suited for problems where the solution extraction and feasibility checking are

relatively easy to solve and a DD compactly represents the set of solutions.

3.2.3 Feasibility Checking

Conversely to solution extraction, we can use an external procedure to generate candidate solutions

and check feasibility with a DD. This general idea attracted the attention of researchers in the IP

and CP community since there are several feasibility checking procedures for these technologies. The

main advantage of using exact DDs for feasibility checking is that we construct the DD only once and

repeatedly call it for each new candidate solutions.

Besides the specialized IP and CP algorithms for feasibility checking, two works apply this idea

with other technologies. In both applications, the solution generation procedure solves a relatively easy

problem to generate solutions fast, and the DD encodes the set of constraints that are hard to represent.

Nishino et al. (2015) use a DD for feasibility checking to solve the constrained shortest path problem.

Their algorithm solves the shortest path over a graph using Dijkstra’s algorithm (Dijkstra et al., 1959)

and represents the additional constraints in a DD. The authors check the feasibility of the partial shortest

path at each step of the Dijkstra algorithm and discarded it if the DD finds that it is infeasible.

The second work creates candidate solutions using machine learning (Xue and van Hoeve, 2019).

The authors embed a DD into a generative adversarial neural network (GAN) where the GAN generates

solutions for a traveling salesman problem with preferences. Notice that there is no straight forward

way to introduce tour preference in the optimization problem, so generating solutions with a GAN that

mimics drivers’ preferences is a suitable alternative. Since the GAN can generate infeasible tours, the

authors encode the constraints of the problem in a DD to identify infeasible candidate solutions and,

thus, guarantee feasibility.

The following subsections review feasibility checking algorithms in the IP and CP community where

DDs are suitable alternatives to other methodologies. As with the procedures described above, the DD

can compactly encode the set of hard constraints for the problem and check feasibility in polynomial

time with respect to its size. Thus, these techniques are suited for combinatorial structures that lead to

small DDs or where alternative procedures (e.g., an IP model) take exponential time to check feasibility.



Chapter 3. Literature Review 32

Cutting Planes

Cut generation is a mathematical programming procedure to separates infeasible points from the solution

set by generating inequalities that are valid for the problem but violated by the infeasible points. This

separation problem is NP-hard in the general case, so most cutting plane procedures focus on specific

problem structure or use a relaxation of the original problem to generate valid cuts (Cornuéjols, 2008).

In this context, DDs are an attractive alternative to solve the separation problem since they provide

compact representations of several combinatorial problems, and their network flow formulation enables

the construction of cut generation linear programs (CGLP).

Becker et al. (2005) first proposed the idea of using DDs to solve the separation problem for ILP

models in a branch-and-cut framework. Their technique considers an exact DD that represents a subset

of the constraints and a sub-gradient procedure to solve the DD-based separation problem. The sub-

gradient algorithm optimizes the DD considering the coefficients of a candidate linear inequality as the

objective function. The optimal solution generates a gradient that updates the candidate inequality,

and the procedure continues until the inequality separates the infeasible point. Davarnia and van Hoeve

(2020) use a similar cutting-plane procedure to create outer-approximations for non-linear constraints.

Their implementation creates a DD for each non-linear separable inequality and uses a sub-gradient

routine with a normalization step to avoid unbounded solutions of the separation problem. The authors

integrate their cutting plane approach in a framework that generates outer-approximations for convex

and non-convex inequalities.

Behle (2007) also build on the separation problem of Becker et al. (2005) and propose a CGLP

based on the DD network flow model instead of the sub-gradient routine to generate valid inequalities.

The authors also propose two logical constraints inferred from a DD during the branch-and-cut search.

The first one returns an exclusion cut when the DD is infeasible given the current branching decisions.

Conversely, the DD returns an implication cut when the values of some variables are fixed after updating

the DD with the branching decisions.

Tjandraatmadja and van Hoeve (2019) introduce an alternative method to create valid inequalities

based on DDs. Their algorithm generates target cuts based on the polar set of an ILP model. Intuitively,

the procedure returns a valid inequality that is orthogonal to the line between the infeasible point and

an interior point in the solution set. To find such inequality, the authors propose a CGLP based on the

network flow formulation of a DD. The authors show how to enhance their cutting plane procedure to

generate facet-defining inequalities, i.e., valid inequalities that define the convex-hull of the solution set.

Cutting-plane procedures are usually coupled with constraint enhancement routines such that the

resulting cut removes a larger portion of the fractional space. However, there is currently a limited

number of DD-based algorithms to enhance valid inequalities. Becker et al. (2005) introduce a simple

procedure to change the coefficients of a valid inequality to increase its face dimension. However, their

technique does not guarantee that the resulting inequality would have a higher dimension nor that it

will separate the set of points that the original constraint separates. Behle (2007) propose a DD-based

lifting procedure for cover cut inequalities based on classic techniques for these constraints (Wolsey and

Nemhauser, 1999). Their algorithm only differs from the original techniques in that the DD is used to

solve the new coefficient sub-problem instead of using an integer or linear program.

As with other DD procedures reviewed so far, these cutting plane techniques leverage the fact that

the DD is built only once and can be used to find optimal solutions with different objective functions.

For example, the sub-gradient routines use this property to create new sub-gradients based on the DD
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optimal solutions. The same is true for the CGLP models and the inequality enhancement procedures.

We note that these cutting plane techniques are also valid if we replace the exact DD with a relaxed DD

(Tjandraatmadja and van Hoeve, 2019). In this case, the generated inequalities are valid for the original

problem but the cutting plane procedure will not separate all infeasible solutions.

Benders Decomposition

Benders decomposition is another IP methodology that has benefited from DDs (Benders, 1962). As

in the branch-and-price applications, each sub-problem corresponds to a single DD. However, the sub-

problems return valid inequalities that remove the candidate solution proposed by the master problem.

Bergman and Lozano (2020) first study this approach for quadratically constrained integer problems.

Their procedure decomposes the quadratic matrix into multiple smaller matrices where a DD can easily

represent the solution set of each component matrix. Since encoding the decomposition as a network

flow model is computationally inefficient, the authors propose a Benders decomposition scheme where

each sub-problem solves the shortest path problem over its corresponding DD to generate a Benders cut.

Similar ideas have been also used to solve stochastic programming problems. Lozano and Smith

(2018) introduce a DD-based Benders decomposition for a family of two-stage binary stochastic pro-

gramming problems. The authors use a DD to represent the sub-problem and solve a max-flow problem

over the DD to create a valid cut. They test their procedure over a two-stage traveling salesman prob-

lem where the first stage decisions determine the set of locations to visit, and the second stage decisions

represent the chosen tour for all scenarios. Guo et al. (2019) apply this same procedure to tackle a

stochastic distributed operation room scheduling problem.

In all these applications the DD represents a combinatorial problem that might take a considerable

time for an IP model to solve. Since the sub-problems of these Benders decompositions are relatively

small (e.g., 20 to 40 cities for the traveling salesman problem), the resulting DD is small enough to store

in memory and can solve the sub-problems in fractions of a second. Moreover, the set of solutions in the

DD does not change, so the overhead of constructing the DD is negligible if we consider that we need to

solve the sub-problem thousands of times.

Inference

The CP community has also considered DDs for feasibility checking to infer no-good assignments. A

no-good is an infeasible set of variable assignments (Schiex and Verfaillie, 1994). CP solvers employ

no-goods to avoid exploring portions of the solution space that it has already shown to be infeasible.

Subbarayan (2008) first proposed the idea of using DDs to infer no-good assignments in CP solvers.

The author shows that the problem of finding a minimum no-good over a DD is NP-hard and proposes a

heuristic procedure that traverses the DD to find small sets of no-good assignments. Gange et al. (2011)

revisit this idea and present an incremental algorithm to find no-goods that searches just a portion of

the DD in the vicinity of the last set of arcs removed from a DD. Gange et al. (2013) extend this no-good

algorithm for cost-based reasoning, i.e., to identify assignments that lead to sub-optimal solutions. A

similar idea was implemented for SAT solvers (Kell et al., 2015) where a DD represents a subset of the

constraints (i.e., clauses) and identifies no-goods for clause generation.

We note that no-good inference is related to the cutting plane procedures in IP technologies. A

no-good set can be encoded as a linear constraint and added into an IP solver in a branch-and-cut

procedure. In fact, the DD-based logic constraints introduce by Behle (2007) are a particular type of
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no-goods that the DD infers during the search. Thus, these advanced technologies for no-good inference

in the CP literature can also benefit IP solvers.

3.2.4 Solution-Space Analysis

DDs provide a compact representation of the solution space, which is also useful if we want to enumerate

all the solutions and analyze them. For example, we can analyze the set of (near) optimal solutions or

study the convex hull of the solutions of a DD. We review different procedures to analyze the solutions

encoded in a DD and algorithms to enumerate solutions with specific characteristics.

Post Optimality Analysis

Post-optimality analysis is one of the earliest applications of DDs in the discrete optimization community

(Hadzic and Hooker, 2006). The authors introduce three procedures for post-optimality analysis over an

exact DD. The first one is a cost-based domain analysis that identifies the set of variable assignments

that are present in at least one near-optimal solution. The second procedure is conditional cost-based

domain analysis, which restricts a subset of variables to take specific values and then performs cost-based

domain analysis over the subset of solutions. Lastly, their frequency analysis computes the percentage

of solutions with a particular variable assignment. Of all these procedures, cost-based domain analysis

is the only one that has been further studied in the literature.

Since representing the set of solutions using a DD is intractable for most combinatorial problems,

Hadzic and Hooker (2007) introduce the concept of sound DDs for post-optimality analysis. A DD is

sound for a specific post-optimality analysis if it yields the same results that an exact DD would. Thus,

a sound DD might represent a larger solution set than an exact DD but preserves certain properties to

correctly perform the analysis. The authors present a pruning and contraction procedure to create sound

DDs for cost-based domain analysis. While the resulting sound DD is significantly smaller than an exact

DD, their procedure requires a starting DD that is either exact or represents all feasible solutions within

a cost range. Thus, creating sound DDs with this procedure is intractable for large problems.

Recently, Serra and Hooker (2019) revisited the idea of sound DDs for post-optimality analysis and

provided new insights. The authors present several theoretical results related to sound DDs, including

a sound-reduction algorithm that constructs the smallest sound DD. They also introduce a general

construction procedure for ILP models that creates a sound DD from a branching tree. Their experiments

illustrate the advantages of their technique for a wide range of ILP benchmark instances, where the

resulting sound DD is a more suitable alternative to post-optimality analysis than, for example, branch-

and-bound enumeration.

Solution Enumeration

Recent works have also employed DDs to represent the set of non-dominated solutions for a multi-

objective discrete optimization problem, i.e., the Pareto frontier. Bergman and Cire (2016b) first tackle

the problem by representing the set of feasible solutions with an exact DD and then enumerating the

non-dominated solutions using a multi-criteria shortest path algorithm over the DD. This work was

extended by Bergman et al. (2018) where the authors present three procedures that modify the DD while

preserving the set of non-dominated solutions. The authors also propose a bidirectional multi-criteria

shortest path procedure to enumerate the non-dominated solutions, which outperforms the unidirectional
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approach (Bergman and Cire, 2016b). Moreover, the DD-based methodology outperforms state-of-the-

art algorithms in three different problem sets with three or more objective functions.

So far, all the papers discussed in this section enumerate solutions to analyze optimal or near-optimal

solutions. Conversely, the following two works employ the DD structure to obtain insightful information

on the combinatorial set and, thus, ignore the objective function. Löbbing and Wegener (1996) create an

exact DD to count the number of knight’s tours in a chessboard, which at the time was computationally

impossible with standard enumeration techniques. Recent work by Haus and Michini (2017) construct a

DD to encode all the members of an independent set. The authors analyze the size of the resulting DD

and show that the DD representation has polynomial size in the number of variables for packing and

set covering problems with specific characteristics. Thus, this work opens the possibility of solution set

analysis for problems with tractable DD size.

Polyhedral Analysis

We now review two works that employ DDs for polyhedral analysis, an important area of research in

mathematical programming due to its relevance for solving IP. The first paper introduces a procedure

to enumerate vertices and facets of the convex hull of a DD solution set (Behle and Eisenbrand, 2007),

i.e., conv(Sol(D)). Their technique considers a binary solution set in an exact DD, where each path in

the DD corresponds to a 0/1 vertex of the convex hull polytope. The procedure to enumerate facets

starts with an initial facet that is rotated over the DD to obtain a new facet.

Tjandraatmadja and van Hoeve (2019) also present a polyhedral analysis procedure based on DDs.

The authors introduce a mechanism to certify the dimension of any inequality that is a face of conv(Sol(D)).

Their procedure finds a set of affine independent points in the DD that are tight for the face. To do so,

the authors solve a flow problem over the DD and use a heuristic procedure to generate the affine inde-

pendent points based on the flow values of each arc in the DD. Then, the number of affine independent

points gives a lower bound on the dimension of the face.

We note that polyhedron analysis is intractable for general IP models since constructing the convex

hull of all the solutions is NP-hard (Wolsey and Nemhauser, 1999). The DD provides a more manageable

procedure to enumerate all the solutions and, thus, gives valuable insights to the polyhedral structure

of challenging problems that have a compact DD encoding.

3.3 DDs for Approximating the Set of Solutions

The size of a DD can grow exponentially with the number of variables. Thus, constructing an exact DD

might be impractical for many applications if the number of decision variables is too large. To overcome

this limitation, Andersen et al. (2007) propose a limited size DD that over-approximates the solution set,

i.e., a relaxed DD. A relaxed DD is a discrete relaxation of the problem and, as such, optimizing over a

relaxed DD provides a valid dual bound for the original problem (see Section 2.2 for more details).

Alternatively, Bergman et al. (2014d) introduce restricted DDs, i.e., a limited size DD that represents

a subset of the solution space. Restricted DDs can be build using a top-down procedure that eliminates

nodes when the maximum width limit is exceeded. Thus, the solution set of a restricted DD D is a subset

of the feasible region X , i.e., Sol(D) ⊆ X . In contrast to relaxed DDs, optimizing over a restricted DD

provides a primal bound since all paths in the restricted DD represent feasible solutions.
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Approximate DDs (i.e., relaxed and restricted DDs) caught the attention of many researchers since

they can provide strong bounds with limited size. We distinguish three main research areas related to

approximate DDs (see Table 3.2). The first research area focuses on bound computation and specialized

search procedures that employ these bounds. The second area studies propagation procedures based on

relaxed DDs for CP solvers. The last area focuses on constructing relaxed DDs to obtain tight dual

bounds.

3.3.1 Bound Computation

This section reviews several bounding mechanisms based on approximate DDs. We first focus on dual

bounds provided by relaxed DDs and explain how to improve these bounds using Lagrangian duality. We

then review works that compute primal bounds using relaxed and restricted DDs. The section ends with

a description of DD-based branch-and-bound procedures and suggestions on how to efficiently introduce

DD bounds in a standard branch-and-bound search.

Dual Bounds

Andersen et al. (2007) first introduce the idea of using relaxed DDs to obtain dual bounds for an

optimization problem. A relaxed DD over-approximates the set of feasible solutions, so optimizing over

it will return a valid dual bound for the problem. We refer the reader to Section 2.2.4 for a description

of how to obtain DD dual bounds for different objective functions.

Researchers have tested these bounds in a wide variety of combinatorial problems, including set

covering (Bergman et al., 2011), multidimensional bin packing (Kell and Van Hoeve, 2013), maximum

independent set (Bergman et al., 2014a, 2016b), maximum cut, maximum 2-satisfiability (Bergman

et al., 2016b), and graph coloring (van Hoeve, 2020). All these applications create a single relaxed DD

to approximate the set of feasible solutions and compute bounds using the shortest path procedure over

the DD or its network flow model. These papers show competitive bounds for small and medium size

instances and small-width DDs. However, larger relaxed DDs are needed to create tight bounds of bigger

instances.

Besides these combinatorial problems, one of the most popular applications of approximate DDs is

for sequencing problems. These problems are generally formulated recursively and come with a natural

variable order (i.e., choose elements in sequential order), which facilitates the construction of relaxed

and restricted DDs. Moreover, several works have shown the effectiveness of DDs in classical sequencing

problems, e.g., the traveling salesman and job sequencing (Cire and van Hoeve, 2013; Hooker, 2017,

2019), which have motivated extensions to more complex variants.

Cire and van Hoeve (2013) first apply relaxed DDs to solve sequencing problems. The authors present

a general framework to create relaxed DDs and compute dual bounds. Their procedure is integrated into

a branch-and-bound scheme that updates the DD during search to compute more accurate bounds. The

authors test their DD dual bounds with satisfactory results in several sequencing problems, including the

traveling salesman problem (TSP) with time windows, TSP with precedence constraints, and sequencing

problems with makespan and total tardiness minimization. Similarly, Kinable et al. (2017) tackle several

TSP variants with sequence-dependent cost using a DD relaxation embedded in a CP solver. The authors

employ an additive bound procedure to strengthen the DD relaxation with an LP relaxation. Their

technique outperforms previous methodologies in the literature and introduces a general approach to
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enhance DD relaxations.

Several researchers study the quality of the DD bounds for sequencing problems and compare them

to the LP relaxation. Hooker (2017) formalizes some of the main components to create relaxed DDs

for general sequencing problems and presents preliminary results on the bound quality for different DD

construction procedures. van den Bogaerdt and de Weerdt (2018) use this framework to create bounds

for the multi-machine scheduling problems with encouraging performance. Similarly, Maschler and Raidl

(2018) study the DD bound quality for a prize-collecting sequencing problem and compare the bounds

given by a top-down and an iterative refinement construction scheme.

One of the main reasons for these high-quality DD bounds is that we can always modify the DD to

obtain better bounds. As discussed in Section 3.3.3, there is a large body of literature on how to create

tight DD relaxations that will lead to stronger dual bounds. An alternative is to increase the width of

a relaxed DD to obtain better dual bounds. This flexibility makes DDs quite appealing since we can

modify the relaxed DD to perform well for the application at hand.

The simplest alternative to improve the DD dual bounds is to increase the width limit to obtain a

tighter relaxation. However, there are two considerations to keep in mind when increasing the DD width.

First, larger relaxed DDs require more computational resources, i.e., memory and time to construct the

DD and calculate the dual bounds. Second, empirical results in several papers show diminishing returns

in terms of bound improvements, i.e., the bound improvement decreases as the DD width increases

(Bergman et al., 2014a, 2016a). Thus, a user needs to find a DD width that will lead to computationally

efficient relaxed DDs that provide informative dual bounds.

Lagrangian Bounds

An alternative for computing better dual bounds is to enhance the DD relaxation with dual information

from an ILP formulation. To explain this idea consider a minimization problem with feasible set X ⊆ Zn,

a linear objective function c>x, and a relaxed DD D that over-approximates X , i.e., X ⊆ Sol(D). The

idea is to incorporate a set of m valid inequalities Ax ≤ b into the original problem as penalties to

the objective function to avoid paths in D that are infeasible. The resulting problem is a Lagrangian

sub-problem

L(λ) = min{c>x+ λ(Ax− b) : x ∈ Sol(D)},

where λ ∈ Rm+ are the Lagrangian penalties.

Since Sol(D) can be reformulated as a network flow model NF(D), all the theory of Lagrangian

duality holds for L(λ) (Conforti et al., 2014; Fisher, 2004). In particular, L(λ) with λ ∈ Rm+ is a valid

dual bound for the original problem. Then, the Lagrangian dual problem seeks for λ that gives the

tightest dual bounds. In our minimization example, the Lagrangian dual maximizes the sub-problem

L(λ) and, thus, returns a bound that is equal to or stronger than the original problem:

min{c>x : x ∈ Sol(D)} ≤ max{L(λ) : λ ∈ Rm}.

Bergman et al. (2015b) first propose Lagrangian duality as a mechanism to enhanced DD relaxations.

Their approach considers a DD that represents a subset of the constraints of a problem. The Lagrangian

procedure introduces dual information for the remaining constraints as penalties in the objective func-

tion. The authors test their Lagrangian relaxation procedure over the TSP problem with encouraging

results, where the DD-based Lagrangian relaxation returns significantly tighter bounds than the pure
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DD relaxation. Hooker (2019) explores this idea for a family of sequencing problems and presents a

detailed experimental evaluation. The empirical results show that the DD-based Lagrangian relaxation

provides tight bounds for most instances and proves optimality of heuristic solutions in several open

problems.

Bergman et al. (2015a) introduce an alternative procedure to employ Lagrangian penalties with

DDs. Their technique uses Lagrangian decomposition to communicate information over multiple DDs

that represent different constraints of an optimization problem. The Lagrangian decomposition scheme

adds penalties to each DD to synchronize their solutions. The authors propose this technique in the CP

literature to improve propagation across multiple DDs. Lagrangian decomposition can obtain tighter

bounds than Lagrangian relaxation (Guignard and Kim, 1987) and, thus, can be an effective alternative

for bound computation.

We note that despite the simplicity of this Lagrangian dual bounds, the works employing this pro-

cedure are very limited. We believe that this idea is a promising line of research. An advantage of

Lagrangian procedures is that they avoid constructing huge relaxed DDs that encode the complete prob-

lem to create tight bounds. Alternatively, we can use an exact or relaxed DD to represent the set of

constraints that are hard to encode using linear inequalities and introduce the remaining constraints as

dual penalties.

Primal Bounds

In contrast to relaxed DDs, restricted DDs compute primal bounds and extract feasible solutions for

a problem. Bergman et al. (2014d) first introduced this graphical structure as a general procedure to

heuristically generate solutions for discrete optimization problems. Their procedure computes primal

bounds by optimizing the restricted DD using the shortest path procedure for minimization problems

(see Section 2.2.4). Since all the paths represent feasible solutions, an optimal path corresponds to the

tightest primal bound given by the restricted DD.

The main advantage of restricted DDs is that they encode a set of feasible solutions, so they can

potentially compute stronger primal bounds than other methodologies. For example, Bergman et al.

(2014d) show that DD primal bounds are competitive to the ones provided by IP solvers for set covering

and set packing problems. Moreover, we can introduce restricted DDs into search algorithms to obtain

stronger primal bounds. For instance, ONeil and Hoffman (2019) create restricted DDs to solve a TSP

problem with pickups and deliveries in an online setting. The authors use small-width restricted DDs

within a branch-and-bound search to find high-quality solutions in a few seconds.

We note that relaxed DDs can also provide primal bounds. For example, Horn and Raidl (2019)

used a limited discrepancy search procedure guided by relaxed DD dual bounds to find feasible solutions

for a prize-collecting job sequencing problem. Alternatively, we can extract feasible solutions from a

relaxed DD using some heuristic methods that traverse the DD from root to terminal node. However,

the procedure might be unsuccessful if we select a partial path that leads to infeasible solutions.

Lastly, the primal bound of a restricted DD can also certify the feasibility of a problem. For instance,

Kell and Van Hoeve (2013) use restricted DDs to show the feasibility of multidimensional bin packing

problems. If the restricted DD has at least one path, then the problem is feasible. This simple procedure

proved feasibility for several instances that IP and CP technologies could not in a given time limit.
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Branch-and-Bound Procedures

One of the main advantages of relaxed DDs is that they can provide stronger dual bounds than an

LP relaxation (Bergman et al., 2014a). Thus, replacing the LP relaxation with a DD relaxation in a

branch-and-bound procedure can be very advantageous.

Bergman et al. (2016b) propose a general branch-and-bound scheme where relaxed and restricted DDs

provide dual and primal bounds, respectively. The main difference with standard LP-based branch-and-

bound is that their procedure branches over nodes of a relaxed DD instead of variable-value assignments.

Thus, the DD-based branch-and-bound can potentially generate fewer sub-problems since each branching

decision fixes the values of multiple variables at a time. Bergman et al. (2014b) extend this procedure

for parallel computing, where every core is responsible for a DD sub-problem. Their procedure takes

advantage of the flexibility of DDs to efficiently process the sub-problems and communicate bounds

between each other.

González et al. (2020) propose a mechanism that integrates IP into the DD-based branch-and-bound.

The authors modify the DD-based branch-and-bound of Bergman et al. (2016b) so that relaxed nodes

can be either solved by an IP solver or follow the original DD branching mechanism. To identify which

node should be solved by an IP solver, the authors implement a supervised learning technique that

chooses nodes during search. This novel DD-based branch-and-bound procedure can be applied to any

combinatorial problem and shows promising results in the maximum independent set problem.

We note that DD bounds can be integrated to other search procedures, such as a standard branch-

and-bound (Cire and van Hoeve, 2013; Kinable et al., 2017). The main disadvantage is that the search

algorithm might not leverage the DD structure as the specialized DD-based branch-and-bound does. To

take advantage of the DD structure it is important to branch on variables following the ordering in the

DD. Some authors also notice that a depth-first search strategy is preferable for DDs since the branching

updates can be done more efficiently by removing arcs in the last branched layer (Cire and van Hoeve,

2013).

3.3.2 Propagation

As reviewed in Section 3.2.1, several researchers in the CP community encode global constraints using

exact DDs. However, the size of an exact DD grows exponentially with the number of variables, so

they become impractical for large combinatorial structures. Andersen et al. (2007) propose to represent

global constraints with relaxed DD instead to avoid the exponential size of exact DDs.

While relaxed DDs are more flexible than exact DDs in terms of memory usage, relaxed DDs do not

achieve generalized arc consistency (GAC) in polynomial time as in the case of exact DD. Since some

paths in a relaxed DD are infeasible, checking if there exists a feasible solution for a specific variable-

value assignment is not a trivial task. Andersen et al. (2007) propose a new consistency measure to

evaluate the propagation capabilities of a relaxed DD. We say that a relaxed DD D = (N ,A) achieves

DD consistency for a global constraint C if for each arc a ∈ A there exists a path p that traverses a

and is feasible with respect to C. Intuitively, DD consistency asks for a relaxed DD with no infeasible

arcs. Also, DD consistency is equivalent to GAC for width-one DDs (Andersen et al., 2007) but it is a

stronger condition for larger DDs.

Researchers have proposed sophisticated propagation mechanisms for different global constraints to

achieve DD consistency in polynomial time. A propagation procedure for a relaxed DD is defined by
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the set of relaxed states, the procedure to update the states in each node, and the set of filtering

rules (see Section 2.2). Andersen et al. (2007) proposed the first relaxed DD propagators for Linear

and All-different constraints. Later on, Hadzic et al. (2008b) extended the propagator from linear

inequalities to separable inequalities and showed that it achieves DD consistency in polynomial time.

Since the work of Andersen et al. (2007), several papers have introduced DD propagators for other

well-known global constraints. Hoda et al. (2010) explore DD propagators for the Among and Element

constraints. The authors also propose new filtering rules of the All-different propagator, which

improve its propagation capabilities. Bergman et al. (2014c) present a DD propagator for the Sequence

constraint and show that DD consistency is NP-hard for this constraint. More recently, Perez and Régin

(2017a) create an DD encoding for the Dispersion constraint where the DD enforces the mean value

constraint and uses a cost-based propagation for the variance restriction.

Besides the encoding of existing global constraints, relaxed DDs are also a building block to create new

global constraints. Cire and van Hoeve (2012) introduce a global constraint for disjunctive scheduling

based on a relaxed DD. Their DD represents the set of job sequences and considers release times,

deadlines, precedence relations, and sequence-dependent set-up times.

Two recent works develop new probabilistic global constraints using DDs. Perez and Régin (2017a)

introduce a Probability Mass Function (PMF) constraint where a DD encodes the linear inequality

restricting the mean value of the variables and a cost-based propagator to ensure that the probability of

every feasible assignment is inside a pre-defined range. The authors extend this constraint to consider

probability distributions given by a Markov chain process (Perez and Régin, 2017b).

Lastly, DDs can also improve the propagation capabilities of a CP solver by sharing information.

Hadzic et al. (2009) first study this idea using compatibility labels between multiple DDs. Their proce-

dure constructs an exact or relaxed DD for each constraint of the problem following the same variable

ordering. It then traverses the nodes of each DD to identify compatibility with nodes in different DDs.

The authors show that nodes that do not have any compatibility label can be removed since the solutions

traversing that node are infeasible in all other DDs. Bergman et al. (2015a) introduce a different proce-

dure to communicate information between DDs based on Lagrangian decomposition, which we discussed

in Section 3.3.1.

While relaxed DDs can model a wide variety of global constraints, there might be alternative proce-

dures that are more suitable for some constraints. Specifically, Andersen et al. (2007) note that there

might be a polynomial-time algorithm to enforce GAC for some constraints but it might be NP-hard for

polynomial-size DDs to do so. A simple example is the All-different constraint that achieves GAC in

polynomial time by representing the constraint as a matching problem in a bipartite graph. However,

GAC is NP-hard in a relaxed DD because the GAC problem reduces to a Hamiltonian path problem.

3.3.3 Constructing DD Relaxations

While several works have shown the advantage of using DD relaxations (Bergman et al., 2016a), the

question of how to construct a relaxed DD that provides tight bounds remains open. The size of the

DD plays an important role in the quality of relaxation, i.e., bigger diagrams are expected to produce

tighter bounds. Nonetheless, two DDs with equal size can provide significantly different bounds. Thus,

researchers have studied different procedures to construct relaxed DDs of fixed size that provide strong

dual bounds.

The two most common techniques to construct relaxed DDs are the top-down and the iterative
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refinement procedures (see Chapter 2). The top-down procedure (Andersen et al., 2007) starts at the root

node, creates one layer at a time, and merges nodes when a layer exceeds the width limit. Conversely, the

iterative refinement algorithm (Hadzic et al., 2008a) starts with a width-one DD and iteratively increases

the DD width by splitting nodes until the width limit is reached. While there are implementation

advantages for both techniques, the question of which procedure provides better bounds depends on

their corresponding merging and splitting algorithms.

The decision on how to merge or split nodes is usually made heuristically and depends on the appli-

cation at hand. However, recent works have studied this problem and develop sophisticated techniques

to obtain strong DD bounds for general problem structures. For instance, Bergman and Cire (2017)

study the problem of finding the best DD relaxation for a given width limit. The authors present an

IP model that partitions the nodes in each layer to obtain the strongest dual bound. Their experiments

show that the resulting DD produces significantly stronger bounds than any other heuristic methods.

However, the computational time to solve their IP model can be quite long and, thus, impractical for

many applications.

On the heuristic side, there are several merging and splitting strategies for sequencing problems (Cire

and van Hoeve, 2013) and other combinatorial structures (Bergman et al., 2016a). Bergman et al. (2011)

propose a simple merging strategy that merges nodes with respect to their longest/shortest path from

the root node. Thus, the heuristic avoids merging nodes that can potentially impact the DD bound.

Frohner and Raidl (2019) improve this heuristic by including tie-breaking rules to merge nodes that

are similar to each other with respect to their relaxed states. Also, Frohner and Raidl (2019) present

a binary classifier procedure where the classifier chooses a merging heuristic in each DD layer. Their

classifier-based heuristic outperforms the simple heuristics in terms of dual bounds but it can be harder

to implement due to the additional time required to train the classifier.

A less commonly used technique to construct relaxed DDs is the separation procedure (Ciré and

Hooker, 2014). This algorithm is a variant of the iterative refinement since it starts with a width-one DD

and iteratively split nodes. However, the separation procedure split nodes systematically so all the paths

in the DD satisfy a constraint or have a longest-path value larger than a certain threshold (Bergman et al.,

2011). This technique can generate highly-accurate relaxations if, for instance, we separate the constraint

that is currently violated by the longest path in a maximization problem (Bergman and Cire, 2016c).

Recent work by van Hoeve (2020) shows that separation procedure are quite effective for the graph

coloring problem where the DD relaxation yield bounds competitive to state-of-the-art methodologies.

The author identifies conflicts (i.e., violated constraints) in an infeasible path and separates the conflicts

along that path.

Besides these three construction techniques, two recent works have developed new procedures to

construct relaxed DDs. Römer et al. (2018) propose a local search framework with operations that can

merge and split nodes or redirect arcs. Their procedure generalizes the top-down and iterative refinement

algorithms and consistently yields better bounds than the simpler alternatives. Horn et al. (2018)

introduce an A∗-inspired algorithm to construct relaxed DDs. Similarly to the top-down compilation,

their procedure starts at the root node but keeps a priority list of nodes to create next. Moreover, their

algorithm can create and merge nodes in different layers.

Independent of the chosen technique, one of the main challenges when constructing a relaxed DD

is the variable ordering, i.e., the assignment of variables to layers. The size of a DD depends on the

variable ordering and the optimal ordering can lead to significantly smaller DDs. The problem of finding
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the optimal variable ordering is NP-hard (Bollig and Wegener, 1996) and has been extensively studied

for exact DDs. Several authors propose heuristic variable orderings for different applications, including

the knapsack (Behle, 2008) and the maximum independent set problem (Bergman et al., 2011). A more

general ordering procedure was recently introduced by Cappart et al. (2019) based on reinforcement

learning (RL). While their technique can be applied to any optimization problem, it is only compatible

with the top-down construction procedure: the RL agent chooses during construction the variable that

will be assigned to the next layer. Their procedure shows encouraging performance but, as most RL-

based techniques, the RL agent needs to be trained over several random instances before deployment.

There is no clear hierarchy on which construction procedure is better but there are some general

guidelines on which algorithm to choose depending on the application at hand. Top-down procedures

are considerably faster to implement and deploy than iterative refinement procedure, so a top-down

construction is usually preferable for prototyping new ideas or when the user needs to construct multiple

DDs. In contrast, iterative refinement procedures can lead to stronger dual bounds if we use a splitting

heuristics that focuses on separating infeasible solutions that contribute to the bound quality. Lastly,

the variable ordering can significantly affect the DD bounds, so it is important to test several ordering

strategies.

3.4 Conclusions

This chapter has reviewed recent DD works that model and solve discrete optimization problems. We

describe a wide range of procedures that benefit from a graphical representation of the solution set and

show how these techniques can be integrated into state-of-the-art solvers. In particular, we distinguish

six different ways to use DDs: modeling, solution extraction, feasibility checking, computing primal and

dual bounds, inference and propagation, and solution-space analysis.

Most of these procedures are associated with a specific type of DD but there are certain exceptions.

For example, we can use either exact or relaxed DDs to create global constraints and their propagation

procedures. The main difference between the two structures is that exact DDs have stronger propaga-

tion guarantees and that relaxed DDs need to be updated during search to further remove infeasible

assignments. Another notable example is cutting plane procedures: relaxed DDs provide valid cuts but

will not separate all infeasible points unless they are updated during search.

We notice that there are two key advantages of DDs that explain the success in many of the applica-

tions discussed in this chapter. First, we can efficiently optimize the DD using different linear objective

functions. This property is crucial for cutting planes and decomposition techniques since DDs are iter-

atively used, for example, to solve the separation problem for each new fractional point. Similarly, DDs

are computationally efficient when we need to extract information from the diagram multiple times, as

in the case of the no-good inference procedures.

The second key advantage of DDs is that they can be used in multiple ways to solve the same problem.

For example, we can construct a relaxed DD to obtain dual bound and have a heuristic procedure that

extracts feasible solutions from the DD (i.e., obtain primal bounds). Similarly, we can apply the same

DD to generate valid inequalities, prune sub-optimal solutions, and infer no-good assignments, all to

solve the same application. This property makes DDs a strong and flexible optimization tool that can

benefit from techniques developed in different fields.
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Bridging Two Worlds

While the area of DDs for optimization problems is still fairly new, there is a vast literature on how to

create and manipulate DDs in the computer science (CS) and verification communities (Wegener, 2000).

The operation research (OR) community adopted some of the ideas and procedures to manipulate DDs

from the CS literature (e.g., the reduction algorithm), however, these two communities consider different

DD variants and construction procedures due to the problem characteristics of each field. Nonetheless,

there is an opportunity to improve our DD algorithms with the techniques used in other fields.

As we mention in this dissertation, we require efficient algorithms in order to create large and infor-

mative (relaxed) DDs. Thus, exploring new ways to construct DDs could benefit the field of discrete

optimization. The top-down and iterative refinement procedures are the most commonly used by re-

searchers in OR because they are better suited to create DD relaxations. However, the verification

community has developed different methodologies to create exact DDs for functions and circuits.

The most well-known approach to create DDs in the verification community is the Apply algorithm

(Bryant, 1992). This procedure relies on merging two or more DDs using binary operators (e.g., union)

to avoid the exponential explosion when creating exact DDs. The procedure starts with smaller DDs

that represent portions of the original function and iteratively combines them to create an exact DD

that is considerably smaller than the one obtain, for example, by a top-down algorithm on the entire

function. The Apply procedure has been extensively applied in the verification community (Wegener,

2000), but, to the best of our knowledge, has never been used to create relaxed DDs. Therefore, one

alternative to develop efficient DD construction procedures would be to adapt the Apply algorithm to

relaxed DDs.

Another important difference between the verification and OR communities is the DD variants that

the former considers. As mentioned in Chapter 2, the OR community usually avoid long arcs since they

aggregate multiple variable assignments, while these arcs are fairly common in verification applications

(Wegener, 2000). Zero-suppressed decision diagrams (ZDDs) is another DD variant that few OR re-

searchers have employed (Morrison et al., 2016), even though it is known to be an efficient DD variant to

represent sets (Minato, 1993). Thus, it would be interesting to analyze the advantages of using ZDDs to

solve combinatorial problems and possibly extend some of the techniques develop for DDs to this more

compact graphical structure.

Research Directions

While several recent works have shown the benefits of solving optimization problems using DDs, there

are still several avenues to explore. For example, modeling is one of the most popular applications of

DDs, in particular when the DD is reformulated as a network flow model. However, the DD formulation

can be too large to include in an IP model and few works have considered using cutting plane procedures

or decomposition schemes to overcome this limitation. Also, most cutting-plane procedures are proposed

for general structures but none have focused on sequencing problems, which is one of the most popular

applications of both relaxed and exact DDs.

Another notable research direction is generalizing DD procedures in a specific optimization com-

munity. For example, the CP community has developed several sophisticated algorithms to construct,

manipulate, and propagate constraints over DDs, which can be beneficial in other areas. Some of the

most popular procedures to construct relaxed DDs were first proposed in the CP literature. Following



Chapter 3. Literature Review 44

this trend, a possible research direction is to study semi-DDs. This DD variant can represent the set of

solutions using exponentially fewer nodes than a regular DD and, thus, has the potential of becoming a

better graphical structure than current DDs. However, the limitations of this new DD variant are still

unclear and it is not known if the DD procedures described in this literature review can be also adapted

to semi-DDs.

Lastly, the works in the dissertation can be classified into one or more of the categories introduced in

this survey (see Tables 3.1 and 3.2). Our work on a pickup-and-delivery problem (see Chapter 4) employs

DD-based Lagrangian bounds, thus, it can be classified in the Lagrangian bounds class. Conversely, the

delete-free AI planning work (see Chapter 5) uses relaxed DDs to compute primal and dual bounds, so

it can be considered in these two categories. This work also propose inference mechanisms to extract

information of a planning task (i.e., landmarks and redundant actions), so it can be considered as part

of the inference class too. The cut generation and lifting procedures introduced in Chapter 6 can be

categorized under the cut generation class. Also, our second-order cone encoding and novel network flow

model are valuable contributions to the modeling category.



Chapter 4

Multi-Commodity

Pickup-and-Delivery

Pickup-and-delivery refers to a large class of optimization problems that is primarily concerned with

the transportation of persons or commodities between locations. Such problems represent core routing

decisions in a wide range of practical applications. Examples include parcel delivery (Holland et al.,

2017), dial-a-ride problems (Cordeau and Laporte, 2007; Liu et al., 2018), home healthcare (Liu et al.,

2013), robotics (Booth et al., 2016), and emergency dispatch (Cordeau et al., 2007), to name a few.

The area is associated with a pervasive and rich literature in optimization and scheduling; see, e.g.,

Savelsbergh and Sol (1995); Parragh et al. (2008).

This work investigates a new exact approach for the one-to-one multi-commodity pickup and delivery

traveling salesman problem (m-PDTSP), a variant of the classical traveling salesman problem (TSP)

that incorporates the delivery of a fixed set of commodities by a capacitated vehicle. Specifically, the

problem is defined over a directed graph G, where nodes represent locations and arcs are associated

with non-negative travel costs. We are also given a set of commodities, each having a weight, a pickup

location, and a delivery location. A solution to the m-PDTSP is a minimum-cost Hamiltonian tour on

G where each commodity’s pickup location must be visited prior to its corresponding delivery location,

and the total weight carried by the vehicle never exceeds its capacity. Figure 4.1 depicts an example

with 5 locations, two commodities and a vehicle with capacity 5, where an optimal tour starting and

finishing at the depot (i.e., node 0) is presented in bold.

The m-PDTSP was introduced by Hernández-Pérez and Salazar-González (2009) and can be viewed

as an important subproblem in vehicle routing applications, for instance when routes must be optimized

for freight delivery (Holland et al., 2017). In contrast to classical pickup-and-delivery problems (Parragh

et al., 2008), the locations in the m-PDTSP can be a source and a destination for multiple commodities

at the same time. The problem thereby generalizes several related single-vehicle variants, such as the

pickup-and-delivery TSP (Dumitrescu et al., 2008), where each location is either the source or destination

of at most one commodity; the sequential ordering problem (Ascheuer et al., 2000), where the vehicle

is uncapacitated; and the one-commodity pickup-and-delivery TSP (1-PDTSP) (Hernández-Pérez and

Salazar-González, 2004), where all commodities are equivalent.

We propose a novel exact approach for the m-PDTSP that applies Lagrangian duality to combine

a linear and a discrete relaxation of the problem. In particular, the discrete relaxation is encoded
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Figure 4.1: Example of an m-PDTSP instance. Bold arcs represent the optimal tour.

as a relaxed multivalued decision diagram (MDD). In this work, we leverage the underlying network

representation of an MDD to better exploit the combinatorial structure of the m-PDTSP while also

incorporating dual information from a linear programming relaxation of the problem.

The resulting approach provides a flexible relaxation that yields bounds on the optimal solution value

of the m-PDTSP and can be embedded, e.g., in any branching search. Computational experiments using

a constraint programming solver indicate that the resulting MDD relaxation can enhance solution times

by orders of magnitude in a number of instances, in particular when capacities are small. We also find

provably optimal solutions to 33 instances in the literature for the first time, 27 of those with our best

parametrization.

Main contributions. Our first contribution is to introduce an MDD-based discrete relaxation for the

m-PDTSP. Its main purpose is to provide valid bounds on the optimal solution of the problem. Our data

structure, inspired by a mixed-integer linear programming (MILP) formulation introduced by Gouveia

and Ruthmair (2015), compactly encodes all feasible solutions as paths in a directed acyclic graph where

edges represent positions in a tour. We present structural results and strategies for constructing relaxed

MDDs that take into account both tour constraints and vehicle capacities, extending previous work on

MDDs for sequencing problems (Cire and van Hoeve, 2013). Specifically, our capacity-based construction

guarantees the satisfaction of the capacity constraint for all solutions represented in the relaxed MDD.

Our second key contribution is a Lagrangian technique that significantly strengthens the existing

bounds for the m-PDTSP based on the concepts introduced by Bergman et al. (2015b). Namely, we

incorporate Lagrange multipliers that penalize solutions of the MDD which do not represent valid Hamil-

tonian tours or violate precedence and capacity constraints. The key advantage of this framework is that

it exploits the discrete representation of the m-PDTSP while still taking advantage of linear programming

(LP) relaxation information, thereby benefiting from both MDD and LP methodologies.

Finally, we present an extensive numerical study that evaluates our MDD construction strategies

and the performance of distinct MDD-based Lagrangian relaxations. To this end, we incorporate our

relaxation mechanism into a constraint programming model and evaluate the quality of our bounds

and the solution performance with respect to state-of-the-art techniques. We show that our integrated

methodology can provide significant improvements over the existing dataset, which is more pronounced

when the instance is associated with a small vehicle capacity relative to the commodity weights.

This work was published in the INFORMS Journal of Computing (Castro et al., 2020a).
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Outline. This chapter is organized as follows. Section 4.1 presents a review of the previous related

works. We formalize the m-PDTSP and introduce notation in Section 4.2. The section also describes

a dynamic programming (DP) model and a mathematical formulation of the m-PDTSP that are used

in our MDD-based Lagrangian technique. Section 4.3 introduces our MDD encoding for the m-PDTSP

and the MDD construction produce based on the DP formulation. Section 4.4 presents our MDD-based

Lagrangian relaxation and the procedure to solve the Lagragian dual problem. The overall approach

is described in Section 4.5 and a constraint programming model for the m-PDTSP is introduced in

Section 4.6. Numerical experiments are presented in Section 4.7, which includes a comparison with the

state-of-the-art approaches. Finally, Section 4.8 provides a discussion on the work presented, the main

results obtained, and final remarks.

4.1 Related Works

The m-PDTSP is a capacitated version of the sequential ordering problem (SOP), a variant of the

asymmetric TSP where tours are subject to additional precedence constraints between locations. Several

mathematical formulations and heuristic techniques have been previously investigated for the SOP; see

e.g., Balas et al. (1995); Ascheuer et al. (2000); Hernádvölgyi (2004); Gouveia and Pesneau (2006). These

works typically form the basis upon which the existing m-PDTSP mathematical models are built.

The m-PDTSP remains a challenging problem with few exact approaches in the literature. Existing

solution methods are primarily based on MILPs that exploit polyhedral structure and decomposition

strategies. The first models were investigated by Hernández-Pérez and Salazar-González (2009), who

propose a multi-commodity flow and a path-based formulation. Both are solved using Benders decom-

position strategies that iteratively add vehicle capacity constraints to a relaxed MILP model, solving

instances with up to 47 locations in less than two hours. Nonetheless, these techniques are not able to

solve smaller instances when tighter vehicle capacities were considered. Letchford and Salazar-González

(2016) later extended this formulation by introducing valid inequalities for the original multi-commodity

flow model. These inequalities significantly improve the LP relaxation bound at the root node, albeit

negatively impacting their solution times due to computationally expensive separation routines.

The state-of-the-art solution methods for the m-PDTSP are branch-and-cut algorithms proposed by

Gouveia and Ruthmair (2015). The authors show that the problem can be reduced to an 1-PDTSP

by considering additional precedence constraints, and propose new MILP formulations based on layered

graph models. These models formulate tours as paths in an expanded graph, where each layer corresponds

to a position in the tour. The models either combine flow and capacity constraints or are restricted to

enforcing precedence relations. The resulting MILPs are then solved by a branch-and-cut algorithm

that combines preprocessing methods, primal heuristics based on a variable neighborhood descent, and

separation routines. The authors significantly improve upon the existing run times, solving several open

instances to optimality.

Despite the significant solution time improvements, the state-of-the-art method by Gouveia and

Ruthmair (2015) reports instances with 20 locations and 10 commodities that are still left unsolved

within a reasonable amount of time. Such instances typically involve small vehicle capacities relative to

the commodity weights, leading to a combinatorial structure that is not well captured by current LP

relaxations. Our model builds on the ideas by Gouveia and Ruthmair (2015), but our approach exploits

a different type of approximation and focuses on operating directly on the MDD graphical structure.
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As for heuristic methods, Rodŕıguez-Mart́ın and Salazar-González (2012) propose two heuristics

that combine a greedy randomized search with a variable neighborhood descent. Their best algorithm

computed high-quality solutions for instances with up to 300 locations and 600 commodities, improving

upon the best known solution for existing open instances.

Lagrangian duality is a bounding technique extensively investigated in mathematical programming;

see, e.g., the review by Fisher (2004). The methodology, as described by Geoffrion (1974), consists

of dropping constraints and penalizing their violation in the objective function, thereby leading to a

relaxed problem that is easier and possibly decomposed. Such constraint violations, in particular, are

weighted by Lagrange multipliers. The problem of finding the set of multipliers that provide the best

possible bound defines a maximization problem with a piecewise linear concave objective known as

the Lagrangian dual, initially tackled by Held and Karp (1971) using subgradient methods. This work

considers the methodology by Frangioni (2002), which is a generalized version of the Bundle method

introduced by Lemaréchal (1975).

The use of MDDs for routing problems was initially investigated by Cire and van Hoeve (2013)

and Kinable et al. (2017) for other TSP variants, including the TSP with time windows and sequence-

depend cost. We also note that the use of MDDs for Lagrangian duality was first proposed by Bergman

et al. (2015b), who introduce the general concept and report preliminary results for the TSP with time

windows. We refer the reader to Chapter 3 for a further discussion of these and other related works in

the DD literature.

Our MDD approach also relates to the constrained shortest path problem (CSPP), in that finding the

optimal solution to the m-PDTSP is equivalent to solving the CSPP over the relaxed MDD graph where

the side constraints and costs are given by the m-PDTSP parameters (Section 4.4). Our Lagrangian

approach and filtering procedure share the same underlying ideas as the techniques used to tackle

the resource variant of the CSPP (Beasley and Christofides, 1989; Carlyle et al., 2008). Nonetheless,

we generalize such techniques by leveraging the graphical structure of an MDD through refinement

techniques that exploit the pickup-and-delivery constraint structure.

The proposed methodology can also be viewed as a type of state-space relaxation similar to what

was considered by Baldacci et al. (2012) for the TSPTW. Nonetheless, while the latter work used

dual information to strengthen a specific DP state-space relaxation (the ng-route), our diagram can be

constructed to better exploit the m-PDTSP structure.

4.2 Problem Definition and Formulations

This section presents the m-PDTSP problem and the notation used throughout the chapter. We also

introduce dynamic programming and mathematical programming formulations that will be combined in

our MDD-based Lagrangian dual methodology.

The m-PDTSP is defined on a complete directed graph G = (V,E), where V = {0, . . . , n} is a set

of n+ 1 locations with 0 as the depot. Each arc (i, j) ∈ E is associated with a non-negative travel cost

ci,j ≥ 0, where potentially ci,j 6= cj,i (i.e., costs may be asymmetric). We are also given a set of m

commodities, K = {1, . . . ,m}. A commodity k ∈ K has an integral positive weight qk ∈ Z+, a pickup

location pk ∈ V \{0}, and a delivery location dk ∈ V \{0}. Finally, we assume a single vehicle with

capacity limit C ∈ Z+.

A solution for the m-PDTSP is a minimum-cost Hamiltonian tour over G that observes the vehi-
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cle capacity and the pickup-and-delivery order established for each commodity. This can be formally

represented using the 1-PDTSP reduction by Gouveia and Ruthmair (2015). Namely, let

∆qi =
∑

k∈K,pk=i

qk −
∑

k∈K,dk=i

qk,

be the net weight of pickup and deliveries at a location i ∈ V . A feasible tour to the m-PDTSP is a

sequence of locations x := (x0, x1, . . . , xn, xn+1) which satisfies (i)-(iii):

(i) The sequence starts and ends at the depot, x0 = xn+1 = 0, and (x1, . . . , xn) is a permutation of

V \ {0}.

(ii) The accumulated net weight in every position of the sequence never exceeds the vehicle capacity,

i.e.,
∑t′

t=1 ∆qxt ∈ {0, . . . , C} for all t′ ∈ {1, . . . , n}; and

(iii) For every commodity k ∈ K, its pickup location is visited prior to its delivery location, i.e., xt = pk

and xt′ = dk implies t < t′.

The cost c(x) of a feasible tour x is the total travel cost starting at the depot, visiting each location

in V in the order defined by x, and returning to the depot. That is,

c(x) =

n∑
t=0

cxt,xt+1 .

The m-PDTSP requires a feasible tour x that minimizes the tour cost c(x). The optimal tour cost is

denoted by ν∗.

Example 4.1 Figure 4.1 depicts an instance of the m-PDTSP used as a running example in the text.

The underlying graph has five locations (with 0 as the depot), where travel costs are represented as

arc labels. The vehicle capacity is C = 5 and two commodities must be considered, with weights and

pickup-and-delivery locations described in the figure’s table. Thus, the net weight of each location is

given by ∆q1 = 3, ∆q2 = −2, ∆q3 = 2, and ∆q4 = −3.

The optimal tour is x = (0, 3, 1, 2, 4, 0) with cost ν∗ = 1863, as represented by the bold arcs in Figure

4.1. The tour picks up commodity 2 at location 3, then picks commodity 1 at location 1, and finally

delivers commodities 2 and 1 at locations 2 and 4, respectively. The net weight in x is always between

0 and the vehicle capacity C = 5. Furthermore, the delivery location for each commodity succeeds its

corresponding pickup location. �

4.2.1 Dynamic Programming Formulation

We now formalize the m-PDTSP in terms of a recursive model that we later use to construct our

MDD relaxation (see in Section 4.3). Our recursive model is an extension of the classical TSP dynamic

programming formulation (Held and Karp, 1962) with capacity and precedence constraints. We also

simplify the state representation by omitting the last location visited. This state information is needed

to compute the objective function as a shortest path over its corresponding state transition graph.

However, as explain in Section 2.2.4, we can omit this information by storing the accumulated objective

cost over the arcs instead.
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Our recursive model R considers decision variables x as defined above and n+ 3 stages. For a given

stage t, the state variables are defined as S = (L,Q) where L represents the set of locations visited

and Q the load of the vehicle. Thus, the state-space at stage t is St = 2V × {0, . . . , C}. We define the

transition function as φt(S, x) = (L∪ {x}, Q+ ∆qx), i.e., each decision x at stage t updates the number

of locations visited and the load of the vehicle, respectively. Consider set P (i) as the locations that need

to be visited before reaching location i ∈ V , i.e., P (i) = {j ∈ V : ∃k ∈ K such that pk = j and dk = i}.
Then, the feasibility set Xt(L,Q) for a state S = (L,Q) ∈ St is given by

Xt(L,Q) = {x ∈ V \ {0} : x /∈ L, 0 ≤ Q+ ∆qx ≤ C, P (x) ⊆ L}, ∀t ∈ {1, . . . , n}, (4.1)

and X0(L,Q) = Xn+1(L,Q) = {0} for the first and last stage, respectively. The immediate cost at stage

t ∈ {1, . . . , n+ 1} is ft(x) = cxt−1,x and f0(x) = 0 at the initial stage. The minimum accumulated cost

ht(L,Q) for state S = (L,Q) at stage t is given by:

ht(L,Q) = min
x∈Xt+1(L,Q)

{
cxt−1,x + ht(L ∪ {x}, Q+ ∆qx)

}
t ∈ {0, . . . , n+ 1}, (R)

where the initial state is given by S0 = (∅, 0) and the accumulated cost at stage n+ 2 is hn+2(L,Q) = 0.

Note that every solution of R is a feasible tour for the m-PDTSP. The feasibility sets at the first

and last stage require the tour to start and end at the depot, i.e., x0 = xn+1 = 0. Also, the feasibility

set Xt(L,Q) defined in (4.1) has three constraints imposing conditions (i), (ii), and (iii), respectively.

Lastly, the optimal tour cost can be computed using the cumulative arc length procedure over the

state-transition graph, as shown in Section 2.2.4.

4.2.2 Mathematical Programming Formulation

We now present an integer linear program (ILP) for the m-PDTSP that we later use to enhance our

relaxed MDD bounds via Lagrangian Duality (see Section 4.4) The m-PDTSP has a large array of

formulations proposed in the literature (Letchford and Salazar-González, 2016). We consider a well-

known time-indexed formulation for the TSP (see, e.g., Dash et al. 2012) augmented with precedence

constraints.

Let ztij be a binary variable indicating if location j follows location i at position t in the tour, for

i, j ∈ V and t ∈ {0, . . . , n}. Also, let yi,t ∈ {0, 1} be a binary variable that indicates if location i is

visited in position t of a feasible tour. Thus, the time-indexed formulation T for the m-PDTSP is as

follows:

min
z,y

n∑
t=0

n∑
i=0

n∑
j=0

ci,j z
t
i,j (T )

s.t.

n∑
i=0

yi,t = 1 t ∈ {0, . . . , n+ 1}, (4.2a)

n∑
t=1

yi,t = 1 i ∈ V \ {0}, (4.2b)

t′∑
t=1

n∑
i=1

yi,t ·∆qi ≥ 0 t′ ∈ {1, . . . , n}, (4.2c)
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t′∑
t=1

n∑
i=1

yi,t ·∆qi ≤ C t′ ∈ {1, . . . , n}, (4.2d)

n∑
t=1

t · ypk,t −
n∑
t=1

t · ydk,t ≤ −1 k ∈ K, (4.2e)

y0,0 = y0,n+1 = 1, y0,t = 0 t ∈ {1, . . . , n}, (4.2f)

yi,t −
n∑
j=0

zti,j = 0 i ∈ V, t ∈ {0, . . . , n}, (4.2g)

yj,t −
n∑
i=0

zt−1
i,j = 0 j ∈ V, t ∈ {1, . . . , n+ 1}, (4.2h)

yi,t ∈ {0, 1} i ∈ V, t ∈ {0, . . . , n+ 1},

zti,j ∈ {0, 1} i, j ∈ V, t ∈ {0, . . . , n}.

The objective function is a reformulation of the tour cost in terms of z. Equalities (4.2a) and (4.2b)

are matching constraints enforcing that tour positions are assigned to exactly one location and that

each location must be visited exactly once, respectively. Inequalities (4.2c) and (4.2d) state the vehicle

capacity limitation. Inequalities (4.2e) impose precedence constraints, i.e., each pickup location is visited

prior to its delivery location. Such precedence inequalities are typical, e.g., in time-indexed formulations

of resource-constrained project scheduling problems (Artigues, 2017). The equalities in (4.2f) indicate

that a tour should start and end at the depot. Lastly, (4.2g) and (4.2h) establish the connection between

variables z and y.

A feasible solution y′ to T defines a feasible tour x′ such that x′t =
∑n
i=0 i y

′
i,t for every t ∈ {0, . . . , n+

1}. Every tour can be converted to a feasible solution to T analogously. Also, there is an one-to-one

mapping between feasible binary vectors y and z based on (4.2g)-(4.2h).

While other m-PDTSP formulations are also applicable in our framework, model T has two advan-

tages that we exploit. First, T has a polynomial number of linear inequalities, which when relaxed

leads to a tractable number of Lagrange multipliers that can be efficiently optimized. Second, the time-

indexed variables y have a direct translation to the layered network representation of a decision diagram,

as described in Section 4.4.

4.3 Multivalued Decision Diagram Encoding

We now introduce a MDD encoding for the m-PDTSP based on recursive model R and the sequencing

representation by Cire and van Hoeve (2013) and Kinable et al. (2017). The model is a graphical

representation of the feasible tours set of an m-PDTSP instance, which can be limited in size to provide

valid bounds for the m-PDTSP. In the following, we rely on the notation introduced in Chapter 2 to

describe our MDD encoding.

An MDD for the m-PDTSP is a directed acyclic layered graphM = (N ,A), where the set of nodes N
is partitioned into n+ 3 layers N0, . . . ,Nn+2. We associate a value va ∈ V to each arc a ∈ A emanating

from Nt that represents the location assigned to the t-th position of a tour; i.e., paths traversing arc a

are such that xt = va. Thus, the set of solutions encoded by the MDD, i.e., Sol(M), corresponds to all

possible variable assignments for x.

We say that an MDD M exactly represents an instance of the m-PDTSP if there is an one-to-one
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correspondence between Sol(M) and all the feasible tours. Alternatively, an MDD is relaxed if Sol(M)

over-approximates the set of feasible tours, i.e., every feasible tour is encoded in some r − t path of

M, but not all paths in Sol(M) are necessarily feasible tours. Specifically, infeasible tours in M may

either represent invalid permutations, violate the vehicle capacity, or fail to observe pickup-and-delivery

precedence constraints.

Example 4.2 Figure 4.2 depicts an exact and relaxed MDD for the instance in Example 4.1. Each

r − t path in the exact MDD (left) encodes a feasible tour and equivalently every tour is encoded by

exactly one r − t path. In particular, path (r, u1, u3, u5, u8, u9, t), in bold, encodes the optimal tour

x = (0, 3, 1, 2, 4, 0). Every path in the exact MDD has an associated path in the relaxed MDD (right).

Nonetheless, the relaxed MDD contains the infeasible tour (0, 1, 4, 1, 4, 0) given by the shaded path

(r, u1, u2, u5, u6, u8, t). �
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Figure 4.2: Two MDDs for Example 4.1. The left illustration corresponds to an exact MDD, while the
right graphic is a relaxed MDD.

Our relaxed MDD construction procedure uses a variant of the incremental refinement framework

described in Chapter 2, Algorithm 3. Specifically, we propose a construction mechanism that enforces

each of the three constraint classes, i.e., conditions (i)-(iii), one at a time until either they are satisfied

by all tours in the MDD, or the maximum width W is reached. To this end, we start with a small

valid relaxed MDD and rule out the solutions violating a particular constraint by splitting nodes and

removing arcs accordingly. Once a constraint type has been fully observed by the paths of the MDD,

we repeat this procedure iteratively with the remaining constraints.

The splitting strategy is depicted in Algorithm 6. For each layer, we split nodes to first satisfy the

vehicle capacity constraints (procedure SplitNodesCapacity), and second to satisfy the tour constraints

and precedence relations (procedure SplitNodesTour), while ensuring that the width w(M) of the net-

work does not exceed W > 0. We give priority to capacity constraints, which are well-known to be

challenging in integer programming formulations for the m-PDTSP (Letchford and Salazar-González,

2016), while conversely MDD relaxations may be weak when enforcing tour constraints (Cire and van

Hoeve, 2013) and are better represented by linear assignment constraints. However, the order of the

splitting procedures can be reversed without loss of generality.

The following sections describe in detail the main components of the relaxed MDD construction
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Algorithm 6 Relaxed MDD splitting for the m-PDTSP

1: procedure SplitDDNodes(Nt, W)
2: SplitNodesCapacity(Nt, W)
3: SplitNodesTour(Nt, W)

procedure based on the framework introduced in Chapter 2. Section 4.3.1 presents the relaxed state

and the filtering rules based on our recursive model R. Sections 4.3.2 and 4.3.3 introduce our two node

splitting schemes to satisfy the capacity and tour constraints, respectively. Lastly, Section 4.3.4 explains

how to compute MDD-based lower bounds for the non-linear objective in R based on the shortest-path

procedure presented by Kinable et al. (2017).

4.3.1 Relaxed States and Filtering

As introduced in Chapter 2, relaxed states are approximations of the state variables of R and are stored

in each MDD node to identify infeasible arcs and split nodes during the MDD construction procedure.

We now introduce the relaxed states for state variable S = (L,Q) and their corresponding filtering rules.

Load Relaxed States. We first introduce the relaxed state and filtering rule for the vehicle load state

variables Q. These state variables are used to impose the capacity limit, which can be represented as

two separable inequalities over Q:

0 ≤ Q+ ∆qx and Q+ ∆qx ≤ C, ∀S = (L,Q) ∈ St, x ∈ Xt(S), t ∈ {0, . . . , n}. (4.3)

Thus, we create relaxed states and filtering rules for state variable Q based on the separable inequalities

case introduced in Section 2.2.2. For any node u ∈ Nt, Qmin(u) and Qmax(u) correspond to the top-

down relaxed states for Q that under and over approximate the value of Q, respectively, for all variable

assignments associated to r − u paths in M. Thus, their values are calculated via a top-down pass

through M using the following recursions for all nodes u ∈ N :

Qmin(r) = Qmax(r) = 0,

Qmin(u) = min
a∈Ain(u)

{Qmin(s(a)) + ∆qva}, and

Qmax(u) = max
a∈Ain(u)

{Qmax(s(a)) + ∆qva}.

We used the above relaxed states to identify and remove infeasible arcs, i.e., whenever all r− t paths

traversing an arc a ∈ A violate (4.3). Specifically, we say that an arc a ∈ A emanating from layer Nt
can be removed from M if:

Qmin(s(a)) + ∆qva > C or Qmax(s(a)) + ∆qva < 0. (CAP-R1)

The validity of the above filtering rules follow from the relaxed state definitions and inequality (4.3).

We also introduce bottom-up relaxed states Q↑min(·), Q↑max(·) ∈ Z that are symmetric versions of

Qmin(·) and Qmax(·). Namely, the relaxed states Q↑min(u) and Q↑max(u) represent the minimum and

maximum accumulated net weights, respectively, of all partial paths starting at node u ∈ N and ending

at the terminal node t. Thus, analogously to the previous case, we update the relaxed states for each
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node u ∈ N using the following recursions:

Qmin(t) = Qmax(t) = 0,

Q↑min(u) = min
a∈Aout(u)

{
Q↑min(t(a)) + ∆qva

}
, and

Q↑max(u) = max
a∈Aout(u)

{
Q↑max(t(a)) + ∆qva

}
.

We utilize these bottom-up states to create a new set of filtering rules based on the fact that the

vehicle is empty at the end of any feasible tour. Specifically, we say that an arc a is infeasible if the net

weights of all tours corresponding to r− t paths traversing a are different to zero. Proposition 4.1 shows

two filtering rules based on this condition and proves their validity.

Proposition 4.1. An arc a ∈ A can be removed from M if:

Qmin(s(a)) + ∆qva +Q↑min(t(a)) > 0, or (CAP-R2)

Qmax(s(a)) + ∆qva +Q↑max(t(a)) < 0. (CAP-R3)

Proof. By the definition of each relaxed state, it follows that any tour x ∈ Sol(M) from a r − t path

which includes arc a satisfies

Qmin(s(a)) + ∆qva +Q↑min(t(a)) ≤
n+1∑
t=0

∆qxt ≤ Qmax(s(a)) + ∆qva +Q↑max(t(a)).

Therefore, x is infeasible if either CAP-R2 or CAP-R3 are satisfied. �

Location Relaxed States. The relaxed states for state variable L are based on the relaxed states

for the all-different combinatorial structure (see Section 2.2.3). Condition (i) states that, except for the

first and last stage, a feasible tour visits a different location at each stage. Thus, the relaxed states and

filtering rules for the all-different structure are also valid for the m-PDTSP.

For a given node u ∈ N , we consider two top-down relaxed states, Lall(u) and Lsome(u), to under

and over approximate the set of locations visited given by all r− u paths. Intuitively, Lall(u) represents

the set of locations visited by all r− u tours, while Lsome(u) corresponds to the locations visited by at

least some r− u tour. These values are calculated during a top-down pass through M using recursions

(2.6) and (2.7) as explain in Section 2.2.3.

Analogously, we define the bottom-up relaxed states L↑all(u) and L↑some(u) for each node u ∈ N . As

presented in Section 2.2.3, we use recursions (2.8) and (2.9) to calculate these relaxed states during the

bottom-up pass through M. Then, these top-down and bottom up relaxed states allow us to apply

filtering rules AD-R1 to AD-R5 to remove infeasible arcs with respect to the tour condition (i). Since

location 0 (i.e., the depot) appears twice in each feasible tour, we slightly modify these filtering rules to

consider this corner case.

We also employ the top-down and bottom-up relaxed states to filter out arcs that violate the prece-

dence condition (iii), i.e., deliver a commodity before picking it. We implement the filtering rules

introduced by Cire and van Hoeve (2013) for precedence relationships. To do so, for each location i ∈ V ,

consider P (i) as defined in Section 4.2 and D(i) as the locations that need to be visited after reaching i,

i.e., D(i) = {j ∈ V : ∃k ∈ K such that dk = j and pk = i}. Then, we say that an arc a ∈ A is infeasible
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if:

P (va) 6⊆ Lsome(s(a)) or D(va) 6⊆ L↑some(t(a)). (PRE-R1)

Thus, any arc a satisfying PRE-R1 would represent tours that deliver a commodity before picking it up

(left-condition) or pickup a commodity without ever delivering it (right-condition).

4.3.2 Capacity Constraint-based Refinement

In this section, we develop the SplitNodesCapacity procedure for Algorithm 6. Its main purpose is to

modify a given relaxed MDD so that the vehicle capacity constraints are satisfied by the paths in Sol(M).

Specifically, the load relaxed states, Qmin(·) and Qmax(·), provide a mechanism to measure the degree of

infeasibility of M with respect to the capacity constraints. This is formalized in the proposition below.

Proposition 4.2. For all u ∈ N and some ε ≥ 0, suppose that

(i) Qmin(u) ≤ C, Qmax(u) ≥ 0; and

(ii) Qmax(u)−Qmin(u) ≤ ε.

Then, for all x ∈ Sol(M),

−ε ≤
t′∑
t=0

∆qxt ≤ C + ε, t′ ∈ {0, . . . , n+ 1}. (4.4)

That is, tours in M violate the capacity constraints by at most ε.

Proof. Assume (i) and (ii) hold for some ε ≥ 0 as defined in the proposition statement. For any partial

path x from the root r to a node u ∈ Nt, t ≥ 1,

t−1∑
s=0

∆qxs ≤ Qmax(u) ≤ Qmin(u) + ε ≤ C + ε.

The first inequality follows from the definition of Qmax(·). The second follows from condition (ii), and

the last is from (i). Equivalent reasoning can be used for
∑t′

t=1 ∆qxt ≥ −ε. �

We can assume condition (i) from Proposition 4.2 always holds, since otherwise we can simply remove

the violating nodes from M as they only encode infeasible paths. This leads directly to the following

corollary.

Corollary 4.1. The tours in Sol(M) satisfy the vehicle capacity constraints if

0 ≤ Qmin(u) = Qmax(u) ≤ C, ∀ u ∈ Nt, t ∈ {0, . . . , n+ 1}.

We can now state our splitting procedure, which is formalized in Algorithm 7. Given the nodes Nt in

a layer t, we first define the splitting set SQ(Nt) of Nt as the set of nodes in Nt from which all parents

satisfy the conditions of Corollary 4.1, i.e.,

SQ(Nt) :=
{
u ∈ Nt : Qmin(s(a)) = Qmax(s(a)) for all a ∈ Ain(u)

}
.
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Notice that, by definition of the relaxed states, a node u′ 6∈ SQ(Nt) can never be split to satisfy the

corollary conditions, since the minimum net weight at u′ will always be strictly lower than its maximum

net weight regardless on how its incoming arcs are partitioned.

If all nodes u ∈ SQ(Nt) are such that Qmin(u) = Qmax(u), then, by Corollary 4.1, no more splitting

is needed. Otherwise, consider u ∈ SQ(Nt) such that Qmin(u) < Qmax(u). Furthermore, define Ain
min(u)

as the set of incoming arcs at u that certify the label Qmin(u), i.e.,

Ain
min(u) :=

{
a ∈ Ain(u) : Qmin(s(a)) + ∆qva = Qmin(u)

}
. (4.5)

If the width limit W is not met, we create a new node u′ and redirect the arcs in a ∈ Ain
min(u) to

u′. This redirection will ensure, by construction, that Qmin(u′) = Qmax(u′) and will increase Qmin(u) as

shown in Proposition 4.3. We also copy the arcs emanating from u and assign them to emanate from u′

to ensure that the paths originally crossing arcs in Ain
min(u) are preserved. Finally, we update the labels

Qmin(·) and Qmax(·) accordingly and repeat the procedure until either the maximum width is met or

Corollary 4.1 is satisfied for the nodes in that layer. See Algorithm 7 for a detail explanation of the

capacity-based splitting procedure.

Algorithm 7 Splitting nodes based on capacity.

1: procedure SplitNodesCapacity(Nt, W)
2: while |Nt| <W and ∃u ∈ SQ(Nt) such that Qmax(u)−Qmin(u) > 0 do
3: Create a new node u′, add it to Nt.
4: Set s(a∗) = u′ for all a∗ ∈ Ain

min(u), as defined in (4.5).
5: For every arc a ∈ Aout(u), create a new arc a′ = (u′, t(a)).
6: Update labels Qmin(u), Qmax(u), Qmin(u′), Qmax(u′).

Proposition 4.3. For a sufficiently large W, the procedure SplitNodesCapacity ensures that, for every

node u ∈ Nt, Qmin(u) = Qmax(u).

Proof. It suffices to show that the procedure terminates for any arbitrarily largeW. Assume all previous

layers satisfy the condition of the statement and consider an iteration that chooses a certain u such that

Qmin(u) < Qmax(u). The new node u′ satisfies Qmin(u′) = Qmax(u′) because of (4.5). Moreover, for all

arcs a′ ∈ Ain(u) \ Ain
min(u),

Qmin(s(a′)) + ∆qva′ > Qmin(u)

and therefore the updated relaxed states Qmin(u) strictly increases. Since Qmax(u) is finite and remains

constant for the subsequent iterations that pick the same node u, the result follows. �

Proposition 4.3 and Corollary 4.1 ensure that, for a sufficiently large widthW, all tours inM satisfy

the capacity constraints. Note that, if the input node set has a cardinality of one (as in our width-one

MDD case), then the maximum width required for Proposition 4.3 is C + 1, since no two nodes will

have the same labels. Second, the choice of node u in line 2 of Algorithm 7 can be done in a systematic

fashion. For instance, if we choose the node with maximum ε := Qmax(u)−Qmin(u), we move towards

decreasing the total violation ε of paths, based on Proposition 4.2. In our numerical experiments, we

choose W to be sufficiently large (i.e., at least C + 1) to ensure all paths satisfy vehicle capacity.

Example 4.3 Figure 4.3 shows three relaxed MDDs that illustrate the SplitNodesCapacity procedure

for our running example. Notice that shaded arrows indicate infeasible arcs identified by our filtering
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rules (Section 4.3.1). Starting with the width-one MDD (left diagram), the procedure splits layer N2

that has a single node u2 with Qmin(u2) = −3 and Qmax(u2) = 3. The resulting MDD corresponds to

the middle diagram in Figure 4.3 and has two nodes in layer N2 satisfying Corollary 4.1. Similarly, the

right most diagram illustrates the SplitNodesCapacity procedure when it is applied to N3. �
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Figure 4.3: MDD construction algorithm. Depicts SplitNodesCapacity procedure and filtering rules.

4.3.3 Tour and Precedence Constraints-based Refinement

We now develop the SplitNodesTour procedure for Algorithm 6 to impose that tours in a relaxed MDD

M do not violate precedence and tour constraints. To do so, we rely on the location relaxed states Lall(·)
and Lsome(·) to define sufficient conditions for which all tours in Sol(M) satisfy the tour and precedence

constraints, as shown in the following proposition.

Proposition 4.4. For all u ∈ Nt, t ∈ {0, . . . , n+ 1}, suppose that

(i) |Lall(u)| = t; and

(ii) For all arcs a ∈ Aout(u) emanating from u, the deliveries in va are preceded by their associated

pickups in Lall(u), i.e., if dk = va for some commodity k ∈ K, then pk ∈ Lall(u).

If (i) and (ii) hold, the solutions x ∈ Sol(M) satisfy the tour and precedence constraints.

Proof. We show by induction on t that, for any node u ∈ Nt, the tours associated with r − u paths

satisfy the tour and precedence constraints. This is trivially valid for the base case t = 0. Assume now

this statement holds for t ∈ {0, . . . , t′} for some t′ ≥ 1.

Pick any node u′ ∈ Nt′+1. For an arc a ∈ Ain(u′) and a tour x′ = (x0, x1, . . . , xt′−1) encoded

by an r − s(a) path, the relaxed state definition implies that |Lall(u
′)| = t′ holds only if va 6= xt for

all t ∈ {0, . . . , t′ − 1}; i.e., the extended tour x := (x′, va) satisfies the tour constraints. Moreover,

assumption (ii) directly implies that x also satisfies the precedence constraints. �

Algorithm 8 states the tour splitting procedure based on the results in Proposition 4.4. We first define

the splitting set SL(Nt) of Nt as the set of nodes in Nt from which all parents satisfy the assumption
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(i) of Proposition 4.4:

SL(Nt) :=
{
u ∈ Nt : |Lall(s(a))| = t− 1 for all a ∈ Ain(u)

}
.

Notice that, by the relaxed state definition, a node u′ 6∈ SL(Nt) can never be split to satisfy the required

assumption, since the cardinality of Lall can increase by at most one in each layer.

If all nodes u ∈ SL(Nt) are such that |Lall(u)| = t, then, by Proposition 4.4, no more splitting is

needed and we can stop. Otherwise, let u ∈ SL(Nt) be a node such that |Lall(u)| < t. Furthermore, for

any a′ ∈ Ain(u), define Ain
all(u, a

′) as the set of incoming arcs at u that lead to the same label Lall(·) as

when applying a′, i.e.,

Ain
all(u, a

′) :=
{
a ∈ Ain(u) : Lall(s(a)) ∪ {va} = Lall(s(a

′)) ∪ {va′}
}
. (4.6)

If the width limit W is not met, we select a node u ∈ SL(Nt) and any arc a′ ∈ Ain(u). We then

create a new node u′ and redirect the arcs in a ∈ Ain
all(u, a

′) to u′, which imposes assumption (i) from

Proposition 4.4. We also copy the arcs emanating from u to emanate from u′ to ensure that the paths

originally crossing arcs in Ain
all(u, a

′) are preserved, update the relaxed states accordingly, and repeat the

procedure. Note that the choice of a′ and u in Algorithm 8 can also be done in a systematic way, as

discussed by Cire and van Hoeve (2013).

Procedure SplitNodesTour ensures the fulfillment of conditions of Proposition 4.4 for a large enough

width limit W, as stated in Proposition 4.5. The proof of this result is analogous to Proposition 4.3.

The minimum width required for Proposition 4.5 is O(2n), since it requires enumeration of all subsets

of V \{0}. Notice that it may be significantly larger than the pseudo-polynomial size for the capacity

constraints in the m-PDTSP case.

Proposition 4.5. For a sufficiently large W, the procedure SplitNodesTour ensures that, for every node

u ∈ Nt, assumptions (i) and (ii) of Proposition 4.4 are satisfied.

4.3.4 Bound Computation

If M is an exact MDD encoding Hamiltonian paths in a graph, Kinable et al. (2017) show that the

minimum total travel cost, i.e., min {c(x) : x ∈ Sol(M)}, can be found in polynomial time in the size

ofM. To this end, the authors equipM with a more general travel cost matrix ζ, where ζti,j represents

the cost of traveling from location i to location j when i is assigned to the t-th position of the tour, for

Algorithm 8 Expanding nodes based on tour and precedence.

1: procedure ExpandNodesTour(Nt, W)
2: while |Nt| <W and ∃u ∈ SL(Nt) such that |Lall(u)| < t do
3: Create a new node u′, add it to Nt.
4: Select any arc a′ ∈ Ain(u).
5: Set s(a) = u′ for all a ∈ Ain

all(u, a
′), as defined in (4.6).

6: For every arc a ∈ Aout(u), create a new arc a′ = (u′, t(a)).
7: Update relaxed states for nodes u and u′.
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i, j ∈ V and t ∈ {0, . . . , n}. With such a matrix ζ, the cost c(x) of a tour x becomes

c(x) =

n∑
t=0

ζtxt,xt+1
. (4.7)

Note that ζti,j = ci,j for all t ∈ {0, . . . , n} in any given m-PDTSP instance, i.e., we could drop the

additional index t. Nonetheless, we maintain this general cost representation when optimizing over M,

as it will be later directly applied to our Lagrangian dual in Section 4.4.2, where travel costs are also

position dependent.

Let `a be the minimum cost of all partial tours encoded by paths starting at the root r and ending

at an arc a ∈ A. Such values are obtained using the recurrence

`a :=

{
0, if s(a) = r,

mina′∈Ain(s(a))

{
`a′ + ζt−1

va′ ,va

}
, otherwise.

(4.8)

for each arc a with source node in layer Nt. That is, for an arc a emanating from layer Nt (t > 1), `a is

the minimum cost among its possible predecessor locations, i.e., all locations va′ such that a′ ∈ Ain(s(a)),

plus the cost to travel from the predecessor to the arc’s location va. The optimal tour cost ν∗ is, by

definition,

h(M) := min
a∈A:t(a)=t

`a. (4.9)

A proof of the validity of (4.8) is presented by Kinable et al. (2017) in the context of time-dependent

sequencing. If M has a width of w(M), all such values can be computed with a breadth-first search

traversal in O(n|A|w(M)).

If M is a relaxed MDD of arbitrary size, the value obtained in (4.9) provides instead a lower bound

to the optimal solution value of the m-PDTSP. This follows since Sol(M) over-approximates the set of

feasible tours.

Example 4.4 Consider the exact MDD presented in Figure 4.2 (right). We use (4.8) to compute the

arc costs `(r,u1) = 0, `(u1,u2) = `(r,u1) + ζ0
v(r,u1),v(u1,u2)

= c0,1 = 447, and analogously for the remaining

arcs. In particular, the cost of arc (u5, u8) is given by

`(u5,u8) = min{`(u2,u5) + ζ1
v(u2,u5),v(u5,u8)

, `(u3,u5) + ζ1
v(u3,u5),v(u5,u8)

}

= min{`(u2,u5) + c3,2, `(u3,u5) + c1,2}

= min{1154 + 666, 1131 + 295} = 1426.

Similarly, we apply recursion (4.8) to compute the arc costs of the relaxed MDD shown in Figure 4.2

(left). In this case, the optimal tour cost (4.9) is given by h(M) = min{`(u8,t)} = 1811, which encodes

the infeasible tour x = (0, 1, 4, 1, 4, 0). �

Notice that this procedure is an extension of the MDD bound for the sum-of-setup-times objective

presented in Section 2.2.4. As such, the cost-based filtering rule CB-R2 is also valid for the m-PDTSP

and can remove sub-optimal tours from Sol(M).
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4.4 An MDD-based Lagrangian Dual for the m-PDTSP

This section introduces the Lagrangian dual for the m-PDTSP that combines the ILP and the MDD

formulations described in Sections 4.2 and 4.3, respectively. Our main purpose is to provide a new

mechanism to obtain valid lower bounds to the problem. Such bounds can be used, e.g., to certify the

quality of a feasible solution or to enhance a branch-and-bound search.

Our approach assumes that we are given a relaxed MDDM for an m-PDTSP instance (e.g., the one

proposed in Section 4.3). BecauseM and a linear relaxation of T may be complementary in terms of the

combinatorial structure each encodes, we wish to combine them into a single model that leverages the

strengths of both formulations. To this end, we propose a Lagrangian dual that incorporates information

from the LP relaxation of T as costs into M, building on earlier works integrating DP and MDDs with

Lagrangian relaxation (Beasley and Cao, 1998; Bergman et al., 2015b; Hooker, 2019).

In the remainder of this section, we first describe a model that integrates both relaxations to enhance

bounds. Next, we show how such model can be addressed by solving its Lagrangian dual, which yields

a subproblem that is polynomially solvable in M.

4.4.1 Hybrid ILP-MDD Relaxation for the m-PDTSP

For ease of notation, let A ∈ Rr×|V |×(n+2) and b ∈ Rr represent the matrix coefficients and right-hand

side vector of the inequalities in T , respectively, that only involve y. Specifically,{
y ∈ R|V |×(n+2) : Ay ≤ b

}
=
{
y ∈ R|V |×(n+2) : y satisfies (4.2a)-(4.2e)

}
,

assuming an appropriate dimension r > 0 encoding the number of constraints. In particular, an element

al,i,t of A is the coefficient of variable yi,t in the l-th constraint of T . Notice that Ay ≤ b models the

matching, capacity, and precedence constraints of T .

Furthermore, for a given exact or relaxed MDDM, let Solγ(M) be the set of binary solutions (z,y)

that can be mapped to a tour encoded by M. That is,

Solγ(M) :=

{
(z,y) binaries : ∃x ∈ Sol(M) s.t.

n∑
i=0

i yi,t − xt = 0 for all t ∈ {0, . . . , n+ 1},

and (z,y) satisfies (4.2g)-(4.2h)

}
,

where the dimensions of (z,y) are as in T , omitted above for exposition. Note that there is a one-to-one

mapping between a vector pair (z,y) ∈ Solγ(M) and a tour x ∈ Sol(M).

Let M be a relaxed MDD and denote the convex hull of a set X by conv(X ). We propose a new

bound for the m-PDTSP obtained by solving the following hybrid relaxation H:

νR := min
z,y

n∑
t=0

n∑
i=0

n∑
j=0

ci,j z
t
i,j (H)

s.t. Ay ≤ b,

(z,y) ∈ conv(Solγ(M)).

The optimal solution value of H is a lower bound to the original problem, i.e., ν∗ ≥ νR, since H is
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the intersection of two over-approximations of the feasible tour set.

The choice of formulation H follows from three key motivations. First, since a convex hull can be

equivalently described by a set of linear inequalities, problem H is a well-defined linear program that

captures both the linear relaxation of T and the relaxation structure of M. Second, using Lagrangian

duality, H can be solved by exploiting an efficient combinatorial algorithm over M. Finally, the bound

provided by H is never worse than the original MDD bound or the LP relaxation of T when each is

considered separately. As indicated by our numerical study, such a bound is often stronger and leads to

significant speed-ups in our branch-and-bound search.

4.4.2 Solving H by Lagrangian Duality

We address H by dropping inequalities Ay ≤ b and penalizing their violation in the objective function

with Lagrange multipliers λ. This yields a Lagrangian dual that observes strong duality with respect to

H. Namely, by Conforti et al. (2014), Theorem 8.2, we have that

νR = max
λ
{L(λ) : λ ≥ 0} , (D)

where L(·) is the Lagrangian subproblem defined as

L(λ) := min
z,y


n∑
t=0

n∑
i=0

n∑
j=0

ci,jz
t
i,j + λ>(Ay − b) : (z,y) ∈ Solγ(M)

 .

Notice that L(·) optimizes a linear function over Solγ(M) as opposed to the convex hull of such set. We

now show that L(·) is also tractable in the size of M.

Proposition 4.6. For any λ ≥ 0, the Lagrangian subproblem L(λ) can be solved in polynomial time in

the size of M. Specifically,

L(λ) = h(M) + λ>b,

where h(M) is defined as in (4.9) and computed using the MDD cost structure

ζti,j = ci,j +

r∑
l=1

(λl al,i,t)

for all i, j ∈ V and t ∈ {0, 1, . . . , n}.

Proof. By definition, any (z,y) ∈ Solγ(M) maps to a (unique) x ∈ Sol(M). For such a triple (z,y,x),

recall that
∑n
t=0

∑n
i=0

∑n
j=0 ci,jz

t
i,j = c(x) =

∑n
t=0 cxt,xt+1

. Thus,

n∑
t=0

n∑
i=0

n∑
j=0

ci,jz
t
i,j + λ>(Ay − b) =

n∑
t=0

cxt,xt+1 +

r∑
l=1

λl

(
n∑
i=0

n∑
t=0

al,i,tyi,t − bl

)

=

n∑
t=0

cxt,xt+1
+

n∑
t=0

n∑
i=0

(
r∑
l=1

λlal,i,t

)
yi,t − λ>b

=

n∑
t=0

(
cxt xt+1

+

r∑
l=1

n∑
i=0

(λlal,i,t)yi,t

)
− λ>b
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=

n∑
t=0

(
cxt,xt+1 +

r∑
l=1

(λlal,xt,t)

)
− λ>b.

This implies that
∑n
t=0

∑n
i=0

∑n
j=0 ci,jz

t
i,j + λ>Ay =

∑n
t=0 ζ

t
xt,xt+1

for costs ζtxt,xt+1
of the same form

(4.7) as required for h(M). �

4.4.3 Incorporating the Lagrange Multipliers into M

We now provide further details on how to incorporate the Lagrange multipliers associated with the linear

system Ay ≤ b into a relaxed MDD M by means of Proposition 4.6. Our implementation focuses on

the Lagrange multipliers related to the tour equalities (4.2b), the capacity inequalities (4.2c)-(4.2d), and

the precedence inequalities (4.2e). Notice that we are not required to consider inequalities (4.2a) and

(4.2f) since they are enforced by construction of M. Other valid linear inequalities to the m-PDTSP,

however, can be incorporated analogously.

Consider the Lagrange multipliers λ = (β,µ,σ), where β ∈ R|V |, µ ∈ R2n (µ ≥ 0), and σ ∈ R|K|

(σ ≥ 0) are associated with constraints (4.2b), (4.2c)-(4.2d), and (4.2e), respectively. For this set of

multipliers, the cost matrix ζ of Proposition 4.6 is given by

ζti,j = ci,j + βi + ∆qi

n∑
t′=t

(µn+t′ − µt′) + t

 ∑
{k∈K:pk=i}

σk −
∑

{k∈K:dk=i}

σk

 .

Notice that the constant λ>b is

λ>b = −
∑
i∈V

βi −
2n∑

t=n+1

Cµt +
∑
k∈K

σk.

The cost matrix ζ is used in recurrence (4.8)-(4.9) to compute a new lower bound over M, as

illustrated in the example below. Any valid set of multipliers suffice to obtain a valid lower bound for

the m-PDTSP. In particular, the strongest bound is at least as strong as the one obtained from the

original relaxed MDD M (Fisher, 2004).

Example 4.5 Consider our running example and the relaxed MDD M shown in Figure 4.2 (right).

Suppose, for illustration purposes, that we incorporate only equalities (4.2b) and let β ∈ R|V | be the

vector of Lagrange multipliers associated with (4.2b). If we set β1 = β4 = 100 and βi = 0 for all

i ∈ V \ {1, 4}, we obtain L(λ) = h(M) + λ>b = 1863. This solution corresponds to the optimal tour

x = (0, 3, 1, 2, 4, 0) and improves the original MDD bound of 1811. �

4.4.4 Solution Method for the Lagrangian Dual

Problem D is the Lagrangian dual problem, a maximization problem with a piecewise linear concave

objective (Fisher, 2004). It can be solved iteratively by computing L(λ0) for some λ0 ≥ 0, obtaining a

new set of Lagrange multipliers λ1 based on the solution of L(λ0), and repeating until some termination

criteria is reached. The function L(·) can be computed efficiently in O(n|A|w(M)) as described in

Sections 4.4.2 and 4.4.3.

For the update of the Lagrange multipliers, we apply Bundle methods that have a relatively fast

convergence rate in comparison to other methods; i.e., typically bounded by O(1/ε3) for a given precision
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ε (Lemaréchal, 1975). A Bundle method is a variant of the cutting plane method, which adds a quadratic

stabilizer to improve convergence. The method iteratively solves L(λ) until it converges to the optimal

set of multipliers λ∗. Each optimal solution (z′,y′) of L(λ) has an associated subgradient, Ay′−b, that

is used to generate a cutting plane that is valid for the function L(·).

For the specific case of the m-PDTSP, consider the k-th iteration of the procedure with λk as the

current set of multipliers associated with the system Ay ≤ b. Our implementation solves L(λk) using

the recursive arc cost procedure (i.e., (4.8)-(4.9)) over M with the cost structure shown in Proposition

4.6. Solution xk = arg max{h(M)} is mapped to (zk,yk) for the subgradient computation, Ayk − b.
The method then solves the following quadratic problem to generate a new set of multipliers λk+1,

λk+1 = arg max
w,λ

{
w +

1

2t
||λ− λk|| : w ≤ L(λs) + (Ays − b)>(λ− λs), ∀s ∈ {0, . . . , k}, w ∈ R, λ ∈ Rr+

}
.

In the problem above, w is a variable that over approximates the Lagrangian dual bound, and λ

corresponds to the set of Lagrange multipliers. The objective function includes a quadratic stabilizer
1
2t ||λ − λ

k|| (t < 1) to improve convergence (Lemaréchal, 1975). In each iteration of the procedure,

the set of constraints increases by one, where each new constraint is a cutting plane derived from the

subgradients in the previous iterations.

4.5 Overall Solution Approach

Our complete solution approach to the m-PDTSP uses the Lagrangian dual D as a bounding mechanism

in a branch-and-bound procedure. The approach exploits the graphical structure of M to branch in

sequential order with respect to the layers in M.

We first build a relaxed MDD of maximum width W using the construction procedure described

in Section 4.3. The Lagrangian dual is then solved to optimality (Section 4.4). We then perform a

depth-first search by branching on the x variables in this sequence. Each branching decision fixes to

either xt = i or xt 6= i, which is equivalent to a binary branching over y. Given a variable xt to branch

on, we choose the location i that is part of a shortest r − t path (4.8) (ties are broken according to a

lexicographic order).

When fixing xt = i, we update M by removing infeasible arcs, re-applying the expansion method,

and recomputing the Lagrangian dual objective function using the optimal multipliers from the root

node (i.e., we never resolve D to optimality). This provides us a new lower bound that is used to prune

nodes according to the best feasible solution found during search. We do not consider any additional

primal heuristics.

We implement two variants of this methodology. The first, denoted by MC , builds a relaxed MDD

using SplitNodesCapacity (Section 4.3.2) first. If the capacity constraints can be represented exactly with

a smaller width (i.e., when W > C + 1 ), we apply the SplitNodesTour until the maximum width is

met. The second implementation, denoted by MT , inverts the order of the expansion procedures, i.e.,

SplitNodesTour is performed before SplitNodesCapacity. We will investigate the impact of dualizing the

different inequalities (4.2b)-(4.2e) over MT and MC .
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4.6 Constraint Programming Formulation

As a baseline to our approach, we formulate a constraint programming model for the m-PDTSP using

IBM ILOG CP Optimizer 12.9 (IBM, 2019) notation. We model the m-PDTSP as a sequential problem

where the variables represent the time in which each location is visited and the traveling cost represents

the traveling time between locations.

Formally, the model considers a set of n+ 2 interval variables and a sequence variable. We consider

an interval variable Ii for each location i ∈ V \ {0} that represents the time window in which the vehicle

visits location i, i.e., StartOf(Ii) and EndOf(Ii) correspond to the arrival and departure time to location

i, respectively. We also include two interval variables to represent the start and end at the depot, I0 and

In+1, respectively. Since the problem does not consider the time spent at each location, the duration

is fixed to one and that value is then discounted in the objective function. The sequence variable π is

defined over the set of interval variables and represents the sequence of locations to visit. Our constraint

programming model (CP) is as follows:

min StartOf(In+1)− (n+ 2) (CP)

s.t. NoOverlap(π, {ci,j : (i, j) ∈ E}), (4.10a)

Before(π, Ipk , Idk), ∀k ∈ K, (4.10b)∑
i∈V

StepAtStart(Ii,∆qi) ≤ C, (4.10c)

First(π, I0), (4.10d)

Last(π, In+1), (4.10e)

Ii : intervalVar(0, UB), i ∈ {0, ..., n+ 1}, (4.10f)

π : sequenceVar({I0, . . . , In+1}). (4.10g)

The objective function minimizes the time until the return to the depot, omitting the time spend

in each location. Constraint (4.10a) enforces the traveling time between locations. Constraint (4.10b)

imposes the precedence condition for each commodity. Constraint (4.10c) defines the load on the vehicle

and enforces it to satisfy the capacity restriction. Conditions (4.10d) and (4.10e) impose the sequence

to start and end at the depot, respectively. Lastly, (4.10f) and (4.10g) define the set of variables, where

UB is an upper bound on the objective function (e.g., sum of all traveling distances).

Our CP model implementation considers a search phase over the sequential variable. Thus, we ask

the search engine to first fix the order of the intervals inside the sequential variable π before branching

on the start and end times of each interval variable. Preliminary experiments showed that this search

strategy achieved better performance than the default CP Optimizer search.

4.7 Numerical Study

This section describes the experimental analysis for our proposed MDD-based Lagrangian approach.

We use the benchmark of 1,178 instances developed by Hernández-Pérez and Salazar-González (2009),

which is divided into three classes. Class 1 (248 instances) is a set of modified SOP problems introduced

by Ascheuer et al. (2000), where each precedence relation in the original instance is associated with a

commodity. The class is divided into two groups that differ on the commodity weights: max1 for unitary
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weights (i.e., qk = 1 for all k ∈ K), and max5 for discrete weights up to 5 units (i.e., qk ∈ {1, . . . , 5}
for all k ∈ K). Class 2 (720 instances) and Class 3 (210 instances) are generated by placing locations

on a grid uniformly at random and considering the Euclidean distance between locations as traveling

costs. The weights in these two classes are also generated uniformly at random from the set {1, . . . , 5}.
Instances of Class 2 have no restriction on the number of commodities that each location can supply

or demand. Instances of Class 3 have m = n/2 commodities and each location is either a pickup or a

delivery spot for exactly one commodity.

All experiments use a maximum width W = 1, 024 and solve the Lagrangian dual D using the

proximal bundle method implemented by Frangioni (2002) in C++, kindly provided by the author, using

a specialized single-thread quadratic programming solver. The MDD construction was implemented

within the constraint solver ILOG CP Optimizer 12.9 (IBM, 2019), which was used only for the purpose

of handling the depth-first search bookkeeping, i.e., we disabled all constraint propagation and additional

features of the solver.

The experiments were run on an Intel(R) Xeon(R) CPU E5-1650 v2 @ 3.50GHz with 16 GB RAM

considering a time limit of 2 hours (7,200 seconds) and a single core (parameter Workers = 1). The

MDD-related times account for both the Lagrangian dual solution times and the actual search time.

The experimental evaluation is organized as follows. Section 4.7.1 presents a summary of the results

for our MDD-based Lagrangian procedures and compares them to our CP model and state-of-the-art

MILP techniques. Section 4.7.2 analyzes the quality of the MDD bounds enhanced with Lagrangian

penalties. Section 4.7.3 presents a comparison between our two MDD compilations, MT and MC , and

draws conclusions on which procedure to used based on the problem characteristics. Lastly, Section 4.7.4

compares the MDD-based Lagrangian procedures to CP in terms of search effort.

4.7.1 Overall Comparison with State-of-the-Art Techniques

We now present the performance of our MDD-based Lagrangian procedure over the 1,178 instances in the

literature (Hernández-Pérez and Salazar-González, 2009). We consider the two best-performing MDD

variants: the capacity-based MDD MCβ and the tour-based MDD MTβ , both techniques strengthened

with the tour inequalities (4.2b) within our Lagrangian dual framework. To evaluate the robustness

of the methodologies, we compare these techniques with MT and MC (i.e., both MDD construction

procedures without Lagrange multipliers) and with our CP model CP. Detailed results for all instances

and techniques can be found in Appendix A.

Table 4.1 presents a summary of the number of instances solved to optimality and proved infeasible

for each class. The table shows that MTβ and MCβ outperform CP in all instances classes, both when

proving optimality and infeasibility. We also see that the MDD-based Lagrangian techniques outperform

the pure discrete optimization alternative, e.g., MTβ solves 97 more instances to optimality than MT .

Lastly, we highlight the performance difference between our two MDD compilations, which we analyze

in Section 4.7.3.

We also compare our methodologies with state-of-the-art techniques in the literature. We consider

the Benders decomposition BE by Hernández-Pérez and Salazar-González (2009), and the branch-and-

cut algorithm by Gouveia and Ruthmair (2015), CUTR∗, which we will refer to as CU . Due to the lack

of results presented in previous papers, we restrict our comparison to a subset of 527 feasible instances.

Notice that the results for BE were obtained using CPLEX 10.2 and a personal computer with Intel

Pentium 3.0 Ghz, while the CU results used CPLEX 12.6 with an Intel Xeon E5540 machine with 2.53



Chapter 4. Multi-Commodity Pickup-and-Delivery 66

Table 4.1: Number of instances solved for our techniques over the complete dataset.

Status Class CP MT MC MTβ MCβ

Optimality

Class 1 110 120 120 210 150
Class 2 611 634 634 634 634
Class 3 201 201 195 202 208

Total 922 955 949 1046 992

Infeasibility

Class 1 6 20 20 20 20
Class 2 73 86 86 86 86
Class 3 0 0 0 0 0

Total 79 106 106 106 106

GHz.

Table 4.2: Total number of instances solved to optimality per class.

# instances BE CU CP MT MC MTβ MCβ MTβ & MCβ
Class 1 36 24 26 13 22 22 35 30 35
Class 2 341 314 330 320 341 341 341 341 341
Class 3 150 134 136 141 141 136 142 148 149

Total 527 472 492 474 504 499 518 519 525

Table 4.2 presents the number of instances solved to optimality for this reduced dataset. Both

MDD-based Lagrangian techniques solve the same instances as the MILP-based approaches, in addition

to several open instances in the literature. MCβ closes 27 open instances, while MTβ closes 26. If we

consider the total number of instances solved byMCβ andMTβ together, we were able to prove optimality

for 33 open instances for the first time. We also highlight that CP has a competitive performance when

compared to the MILP methodologies despite the fact that it is an “out-of-the-box” model without the

substantial reformulation and algorithmic effort that has gone into the other models.
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Figure 4.4: Average run time comparison.

Figure 4.4 compares the average run times for all techniques. The instances are divided according to

the capacity restriction C as follows: {C ≤ 5, C = 10, C = 15, C = 20, C = 25, C ≥ 30}. The plot shows

that our MDD-based Lagrangian approaches outperform CP and the MILP techniques for the different

capacity limits. The figure illustrates that the pure discrete relaxation techniques, MC and MT , are

slower on average than their Lagrangian dual counterparts. We also see thatMCβ has the lowest average
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run time when the capacity is small (i.e., C ≤ 10), while MTβ is the fastest technique on instances with

looser capacity restrictions (i.e., C ≥ 15).

4.7.2 MDD Relaxation Analysis

We now investigate incorporating different subsets of inequalities from T into our MDD as Lagrangian

penalties. As introduced in Section 4.4.3, we use β, µ, and σ to represent the Lagrange multipliers

related to the tour (4.2b), capacity (4.2c)-(4.2d), and precedence (4.2e) constraints, respectively; e.g.,

Mβ corresponds to relaxing inequality (4.2b). We note that, in all cases, solving the Lagrangian dual

takes less than 2 minutes. The experiments here only consider the tour-based MDD, MT , as similar

results were obtained with the capacity-based MDD.
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Figure 4.5: Optimality gap comparison at the root node.

We start by analyzing the quality of the bound computed at the root node, i.e., the optimal solution

to the Lagrangian dual problem. To this end, we compute the optimality gap for each relaxation as

gap = (opt − LB)/opt, where LB is the lower bound and opt the optimal value. We then compare the

gap obtained by each Lagrangian relaxation with the gap produced byMT with no Lagrange multipliers.

Figures 4.5 depicts the gap improvement when the tour constraints (4.2b) (left plot), capacity con-

straints (4.2c)-(4.2d) (middle plot), and precedence constraints (4.2e) (right plot) are considered in the

Lagrangian dual problem. In each plot, a point represents an instance, its x-coordinate the gap com-

puted by MT , and the y-coordinate the gap obtained by solving the Lagrangian dual problem. Points

below the diagonal are instances where the Lagrangian gap is smaller. Figure 4.5 shows that relaxations

based on the tour constraints obtain the greatest optimality gap reduction (left plot). In contrast, MTµ
and MTσ slightly improve the bound quality when compare to MT .

Table 4.3: Number of instances solved for different Lagrangian relaxations.

Status Instances MT MTβ MTµ MTσ MTβ+µ MTβ+σ

Optimality

Class 1 120 210 120 120 210 210
Class 2 634 634 634 634 634 634
Class 3 201 202 202 201 202 202

Total 955 1046 956 955 1046 1046

Infeasibility

Class 1 20 20 20 20 20 20
Class 2 86 86 86 86 86 86
Class 3 0 0 0 0 0 0

Total 106 106 106 106 106 106
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These results directly correlate with the number of instances solved, as shown in Table 4.3. The

table presents the number of instances solved to optimality and the number of instances proven to be

infeasible for different MDD-based Lagrangian alternatives. Here we can see that MTβ solves 93 more

instances to optimality thanMTµ andMTσ , while these last two techniques solve no more than a couple

of additional instances when compare toMT . We also tested other combinations of multipliers with no

substantial improvements. For instance, relaxations including tour-based multipliers with any of the two

others multipliers (i.e., MTβ+µ and MTβ+σ) had only a small optimality gap reduction and no difference

in terms of instances solved when compare to MTβ (see Table 4.3).

4.7.3 MDD Construction Analysis

This section analyzes our two MDD construction procedures (i.e., MT and MC) for different problem

characteristics. As previously mentioned, the capacity restriction is one of the main characteristics for

problem difficulty for the m-PDTSP (Letchford and Salazar-González, 2016). As such, the aim of this

section is to verify that our capacity based compilation MC is more suitable for solving instances with

tight vehicle capacity than the tour based construction MT . Our analysis classifies each instance into

three categories based on its vehicle capacity: small C (i.e., C ≤ 10), medium C (i.e., 10 < C ≤ 20),

and large C (i.e., C > 20).

Figure 4.6 illustrates two plots comparing the gap for our two MDD compilations, considering the

pure discrete relaxation (left plot) and the best Lagrangian dual alternative (right plot). Each (x, y)

point in the plots corresponds to an instance from the dataset, where the x and y values are the gaps

for the MT and MC MDD relaxations, respectively. Both plots show that the majority of the small

C instances are below the diagonal and that a large portion of the instances with medium or large C

are above the diagonal. This result illustrates that the our capacity-based compilation usually achieves

better bounds for problems with tight vehicle capacity. We also highlight that this difference is more

predominant when our MDDs include the Lagrange penalties (right plot).
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Figure 4.6: Optimality gap comparison for MDD construction procedures.

We observed a similar behavior when we compare the solving time between our two MDD construction

procedures. Figure 4.7 shows two plots comparing the solving time between the MDD construction

procedures, once again considering the pure discrete relaxation (left plot) and the Lagrangian dual

(right plot). Each point is a single instance and the x and y values correspond to the run time for each

technique on their respective axes. The capacity based construction tends to have smaller solving times
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over instances with small C. Also, notice the vertical line of small C points in the top right corner of

each plot, which represents instances that the MC compilation solves and MT times out.

100 102 104

100

102

104

MT (sec)

M
C

(s
ec

)

small C

medium C

large C

100 102 104

100

102

104

MT
β (sec)

M
C β

(s
ec

)

small C

medium C

large C

Figure 4.7: Time comparison for MDD construction procedures. Plots in logarithmic scale.

4.7.4 MDD and CP Search Effort

We end the numerical study of this chapter by comparing the search effort of our best MDD-based

Lagrangian technique MTβ and our CP model CP. Recall that our MDD-based approaches are imple-

mented inside the IBM ILOG CP Optimizer solver, thus, comparing our MDD techniques to the CP

Optimizer global constraints used in CP gives us an idea of the strength of the MDD inference.

Figure 4.8 compares the search effort of these two techniques in terms of run time (left plot) and

number of branches (right plot) during search. Each point corresponds to a specific instance and, as

in Section 4.7.3, we classify the problems in terms of their vehicle capacity. The left plot shows that

MTβ and CP have competitive solving time for the easier instances (i.e., less than 100 seconds to be

solved) but the difference in solving time increases for the harder instances. In particular, we see that

CP struggles to solve problems with a small capacity limit. In these instances, CP has a hard time

finding feasible solutions and, thus, the propagation of its constraints is quite limited.
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Figure 4.8: Time (left) and branches (right) comparison between MTβ and CP. Plots in logarithmic
scale.

The right plot in Figure 4.8 shows the number of branches explored for each technique during search.

We can see that all the points are below the diagonal, which illustrates the small search effort of MTβ .
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Thus, the inference and bounding capabilities of MTβ are superior to the ones for the CP Optimizer

global constraints. However, the propagation of MTβ inside the CP solver is quite slow, limiting the

number of branches that this technique can explore before the time limit. This result explains why CP
has a similar solving time toMTβ is several instances, while exploring orders of magnitude more branches

than MTβ . Thus, improving the construction and propagation algorithms of MTβ could have a positive

impact when tackling the most challenging instances of the problem.

4.8 Conclusions

We presented a novel approach to tackle the m-PDTSP, a challenging problem from the vehicle routing

literature. The approach considers a discrete relaxation, encoded as a relaxed MDD, to better repre-

sent the combinatorial structure of the problem. We used Lagrangian duality to combine the discrete

relaxation with a linear representation of the problem. Overall, the technique closes 33 instances in the

literature, whereas our best implementation closes 27 of those instances.

The Lagrangian dual plays a key role on improving the bound quality and the coverage of our

technique. In addition, it provides valuable insight on the quality of our discrete relaxation. Namely,

the fact that relaxing the tour inequalities considerably reduces the optimality gap indicates that these

constraints are often violated in the relaxed MDD paths. Therefore, efforts to generate stronger relaxed

MDDs for sequence problems should emphasize this restriction.

Nevertheless, the tightness of the capacity constraint is still a key component of the m-PDTSP that

can considerably increase the search effort. Our results show that this can be partially addressed using

a construction based on the capacity constraint. In fact, our capacity-based MDD construction solves

some of the most challenging capacity restricted problems. In contrast, the tour construction is stronger

for problems with a higher number of locations and a larger capacity.

This work emphasizes the value of exploiting a discrete relaxation for problems with a complex

combinatorial structure, such as the m-PDTSP, alongside valid linear relaxations. This extends the

use of MDDs to solve sequencing problems with capacity restrictions by presenting new construction

and filtering strategies. Possible extensions of this work include single-commodity and time windows

pickup-and-delivery problems, which can be naturally incorporated into this framework.



Chapter 5

Delete-Free AI Planning

Automated planning is an area of Artificial Intelligence (AI) that looks for a sequence of operations

that an autonomous agent needs to follow to achieve a set of goals (Ghallab et al., 2004). Among its

many sub-areas, cost-optimal classical AI planning is one of the most well-studied in the field (Helmert

and Domshlak, 2009; Pommerening et al., 2014). A classical AI planning task seeks a minimum-cost

sequence of operators that lead from an initial state to a state where all the goals are satisfied. In this

context, states are represented by propositional facts and operators move the agent from one state to

another by changing the facts values to either true (i.e., additive effects) or false (i.e., delete effects).

This problem is usually solved using heuristic search algorithms, such as A∗ (Hart et al., 1968), where

the search procedure is guided by an admissible heuristic (i.e., a valid lower bound). Building admissible

heuristics from relaxations of the original problem is a common approach in the literature (Haslum et al.,

2005; Helmert et al., 2008).

This chapter focuses on cost-optimal delete-free planning (DFP), a variant of classical AI planning

that ignores the delete effects of operators. This is an NP-hard problem (Bylander, 1994) that has been

extensively investigated by the planning community as the basis for efficient methodologies to address

classical AI planning problems (Betz and Helmert, 2009; Helmert and Domshlak, 2009). Moreover,

some challenging planning problems can be formulated as delete-free tasks, such as the minimal seed set

problem (Gefen and Brafman, 2011).

We explore the effectiveness of relaxed decision diagrams (DDs) for solving DFP tasks. We introduce

a new family of admissible heuristics based on relaxed DDs and, thus, propose a new path for heuristic

development in the field. As a first step, this work shows the potential of relaxed DD heuristics over

DFP tasks. Nonetheless, these heuristics can be used in more challenging planning variants with minor

modifications to the proposed implementation, e.g., inside cost-optimal classical AI planners. We also

relate the DD heuristics to well-known heuristics in the planning community (i.e., critical path and

disjunctive landmarks), opening new research avenues using relaxed DDs to combine and create new

admissible heuristics. Moreover, we introduce a flexible DD construction procedure based on node

information that can be extended to consider, e.g., numerical variables.

Main contributions. We present a multivalued decision diagram (MDD) encoding of a DFP task and

a binary decision diagram (BDD) representation of the DFP sequential relaxation. We investigate the

structural properties of each graphical model and present a numerical comparison with the DFP linear

71
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programming (LP) relaxation (Imai and Fukunaga, 2014, 2015). Specifically, we propose construction

procedures for each graphical structure that guarantee the admissibility and consistency of their resulting

heuristics. We explore the theoretical properties of our relaxed DDs and relate their heuristics to existing

techniques in the literature. Furthermore, we show how to leverage these graphical structures to identify

landmarks and redundant operators, and to extract delete-free plans.

This chapter includes an extensive empirical analysis that highlights the advantages and disadvan-

tages of using relaxed DD-based heuristics in place of the LP relaxation. We show that, even with small

relaxed DDs, our heuristics have competitive performance on DFP tasks. Our relaxed MDD and BDD

approaches outperform the mixed-integer linear programming (MILP) model (Imai and Fukunaga, 2015)

in four delete-free IPC domains. However, the MILP model remains the state-of-the-art for the majority

if DFP tasks.

This work led to a conference paper at The International Conference on Automated Planning and

Scheduling (Castro et al., 2019) and a journal publication in the Journal of Artificial Intelligence Research

(Castro et al., 2020c).

Outline. The rest of the chapter is as follows. Section 5.1 describes DFP and its sequential relaxation.

Section 5.2 presents a brief literature review on DFP tasks. Section 5.3 introduces our relaxed MDD

encoding and construction procedure, while Section 5.4 presents the relaxed MDD heuristic, its theoret-

ical properties and relationship to existing techniques. Similarly, Section 5.5 describes the relaxed BDD

encoding for the sequential relaxation and Section 5.6 discusses the theoretical properties of the heuristic.

Section 5.7 highlights the main differences between the graphical structures and provides guidance on

when each approach is more appropriate. Section 5.8 presents alternative uses of relaxed DDs beyond

heuristic computation. Section 5.9 explains our planner implementation and Section 5.10 presents an

empirical analysis of our proposed methods. The chapter ends with concluding remarks and potential

research directions.

5.1 Problem Definition

This work considers cost-optimal DFP using the STRIPS formalism (Fikes and Nilsson, 1971) restricted

to tasks with no negative preconditions and no conditional effects. A DFP task is given by a tuple

Π+ = 〈F, sI , G,O〉 where F corresponds to the set of facts, sI is the initial state, G ⊆ F is the set of

goals, and O is the set of operators. Each fact f ∈ F can be either true or false. We define a state s by

its set of true facts, i.e., we say that f is true in s if f ∈ s and false otherwise.

An operator o ∈ O is a tuple 〈pre(o), add(o), cost(o)〉, where pre(o) ⊆ F is the set of preconditions,

add(o) ⊆ F is the set of additive effects, and cost(o) ≥ 0 corresponds to the operator cost. We assume,

without loss of generality, that add(o) ∩ pre(o) = ∅ for all operators o ∈ O. We say that an operator

o is applicable to a state s if its preconditions are true in s, i.e., pre(o) ⊆ s. Given a state s and an

applicable operator o, the successor state s′ is given by s′ = succ(s, o) = s ∪ add(o). In general, we say

that a sequence of operators (o1, . . . , ok) is applicable to a state s if o1 is applicable in s, o2 is applicable

in s1 = succ(s, o1), and oi is applicable in si−1 = succ(si−2, oi−1) for all i ∈ {3, . . . , k}. Extending

the notation, given a state s and a sequence of applicable operators (o1, . . . , ok), succ(s, (o1, . . . , ok))

represents the resulting state after applying the operator sequence.

Given a DFP task Π+, we define a valid plan π = (o1, ..., ok) as a sequence of applicable operators



Chapter 5. Delete-Free AI Planning 73

from the initial state sI such that the resulting state sG = succ(sI , π) satisfies all goal facts, i.e., G ⊆ sG.

We use notation π ∈ Π+ to indicate that the sequence of operators π is a plan for the DFP task Π+.

Similarly, we say that π is an invalid plan if it is not a plan, i.e., π 6∈ Π+. The cost of a plan is given

by the total cost of its operators, i.e., cost(π) =
∑
o∈π cost(o) where o ∈ π represents that operator o

is part of plan π. In particular, a cost-optimal plan π∗ for task Π+ is a plan with minimal cost, i.e.,

cost(π∗) ≤ cost(π) for all plans π ∈ Π+.

Throughout this work we assume that the DFP task Π+ is solvable, i.e., there exists a valid plan

π ∈ Π+. Since it is possible to check if Π+ is solvable in polynomial time (Blum and Furst, 1997), this

assumption does not limit the applicability of our approach.

We say that f ∈ F is a fact landmark if f is true at some point in all valid plans (Porteous et al.,

2001). In the DFP case, f ∈ F is a fact landmark if f ∈ succ(sI , π) for all plans π ∈ Π+. We use

the symbol LF to represent the set of all fact landmarks. Notice that, by definition, all goals are fact

landmarks, i.e., G ⊆ LF . Similarly, we say that an operator o ∈ O is an operator landmark if o ∈ π for

all plans π ∈ Π+.

Recall that it is possible to extract all fact landmarks in polynomial time for any DFP task, e.g., using

the relaxed planning graph (Porteous et al., 2001). However, finding all fact landmarks in a classical AI

planning task is as hard as solving the planning task itself, i.e., PSPACE-hard (Bylander, 1994).

5.1.1 Sequential Relaxation

This work considers a relaxation of the DFP task to compute admissible heuristics based on BDDs. The

sequential relaxation of a DFP task, also known as a temporal relaxation, ignores the order in which the

operators are applied (Imai and Fukunaga, 2015).

Definition 5.1. Given a DFP task Π+, a valid sequence-relaxed plan for Π+, sr-plan, is a set of operators

πsr = {o1, . . . , ok} such that:

(i) For every operator o ∈ πsr, each fact f ∈ pre(o) is true in sI or is added by some operator o′ ∈ πsr,
o 6= o′.

(ii) Each goal f ∈ G is true in sI or is added by some operator o ∈ πsr.

Similar to the cost of a plan, the cost of an sr-plan is given by the sum of the cost of its operators,

i.e., cost(πsr) =
∑
o∈πsr

cost(o). The sequential relaxation task asks for a minimum cost sr-plan. Since

every plan for Π+ is an sr-plan, it follows that any cost-optimal plan π∗ has a cost greater or equal to

any cost-optimal sr-plan π∗sr, i.e., cost(π∗sr) ≤ cost(π∗). Similar to DFP, finding an optimal sr-plan can

be shown to be NP-hard by a reduction from set covering (Bylander, 1994).

Example 5.1 Consider the following DFP task Π+
4 of the visit-all domain (Garćıa-Olaya et al., 2011).

The set of facts is given by F = {i1, r1, i2, r2, i3, r3, i4, r4}, where facts ik and rk represent that the

agent is currently at and has visited room k ∈ {1, 2, 3, 4}, respectively. The set of operators O =

{o1,2, o2,1, o2,3, o3,2, o3,4, o4,3, o1,4, o4,1} is such that ok,j ∈ O represents the movement from room k to

j with pre(ok,j) = {ik}, add(ok,j) = {ij , rj} and cost(ok,j) = 1. Figure 5.1 depicts the initial state (left

image) and goal conditions (right image), where the human symbol (y) represents the position of the

agent and the square (�) a visited room.
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sI = {r1, i1}
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G = {r1, r2, r3, r4}

Figure 5.1: Visit-all domain with 4 rooms. Initial state in the right and goal facts in the left.

A cost-optimal plan for task Π+
4 is π = (o1,2, o2,3, o3,4) with cost(π) = 3. A cost-optimal sr-plan is

πsr = {o2,3, o3,2, o3,4} with cost(πsr) = 3. Notice that while π is also a cost-optimal sr-plan, πsr is an

invalid plan since no operator o ∈ πsr is applicable in sI . �

5.2 Related Works

Cost-optimal DFP is a well-studied problem in the planning community and has inspired several state-

of-the-art heuristics (Betz and Helmert, 2009). For example, critical path heuristics (Bonet and Geffner,

1999) (e.g., hmax) are obtained from graphical structures build over DFP tasks. While these heuristics

can be used on their own, they are also employed as sub-routines in more complex state-of-the-art ad-

missible heuristic procedures, e.g., in the LM-Cut heuristic (Helmert and Domshlak, 2009). Similarly,

disjunctive landmarks are usually extracted from DFP tasks (Porteous et al., 2001) and are key compo-

nents of many state-of-the-art heuristics in classical AI planning, such as the operator counting heuristic

(Pommerening et al., 2014).

Several researchers have also proposed procedures to tackle cost-optimal DFP on its own. In par-

ticular, Bonet and Helmert (2010) show that a DFP task can be reformulated as a hitting set problem

with exponentially many subsets, each encoding a separate disjunctive landmark. This result has been

extended to derive the necessary set of disjunctive landmarks (Bonet and Castillo, 2011) and the set-

inclusion minimal disjunctive landmarks (Haslum et al., 2012) required to solve a DFP task. Moreover,

Pommerening and Helmert (2012) build on the hitting set representation to design an incremental dis-

junctive landmark heuristic for DFP.

Imai and Fukunaga (2014) presented a MILP formulation for a DFP task with polynomially many

constraints. This formulation is currently regarded as the state-of-the-art solution approach for DFP

tasks. Moreover, its LP relaxation coupled with operator counting constraints (Pommerening et al., 2014)

defines an admissible heuristic that achieved competitive performance with respect to state-of-the-art

classical AI planning heuristics (Imai and Fukunaga, 2015).

Recent works have shown an interest on relaxed DDs to compute admissible heuristics for planning

tasks. Castro et al. (2018) use MDDs to create a relaxed representation of the state-transition graph

for classical AI planning. The approach relates to several well-known techniques, such as critical path

heuristics and abstractions. The authors report preliminary results that indicate the potential of the

technique when it is used to extract plans.

The techniques proposed in this work are related to the work by Corrêa et al. (2018), who apply

relaxed DDs to approximate the state-space of a DFP task. Our methodology, however, differs in three
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main ways. First, the authors use a BDD encoding with a dynamic operator branching per node, while

we propose an MDD encoding that focuses on the sequencing aspect of the problem. Second, our BDD

models the sequential relaxation of a DFP task instead of the full DFP task. Lastly, Corrêa et al. (2018)

implement a top-down DD construction, while we propose an iterative refinement procedure for our

two DD approaches. While the top-down construction is faster, the iterative refinement leverages the

encoded information to create a stronger relaxation (see Chapter 2).

There are other applications of decision diagrams in planning that are not closely related to our

approach but that we note here for completeness. BDDs have been used in planning to succinctly

represent sets of states (symbolic states). Using this representation, a symbolic version of the A∗ search

algorithm achieved state-of-the-art performance in cost-optimal classical AI planning (Torralba et al.,

2016). Several admissible heuristics have been proposed to guide the search over the symbolic state-

space, e.g., abstraction-based heuristics (Edelkamp et al., 2012; Torralba et al., 2013). Lastly, the

planning literature has utilized arc-value multivalued decision diagrams to represent cost functions of

planning problems with state-dependent operators costs (Keller et al., 2016; Geißer et al., 2016).

5.3 MDD Encoding for Delete-Free AI Planning

We now introduce our MDD encoding for a DFP task Π+ and describe the relaxed MDD construction

procedure. In the following, we rely on the notation and concepts introduced in Chapter 2 to explain

the MDD encoding and construction procedure.

Our MDD encoding represents the sequential aspect of the problem by compactly encoding all cost-

optimal plans. To do so, we start by presenting a recursive formulation for a DFP task. Since the number

of operators in any cost-optimal plan is unknown, our encoding considers a dummy operator onoop that

represents the execution of no further operators: pre(onoop) = G, add(onoop) = ∅, and cost(onoop) = 0.

We use notation O0 = O ∪ {onoop} to refer to the set of operators including onoop. In the following, we

assume that we have an upper bound on the maximum number of operators needed by any cost-optimal

plan n ≤ |O| (see Section 5.3.3 on how to compute n). Since an operator needs to be applied at most

once in each cost-optimal plan of Π+, the total number of operators |O| is a trivial upper bound on the

maximum number of operators needed for a solvable DFP task.

Our recursive model R-DFP for task Π+ is defined over n + 1 stages. The model considers a n-

dimensional decision variable x where each xi represents the i-th operator in a plan, i.e., xi ∈ O0. The

states of the system corresponds to the states of a DFP task, thus, state S = A represents the set of

facts that are achieved (i.e., facts with true value) in its respective planning state. The initial state of

the system is given by S1 = sI and Si represent the set of reachable states after applying i−1 operators.

For each state A ∈ Si and stage i ∈ {1, ..., n}, the feasibility set is given by the set of applicable operators

and we impose the terminal states to be goal states, i.e.,

Xi(A) = {x ∈ O0 : pre(x) ⊆ A}, ∀ i ∈ {1, ..., n− 1},

Xn(A) = {x ∈ O0 : pre(x) ⊆ A and G ⊆ A ∪ add(x)}.

The transition function is defined as the successor of a state, i.e., φi(A, x) = A ∪ add(x) for any A ∈ Si,
x ∈ Xi(A), and i ∈ {1, ..., n}.

The model considers a state-independent immediate cost function given by the operator cost, i.e.,
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fi(A, x) = cost(x) for all i ∈ {1, ..., n}. Then, our recursive model is given by

hi(A) = min
x∈Xi(A)

{cost(x) + hi+1(A ∪ add(x))} , ∀i ∈ {1, . . . , n}, (R-DFP)

where hi(A) is the accumulated cost of state A at stage i, and the accumulated cost at stage n + 1 is

hn+1(A) = 0.

The above recursive model allow us to define an MDD M = (N ,A) for a DFP task Π+ as follows.

The set of nodes N is partitioned into n + 1 layers N1, . . . ,Nn+1 where arcs emanating from layer Ni
point to nodes in layer Ni+1. We associate a value va ∈ O0 to each arc a ∈ A emanating from Ni that

represents the operator assigned to the i-th position of a plan, i.e., paths traversing arc a have xi = va.

We say that an MDD M exactly represents a DFP task Π+ if there is a one-to-one correspondence

between Sol(M) and all plans of Π+. Intuitively, an MDD that represents the state-space transition

graph of task Π+ is an exact MDD. However, building such MDD is intractable since, in the worst case,

its size is exponential with respect to the number of facts in F . Thus, we consider a relaxed MDD for

Π+, i.e., every cost-optimal plan is encoded in some r− t path of M, but some paths in Sol(M) might

represent invalid plans. Specifically, invalid plans in M may consider operators that are not applicable

or might fail to achieve all the goals.

Example 5.2 Consider the DFP task Π+
4 described in Example 5.1. Figure 5.2 illustrates an exact and

a relaxed MDD for this domain with n = 3. The operator associated with each arc is shown next to the

arc. When arcs are too close to each other, we use a set notation to represent the operators associated

with a set of arcs.

Notice that every r− t path in the exact MDD (left diagram) corresponds to a cost-optimal plan for

Π+
4 and every cost-optimal plan for Π+

4 has a corresponding r− t path. In contrast, the relaxed MDD

(right diagram) has a path for each cost-optimal plan of Π+
4 but there exist some paths that are invalid

plans. For example, path p = (o1,4, o1,2, onoop) is an invalid plan because operator onoop is not applicable

in state s = succ(sI , (o1,4, o1,2)). �
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Figure 5.2: An exact MDD (left) and a relaxed MDD (right) for the 4-room visit-all DFP task.

We utilize the iterative refinement procedure described in Chapter 2 to construct our relaxed MDD

(see Algorithm 3). The following sections explain the main components to build our relaxed MDD and

our critical path algorithm over the resulting MDD to compute an admissible heuristic.
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5.3.1 MDD Relaxed States and Filtering Rules

We now define the relaxed states and filtering rules employed in our relaxed MDD construction procedure.

As explained in Chapter 2, relaxed states are approximations of the states of our recursive model R-DFP.

In particular, we define relaxed states to approximate the set of true facts in an MDD node, i.e., the

achieved set A. We also include relaxed states that approximate the set of needed facts to construct a

plan achieved (i.e., goals and preconditions) which we employ in our filtering rules.

Achieved Relaxed States. We first present the relaxed states for our achieved facts state variable

A. State variable A is used to ensure that all goals are achieved and that operators are applicable. Thus,

we create two relaxed state variables that over and under approximate the set of achieved facts in every

MDD node. For each node u ∈ N , consider the top-down relaxed states Aall(u) and Asome(u) as the set

of facts that are achieved by all and at least some r−u path inM, respectively. Starting with the root

node r, we initialize the sets with the facts in the initial state, Aall(r) = Asome(r) = sI , and updates

each node u ∈ N \ {r} as:

Aall(u) =
⋂

a∈Ain(u)

(Aall(s(a)) ∪ add(va)) ,

Asome(u) =
⋃

a∈Ain(u)

(Asome(s(a)) ∪ add(va)) .

Similarly, we define a bottom-up relaxed state A↑some(u) for node u ∈ N as the set of facts added by

some operator in a u − t path. Starting with the terminal node t, the procedure start with an empty

set of facts A↑some(t) = ∅ and updates each node u ∈ N \ {t} as:

A↑some(u) =
⋃

a∈Aout(u)

(
A↑some(t(a)) ∪ add(va)

)
.

We employ the above relaxed states to define two filtering rules for M, as shown in Proposition

5.1. The first filtering rule DFP-R1 forces each arc to represent applicable operators. The second rule

DFP-R2 removes paths corresponding to plans that fail to achieve some fact landmark. The latter rule

can be define over the set of goals G. However, we can potentially remove more arcs if we used the set

of fact landmarks since every goal is a fact landmark, G ⊆ LF .

Proposition 5.1. An arc a ∈ A can be removed from M if either of the following conditions hold:

pre(va) * Asome(s(a)), (DFP-R1)

LF * Asome(s(a)) ∪ add(va) ∪A↑some(t(a)). (DFP-R2)

Proof. Consider any arbitrary r− t path p = (a1, ..., an) ∈ P that corresponds to a valid plan π ∈ Π+.

We show that none of arcs a ∈ p satisfy conditions DFP-R1 or DFP-R2. Therefore, no arc associated to

a valid plan is removed with the above filtering rules.

For each arc ai ∈ p, consider its associated operator oi = vai and state si−1 = succ(sI , (o1, ..., oi−1)).

By definition, we have that si−1 ⊆ Asome(s(ai)) for any i ∈ {1, ..., n}. Since p is a valid plan, the relation

pre(oi) ⊆ si−1 ⊆ Asome(ai) holds and, thus, DFP-R1 is violated. Similarly, due to our relaxed state

definitions, we have that LF ⊆ succ(sI , π) ⊆ Asome(s(ai)) ∪ add(oi) ∪ A↑some(t(ai)) for all i ∈ {1, ..., n},



Chapter 5. Delete-Free AI Planning 78

so condition DFP-R2 is violated. �

Needed Relaxed States. With the aim to create additional filtering rules, we introduce an additional

bottom-up relaxed state. Intuitively, this relaxed state represents the set of facts that are preconditions

to some operator or a goal fact. Formally, relaxed state N↑some(u) for a node u ∈ N is the set of facts

that need to be achieved by at least some operator in a u− t path. Starting with the terminal node t,

we initialize the relaxed state with all the fact landmarks N↑some(t) = LF and update each u ∈ N as

N↑some(u) =
⋃

a∈Aout(u)

(
N↑some(t(a)) ∪ pre(va)

)
.

Notice that initializing the needed relaxed state at the terminal node with the goal set (i.e., N↑some(t) = G)

is also valid but might lead to weaker filtering rules.

The purpose of this relaxed state is to identify paths that include operators that achieve unnecessary

facts, i.e., remove redundant operators. We note that removing redundant operators can potentially

prune cost-optimal plans from tasks with zero-cost operators, since applicable zero-cost operators can

be added to any cost-optimal plan even though they are redundant. Nonetheless, the correctness of our

admissible heuristic computation holds if we maintain all minimal cost-optimal plans (i.e., plans without

redundant operators). Proposition 5.2 presents filtering rule DFP-R3 and shows its validity.

Proposition 5.2. An arc a ∈ A is associated to a redundant operator if

add(va) ⊆ Aall(s(a)) or ∀f ∈ add(va) \Aall(s(a)), f /∈ N↑some(t(a)). (DFP-R3)

Thus, arc a can be removed from M.

Proof. Consider any r − t path p = (a1, ..., an) ∈ M that corresponds to a minimal cost-optimal plan

π = (o1, ..., on) ∈ Π+ with oi = vai and si = succ(sI , (o1, ..., oi)). Consider any arc ai ∈ p and its

operator oi. Since π is a minimal plan, operator oi adds at least one new fact f ∈ add(oi) \ si−1 that

is a precondition for some operator oj (j > i) or is a landmark f ∈ LF . Then, since Aall(s(ai)) ⊆ si−1,

condition DFP-R3 is violated. �

5.3.2 MDD Splitting Algorithm

We now describe the node splitting procedure inside the relaxed MDD construction algorithm. As

explained in Chapter 2, the SplitDDNodes procedure increases the size ofM to strengthen the relaxation.

Our procedure attempts to split nodes so each node represents exactly one state in the search-space.

Given a node u ∈ N , we say that u is exact if Aall(u) = Asome(u). As shown in Proposition 5.3, we can

eliminate all invalid plans from an MDD if all its nodes are exact.

Proposition 5.3. Consider a relaxed MDD M = (N ,A) where each node u ∈ N \ {t} is exact, i.e.,

Aall(u) = Asome(u). Then, filtering rules DFP-R1 and DFP-R2 are sufficient to identify and remove all

infeasible paths in M.

Proof. Consider any r − t path p = (a1, ..., an) ∈ M with associated operators oi = vai that forms an

invalid plan. Assume that (o1, ..., oi−1) is applicable to the initial state, i.e., si−1 = succ(sI , (o1, ..., oi−1)),

but oi is not applicable to si−1. We have that Aall(s(ai)) = si−1 = Asome(s(ai)) by definition of Aall and
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Asome, and the fact that node s(ai) is exact. Then, rule DFP-R1 removes arc ai since pre(oi) 6⊆ si−1 =

Asome(s(ai)).

Now assume that plan π = (o1, ..., on) is applicable to the initial state but the resulting state omits

at least one goal, i.e., G 6⊆ sn = succ(sI , π). Then, rule DFP-R2 eliminates arc an = (u, t) since

G 6⊆ sn = sn−1 ∪ add(on) ∪ ∅ = Asome(u) ∪ add(on) ∪A↑some(t). �

Our SplitDDNodes procedure (Algorithm 9) iterates over the set of nodes in a layer and splits inexact

nodes such that the resulting nodes represent fewer aggregated states. To do so, the procedure sorts the

facts that are not in the initial state, F¬sI = F \ sI , in a priority queue Q and iterates over them (lines

2-3). For each fact f ∈ Q, the algorithm looks for nodes u ∈ Ni where fact f is achieved by some r− u
paths but not all (lines 4-6). We then identify the set of incoming arcs where f is always achieved (line

7) and split the node into two: node u′ where f is achieved by all r − u′ paths, and node u where f is

not achieved (lines 9-10). Lastly, the algorithm duplicates the outgoing arcs from the original node u to

the resulting node u′. Notice that it might be impossible to split u with respect to fact f : δall can be

empty if the nodes in the previous layer correspond to the aggregation of distinct states (line 8).

Algorithm 9 Relaxed MDD Split Nodes Procedure

1: procedure SplitDDNodes(Ni, W)
2: Initialize Q with all the facts in F¬sI

3: while |Q| > 0 and |Ni| <W do
4: Remove first fact f in Q
5: for u ∈ Ni do
6: if f ∈ Asome(u) and f /∈ Aall(u) then
7: δall = {a ∈ Ain(u) : f ∈ add(va) or f ∈ Aall(s(a))}
8: if δall 6= ∅ then
9: Create new node u′. Ni = Ni ∪ {u′}

10: Redirect arcs: Ain(u′) = δall and Ain(u) = Ain(u) \ δall
11: if Ain(u′) 6= ∅ then Duplicate outgoing arcs from u to u′

Our algorithm uses a priority queue Q over the facts in F¬sI to split the nodes using the same fact

order. The queue is divided into three priority levels where goals (f ∈ G) have the highest priority,

followed by fact landmarks (f ∈ LF \G) and lastly the remaining facts (f ∈ F¬sI \ LF ).

This splitting procedure needs at most 2|F¬sI | nodes in each layer to create an exact MDD. Moreover,

if W = 2|F¬sI |, nodes in layer Ni represent all the states that can be reach after applying i operators.
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Figure 5.3: MDD construction example with W = 2. The left diagram is a width-one MDD, the middle
MDD illustrates the splitting algorithm, and the right diagram is the resulting MDD.
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Example 5.3 Consider the DFP task Π+
4 described in Example 5.1. Figure 5.3 illustrates some of the

steps of Algorithm 3 for a relaxed MDD with n = 3 and W = 2. The left diagram corresponds to the

initial width-one MDD where gray arcs will be removed by filtering rule DFP-R3. The middle diagram

illustrates the resulting MDD after applying the SplitDDNodes procedure in the second layer. Lastly,

the left most relaxed MDD is the one returned by the construction procedure. �

5.3.3 Estimating the Number of Layers

Given a DFP task Π+, the number of operators in a cost-optimal plan n is unknown but it is possible

to create valid upper bounds. We propose two simple procedures to over-estimate n using the cost of

any valid plan π′ ∈ Π+. Notice that we can generate a valid plan for a DFP task Π+ in polynomial time

using, for instance, the FF heuristic (Hoffmann and Nebel, 2001).

Algorithm 10 Maximum number of layers estimation

1: procedure MaxLayerOperators(O, π′)
2: QO = (o1, ...., o|O|), list of operators ordered in increasing value of cost(o)
3: C = 0, n = 0
4: while |QO| > 0 and C ≤ cost(π′) do
5: Remove the first operator o in QO
6: C = C + cost(o), n = n+ 1

7: return n

8: procedure MaxLayerFacts(O, F¬sI ,π′)
9: C = 0, n = 0

10: for f ∈ F¬sI do
11: cost(f) = min{cost(o) : f ∈ add(o)}
12: QF = (p1, ...., p|F¬sI |), list of facts ordered in increasing value of cost(f)

13: while |QF | > 0 and C ≤ cost(π′) do
14: Remove first fact f in QF
15: C = C + cost(p), n = n+ 1

16: return n

Algorithm 10 shows our two estimation procedures, MaxLayerOperators and MaxLayerFacts. Proce-

dure MaxLayerOperators uses the fact that each operator is applied at most once. The procedure sorts

the operators in increasing order of cost (line 2) and sums up the cost of each operator in the queue

until the total cost C is greater than the cost of our known plan π′ (lines 3-6). Then, the total num-

ber of operators used to compute C is an upper bound on the maximum number of operators in any

cost-optimal plan.

The second procedure, MaxLayerFacts, is valid only for minimal cost-optimal plans (i.e., plans without

redundant operators). The procedure estimates the maximum number of operators in any minimal cost-

optimal plan by assuming that each operator in the plan adds at least one fact that is not present in the

previous state. The procedure first calculates the minimum cost of adding each fact f ∈ F¬sI by taking

the minimum cost operator that adds f (lines 10-11). Then, we order the facts in increasing order of cost

(line 12) and sum up the cost of each fact until the total cost C is greater than cost(π′) (lines 13-15).

Lastly, the total number of facts in the sum corresponds to the maximum number of operators in any

minimal cost-optimal plan.

Our implementation considers the minimum between the two estimations. We notice that MaxLayer-

Facts tends to give a tighter bound when Π+ has zero-cost operators, while MaxLayerOperators is more
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accurate for tasks with operator costs greater or equal to one. Both procedures compute the same value

of n when all operators have the same costs.

5.3.4 MDD Bound Computation

This section describes how to obtain lower bounds from a relaxed MDD, which we later use as our

relaxed MDD heuristic. Our recursive model R-DFP has a state-independent cost function, thus, we can

apply the shortest path procedure in Section 2.2.4 to get a valid lower bound. However, this procedure

can lead to poor bounds (e.g., a zero-cost heuristic value) in tasks where there exist zero-cost operators.

To compute more informative heuristics, we consider instead a critical path approach over the MDD

(Castro et al., 2018). The idea is to keep track of the cost to achieve each fact in a node, and use the

cost of the most expensive precondition to compute the length of an arc.

Formally, consider c(u, f) to be the cost to achieve fact f ∈ F in node u ∈ N . The cost of each fact

f ∈ F at the root node r is zero, i.e., c(r, f) = 0. Using this information, we compute the length `a of

arc a ∈ A as its operator cost plus the most expensive precondition in its source node, i.e.,

`a = cost(va) + max {c(s(a), f) : f ∈ pre(va)} .

Thus, the length of an arc represents the accumulated cost of applying its corresponding operator at

its source node. To have a better estimation, we actually compute the length of an arc for each fact in

its resulting state. Let `fa be the cost of an arc a ∈ A with respect to a fact f ∈ F :

`fa =


`a, f ∈ add(va),

max{`a, cost(va) + c(s(a), f)}, f /∈ add(va), f ∈ Asome(s(a)),

∞, otherwise.

The above estimation distinguishes between facts that are added by the operator and facts that are

present in the source state. In the first case, `fa corresponds to the critical path cost `a. For the second

case, we can under-approximate `fa either using the critical path formula `a or summing up the operator

and source node cost for that fact. Since there is no dominance between these two values, we choose the

maximum.

Then, we use the above arc length values `fa to compute the cost to achieve each fact in its target

state. For each node u ∈ N \ {r} and fact f ∈ F , the cost is given by:

c(u, f) =

{
min{`fa : a ∈ Ain(u)}, f ∈ Asome(u),

0, otherwise.

Thus, the cost of fact f at node u is the minimum cost over all incoming arcs if f is achieved by at

least one r− u path. Otherwise, we set the cost to zero to guarantee the admissibility of our heuristic.

Proposition 5.4 shows that this cost computation under-approximates the cost of each plan represented

as a path in the MDD.

Proposition 5.4. Consider any path p = (a1, ..., an) ∈ M that corresponds to a valid plan π =

(o1, ..., on) ∈ Π+, with oi = vai . The cost of any partial plan πi = (o1, ..., oi) is an upper bound to
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the cost of each fact f ∈ si+1 = succ(sI , πi) in the corresponding MDD node ui+1 = t(ai) ∈ Ni+1, i.e.,

c(ui+1, f) ≤ cost(πi), ∀ f ∈ si+1, i ∈ {1, ..., n}. (5.1)

Proof. We prove (5.1) by induction. In the initial case i = 1 we have that c(u2, f) ≤ 0 + cost(o1) =

cost(π1) for all f ∈ sI ∪add(o1). Next, consider that (5.1) holds for some i ≥ 1 and we want to prove that

it holds for i + 1. From (5.1) we have that maxq∈si+1
{c(ui+1, q)} ≤ cost(πi). Finally, for any f ∈ si+2

we have that

c(ui+2, f) ≤ `fai+1
≤ max
q∈si+1

{c(ui+1, q)}+ cost(oi+1) ≤ cost(πi) + cost(oi+1) = cost(πi+1).

�

Our relaxed MDD also includes a bottom-up cost estimation to create a cost-based filtering rule. In

this case, we use a shortest path procedure where the cost of an arc is simply the cost of its associated

operator. Let c↑(u) be the bottom-up cost of a node u ∈ N . Then, we assign c↑(t) = 0 and, for each

node u ∈ N \ {t},
c↑(u) = min

a∈Aout(u)

{
c↑(t(a)) + cost(va)

}
.

The cost-based filtering rule removes a sub-optimal arc a ∈ A if the minimum cost traversing arc a

is larger than the values of a known valid plan π′. Formally, we can remove an arc a ∈ A from M if:

`a + c↑(t(a)) > cost(π′). (DFP-R4)

The validity of this rules follows from Proposition 5.4 and the bottom-up shortest path procedure.

5.4 Relaxed MDD-based Heuristic

We now present our relaxed MDD heuristic and prove its admissibility and consistency. Given any state

s, we can create a relaxed MDD M for s updating the initial state sI = s and using a proper bound on

the maximum number of layers n. Then, the relaxed MDD heuristic value for state s, hM(s), is given by

hM(s) = max{c(t, f) : f ∈ LF }. (5.2)

Theorem 5.1. Consider a DFP task, a reachable state s, and a relaxed MDD M = (N ,A) for s with

W ≥ 1 constructed using Algorithm 3. Then, hM(s) = max{c(t, f) : f ∈ LF } is an admissible heuristic.

Proof. Proposition 5.1 guarantees that all minimal cost-optimal plans are represented by M. Then, by

Proposition 5.4, hM(s) ≤ cost(π) for any minimal cost-optimal plan represented by a path in M. �

To avoid constructing a new MDD for each state in the search-space, we instead construct a relaxed

MDD for the initial state sI and update it during search. Given a state s and a sequence of operators

that reach s from sI , πs = (o1, ..., ok), we update the relaxed MDD M by removing any arc a ∈ A
emanating from layer Ni (i ∈ {1, ..., k}) with va 6= oi, i.e., the first k layers correspond to single path

representing πs. We then iteratively apply the top-down and bottom-up procedures (Algorithm 3) to
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update M. In this case, the heuristic is

hM(s) =

{
max{c(t, f) : f ∈ LF } − cost(πs), πs ∈M,

∞, otherwise,
(5.3)

where πs ∈ M implies that there exists a path in the MDD where the k initial operators are given by

πs. Notice that since all minimal cost-optimal plans are encoded byM, the condition hM(s) =∞ holds

only when there is no minimal cost-optimal plan from sI that starts with the sequence of operators πs.

Thus, while the heuristic is inadmissible in these cases, it only gives value ∞ to sub-optimal states. In

other words, hM(s) given by (5.3) is a global admissible heuristic, as defined by Karpas and Domshlak

(2012).

We choose this implementation because it speeds up the heuristic computation and it is compatible

with our search procedure (see Section 5.9). In addition, the heuristic is consistent if the order of the

facts in Q remains the same when updating M for state s (Theorem 5.2).

Theorem 5.2. Consider a DFP task Π+, a state s, and a relaxed MDD M with W ≥ 1 constructed

using Algorithm 3. Then, hM(s) given by (5.3) is consistent.

Proof. Consider a state s, an applicable operator o, and its successor state s′ = succ(s, o). Given the

relaxed MDD MsI for sI , let Ms and Ms′ be the updated MDDs for state s and s′, respectively. Since

each MDD is updated from MsI without changing the fact order, every path p ∈ Ms′ is also in Ms.

Then, we have c(ts, f) ≤ c(ts′ , f) for all f ∈ LF .

We know that

hM(s) = max
f∈LF

{c(ts, f)} − cost(πs) and hM(s′) = max
f∈LF

{c(ts′ , f)} − cost(πs)− cost(o).

Then,

hM(s)− cost(o)− hM(s′) = max
f∈LF

{c(ts, f)} − max
f∈LF

{c(ts′ , f)} ≤ 0,

and therefore hM(s) ≤ cost(o) + hM(s′). �

Notice that hM is consistent in this case because the set of paths encoded in the successor state MDD,

Ms′ , is a subset of the paths encoded by the current state MDD, Ms. Thus, any other implementation

that guarantees this condition will result in a consistent heuristic.

5.4.1 Relationship to Critical Path Heuristics

We now compare our heuristic with the critical path heuristic hmax (Bonet and Geffner, 1999), and

relate the MDD graphical structure to the planning graph (Blum and Furst, 1997). The hmax heuristic

computes the minimum cost to reach each fact from the initial state. Specifically, consider h(f) as the

minimum cost to reach fact f ∈ F and h(o) as the minimum cost to use operator o ∈ O. These values

can be computed recursively using the formula below and by setting h(f) = 0 for all f ∈ sI , h(f) =∞
for any f 6∈ sI , and h(o) =∞.

h(f) = min {h(f),min{h(o) : f ∈ add(o), o ∈ O}} ∀f ∈ F,

h(o) = cost(o) + max{h(q) : q ∈ pre(o)} ∀o ∈ O.
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The heuristic is defined as hmax = max{h(f) : f ∈ G}. Notice that our MDD top-down node cost

and arc length computations (Section 5.3.4) resemble the h(f) and h(o) recursions, respectively. Lemma

5.1 and Theorem 5.3 show that in fact our MDD heuristic dominates the hmax heuristic for a maximum

width W ≥ 1.

Lemma 5.1. Consider a DFP task Π+, a reachable state s, and a relaxed MDD M = (N ,A) for s with

W ≥ 1. Then,

h(f) ≤ c(u, f) ∀u ∈ N , f ∈ Asome(u). (5.4)

Proof. We prove (5.4) by induction over the layers ofM. By construction, (5.4) holds for N1 = {r}. Now

consider that (5.4) is true for all nodes u ∈ Ni and f ∈ Asome(u) (i ≥ 1). Consider any node u′ ∈ Ni+1

and a fact f ∈ Asome(u′). By construction, there exists an arc a ∈ Ain(u′) such that `fa = c(u′, f).

Consider operator o = va and node u = s(a) ∈ Ni. There are two cases, either f ∈ add(o) or not. If

f ∈ add(o), then

c(u′, f) = `fa = cost(o) + max{c(u, q) : q ∈ pre(o)} ≥ cost(o) + max{h(q) : q ∈ pre(o)} ≥ h(f).

If f 6∈ add(o), we necessarily have that f ∈ Asome(u). Since u ∈ Ni, we have h(f) ≤ c(u, f). Then it

follows that h(f) + cost(o) ≤ c(u, f) + cost(o) ≤ `fa = c(u′, f). �

Theorem 5.3. Consider a DFP task Π+, a reachable state s, and a relaxed MDD M = (N ,A) for s

with W ≥ 1. Then, hM(s) ≥ hmax(s).

Proof. From Lemma 5.1 we have that h(f) ≤ c(t, f) for any fact f ∈ F . Then, hmax(s) = max{h(f) :

f ∈ G} ≤ max{c(t, f) : f ∈ G} = hM(s). �

We can interpret our relaxed MDD heuristic as a type of critical path heuristic over the relaxed MDD

graph instead of the planning graph (Blum and Furst, 1997). In fact, the planning graph can be seen

as a relaxed MDD with W = 1 where each node corresponds to a fact layer in the planning graph and

each arc layer to an operator layer. As such, a relaxed MDD is a generalization of the planning graph

since a relaxed MDD with W > 1 considers more than one node per layer.

5.5 BDD Encoding for the Sequential Relaxation

We now investigate an alternative approach to compute admissible heuristics based on DDs: we use

a binary decision diagram (BDD) to encode the sequential relaxation of a DFP task. Previous work

has empirically shown that the sequential relaxation is an accurate approximation to a DFP task in

most IPC domains (Imai and Fukunaga, 2015). Thus, a BDD encoding of the sequential relaxation can

potentially compute informative heuristics using a smaller graphical structure than our relaxed MDD

(see Section 5.7).

Our BDD encoding is based on a recursive model for the sequential relaxation, R-SR. The model

considers one binary decision variable xi for each operator oi ∈ O that represents whether the operator

is part of an sr-plan or not. Therefore, the model has m + 1 stages where m = |O| is the number of

operators. In this case, the states of the system are given by S = (A,N) where A represents the set of

facts that are achieved (i.e., facts in the initial state or added) and N is the set of needed facts (i.e.,

preconditions and goals). Thus, the first state in the system is given by the facts at the initial state
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and the goal conditions, i.e., S1 = (sI , G). There are no restrictions in the feasibility sets of the first

m − 1 stages, i.e., Xi(A,N) = {0, 1} for all i ∈ {1, ...,m − 1}, and the m-th feasibility set enforces the

last-stage states Sm+1 = (Am+1, Nm+1) to achieve all the needed facts, i.e., Nm+1 ⊆ Am+1.

The transition function of R-SR updates the set of achieved and needed facts only if the operator is

selected, i.e.,

φi((A,N), x) =

(A,N), if x = 0,

(A ∪ add(oi), N ∪ pre(oi)), if x = 1.

Lastly, the model considers a state-independent immediate cost function given by the operator cost if

applied, i.e., fi((A,N), x) = x · cost(oi) for all i ∈ {1, ...,m}. Therefore, our recursive model is given by

hi(A,N) = min
x∈Xi+1(A,N)

{x · cost(oi) + hi(φi((A,N), x)} , ∀i ∈ {1, . . . ,m}, (R-SR)

where hi(A,N) is the accumulated cost of state (A,N) at stage i, and the accumulated cost at stage

m+ 1 is hm+1(A,N) = 0.

We now define a BDD B = (N ,A) for the sequential relaxation of Π+ using recursive model R-SR.

The set of nodes is partitioned into m+ 1 layers N = (N1, . . . ,Nm+1) and we associate an operator oi

to each layer Ni. Every arc a ∈ A emanating from layer Ni has (i) a value va ∈ {0, 1} that represents

if its associated operator o(a) = oi is selected to be in an sr-plan or not, and (ii) a length `a derived

from including (if va = 1) or excluding (if va = 0) the operator to the sr-plan, i.e., `a = va · cost(o(a)).

A node u ∈ N has at most two arcs emanating from it, each with a distinct value. Thus, an r − t

path p = (a1, ..., am) ∈ B has exactly one arc from each layer, and the values associated with its arcs

correspond to the operators that will be included in and excluded from the sr-plan.

The BDD B is exact for the sequential relaxation of task Π+ if there is a one-to-one correspondence

between its solutions Sol(B) and all valid sr-plans of Π+. As for the MDD case, we consider a relaxed

BDD due to the exponentially many sr-plans. Therefore, every sr-plan is encoded in some r− t path of

B, but some paths in Sol(B) might represent invalid sr-plans. Specifically, a invalid sr-plan in B fails to

achieve all the needed facts.

Example 5.4 From now on we will consider a smaller task of the visit-all domain with three rooms,

Π+
3 , since it results in a shorter BDD. The set of operators is O = {o1,2, o2,1, o2,3, o3,2} and the set of

facts is F = {i1, r1, i2, r2, i3, r3}. The meaning of each fact and operator is the same as in Example 5.1.

The left illustration in Figure 5.4 depicts the initial state and goal conditions.

Figure 5.4 also illustrates an exact BDD B for Π+
3 (left diagram). The dashed arrows represent zero-

arcs (i.e., va = 0) and the solid arrows one-arcs (i.e., va = 1). On the left-hand-side are the operators

associated with each layer. Notice that there is a one-to-one association between sr-plans and r − t

paths. �

Similarly to the DFP task case, we employ the iterative refinement procedure to construct our relaxed

BDD (see Algorithm 3). The following sections explain the main components to build our relaxed BDD

and also discuss the importance of the operator ordering to obtained smaller exact BDDs.

5.5.1 BDD Relaxed States, Filtering, and Bound Computation

We now define the relaxed states and filtering rules for our relaxed BDD construction procedure. We also

present the bound computation over the diagram, which in this case corresponds to a simple shortest-
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Figure 5.4: The three-room running example and its corresponding exact BDD.

path algorithm.

Achieved and Needed Relaxed States. We now introduce the relaxed states of our BDD encoding

based on the achieved and needed states of R-DFP. To simplify the exposition, we will consider that

all zero-arcs (va = 0) are associated to a dummy operator o(a) = onoop with empty add effects and

preconditions, add(onoop) = pre(onoop) = ∅.
For each node u ∈ N , we store the facts that are achieved by all r− u paths, Aall(u), and the facts

achieved by some r− u path, Asome(u). These sets have the same meaning as in the MDD case and are

computed in the same fashion (see Section 5.3.1). In addition, each node u ∈ N stores the set of facts

that are needed by all and at least one r−u paths, Nall(u) and Nsome(u), respectively. At the root node

Nall(r) = Nsome(r) = LF , and for any other node u ∈ N we have

Nall(u) =
⋂

a∈Ain(u)

(Nall(s(a)) ∪ pre(o(a))) and Nsome(u) =
⋃

a∈Ain(u)

(Nsome(s(a)) ∪ pre(o(a))) .

For the bottom-up information of node u ∈ N , sets A↑all(u) and N↑all(u) correspond to the facts

achieved and needed by all u − t paths, respectively. Similarly, sets A↑some(u) and N↑some(u) represent

the facts achieved and needed by some u− t path, respectively. Starting at t with A↑all(t) = A↑some(t) =

N↑all(t) = N↑some(t) = ∅, we instantiate A↑some(u) and N↑some(u) for each node u ∈ N as described in

Section 5.3.1, and set A↑all(u) and N↑all(u) as

A↑all(u) =
⋂

a∈Aout(u)

(
A↑all(t(a)) ∪ add(o(a))

)
and N↑all(u) =

⋂
a∈Aout(u)

(
N↑all(t(a)) ∪ pre(o(a))

)
.

Notice that the BDD keeps track of more fact sets than the MDD. The latter can avoid storing

top-down information of the needed facts because it represents the sequencing aspect of the problem. In

contrast, as the BDD only encodes sr-plans, we require the needed facts in both directions to identify

invalid paths. Proposition 5.5 shows two filtering rules to eliminate arcs where the needed facts are not

achieved. This two rules are similar to the MDD rules DFP-R1 and DFP-R2.

Proposition 5.5. An arc a ∈ A can be removed from B if either of the following conditions hold:

pre(o(a)) * Asome(s(a)) ∪A↑some(t(a)), (SR-R1)

Nall(s(a)) ∪N↑all(t(a)) ⊆ Asome(s(a)) ∪ add(o(a)) ∪A↑some(t(a)). (SR-R2)
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Proof. Consider a path p = (a1, . . . , am) ∈ B that corresponds to an sr-plan and any arc a ∈ p. From the

relaxed states definitions, we know that
⋃
a′∈p\{a} add(o(a′)) ⊆ Asome(s(a))∪A↑some(t(a)), andNall(s(a))∪

N↑all(t(a)) ⊆
⋃
a′∈p\{a} pre(o(a′)) ∪ LF . Since pre(o) ∩ add(o) = ∅ for all operators o ∈ O, rules SR-R1

and SR-R2 do not eliminate arc a ∈ p. �

We develop an additional filtering rules to avoid redundant plans, i.e., we eliminate arcs that cor-

responds to operators that achieve no new fact. Thus, an arc a ∈ A can be eliminated from B if the

following condition holds

(add(o(a)) \ sI) ∩
(
Nsome(s(a)) ∪N↑some(t(a))

)
6= ∅. (SR-R3)

The validity of the above rule follows from the relaxed states definitions. Notice that rule SR-R3 can be

strengthened to remove all sr-plans with redundant operators as shown in SR-R3A. However, this rule can

potentially remove some minimal cost-optimal plans. We decided to use SR-R3 in our implementation

to guarantee that all minimal cost-optimal plans are represented in the BDD.(
add(o(a)) \ (Aall(s(a)) ∪A↑all(t(a)))

)
∩
(
Nsome(s(a)) ∪N↑some(t(a))

)
6= ∅. (SR-R3A)

Bound Computation. Recall that the immediate cost function of R-SR is state-independent, thus,

we can utilize the shortest path procedure introduced in Section 2.2.4 to compute a lower bound. Each

node u ∈ N stores the cost of the shortest r − u and u− t path, c(u) and c↑(u), respectively. Starting

with c(r) = c↑(t) = 0, the top-down and bottom-up costs of u ∈ N are

c(u) = min
a∈Ain(u)

{c(s(a)) + `a} and c↑(u) = min
a∈Aout(u)

{
c↑(t(a)) + `a

}
.

The shortest path information is used both for the BDD heuristic computation (see Section 5.6) and

to identify and eliminate sub-optimal plans. Given a valid plan π′ for task Π+, we can remove arc a ∈ A
from B if

c(s(a)) + `a + c↑(t(a)) > cost(π′). (SR-R4)

Notice that the above condition is equivalent to the cost-based filtering rule CB-R1 from in Chapter 2.

5.5.2 BDD Splitting Algorithm

We now present our splitting procedure that aims to split nodes so the resulting BDD is exact (i.e., all

paths are sr-plans) if the maximum widthW is large enough. Our approach takes advantage of the DFP

characteristics to create relaxed BDDs with tight worst cases on the maximum width needed per layer.

We start by defining the exact information of a node.

Definition 5.2. Consider a node u ∈ N and a fact f ∈ F .

(i) Fact f ∈ F is A-exact in node u if all r−u paths add f or none do, i.e., f ∈ Aall(u) or f /∈ Asome(u),

respectively.

(ii) Fact f ∈ F is N -exact in node u if either all r− u paths require f or none do, i.e., f ∈ Nall(u) or

f /∈ Nsome(u), respectively.
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Algorithm 11 Relaxed BDD Split Nodes Procedures

1: procedure SplitDDNodes(Ni, W)
2: Initialize Q with all the facts in F¬sI

3: while |Q| > 0 and |Ni| <W do
4: Remove first fact f in Q
5: if i ≤ γ(f) + 1 then
6: for u ∈ Ni do
7: if f ∈ Asome(u) and f /∈ Aall(u) then
8: SplitBDDNodeAchieved(u, f)

9: if |Ni| =W then return

10: for u ∈ Ni do
11: if f ∈ Nsome(u) and f /∈ Nall(u) and f /∈ Aall(u) then
12: SplitBDDNodeNeeded(u, f)

13: if |Ni| =W then return

Algorithm 11 illustrates the SplitDDNodes procedure. The algorithm receives a node layer and the

width limit, W. The procedure iterates over a priority queue of facts Q and splits nodes such that for

each f ∈ Q, all nodes are A-exact and N -exact or the width limit is reached. As in the MDD case

(see Section 5.3.2), goals have higher priority, followed by fact landmarks, and then the remaining facts.

Algorithm 11 avoids splitting nodes with respect to fact f after layer index γ(f) + 1 (line 5), a valid

condition explained in Proposition 5.7.

Algorithm 12 shows how to split any node u ∈ N with respect to a fact f ∈ F . The procedure

iterates over the incoming arcs of u and redirects the arcs to a new node u′ accordingly. If f is A-exact

(respectively, N -exact) in all nodes in the previous layer, our splitting procedure guarantees that f will

be A-exact in u (respectively, N -exact).

Algorithm 12 Relaxed BDD Split Single Node Procedures

1: procedure SplitBDDNodeAchieved(u, f )
2: Create a new node u′ and update Ni = Ni ∪ {u′}
3: δachieved = {a ∈ Ain(u) : f ∈ Aall(s(a)) or f ∈ add(o(a))}
4: Redirect arcs: Ain(u′) = δachieved and Ain(u) = Ain(u) \ δachieved
5: if Ain(u′) 6= ∅ then Duplicate outgoing arcs from u to u′

6: procedure SplitBDDNodeNeeded(u, f )
7: Create a new node u′ and update Ni = Ni ∪ {u′}
8: δneeded = {a ∈ Ain(u) : f ∈ Nall(s(a)) or f ∈ pre(o(a))}
9: Redirect arcs: Ain(u′) = δneeded and Ain(u) = Ain(u) \ δneeded

10: if Ain(u′) 6= ∅ then Duplicate outgoing arcs from u to u′

Proposition 5.6. Consider a BDD B = (N ,A) such that for each f ∈ F and node u ∈ N , f is A-exact

in u and f is N -exact in u when f /∈ Aall(u). Then, rules SR-R1 and SR-R2 are sufficient to remove

all invalid sr-plan paths in B.

Proof. Consider a path p ∈ B and a fact f ∈ F¬sI such that either (i) there exists an operator o ∈ p with

f ∈ pre(o) or (ii) f ∈ LF but for all a′ ∈ p, f /∈ add(a′). Take the last arc a ∈ p, i.e., s(a) = u ∈ Nn and

t(a) = t. Since p is an invalid sr-plan, f /∈ Aall(u) and f ∈ Nall(u) ∪ pre(o(a)). Moreover, f /∈ Asome(u)

since f is A-exact in u. Since A↑some(t) = ∅, either rule SR-R1 or SR-R2 will eliminate arc a and,

therefore, remove p from B. �
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Proposition 5.6 implies that for each fact f ∈ F we need at most three nodes in each layer Ni, i.e.,

a node u ∈ Ni where f ∈ Aall(u), a node u′ ∈ Ni where f /∈ Aall(u
′) and f ∈ Nall(u

′), and a node

u′′ ∈ Ni where f /∈ Aall(u
′′) and f /∈ Nall(u

′′). Since for all f ∈ sI and u ∈ N , f ∈ Aall(u), there is no

need to split nodes with respect to facts in the initial state. Similarly, for all facts f ∈ LF and nodes

u ∈ N , f ∈ Nall(u), so each fact landmark needs at most two nodes in each layer. Then, a conservative

estimate on the maximum width needed to construct an exact BDD is O(3
|F¬sI ,¬LF | · 2|LF¬sI |), where

LF¬sI = LF \ sI (i.e., all fact landmarks omitted in the initial state) and F¬sI ,¬LF = (F \ LF ) \ sI (i.e.,

all facts omitted in the initial state that are not landmarks).

Example 5.5 Consider our running example task Π+
3 with three rooms. Figure 5.5 illustrates some of

the steps of the BDD construction procedure. The right diagram corresponds to a the width-one BDD.

The middle diagram illustrates the SplitDDNodes procedure over N2 and the filtering procedure by a

gray arc (eliminated by Rule SR-R2). Lastly, the right diagram is the resulting BDD. �
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Figure 5.5: BDD construction procedure with W = 2.

Even though the proposed splitting approach is valid, we prove that it is possible to create an exact

BDD where not all nodes are A-exact or N -exact. Given a BDD B and a fact f ∈ F , we define the last

layer of f , γ(f), as the maximum arc layer index at which an operator either adds or requires f , i.e., for

i = γ(f), f ∈ add(oi) ∪ pre(oi) and for all j > γ(f), f /∈ add(oj) ∪ pre(oj).

Proposition 5.7. Consider a BDD B = (N ,A) such that for each f ∈ F and node u ∈ Ni, with

i ≤ γ(f) + 1 , f is A-exact in u and f is N -exact in u when f /∈ Aall(u). Then, rules SR-R1 and SR-R2

are sufficient to remove all invalid sr-plan paths in B.

Proof. Consider a path p ∈ B with a fact f ∈ F¬sI such that f ∈ LF or for some operator o ∈ p,

f ∈ pre(o) but f is not added by any operator in p. Now take arc a ∈ p in the last layer of f , i.e.,

s(a) ∈ Nγ(f) and t(a) ∈ Nγ(f)+1. By definition of last layer, f /∈ A↑some(t(a)) and f /∈ N↑some(t(a)). By

hypothesis over p, f /∈ Aall(s(a)) (and, f /∈ Asome(s(a))) and f ∈ Nall(s(a)) ∪ pre(o(a)). Then, either

rule SR-R1 or SR-R2 will remove arc a and, hence, the invalid sr-plan path p. �

Algorithm 11 uses Proposition 5.7 to avoid splitting nodes with respect to a fact f ∈ Q when the

current layer is greater than γ(f) (line 5), and avoids splitting nodes u ∈ N if f ∈ Aall(u) (line 11).

5.5.3 Maximum BDD Width and Operator Ordering

This section presents an upper bound for the maximum width needed in each layer of an exact BDD.

We show how these bounds depend on the operator-layer assignment and develop a simple heuristic
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procedure to create good operator-layer orderings.

For a given f ∈ F¬sI , consider the first layer where f is either added or needed, i.e., φ(f) = min{i ∈
{1, ..., n} : f ∈ add(oi)∪pre(oi)}. We define ψ(i) as the set of facts that need to be considered for splitting

in layer Ni, i.e., ψ(i) = {f ∈ F¬sI : φ(f) + 1 ≤ i ≤ γ(f) + 1}. In particular, let ψLF (i) = ψ(i) ∩ LF be

the set of fact landmarks that need splitting in layer Ni, and ψF (i) = ψ(i) \ LF be the set of non-fact

landmarks that need splitting in layer Ni.

Corollary 5.1. Consider a DFP task Π+ and an exact BDD B constructed as described above. The

maximum width of layer Ni is O(2|ψLF (i)| · 3|ψF (i)|). Then, an upper bound on the maximum width for

B is given by O(maxi∈{1,...,n}{2|ψLF (i)| · 3|ψF (i)|}).

Proof. Follows directly from Proposition 5.7. �

Notice that ψ(i) depends on how we order the operators when we assign them to layers. In particular,

we would like to minimize the number of facts that need to be split in every layer, i.e., find an ordering

of facts Λ such that maxi∈{1,...,n}{2|ψLF (i)| · 3|ψF (i)|} is minimized. This NP-hard problem has been

studied for knapsack constraints (Behle, 2008) and for the set covering and independent set problems

(Bergman et al., 2011, 2012). We develop a simple operator ordering heuristic that takes advantage of

the following proposition.

Proposition 5.8. Consider a DFP task Π+ and a relaxed BDD B constructed as described above with

operator ordering Λ. Assume that for a given f ∈ F¬sI ,¬LF all operators that add f are ordered before

all operators that require f in Λ. Then, it is sufficient to have W = 2 to guarantee that all paths p ∈ B
that require f have an operator that adds f .

Proof. Since all operators that add f are ordered first, we need two nodes in a layer to ensure that f is

A-exact in each node. Consider the first layer Ni such that oi requires f . Take a node u ∈ Nj (j > i). If

f ∈ Aall(u), u does not need to be N -exact (Proposition 5.7). If f /∈ Asome(u), rules SR-R1 and SR-R2

eliminate arcs associated to operators that require f , so no splitting is required. �

Algorithm 13 BDD Operator Ordering

1: procedure OperatorOrdering(O, Q)
2: while |Q| > 0 and |O| > 0 do
3: Remove first fact f in Q
4: for o ∈ O do
5: if f ∈ add(o) then
6: Add o to Λ and remove o from O
7: if f /∈ LF then
8: for o ∈ O do
9: if f ∈ pre(o) then

10: Add o to Λ and remove o from O
11: return Λ

Our OperatorOrdering procedure (Algorithm 13) receives the set of operators and a priority queue of

facts Q. In our implementation, we use the same fact priority queue used in the SplitDDNodes procedure

(Algorithm 11). Then, the operator ordering is as follows: for each fact f ∈ Q we insert operators

o ∈ O \ Λ that add f into Λ (lines 4-6) and then operators o ∈ O \ Λ that require f (lines 8-10). Notice

that when iterating over a fact landmark f , we omit including operators that require f since f is needed

in all sr-plan. However, these operators will be added later on when iterating over other facts.
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5.6 Relaxed BDD-based Heuristic

We now present our relaxed BDD heuristic for a DFP task Π+ and show its admissibility and consistency.

Given any reachable state s, we can construct a relaxed BDD B for s updating the initial state sI = s.

Then, the relaxed BDD heuristic hB(s) corresponds to the shortest path in B, i.e., hB(s) = c(t).

Theorem 5.4. Consider a DFP task Π+, a state s, and a relaxed BDD B for s with W ≥ 1 constructed

using Algorithm 3. Then, hB(s) given by the shortest path in B is admissible.

Proof. Filtering rules SR-R1 and SR-R2 guarantee that no sr-plan is eliminated, while rules SR-R3 and

SR-R4 guarantee the presence of at least one cost-optimal plan. Then, hB(s) ≤ cost(π∗sr) ≤ h+(s), where

π∗sr is the cost-optimal sr-plan from s and h+ the perfect heuristic for Π+. �

As in the MDD case, our implementation constructs a relaxed BDD B for sI and updates B during

search. Given a state s and the sequence of operators to reach s from sI , πs = (o1, .., ok), we update B
by removing all arcs a ∈ A with o(a) ∈ πs and va = 0. We then iteratively apply the top-down and

bottom-up procedures over B and compute the heuristic as:

hB(s) =

{
c(t)− cost(πs), πs ∈ B,
∞, otherwise,

(5.5)

where πs ∈ B represents that there exists a path p ∈ B with an arc a ∈ p with va = 1 and o(a) = o

for all o ∈ πs. As in the MDD case (see Section 5.4), hB computed via (5.5) is a globally admissible

heuristic (Karpas and Domshlak, 2012), which is sufficient to guarantee that a best-first search will find

an optimal solution. In addition, (5.5) computes a consistent heuristic if neither the operator nor fact

order changes when updating B for any state s (Theorem 5.5). As previously noted, the main reason for

the consistency of hB is that the successor state BDD is a subset of the current state BDD.

Theorem 5.5. Consider a delete-free task Π+, a state s, and a relaxed BDD B with W ≥ 1 constructed

using Algorithm 3. Then, hB(s) given by (5.5) is consistent.

Proof. Consider a state s, an applicable operator o, and its successor state s′ = succ(s, o). Given the

relaxed BDD BsI for sI , let Bs and Bs′ be the updated BDDs for state s and s′, respectively. Since each

BDD is updated from BsI without changing the operator and fact order, every path p ∈ Bs′ is also in

Bs. Then, we have c(ts) ≤ c(ts′).
We know that hB(s) = c(ts)−cost(πs) and hB(s′) = c(ts′)−cost(πs)−cost(o). Then, hB(s)−cost(o)−

hB(s′) = c(ts)− c(ts′) ≤ 0, and so hB(s) ≤ cost(o) + hB(s′). �

5.6.1 Relationship with Disjunctive Landmarks

The set of fact landmarks LF plays a key role on the relaxed BDD construction, specifically on the

splitting and operator ordering algorithms. We show that the accuracy of our heuristic is linked to both

LF and the heuristics based on disjunctive operator landmarks.

Given a state s, a disjunctive operator landmark (Zhu and Givan, 2003; Helmert and Domshlak,

2009) is a set of operators D ⊆ O such that at least one operator in D must be present in any plan

from state s. Notice that each fact landmark f ∈ LF \ s defines a disjunctive operator landmark

O(f) = {o ∈ O : f ∈ add(o)}, i.e., any plan from s needs an operator that adds fact f . In fact, any

subset of fact landmarks L ⊆ LF \ s defines a set of disjunctive landmarks L = {O(f) : f ∈ L}.
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The disjunctive operator landmark problem is defined as follows: given a set of disjunctive landmarks

L, we look for a minimum-cost set of operators such that there is one operator for each disjunctive

operator landmark D ∈ L. The MILP model DMILP represents this hitting set problem (Bonet and

Helmert, 2010) for any disjunctive landmark set L, where xo ∈ {0, 1} is binary variable representing if

operator o ∈ O is chosen or not. We will consider the optimal value of this problem to be the perfect

disjunctive landmark heuristic hL. Notice that the hitting set problem is an NP-hard problem (Karp,

1972), so relaxations of the problem (e.g., LP relaxation) are often used as heuristics.

hL = min
∑
o∈O

cost(o)xa (DMILP )

s.t.
∑
o∈D

xa ≥ 1 ∀D ∈ L

xo ∈ {0, 1} ∀o ∈ O

Proposition 5.9 shows that the relaxed BDD heuristic is highly related to hL when set L is defined

over a subset of fact landmarks L ⊆ LF . In fact, hB dominates hL if all the facts f ∈ L are A-exact in

all the BDD nodes.

Proposition 5.9. Consider a planning task Π+, a reachable state s, a relaxed BDD B = (N ,A) for s

and a set of fact landmarks LF for s. Let L ⊆ (LF \ s) be a subset of fact landmarks such that each fact

f ∈ L is A-exact in every node u ∈ N . Then, hL(s) ≤ hB(s) where L is defined over L.

Proof. For any r− t path p ∈ B, consider πsr(p) as the set of operators associated with p, i.e., o ∈ πsr(p)
if and only if there exists an arc a ∈ p with va = 1 and o(a) = o. We know that in every node u ∈ N
each fact f ∈ L is A-exact and also N -exact by definition (Nall(r) = LF ). Then, for each path p ∈ B
and f ∈ L, there exists at least one operator o ∈ πsr(p) that is also in O(f). Hence, the set of operators

πsr(p) for any p ∈ B is a feasible solution for DMILP , where L = {O(f) : f ∈ L}. It follows that

hL(s) ≤ cost(πsr(p)) for all p ∈ B, therefore hL(s) ≤ hB(s). �

5.7 Relaxed MDD and BDD Comparison

We now summarize the main differences in our relaxed MDD and BDD approaches and present guidelines

on when to use each technique. Table 5.1 compares the graphical structures in terms of encoding, size,

and heuristic. As presented in Section 5.3, our relaxed MDD M encodes the DFP task, where paths

in M correspond to sequences of operators. In contrast, our relaxed BDD B represents the sequential

relaxation of a DFP task and, hence, paths in B correspond to sets of operators (see Section 5.5). These

differences affect the meaning of arcs and nodes. While an MDD arc in layer i represents the i-th operator

in the sequence, a BDD arc in the same layer encodes the decision of selecting the associated operator.

Also, nodes in M represent the aggregation of planning states, while nodes in B are aggregated sets of

achieved and needed facts.

The encoding difference translates into a size difference. The number of layers in M is an upper

bound on the number of operators in a cost-optimal plan, n ≥ |O|, while B has exactly m = |O| layers.

Hence, given a maximum width W, M has at most n · W nodes and B has at most |O| · W. Since the

maximum number of arcs emanating from an MDD node is |O0| = |O| + 1, the maximum number of

arcs in M is n · W · (|O|+ 1). In contrast, B has at most 2 · W · |O| arcs because each node has at most
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Table 5.1: Relaxed DDs comparison

Relaxed MDD M Relaxed BDD B

Encoding

Problem DFP Sequential relaxation
Path Sequence of operators (plan) Set of operators (sr-plan)
Arcs Applicable operators Selected operators
Nodes Aggregated states Aggregated achieved & needed facts

Size

|N | O(n · W) O(W · |O|)
|A| O(n · W · (|O|+ 1)) O(2 · W · |O|)
|N |+ |A| O(n · W · (|O|+ 2)) O(3 · W · |O|)

Heuristic
Method Critical path Shortest path
Relates to hmax and planning graph Disjunctive landmarks

two emanating arcs. Notice that, even though M usually has a smaller number of nodes than B, the

number of arcs in M is higher than in B. Overall, as long as n ≥ 3, B is smaller than M in terms of

number of nodes and arcs.

We also use different methods to calculate the relaxed DD heuristics and, thus, each one relates

to different techniques. Since hM is computed by a critical path procedure over M, it has a strong

relationship with critical path heuristics and the planning graph (see Section 5.4). On the other hand,

hB corresponds to the value of shortest path over B and it relates to disjunctive landmark heuristics (see

Section 5.6).

Lastly, these differences give us guidelines on when to use each graphical structure. Relaxed MDDs

should be preferred when the sequential aspect of the problem is predominant and the number of opera-

tors is small. In contrast, relaxed BDDs are suited for domains where the sequential relaxation is a good

approximation to the original DFP task and there is a high number of fact landmarks. Our empirical

results support the validity of these guidelines (see Section 5.10).

5.8 Exploiting the Relaxed DD Structure

Besides their use to compute admissible heuristics, we can exploit the graphical structure of relaxed

MDDs and BDDs to reduce the search-space and dynamically improve their filtering rules. In the

following, we explain how to extract plans from both graphical structures. We also show how we can

leverage the BDD structure to find operator landmarks and identify redundant operators.

5.8.1 Plan Extraction Procedures

One of the main advantages of representing all the cost-optimal plans in a graphical structure, either

a relaxed MDD or BDD, is that we can extract plans by traversing the graph. The cost of such plans

can be used both to improve the cost-based filtering rules (i.e., DFP-R4 and SR-R4) and also to avoid

sub-optimal states during search (see Section 5.9).

Given a reachable state s and its relaxed MDDMs, Algorithm 14 shows our plan extraction procedure.

The algorithm starts from an empty plan and greedily chooses a path in the MDD that has the potential

to be a plan. Specifically, the algorithm starts in the root node r ∈ N and iterates over each layer

choosing an outgoing arc from the current node (lines 3-4). The SelectArcMDD procedure iterates over

all the outgoing arcs of a node u and selects an arc a such that the corresponding operator va is applicable
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Algorithm 14 MDD Plan Extraction Procedure

1: procedure MDDPlanExtraction(Ms, s)
2: π = ∅, u = r
3: for i ∈ {1, ..., n} do
4: a = SelectArcMDD(s, Ms, u)
5: Update node u = t(a) and current state s = s ∪ add(va)
6: Add operator va to plan π
7: if G ⊆ s then return π

8: return ∅

in s and adds a new useful fact. We give priority to operators that add a higher number of new facts,

in particular, if they add fact landmarks. The algorithm then updates the current node, state, and plan

using the selected arc (lines 5-6). The procedure ends when the current state s is a goal state or it has

iterated over all the layers.

Algorithm 15 BDD Plan Extraction Procedure

1: procedure BDDPlanExtraction(Bs, s)
2: π = ∅
3: while G 6⊆ s do
4: UpdatePathsBDD(π, Bs)
5: LO = FindApplicableOperators(s)
6: o = SelectOperatorBDD(L, Bs)
7: if o = ∅ then return ∅
8: Add operator o to π and update state s = s ∪ add(o)

9: return π

Since the relaxed BDD ignores the sequential aspect of the problem, we use a different approach to

exact plans shown in Algorithm 15. Given a state s and its relaxed BDD Bs, the procedure starts with

an empty plan π (line 2) and adds operators to π until all goals are satisfied. In each iteration, the

procedure updates Bs by keeping only the paths that have all the operators in π (line 4). Then, the

procedure looks for all applicable operators in s that add at least one new fact, stores them in a list LO,

and uses Bs to select the most promising operator (lines 5-6). Specifically, given a list of operators LO,

we greedily look for the operator o′ that has a path in Bs with the minimum cost, i.e.,

o′ = arg min
o∈LO

{c(s(a)) + `a + c↑(t(a)) : a ∈ A, o(a) = o, va = 1}.

Notice that the extraction procedure ends if SelectOperatorBDD does not select any operator, i.e., it

returns an empty set (line 7). Otherwise, we include operator o to π and update state s (line 8).

5.8.2 Relaxed BDDs for Operator Pre-Processing

We also develop a simple procedure to identify cost-optimal operator landmarks and redundant operators

using a relaxed BDD B. Given a planning task Π+ and a reachable state s, we say that an operator

o ∈ O is a cost-optimal operator landmark if every cost-optimal plan from s has operator o. Notice that

the cost-optimal operator landmark definition is more restrictive than the operator landmark definition

since it only considers cost-optimal plans. Any operator landmark is a cost-optimal operator landmark

but the inverse is not necessarily true.

Given a relaxed BDD B for a DFP task Π+ we identify cost-optimal operator landmarks as follows.
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Consider a layer Ni (i ∈ {1, ...,m}) such that all arcs a ∈ A emanating from Ni have value va = 1.

Then, all cost-optimal plans have operator oi, i.e., oi is an operator landmark for any cost-optimal plan.

Similarly, we identify redundant operators if all arcs emanating from layer Ni have value va = 0. Then,

no cost-optimal plan uses operator oi, so oi is a redundant operator that can be removed from O.

5.9 Implementation

In the following, we give a detailed explanation of our tree search algorithm and how it leverages the

information from extracted plans. We also explain how the relaxed MDD and BDD are updated during

search and the pre-processing procedures.

5.9.1 Binary Tree Search

We implement a branch-and-bound binary tree search procedure (Land and Doig, 1960), where our

relaxed DD structures can be easily integrated. This type of search has had successful results when used

with other admissible heuristics (Pommerening and Helmert, 2012) and optimization techniques (Imai

and Fukunaga, 2015) that tackle cost-optimal DFP.

Our binary tree search implementation is a variant of the one used by Pommerening and Helmert

(2012) where we use a best-first strategy instead of a depth-first. We define a state of our search as

S = 〈s, πin, πout, c, h〉 where s is a planning task state (i.e., set of facts), πin and πout correspond to the

tree search decisions, c is the cost to reach S, and h the heuristic value. In particular, πin is the set of

operators that are currently in the plan and πout the set of operators that are not allowed to be part of

the plan.

Algorithm 16 illustrates the full binary tree search procedure. For notation purposes, we represent

the components of a search state S as S.s, S.πin, S.πout, S.c and S.h. The algorithm starts with a single

search state S0 = 〈sI , ∅, ∅, 0, 0〉 associated with the initial state when no decisions have been made (i.e.,

S0.πin = S0.πout = ∅). The cost of S0 is 0, and the heuristic value is given by any admissible heuristic

(e.g., hM or hB). The algorithm keeps a priority queue of search states QS ordered in increasing value

of S.c + S.h with ties broken preferring higher values of S.c. In addition, the algorithm keeps track of

the best plan found so far, π, and the best upper and lower bound (UB and LB, respectively) of the

cost-optimal plan. Lines 2 to 6 initialize all of these values. Our specific implementation uses the FF

procedure (Hoffmann and Nebel, 2001) to extract an initial plan (line 5).

The binary tree search procedure iterates over the states in QS until the queue is empty (line 7) or

we can prove that our current plan (i.e., incumbent solution) is optimal (line 10). For each search state,

we update the lower bound (line 9) and choose an operator to branch on (line 11). The ChooseOperator

procedure looks for any non-forbidden operator that is applicable in the current state S.s and that adds

at least one fact that is not in the current state (lines 26-29). If there is no operator that satisfies

these conditions the algorithm returns an empty set (line 30). When ChooseOperator finds an operator,

our search procedure creates two child states: one where the operator is forbidden and one where the

operator is applied to the current state. If operator o has strictly positive cost, the first child is identical

to its parent state with the exception that now o is in the forbidden set of operators (lines 14-16). In this

case, we use the heuristic value of the parent state instead of computing the heuristic value again. Since

zero-cost operators do not affect the cost of a plan, we avoid creating the first child if o is a zero-cost

operator.
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Algorithm 16 Binary Tree Search

1: procedure Binary Search(Π+)
2: S0 = 〈sI , ∅, ∅, 0, 0〉
3: S0.h =ComputeHeuristic(S0)
4: QS = (S0)
5: π=GetInitialPlan(Π+)
6: UB = cost(π), LB = S0.h
7: while |QS | > 0 do
8: Retrieve first state S from QS
9: if LB < S.c+ S.h then LB = S.c+ S.h

10: if LB ≥ UB then return π

11: o =ChooseOperator(S)
12: if o = ∅ then continue

13: % Create first child: operator is never selected %
14: if cost(o) > 0 then
15: S′ = 〈S.s, S.πin, S.πout ∪ {o}, S.c, S.h〉
16: Insert state S′ to QS

17: % Create second child: operator is selected %
18: S′′ = 〈S.s ∪ add(o), S.πin ∪ {o}, S.πout, S.c+ cost(o), 0〉
19: S′′.h = ComputeHeuristic(S′′)
20: if S′′.c+ S′′.h ≤ UB then
21: Insert state S′′ to QS
22: π′ = ExtractPlan(S′′)
23: if π′ 6= ∅ and cost(π′) < cost(π) then
24: π = π′, UB = cost(π)

25: return π

26: procedure ChooseOperator(S)
27: for o ∈ O do
28: if o /∈ S.πout and pre(o) ⊆ S.s and add(o) 6⊆ S.s then
29: return o
30: return ∅

The second child state corresponds to the decision of including operator o to the current plan. As

such, state S′′.s considers the add effects of o, S′′.πin includes o, and the cost and heuristic value are

updated accordingly (line 18-19). If the cost estimation to a goal state is smaller or equal to our upper

bound, we add the state into the queue (lines 20-21) and extract a plan. When the heuristic is given by

either hM or hB, we use their corresponding extraction plan procedures (Section 5.8). When using other

heuristics this step can be simply checking that S′′.πin is a plan. If the extracted plan has a smaller cost

than our incumbent, we update π and our upper bound (lines 23-24).

5.9.2 Updating the BDD and MDD During Search

The computational effort to create a relaxed DD (MDD or BDD, accordingly) can be quite expensive

depending on the number of operators and the chosen maximum width W. To overcome the compu-

tational cost, our implementation creates a relaxed DD at the initial state and uses it to compute the

heuristic for the other states in the search. For each search state S, we duplicate the initial relaxed DD

and update it considering the tree search decisions, πin and πout. Hence, we keep two relaxed DD at

all times during search: one for the initial state and one for the current search state S that it is been

evaluated.

Given the initial state MDDMsI and any state of the search S,Ms is a copy ofMsI where we omit
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all the arcs associated with operators in πout. In addition, the first k = |πin| layers of Ms have a single

arc where arc a emanating from layer Ni (i ≤ k) is associated with the i-th operator in πin. Similarly,

the relaxed BDD for state S is a copy of BsI where each arc a with o(a) ∈ πin has value va = 1 and each

arc a with o(a) ∈ πout has a value va = 0.

Besides the computational gain, updating the relaxed DDs during search results in a consistent

heuristic (see Sections 5.4 and 5.6). Moreover, our search algorithm remains complete since the relaxed

DD heuristics only prune sub-optimal states.

5.9.3 Pre-processing Steps

Our planner includes a set of pre-processing tools to extract landmarks and identify redundant operators.

We implement the same pre-processing algorithms used by Imai and Fukunaga (2014, 2015) since we

mostly compare to their LP heuristic and MILP model. The landmark extraction algorithm is the same

as the one described by Imai and Fukunaga (2015), which is a variant of existing procedures (Zhu and

Givan, 2003; Keyder et al., 2010). The algorithm iterates over the operators and their add effects to

identify fact landmark candidates and finally extract fact and operator landmarks.

We also include the Iterative Variable Elimination procedure by Imai and Fukunaga (2015) to identify

redundant operators. The algorithm includes a Relevance Analysis that starts from the set of goals

and iterates over the set of operators to identify relevant operators, i.e., operators that add goals or

preconditions of other relevant operators. We also consider their Dominated Operator Elimination

procedure that checks if an operator dominates another in terms of cost and add effects. Lastly, the

authors present an Immediate Operator Application procedure for zero-cost operators, that, in our case,

is implemented inside our binary tree search algorithm (Algorithm 16, line 14).

5.10 Empirical Evaluation

We now present an empirical study of our relaxed MDD and BDD heuristics. We analyze our heuristics’

performance using different maximum widths W ∈ {2, 4, 8, 16, 32, 64} and compare their performance

against a MILP model for DFP (Imai and Fukunaga, 2014, 2015) and its LP relaxation. The MDD,

BDD, and LP are used as heuristics within our binary search algorithm (see Section 5.9.1), while the

MILP is solved once using an external solver.

Table 5.2: Selected IPC domain names and abbreviations.

Name Abbre. Name Abbre. Name Abbre.

barman-opt11 bar11 nomystery-opt11 nom11 transport-opt11 tra11
barman-opt14 bar14 openstacks-opt11 ope11 transport-opt14 tra14
childsnack-opt14 chi14 parking-opt11 par11 visitall-opt11 vis11
elevators-opt11 ele11 parking-opt14 par14 visitall-opt14 vis14
floortile-opt11 flo11 pegsol-opt11 peg11 woodworking-opt11 woo11
floortile-opt14 flo14 scanalyzer-opt11 sca11
ged-opt14 ged14 sokoban-opt11 sok11

We test all approaches over delete-free version of domains from the IPC2011 and IPC2014 competi-

tions. We restrict ourselves to domains with no negative preconditions and no conditional effects.1 Table

1No domains from IPC2018 satisfy these requirements.



Chapter 5. Delete-Free AI Planning 98

5.2 shows the selected domains and their abbreviated names. Our experiments consider a 30 minute time

limit and a 2GB memory limit. We use CPLEX 12.9 (IBM, 2019) to solve the LP and MILP models.

Everything is coded in C++.

To make the comparison as fair as possible, we calculate an initial upper bound using the FF heuristic

(Hoffmann and Nebel, 2001) and implement a plan extraction procedure for the LP heuristic. Whenever

the LP returns an integer solution, we check if it is a plan. If so, we update the global upper bound

accordingly.

5.10.1 Relaxed DD Heuristics Analysis

We first analyze the heuristic quality of our relaxed DDs in the initial state sI . To do so, we compute

the optimality gap (i.e., relative distance to the perfect heuristic) for a heuristic h at the initial state as

gap(h) = (h+(sI)−h(sI))/h
+(sI). Notice that an optimality gap closer to zero means a more informative

heuristic.

Figure 5.6a compares the median optimality gap for each relaxed DD heuristic using different max-

imum widths. The error bars correspond to the first and third quartile of the gap. These values are

calculated over all the instances where the cost-optimal plan (i.e., h+(sI)) was available, 314 out of 374

instances. The figure shows that as the maximum width W increases the gap decreases. However, there

is a trade-off between informative heuristics and computational time. Figure 5.6b shows the median time

to construct and compute a relaxed DD heuristic in the initial state, where the error bars correspond to

the first and third quartile. Since the relaxed DD width grows exponentially, the time of its construction

does too.
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Figure 5.6: Initial heuristic comparison for different maximum widths.

From Figure 5.6b we also observe that the time to construct a relaxed MDD is much higher than

the time for a relaxed BDD. This is mostly explained by the size discrepancy between the two graphical

structures (see Section 5.7).

While Figure 5.6a shows that in median the relaxed BDD heuristic is more informative, this tendency

depends on the DFP domain. Figure 5.7 compares the average optimality gap for our best relaxed MDD

and BDD heuristics (i.e., with W = 64) and the LP heuristic (see Appendix B.1 for a complete list of

optimality gaps for all widths). The figure shows that in most domains the LP heuristic has the smallest

gap andM64 the largest ones. Nonetheless, the relaxed MDD heuristic has an exceptional performance

in the two transport domains (tra11 and tra14 ). Additionally, the B64 heuristic is perfect in nom11, a



Chapter 5. Delete-Free AI Planning 99

ba
r1

1

ba
r1

4

ch
i1
4

el
e1

1

flo
11

flo
14

ge
d1

4

no
m

11

op
e1

1

pa
r1

1

pa
r1

4

pe
g1

1

sc
a1

1

so
k1

1

tr
a1

1

tr
a1

4

vi
s1

1

vi
s1

4

w
oo

11

0

0.5

1

IPC domains

A
ve

ra
g
e

G
ap

M64 B64 LP

Figure 5.7: Initial heuristic comparison (W = 64).

domain with a large number of fact landmarks and where the optimal sr-plan cost is equal to the cost

of the optimal DFP plan in all instances.

Figure 5.7 also shows that theM64 heuristic is perfect for all instances in domains ged14 and ope11

(i.e., gap = 0). These two domains have several zero-cost operators and in all instances the optimal plan

needs exactly one operator with positive cost. Since our search procedure skips branching on applicable

zero-cost operators (see Section 5.9.1), our MDD can easily identify the needed positive cost operator. In

contrast, B64 evaluates to zero in all instances of these domains since the optimal cost of the sequential

relaxation is zero. This explains the larger gap of B64, which is always equal to 1.

5.10.2 Effectiveness of MDD and BDD Heuristics

As discussed in the previous section, the quality of our relaxed DD heuristics depends on the specific

domain at hand. We believe that relaxed MDDs generate informative heuristics when the sequential

aspect of the problem is predominant (e.g., in the transport domain), while relaxed BDDs have better

performance when the sequential relaxation is a good approximation to the original DFP task and there

are a high number of fact landmarks. These hypotheses arise from our construction procedures, their

theoretical relationship with existing techniques, and the results presented in Figure 5.7.
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Figure 5.8: Examples of random instances for 10 × 4 visit-all domain with |G| = 4. The left drawing
illustrates the full grid setting (i.e., goals in any cell) and the right grid depicts the half grid setting (i.e.,
goals in the right half of the grid).

We test our hypotheses in modified instances from the visit-all domain using M and B with W =

4. We consider a 10 × 4 grid with different number of randomly placed goals, |G| ∈ {2, 4, 6, 8, 10,

12, 14, 16, 18, 20}. In all instances, the agent starts in the bottom left corner cell. We consider two

different grid settings depicted in Figure 5.8. The left one considers one goal in the initial cell and the

others placed randomly in the grid. The right grid setting also allocates one goal in the initial cell but
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all the other goals are allocated randomly in the right half of the grid, i.e., the blue region in the grid.

We create 10 random instances for each grid configuration (i.e., full and half) and number of goals.

Notice that the half grid setting is adversarial for the sequential relaxation. Since sr-plans are not

forced to consider operators applicable to the initial state, cost-optimal sr-plans can avoid using operators

in the left half of the grid. In addition, changing the number of goals allows us to analyze the effectiveness

of our heuristic with different numbers of fact landmarks.
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Figure 5.9: Initial heuristic comparison for different maximum widths.

Figures 5.9 present the average optimality gap at the initial state for each heuristic and configuration.

The plots show thatM4 is more informative when the number of goals is small (i.e., |G| ≤ 10). In these

cases, our critical path heuristic to the most expensive goals is a good estimate for the cost-optimal

plan. However, when the number of goals increases, the cost to reach the most expensive goals is a weak

estimate.

When all the goals are in the right half of the grid the sequential relaxation is a bad approximation for

the DFP task since there is no need to use any operators in the left side of the room. As a consequence,

the optimality gap for B4 is worse in the half grid setting than in the full grid. Also, notice that in this

domain the number of fact landmarks is equivalent to the number of goals. Hence, fewer goals mean

a less informative disjunctive landmark heuristic. This statement correlates with the behavior of B4,

where we see an improvement in the optimality gap when the number of goals increases.

These experiments illustrate our claim for these domains: M is more informative when we have a

small number of goals and the operator sequencing is important. In contrast, B is informative in the

presence of a large number of fact landmarks and when the sequential relaxation is a good estimate of

the DFP task.

5.10.3 Overall Performance Evaluation

We now present the performance of our approaches and compare them with state-of-the-art techniques.

Table 5.3 shows the coverage (i.e., number of instances solved) using our relaxed DD heuristics, where

column “#” corresponds to the number of instances in each domain. Overall, the relaxed BDD heuristics

solve approximately 100 more instances than when using the relaxed MDD heuristics. This correlates

with the results presented in Figures 5.6 and 5.7 which show that the relaxed BDD heuristics are

less computationally expensive and more informative in most domains. The only exception is the two

transport domains where the relaxed MDD heuristics are more informative and solve more instances.

Table 5.3 also highlights the trade-off of using different maximum widths. In some domains, it is

preferable to use a smaller relaxed DDs while in others bigger diagrams solve more instances.
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Table 5.3: Coverage for different relaxed MDDs and BDDs maximum widths.

Number of Instances Solved

domain # M2 M4 M8 M16 M32 M64 B2 B4 B8 B16 B32 B64

bar11 20 0 1 4 4 4 4 0 0 0 0 0 0
bar14 14 0 0 3 3 6 6 14 14 14 14 14 14
chi14 20 4 4 4 4 4 4 18 18 20 20 20 20
ele11 20 16 14 12 11 8 7 20 20 19 18 16 15
flo11 20 2 2 2 2 1 0 4 4 4 5 4 4
flo14 20 0 0 0 0 0 0 1 1 1 1 1 1
ged14 20 20 20 20 20 20 20 20 20 20 20 20 20
nom11 20 5 6 6 6 8 8 16 18 18 18 18 20
ope11 20 20 20 20 20 20 20 20 20 20 20 20 20
par11 20 0 0 0 0 1 1 6 4 3 3 3 3
par14 20 0 0 0 0 0 1 9 9 9 9 7 6
peg11 20 19 19 19 19 19 17 19 19 18 18 18 17
sca11 20 1 1 1 1 1 1 7 7 6 6 5 5
sok11 20 20 18 18 18 17 16 18 18 19 19 19 20
tra11 20 2 2 2 2 1 1 1 1 1 1 0 0
tra14 20 1 1 3 3 3 2 1 1 1 1 1 0
vis11 20 9 9 9 9 9 9 16 16 16 16 16 16
vis14 20 3 3 3 3 3 3 17 17 16 16 16 16
woo11 20 2 3 3 3 4 6 14 18 17 17 17 17

Total 374 124 123 129 128 129 126 221 225 222 222 215 214

Figure 5.10 compares the number of states evaluated when using relaxed DDs of extreme widths (i.e.,

W = 2 andW = 64) for instances where both techniques find optimal solutions. The x and y coordinates

in the plots correspond to the number of states evaluated by a relaxed DD with W = 2 and W = 64,

respectively. We can see that for both relaxed DDs, most of the points are below the diagonal, which

shows that bigger widths result in fewer evaluated states.2 However, points on the diagonal indicate that

bigger widths do not always affect the number of states evaluated. This behavior holds, for example, for

relaxed BDDs that have a marginal increase in heuristic quality when the width increases (see Figure

5.6a).
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Figure 5.10: Number of states evaluated.

While using a larger width can lead to a significant reduction of states evaluated, Figure 5.11 shows

2The only point above the diagonal corresponds to an instance where, by chance, W = 64 extracted the cost-optimal
plan later during search.
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that this reduction might not translate to faster solving time. Both plots have most points above the

diagonal, illustrating that small-width relaxed DDs solve the problem faster. Nevertheless, there are

some exceptional cases where larger and more informative relaxed DDs reduce the computational time

by orders of magnitude.

The behavior illustrated in Figure 5.10 is mostly explained by the time to obtain our DD heuristics. As

shown in Figure 5.6b, the construction time of the relaxed DDs at the root node grows exponentially with

the maximum width. Thus, while large DDs provide more informative heuristics, the time to construct

such DDs is high. In light of this fact, we believe that more efficient DD construction procedures could

significantly reduce the time to solve the problem.
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Figure 5.11: Time (sec) to solve a DFP task.

Lastly, we compare the best performing relaxed MDDs and BDDs with the LP heuristic and the

MILP model. The first set of columns in Table 5.4 shows the number of instances solved by each

approach. MILP has the best coverage, followed by our best performing relaxed BDD and the LP

heuristic. Nonetheless there are some domains where our relaxed MDD heuristic outperforms the MILP

model (i.e., the first transport domain and pegsol). Also, our BDD heuristic outperforms the MILP

model in elevators, pegsol and scanalyzer.

We notice that the DD heuristics achieve higher coverage than MILP in domains where the LP

relaxation is weak. In particular, the MILP model has a large number of big-M constraints when

the sequencing aspect of the problem is predominant and, therefore, a weak relaxation (i.e., transport

domains). We also notice that our tree-search procedure handles domains with zero-cost operators better

(see Section 5.9.1), which explains the superior coverage of our approach in ele11 and peg11. It is also

interesting to see the large coverage difference between the MILP model and LP heuristic, which is

due to the highly optimized MILP solvers and sophisticated techniques implemented in them (e.g., cut

generation).

There are a number of domains where the BDD heuristic has a higher coverage than the LP heuristic

even though the later has a smaller average gap (i.e., domains bar14, par11, par14, and woo11). There

are two factors that played a key role in reducing the number of states evaluated and, thus, explaining

these results. First, in these domains, the BDD heuristic is usually more informative than the LP

heuristic when evaluating states closer to a goal state. Second, in general the BDD plan extraction

procedure finds cost-optimal plans earlier during search than the LP methodology.
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Table 5.4: Comparison with state-of-the-art approaches.

Coverage Average Time (sec) Average # States Evaluated

domain # MILP LP B4 M8 M32 MILP LP B4 M8 M32 LP B4 M8 M32

bar11 20 8 0 0 4 4 - - - - - - - - -
bar14 14 14 9 14 3 6 0.7 454.8 7.1 257.2 2.7 23,602.7 15,765.7 143,597.7 506.0
chi14 20 20 6 18 4 4 0.4 89.7 1.4 313.2 339.8 6,440.5 5,996.5 675,891.8 671,269.3
ele11 20 18 17 20 12 8 366.3 114.7 46.0 531.4 887.3 64,572.0 64,818.9 14,515.1 5,771.4
flo11 20 20 14 4 2 1 0.3 3.8 12.0 607.8 1417.3 1,681.0 23,998.0 222,565.0 146,945.0
flo14 20 20 16 1 0 0 - - - - - - - - -
ged14 20 20 20 20 20 20 391.1 39.5 2.1 8.6 40.8 25,773.8 2,110.9 9.1 9.1
nom11 20 20 18 18 6 8 0.9 0.8 0.1 11.4 0.5 8.5 1.0 2,100.5 11.0
ope11 20 20 20 20 20 20 0.9 0.8 0.1 1.1 6.1 1.0 2.0 1.0 1.0
par11 20 18 5 4 0 1 - - - - - - - - -
par14 20 20 7 9 0 0 - - - - - - - - -
peg11 20 16 20 19 19 19 180.5 9.7 158.0 116.2 251.3 9,907.7 228,516.2 9,130.1 3,411.3
sca11 20 6 5 7 1 1 0.3 0.3 0.0 0.2 0.1 20.0 19.0 348.0 348.0
sok11 20 20 20 18 18 17 151.2 7.0 9.7 94.5 203.3 1,104.4 6,895.9 5,885.6 3,197.6
tra11 20 0 0 1 2 1 - - - - - - - - -
tra14 20 3 0 1 3 3 - - - - - - - - -
vis11 20 20 16 16 9 9 0.3 1.0 1.1 84.4 101.6 408.4 3,574.8 50,985.2 14,804.4
vis14 20 20 17 17 3 3 0.3 0.5 1.4 234.2 265.5 158.7 3,802.0 145,634.3 45,795.7
woo11 20 20 14 18 3 4 0.6 6.1 0.2 473.9 282.8 372.7 450.0 54,806.0 8,154.0

Total\Ave. 374 303 224 225 129 129 143.6 33.9 28.5 121.6 187.9 11,828.5 40,311.1 43,175.9 29,588.8

The second and third set of columns of Table 5.4 present the average run time and states evaluated

by each approach over the instances that all of them solved. Since the MILP model is not implemented

inside our search procedure, we only present the average states evaluated for the other techniques. The

results illustrate that there is a wide performance variability and different heuristics should be preferred

in specific domains.

In some domains (e.g., nom11 and ope11 ) the heuristic methods find optimal plans in the initial

state, which is unusual in A∗ search. Since our search algorithm has a bounding procedure (see Section

5.9.1), it stops as soon as the best lower bound is equal to the incumbent. Hence, if the heuristic at the

initial state is perfect and the extracted plan has optimal cost, there is no need to evaluate any other

state.

5.10.4 Using BDDs as a Pre-Processing Tool

Our last set of experiments evaluates the use of relaxed BDDs as a pre-processing tool. Table 5.5 shows

the average percentage of redundant operators identified by a relaxed BDD in the initial state after

applying traditional techniques (see Section 5.9.3). We can see that the average percentage is high in

some domains, especially in ged, nomystery and sokoban with 6% to 22%. Notice that the identified

redundant operators correspond to operators that, when used, will lead to sub-optimal or non-minimal

plans. Hence, our approach identifies more redundant operators in instances with an accurate initial

incumbent solution and where the sequential relaxation is a good approximation to the DFP task.

Lastly, Table 5.6 shows the average number of cost-optimal operator landmarks found by our relaxed

BDDs in the initial state after applying the standard pre-processing techniques (see Section 5.9.3).

Our approach was able to identify a significant number of cost-optimal landmarks in some domains,

in particular ged and sokoban. Both domains have a large number of zero-cost operators, which might

explain why our relaxed BDDs identify more cost-optimal landmarks.



Chapter 5. Delete-Free AI Planning 104

Table 5.5: Using Relaxed BDDs to find redundant operators.

Average % of Redundant Actions

domain B2 B4 B8 B16 B32 B64

barman-opt11 1.2% 1.2% 1.2% 1.2% 1.2% 1.2%
barman-opt14 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
childsnack-opt14 0% 0% 0% 0% 0% 0%
elevators-opt11 0.3% 0.3% 0.4% 0.4% 0.4% 0.4%
floortile-opt11 0% 0% 0% 0% 0% 0%
floortile-opt14 0% 0% 0% 0% 0% 0%
ged-opt14 6.2% 6.2% 6.2% 6.2% 6.2% 6.2%
nomystery-opt11 21.6% 22.4% 22.9% 23.8% 24.7% 25.8%
openstacks-opt11 0% 0% 0% 0% 0% 0%
parking-opt11 0.8% 0.8% 0.8% 0.8% 0.8% 0.8%
parking-opt14 0.8% 0.8% 0.8% 0.8% 0.8% 0.8%
pegsol-opt11 0% 0% 0% 0% 0% 0%
scanalyzer-opt11 0% 0% 0% 0% 0% 0%
sokoban-opt11 8.7% 8.7% 8.7% 8.9% 8.9% 9.1%
transport-opt11 0% 0% 0% 0% 0% 0%
transport-opt14 0% 0% 0% 0% 0% 0%
visitall-opt11 5.3% 5.3% 5.3% 5.3% 5.3% 5.3%
visitall-opt14 0.4% 0.4% 0.4% 0.4% 0.4% 0.4%
woodworking-opt11 0% 0% 0% 0% 0% 0%

Table 5.6: Using Relaxed BDDs to find cost-optimal operator landmarks.

Average Number of Cost-Optimal Landmarks

domain B2 B4 B8 B16 B32 B64

barman-opt11 0 0 0 0 0 0
barman-opt14 0 0 0 0 0 0
childsnack-opt14 0 0 0 0 0 0
elevators-opt11 4.7 4.7 4.7 4.7 4.7 4.7
floortile-opt11 0 0 0 0 0 0
floortile-opt14 0 0 0 0 0 0
ged-opt14 148.4 148.4 148.4 148.4 148.4 148.4
nomystery-opt11 7.5 7.5 7.5 7.5 7.5 7.5
openstacks-opt11 0 0 0 0 0 0
parking-opt11 0 0 0 0 0 0
parking-opt14 0 0 0 0 0 0
pegsol-opt11 0.1 0.1 0.1 0.1 0.1 0.1
scanalyzer-opt11 0 0 0 0 0 0
sokoban-opt11 63.8 63.8 63.8 63.8 63.8 63.8
transport-opt11 0 0 0 0 0 0
transport-opt14 0 0 0 0 0 0
visitall-opt11 2.8 2.8 2.8 2.8 2.8 2.8
visitall-opt14 3.4 3.4 3.4 3.4 3.4 3.4
woodworking-opt11 0.5 0.5 0.5 0.5 0.5 0.5



Chapter 5. Delete-Free AI Planning 105

5.11 Conclusions

This work presents new admissible heuristics for delete-free planning tasks based on relaxed decision

diagrams. We introduce a novel relaxed MDD encoding for a planning task and a relaxed BDD repre-

sentation for its sequential relaxation. This work includes a theoretical analysis of both heuristics and

relates them to existing techniques in the literature. We show that relaxed DDs can be used beyond

heuristic computation. In particular, they enable the extraction of high-quality delete-free plans and

relaxed BDDs can identify cost-optimal landmarks and redundant operators.

Our experimental results show that relaxed MDDs are suited for domains with a high number of

sequential decisions, while relaxed BDDs perform better in domains with a large number of fact land-

marks. Overall, relaxed BDDs have competitive performance compared to an LP-based heuristic, but

are still far from state-of-the-art MILP techniques. Nonetheless, our two relaxed DD heuristics achieve

better coverage than a MILP model in four IPC domains.

While this work focuses on delete-free planning tasks, our proposed DD heuristics are novel to the

planning community and can be used in a wider variety of planning problems. In particular, the DD

heuristics are admissible for classical AI planning tasks and could be implemented in any planner that

uses the STRIP formalism. However, it is not clear to us how to efficiently implement these heuristics,

since it might require the planner to build a new DD in each node of the search space.

Another future direction is to combine DDs with other heuristics to solve, e.g., cost-optimal classical

AI planning tasks. In particular, we can encode the DD graphs as a LP network flow model and use

them inside the operator counting framework (Pommerening et al., 2014). Another alternative is to use

the LP model of our DDs and combine it with other LP-based heuristics using the recently introduced

Lagrangian decomposition framework in classical AI planning (Pommerening et al., 2019).

Lastly, our DD heuristics could be used to solve numerical planning tasks by extending our node

encoding to consider numerical variables. In particular, it would be interesting to see how our MDD

encoding could be extended to, e.g., represent the interval relaxation of numerical planning tasks (Pia-

centini et al., 2018).



Chapter 6

Cut Generation and Lifting for

Binary Optimization Problems

Cutting plane methodologies have played a key role in the theoretical and computational development

of mathematical programming (Bixby et al., 2004; Nemhauser and Wolsey, 1988). These procedures

iteratively refine a relaxation of the problem by adding valid inequalities (i.e., cuts) that separate frac-

tional points from the feasible set. Since the number of cuts added by a cutting plane routine can be

exponentially large, this technique is usually used as a sub-routine in a branch-and-bound tree search

procedure (Cornuéjols, 2008).

Extensive literature has focused on cuts that exploit special problem substructure, leading to an

array of techniques that are now integral in state-of-the-art solvers (Lodi, 2010). For general problems,

cuts are obtained either by leveraging disjunctive reformulations (Balas et al., 1993, 1996) or by lifting,

i.e., relaxing an initial inequality so that it is valid for a higher-dimensional polyhedron (Gomory, 1969;

Wolsey, 1976). Lifting procedures are commonly used to strengthen a valid inequality by modifying

its coefficients to obtain a constraint that defines a facet of the convex hull of the solution set. These

lifting techniques were first introduced for the knapsack problem (Balas, 1975; Padberg, 1975) and are

currently employed in more general problem structures (Louveaux and Wolsey, 2003).

In this work, we study both a cut generation procedure and a lifting approach for general binary

optimization problems of the form

max
x∈X⊆{0,1}n

c>x, (BP)

where the feasible set X is arbitrary, e.g., possibly represented by a conjunction of linear and/or non-

linear constraints. Our methodologies consist of exploiting network structure via a binary decision

diagram (BDD) embedding of X . Several BDD encodings have already been investigated for linear

and non-linear problems (Behle, 2007; Bergman et al., 2019; Lozano and Smith, 2018) and are used

to exploit submodularity (Bergman and Cire, 2018) or more general combinatorial structure (Bergman

et al., 2016b).

We propose a sequential lifting procedure that can be applied to any initial valid inequality (e.g.,

given by another cutting-plane technique). The lifting algorithm uses 0-1 disjunctions derived from a

BDD representation of X to lift inequalities while maintaining their validity. We show that each step

of our sequential lifting, when applicable, increases the dimension of the face by at least one, and we

106
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establish conditions for which the inequality becomes facet-defining. We also draw connections between

our procedure and existing lifting techniques from disjunctive programming (Balas, 2018), showing that

our approach generalizes well-known lifting procedures for 0-1 inequalities (Balas, 1975; Hammer et al.,

1975; Perregaard and Balas, 2001).

For our cut generation approach, we propose a new linear formulation of the BDD polytope based

on capacitated flows, which leads to an alternative cut generation linear program (CGLP) for separating

infeasible points from X . We show that the set of cuts derived from this model defines the convex hull of

the solutions encoded by the BDD, i.e., X . Moreover, in contrast to recent cutting-plane algorithms based

on BDDs (Davarnia and van Hoeve, 2020; Tjandraatmadja and van Hoeve, 2019), our CGLP does not

require any additional information about X , such as interior points or normalization constraints. Finally,

for practical purposes, we build on this model to present a weaker but computationally faster alternative

that solves a combinatorial max-flow/min-cut problem over the BDD to generate valid inequalities.

For optimization problems where a BDD for X may be exponentially large in n, our lifting and

cutting procedures remain valid when considering instead a limited-size relaxed BDD for BP, i.e., where

the BDD encodes a superset of X . This approach is similar in spirit, e.g., to when a linear relaxation is

used to lift cover inequalities of a single knapsack constraint (Balas, 1975). Nonetheless, here we exploit

the discrete relaxation provided by the BDD as opposed to a continuous relaxation, which captures some

of the combinatorial structure of the problem.

As a case study, we apply our combinatorial cut-and-lift procedure to a class of binary second-order

cone programming problems (SOCPs). Second-order cone (SOC) inequalities arise in many applications,

including network (Atamtürk and Bhardwaj, 2018), assortment (Şen et al., 2018), and over-commitment

(Cohen et al., 2019) problems. In fact, these SOCP applications correspond to reformulations of chance-

constrained stochastic problems where the stochastic variables have a normal distribution (Van de Panne

and Popp, 1963; Lobo et al., 1998).

This chapter focuses on SOCPs of the following form

max
x∈{0,1}n

{
c>x : a>j x+ ||D>j x− ej ||2 ≤ bj , ∀j ∈ {1, ...,m}

}
, (SP )

where || · ||2 is the Euclidean norm and, for each j, aj , ej , and Dj are real vectors and matrices of

appropriate dimension, respectively. This type of problem is currently supported by commercial solver

such as CPLEX (IBM, 2019) and Gurobi (Gurobi Optimization, 2020). However, solver performance on

problems with SOC inequalities is still not comparable to the integer linear programming (ILP) case,

despite advances in linearization methods (Vielma et al., 2008, 2017) and cutting-planes for SOCPs

(Atamtürk and Narayanan, 2009, 2010; Atamtürk et al., 2013; Bhardwaj, 2015; Lodi et al., 2019).

We investigate problems with multiple SOC inequalities, each reformulated with an appropriate BDD

encoding. We experiment on the SOC knapsack benchmark (Atamtürk and Narayanan, 2009; Joung and

Park, 2017) and over 270 randomly generated instances with general-form second-order cone inequalities,

incorporating our combinatorial cut-and-lift approach into CPLEX. We show that our combinatorial

cut-and-lift procedure achieves a 52.2% average root gap reduction and solves 17 more instances on the

knapsack benchmark when compared to existing cut-and-lift methodologies (Atamtürk and Narayanan,

2009). Similarly, our procedure outperforms CPLEX on the random dataset by achieving a 35.3%

average root gap reduction, solving 31 more instances (168 vs. 137), and reducing the mean run-time

threefold.
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Main contributions. Our first contribution is a general combinatorial lifting procedure which can

be applied to any binary problem BP where the feasibility set is encoded by one or multiple (relaxed)

BDDs. We show theoretical properties of the lifted inequality, including sufficient conditions to obtain

facet-defining inequalities. The procedure relates to several lifting algorithms based on 0-1 disjunctions

and it is the first one to leverage the combinatorial structure of the problem via BDDs.

Our second key contribution is a novel cutting-plane algorithm defined over a BDD. This procedure

extends the literature on BDD-based cuts by proposing a new cut generation approach that formulates

the separation problem as a joint-capacity max-flow problem over the network. We show that our cuts

define the convex hull of X and present a theoretical comparison with existing BDD-based cutting-plane

approaches. In addition, we introduce a tractable but weaker alternative to our BDD-based cuts and

prove that these cuts are stronger when using reduced BDDs.

Finally, we present an extensive numerical analysis that evaluates the effectiveness of our combina-

torial cut-and-lifting procedure for SOCP problems. We tested our approach over the well-known SOC

knapsack constraints and general-form SOC inequalities coming from chance-constrained stochastic prob-

lems. Overall, our procedure outperforms CPLEX in both scenarios and achieves better performance

than existing cut-and-lifting techniques for SOC knapsack constraints.

This work is currently under review in Mathematical Programming, Special Issue on Global Solution

of Integer, Stochastic, and Nonconvex Optimization Problems (Castro et al., 2020b). This work won the

Canadian Operation Research Society (CORS) student paper competition and was the runner-up for

the INFORMS Computing Society (ICS) student paper award.

Outline. The remainder of the chapter is as follows. Section 6.1 describes related works in the BDD

and lifting literature and Section 6.2 introduces the notation used through this chapter. Section 6.3

describes our combinatorial lifting procedure while Section 6.4 details our BDD-based cutting-plane

algorithm. Section 6.5 introduces the binary SOCP problem and describes the BDD encoding for SOC

inequalities. Lastly, Sections 6.6 and 6.7 present the empirical evaluation and final remarks, respectively.

6.1 Related Work

Recent research has shown the versatility of BDDs as a modeling tool for linear and non-linear con-

straints (Andersen et al., 2007; Bergman and Lozano, 2020; Bergman and Cire, 2018) and several other

combinatorial structures (see Chapter 3 for further references). This has motivated the integration of

BDDs with IP technologies, in particular in the context of cut generation (Behle, 2007; Tjandraatmadja,

2018). Becker et al. (2005) presented the first BDD cut generation procedure based on an iterative

subgradient algorithm that relies on a longest-path problem over the BDD. Behle (2007) formalized this

procedure and proposed a branch-and-cut algorithm that employs BDDs to generate exclusion and im-

plication cuts. The author also introduced the network flow model employed by most BDD cutting-plane

procedures (Tjandraatmadja and van Hoeve, 2019; Davarnia and van Hoeve, 2020).

Tjandraatmadja and van Hoeve (2019) recently demonstrated how to generate target cuts from polar

set, using relaxed BDDs to obtain more computationally tractable procedures. Davarnia and van Hoeve

(2020) proposed an iterative method to generate outer-approximations for non-linear inequalities. Both

works introduce BDD-based cutting models, which we further discuss and compare to our approach in

Section 6.4.4. Lastly, Lozano and Smith (2018) designed a class of BDD cuts for two-stage stochastic
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programming problems using BDDs to encode second-stage decisions. The authors propose a CGLP

where arc capacities are given by first-stage decisions, which resembles our approach (see Section 6.4).

These BDD cuts were also applied to a two-stage operation room scheduling problem (Guo et al., 2019).

While the literature on BDD cutting-plane procedures has recently grown, to the best of our knowl-

edge, this is the first work that leverages BDDs for lifting any type of inequality. Behle (2007) proposes

lifting cover inequalities using classic techniques that compute new coefficients one at a time (Wolsey

and Nemhauser, 1999) and where each sub-problem is solved using a BDD. On a related note, Becker

et al. (2005) also present a mechanism that uses 0-1 disjunctions over a BDD to obtain new inequalities

with potentially higher dimension. Their technique differs from ours on the procedure to obtain the new

inequality and their theoretical guarantees: Their new inequality is valid but its face dimension might

not increase and the inequality might not separate fractional points that the original inequality does.

Our combinatorial lifting has a strong relationship to lifting algorithms based on 0-1 disjunctions

(Balas, 2018), including procedures for knapsack inequalities (Balas, 1975; Padberg, 1975, 1973) and

submodular functions (Hammer et al., 1975; Atamtürk and Narayanan, 2009). In particular, our method-

ology is closely related to the n-step lifting procedure by Perregaard and Balas (2001), which generalizes

previous works. A brief description of this procedure can be found below and its relationship to our

combinatorial lifting algorithm is further explored in Section 6.3.4.

We also note that our lifting procedure can be categorized as a tilting approach. As shown by

Espinoza et al. (2010), lifting and tilting are highly related techniques that can be seen as special cases

of a more general optimization problem. In fact, our lifting procedure has the key properties of titling

techniques (Espinoza, 2006), i.e., it returns a valid inequality with an induced face that strictly contains

the induced face of the starting inequality (see Theorem 6.1).

Iterative Lifting Procedure based on Disjunctive Programming. We now review Perregaard

and Balas (2001) n-step lifting procedure that is closely related to our methodology. Given a mixed-

integer linear programming (MILP) problem of the form maxx∈Rn{c>x : Ax ≤ b, xi ∈ Z ∀i ∈ I ′ ⊆ I}
with I = {1, ..., n}, the authors propose the relaxation

max
x∈Rn

{
c>x : Ax ≤ b,

∨
k∈K

Dkx ≤ dk, xi ∈ Z ∀i ∈ I ′′ ⊂ I ′
}
, (DP)

where fewer variables are constrained to be integral. Set K defines the disjunctive constraints and is

typically derived by considering the 0-1 integrality constraints (e.g., xi ≤ 0 ∨ xi ≥ 1).

Let PDP be the set of solutions of DP. The n-step procedure considers two inputs: (a) an inequality

π>x ≤ π0 that supports conv(PDP ); and (b) an arbitrary target inequality π̃>x ≤ π̃0 that is tight for all

integer points in F (π). The procedure uses a parameter γ to lift the supporting inequality towards the

target inequality, generating a new lifted inequality (π+ γπ̃)>x ≤ π0 + γπ̃0 that is valid for conv(PDP ).

In particular, if π̃>x ≤ π̃0 is not valid for PDP , it can be shown that there is a finite maximal γ∗ given

by the disjunctive program

γ∗ = min
x,x0

{
π0x0 − π>x : Ax− bx0 ≤ 0,

∨
k∈K

Dkx− dkx0 ≤ 0,

π̃0x0 − π̃>x = −1, x0 ≥ 0, xi ∈ Z ∀i ∈ I ′′ ⊂ I ′
}
.
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Under the same assumptions, the lifted inequality becomes a facet of conv(PDP ) if the procedure is

repeated n times, using the lifted inequality and an appropriate target inequality.

Similarly, our approach is a sequential procedure that relies on disjunctive inequalities for lifting.

It differs from existing methods in that we exploit the combinatorial structure encoded by a BDD

as opposed to a disjunctive program relaxation. Such a BDD may encode, e.g., complex non-linear

constraints that are not necessarily convex (Bergman and Cire, 2018). Furthermore, we also exploit the

network to derive a tractable and efficient way to compute several disjunctions simultaneously, while

previous algorithms are typically restricted to a small number of disjunctions (Perregaard and Balas,

2001). To highlight the connection between methods, we show in Section 6.3.4 that our lifting technique

becomes a special case of Perregaard and Balas (2001) under a restricted setting.

6.2 Notation

This section introduces the notation used throughout this chapter. For convenience, we assume n ≥ 1

and let I = {1, ..., n} represent the component indices of any point x in an n-dimensional set.

Facets and Convex Hulls. We denote by dim(P ) the dimension of a polytope P ⊆ [0, 1]n. An

inequality π>x ≤ π0 with π ∈ Rn and π0 ∈ R is valid for P if π>x ≤ π0 holds for all x ∈ P . The

inequality defines a face of P if F (π) = {x ∈ P : π>x = π0} is not empty, i.e., the inequality supports

P . A face F (π) is a facet if dim(F (π)) = dim(P )−1; in such a case, π>x ≤ π0 is facet-defining. Finally,

we denote the convex hull of P by conv(P ).

Binary Decision Diagrams. We use the BDD notation introduced in Chapter 2. For a given feasible

set X ⊆ {0, 1}n, a BDD B = (N ,A) for X is a layered directed acyclic graph where the node set N is

partitioned into n + 1 layers N = (N1, ...,Nn+1). We associate a value va ∈ {0, 1} to each arc a ∈ A
emanating from layer Ni that represents the value assign to the i-th variable in x, i.e., paths traversing

arc a are such that xi = va.

Recall that B is exact for set X ⊆ {0, 1}n when X = Sol(B), i.e., there is a one-to-one relationship

between the points in X and the r−t paths in B. Alternatively, B is relaxed when X ⊆ Sol(B), i.e., every

point in X maps to a path in B but the converse is not necessarily true. We discuss the construction

and relaxation techniques used for our SOCP case study in Section 6.5.

Example 6.1 Consider the knapsack feasible set X = {x ∈ {0, 1}4 : 7x1+5x2+4x3+x4 ≤ 8} introduced

in Example 2.1. Figure 6.1 illustrates two exact BDDs for X : B1 on the left-hand side and B2 on the

right-hand side. Dashed and solid arcs have a value of 0 and 1, respectively. Each point x ∈ X is

represented by a path in B1 and B2. For example, x = (1, 0, 0, 1) ∈ X is encoded by the path ((r, u2),

(u2, u4), (u4, u5), (u5, t)) in B1, and by the path ((r, u′2), (u′2, u
′
5), (u′5, u

′
6), (u′6, t)) in B2. �

6.3 Combinatorial Lifting

We now present our combinatorial lifting procedure and develop its structural properties. Throughout

this section, we assume that, for a given X ⊆ {0, 1}n:

(a) π>x ≤ π0 is a valid inequality that supports conv(X );
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x1:

x2:

x3:

x4:

r

u1 u2

u3 u4

u5

t

r

u′1 u′2

u′3 u′4 u′5

u′6

t

va = 0

va = 1

Figure 6.1: Two BDDs B1 (left-hand side) and B2 (right-hand side) with Sol(B1) = Sol(B2). B1 is a
reduced BDD.

(b) B is an exact BDD for X , i.e., Sol(B) = X ; and

(c) For any i ∈ I, there exists two points x,x′ ∈ X such that their i-th components have different

values, i.e., xi = 0 and x′i = 1.

Assumption (a) is a common lifting condition that is satisfied by setting π0 = maxx∈X
{
π>x

}
. This,

in turn, can be enforced in linear time in the size of B (see Section 6.3.2). Assumption (b) is needed for

our theoretical results but it can be relaxed in practice (see Section 6.6). For (c), we can soundly remove

any i-th component not satisfying the assumption, adjusting n accordingly.

Our goal is to lift π>x ≤ π0 and better represent conv(X ) by exploiting the network structure of B.

The resulting cuts are valid for any subset X ′ ⊆ X ; e.g., when B (and hence X ) is a relaxation of some

feasible set.

We begin in Section 6.3.1 by introducing our lifting mechanism based on variable disjunctions. We

then present in Section 6.3.2 a methodology that computes such a lifting in polynomial time in the

size of B (i.e., in the number of nodes and arcs). Next, in Section 6.3.3 we incorporate the technique

in a sequential procedure and investigate the dimension of the resulting face. Finally, we depict the

relationship with previous disjunctive methodologies in Section 6.3.4.

6.3.1 Disjunctive Slack Lifting

The core element of our lifting procedure is what we denote as a disjunctive slack vector (or d-slack in

short). The i-th component of the d-slack indicates the change in the maximum values of the left-hand

side of π>x ≤ π0 when varying xi. This is formalized in Definition 6.1.

Definition 6.1. The disjunctive slack vector λ(π) with respect to π is

λi(π) = λ0
i (π)− λ1

i (π), ∀i ∈ I,

with λ0
i (π) = maxx∈X {π>x : xi = 0} and λ1

i (π) = maxx∈X {π>x : xi = 1}.

For notational convenience, we let I−(π) = {i ∈ I : λi(π) < 0}, I0(π) = {i ∈ I : λi(π) = 0}, and

I+(π) = {i ∈ I : λi(π) > 0} be a partition of I with respect to negative, zero, and positive d-slacks,

respectively. Lemma 6.1 presents key properties of d-slacks used for our main results.

Lemma 6.1. For any λ(π) and index i ∈ I,
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(1) i ∈ I−(π) if and only if xi = 1 for all x ∈ F (π).

(2) i ∈ I+(π) if and only if xi = 0 for all x ∈ F (π).

(3) i ∈ I0(π) if and only if there exists x,x′ ∈ F (π) with xi = 0 and x′i = 1.

Proof. For the necessary conditions, consider first xi = 1 for all x ∈ F (π). Since the solutions when

optimizing over π>x must belong to the face F (π), we must necessarily have λ1
i (π) > λ0

i (π) and the

d-slack λi(π) is negative. Analogous reasoning holds for the other two cases.

For the sufficient conditions, consider first i ∈ I−(π). Then λ1
i (π) = π0 and λ0

i (π) < π0, i.e., all

x ∈ F (π) are such that xi = 1. The same argument can be applied to the case i ∈ I+(π). Lastly, if

i ∈ I0(π), λ0
i (π) = λ1

i (π) = π0. Thus, there exists x ∈ F (π) that maximizes λ1
i (π) (i.e., xi = 1) and

x′ ∈ F (π) that maximizes λ0
i (π) (i.e., x′i = 0). �

We now show in Theorem 6.1 how to apply the d-slacks to lift π>x ≤ π0. The resulting inequality is

valid for X (and thereby conv(X )), the dimension of the face necessarily increases, and points separated

by the original inequality are still separated after lifting. This last characteristic is important, e.g., if the

input inequality π>x ≤ π0 was derived to separate a fractional point. Note that we require a d-slack

with a non-zero component to lift the inequality, as we later illustrate in Example 6.2.

Theorem 6.1. Suppose λi(π) 6= 0 for some i ∈ I. Let 〈π′, π′0〉 be such that

π′j =

πj if j 6= i,

πj + λj(π) otherwise,
∀j ∈ I,

and

π′0 =

π0 if i ∈ I+(π),

π0 + λi(π) otherwise.

The following properties hold:

(1) π′>x ≤ π′0 is valid for X .

(2) F (π) ⊂ F (π′) and dim(F (π′)) ≥ dim(F (π)) + 1.

(3) For any x̄ ∈ [0, 1]n with π>x̄ > π0, we have that π′>x̄ > π′0.

Proof. Let x ∈ X . We begin by showing (1) and (2). Assume first that i ∈ I+(π). By construction,

π′>x ≤ π′0 ⇐⇒ π>x + λi(π)xi ≤ π0. If xi = 0, the lifted inequality is equivalent to the original and

therefore valid. Otherwise, if xi = 1, i ∈ I+(π) implies that λi(π) = π0 − λ1
i (π). Thus,

π′>x ≤ π′0 ⇐⇒ π>x+ π0 − λ1
i (π) ≤ π0 ⇐⇒ π>x ≤ λ1

i (π).

The last inequality above holds because we are restricting to the case xi = 1 and, by definition, λ1
i (π) =

maxx′∈X {π>x′ : x′i = 1}. Since x′i = 0 for all x′ ∈ F (π) (Lemma 6.1), the lifted inequality is

tight for all x′ ∈ F (π), i.e., F (π) ⊂ F (π′). Notice also that this inequality is also tight for x∗ =

arg maxx′∈X {π>x′ : x′i = 1}, i.e., x∗ ∈ F (π′). Then, x∗ is affinely independent to all points of F (π)

and therefore dim(F (π′)) ≥ dim(F (π)) + 1.
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Assume now that i ∈ I−(π). Once again by construction,

π′>x ≤ π′0 ⇐⇒ π>x+ λi(π)xi ≤ π0 + λi(π).

If xi = 1, the lifted inequality is equivalent to the original and therefore valid. Otherwise, if xi = 0,

i ∈ I−(π) implies that λi(π) = λ0
i (π)− π0. Thus,

π′>x ≤ π′0 ⇐⇒ π>x ≤ π0 + λ0
i (π)− π0 ⇐⇒ π>x ≤ λ0

i (π).

The last inequality above holds because xi = 0 and, by definition, λ0
i (π) = maxx′∈X {π>x′ : x′i = 0}.

As before, notice that this inequality is tight for x∗ = arg maxx′∈X {π>x′ : x′i = 0}, i.e., x∗ ∈ F (π′).

Since x′i = 1 for all x′ ∈ F (π) (Lemma 6.1), the inequality is tight for all x′ ∈ F (π), x∗ is affinely

independent to all points of F (π), and therefore dim(F (π′)) ≥ dim(F (π)) + 1.

Lastly, we demonstrate (3). We consider i ∈ I+(π); the other case is analogous. Given a fractional

point x̄ ∈ [0, 1]n as defined above, we have π′>x̄ = π>x̄+ λi(π)x̄i > π0 + λi(π)x̄i ≥ π0 = π′0. �

Example 6.2 Let X = {x ∈ {0, 1}4 : 7x1 + 5x2 + 4x3 + x4 ≤ 8} and consider an inequality x1 + x2 ≤ 1

supporting conv(X ). The d-slack is λ(π) = (0, 0, 1, 0)> and the lifted inequality with respect to λ3(π) =

1 is π′>x = x1 + x2 + x3 ≤ 1. Note that π′>x ≤ 1 is facet-defining for conv(X ) and λ(π′) = 0. �

6.3.2 Extracting Disjunctive Slacks from BDDs

Identifying d-slacks λ(π) is a non-trivial task since we are required to solve 2n binary optimization

problems, i.e., one for each component i ∈ I and values 0 and 1. We now develop a procedure that

generates the d-slacks by exploiting the network representation of a BDD B = (N ,A) for X . We also

show that the procedure’s complexity is linear in the number of arcs |A|. Thus, computing λ(π) becomes

tractable when either B is small or a relaxed BDD is considered (see Section 6.6).

First, for each arc a ∈ A with value va ∈ {0, 1} and source s(a) ∈ Ni for some i ∈ I, we associate

a length of `a = πi · va. Note that the longest r − t path of B with respect to such lengths maximizes

π>x over X . Similarly, given the r− t paths P of B, let

La = max

{
n∑
k=1

πk · vak : p = (a1, . . . , an) ∈ P, ai = a

}

be the longest-path value conditioned on all paths that include arc a. Because each index i ∈ I is

uniquely associated with layer Ni, it follows that

λji (π) = max
a∈A
{La : s(a) ∈ Ni, va = j} , ∀i ∈ I, ∀j ∈ {0, 1},

and the final d-slacks are obtained by the differences λ0
i (π)− λ1

i (π) for all i.

The values La are derived by performing two longest-path computations over B. Specifically, let

Ain(u) and Aout(u) be the set of incoming and outgoing arcs of a node u ∈ N , respectively. The solution
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of the recursion

h(π, r) = 0,

h(π, u) = max
a∈Ain(u)

{h(π, s(a)) + `a}, ∀u ∈ Ni,∀i ∈ {2, . . . , n+ 1}

provides the longest-path value h(π, u) from r to u, while the recursion

h↑(π, u) = max
a∈Aout(u)

{h↑(π, t(a)) + `a}, ∀u ∈ Ni, ∀i ∈ {1, . . . , n},

h↑(π, t) = 0,

provides the longest-path value h↑(π, u) from u to t. The values h(π, u) can be calculated via a top-

down pass on B, i.e., starting from r and considering one layer N2, . . . ,Nn+1 at a time. Analogously, the

values h↑(π, u) are obtained via a bottom-up pass on B, i.e., starting from t and considering one layer

Nn,Nn−1, . . . ,N1 at a time. Then, the longest-path value for any arc a is given by

La = h(π, s(a)) + `a + h↑(π, t(a)).

Since each arc is traversed twice via the top-down and bottom-up passes, the complexity of the procedure

is O(|A|).

6.3.3 Sequential Lifting and Dimension Implications

The lifting procedure detailed in Theorem 6.1 can be applied sequentially to strengthen an inequality.

Specifically, we start with 〈π, π0〉 satisfying our main assumptions (a)-(c). Next, we calculate the d-

slacks, choose i ∈ I such that λi(π) 6= 0, and apply Theorem 6.1 to obtain the tuple 〈π′, π′0〉 defining

the lifted inequality. We re-apply this operation with the new 〈π′, π′0〉, and repeat until λi(π) = 0 for

all i ∈ I. The procedure stops in a finite number of iterations since the face dimension increases after

each iteration; see property (2) of Theorem 6.1. We summarize the procedure in Algorithm 17.

Algorithm 17 Sequential Combinatorial Lifting Procedure

1: procedure CombinatorialLifting(〈π, π0〉, B )
2: Calculate the disjunctive slacks λ(π)
3: while λ(π) 6= 0 do
4: Choose i ∈ I such that λi(π) 6= 0
5: Apply Theorem 6.1 to calculate 〈π′, π′0〉
6: Update inequality 〈π, π0〉 = 〈π′, π′0〉
7: Recalculate λ(π)

8: return 〈π, π0〉

The choice of i in step 4 of Algorithm 17 is critical to the dimension of the resulting face, as illustrated

in Example 6.3. In particular, arbitrary choices do not necessarily lead to a facet-defining inequality.

Example 6.3 Consider the set X = {x ∈ {0, 1}3 : 5x1 + 2x2 + 3x3 ≤ 6} and inequality π>x =

x1 + x2 + x3 ≤ 2 that supports conv(X ). We have λ(π) = (1,−1,−1)> and the lifted inequality with

respect to λ1(π) = 1 is π′>x = 2x1 + x2 + x3 ≤ 2 and has λ(π′) = 0. The lifted inequality is not

facet-defining since dim(conv(X )) = 3 and dim(F (π′)) = 1.
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If we instead lift x1+x2+x3 ≤ 2 with respect to λ2(π) = −1 the lifted inequality is π′>x = x1+x3 ≤ 1

and λ(π′) = 0. In this case, the lifted inequality is facet-defining since dim(F (π′)) = 2. �

In order to understand the impact of the index choice, we first show in Lemma 6.2 a relationship

between d-slacks and the dimension of the face. Specifically, the cardinality of I0(π) bounds dim(F (π)).

We later use this result to gauge when the sequential procedure leads to a facet-defining inequality.

Lemma 6.2. The dimension of a face F (π) satisfies dim(F (π)) ≤ |I0(π)|. Moreover, |I0(π)| = 0 if

dim(F (π)) = 0.

Proof. For any i ∈ I−(π) ∪ I+(π), the value of xi is fixed at either 0 or 1 for all x ∈ F (π) according to

Lemma 6.1. Thus, the dimension of dim(F (π)) is bounded by |I0(π)|, since at most |I0(π)|+ 1 affinely

independent points can be obtained from F (π). Now, consider the case when dim(F (π)) = 0 and assume

that I0(π) 6= ∅ for the purpose of contradiction. There exist x,x′ ∈ F (π) such that xi 6= x′i for any

i ∈ I0(π). These two points are affinely independent and therefore dim(F (π)) ≥ 1. Thus, I0(π) = ∅ if

dim(F (π)) = 0. �

Example 6.3 depicts a case where |I0(π)| increases faster than the number of affinely independent

points in F (π). In view of Lemma 6.2, we would like to choose i so that |I0(π)| increases at a “slower

rate”, since each lifting operation increases dim(F (π)) by at least one according to Theorem 6.1-(2).

We show in Theorem 6.2 that the slow increase of |I0(π)| occurs when there exists a unique slack with

minimum non-zero absolute value.

Theorem 6.2. Suppose there exists i 6∈ I0(π) such that |λi(π)| < |λi′(π)| for all i′ 6∈ I0(π) (i′ 6= i).

Then, for 〈π′, π′0〉 obtained when lifting 〈π, π0〉 with respect to λi(π), dim(F (π′)) = dim(F (π)) + 1 and

|I0(π′)| = |I0(π)|+ 1.

Proof. From Lemma 6.1, it suffices to show that, for any x ∈ F (π′) and i′ 6∈ I0(π) such that i′ 6= i, we

have: 1) i′ ∈ I+(π) implies that xi′ = 0; and 2) i′ ∈ I−(π) implies that xi′ = 1. In such cases, an index

i′ that was originally in I−(π) or I+(π) will remain in its original partition I−(π′) or I+(π′) for the

lifted π′. The statement then follows due to Theorem 6.1-(2) and Lemma 6.2.

We will focus our attention to the case λi(π) > 0 (the others are analogous). For any x ∈ F (π′), we

have by construction that π>x = π′0−λi(π)xi ≥ π0−λi(π). Assume, for the purpose of a contradiction,

that xi′ = 1 and that λi′(π) > 0. Thus, λ1
i′(π) ≥ π>x ≥ π0 − λi(π). Moreover, λ0

i′(π) = π0. This

implies that λi′(π) = λ0
i′(π) − λ1

i′(π) ≤ π0 − π0 + λi(π) ≤ λi(π) and hence 0 < λi′(π) ≤ λi(π). This

cannot hold since |λi(π)| < |λi′(π)|.
Similarly, assume that λi′(π) < 0 and xi′ = 0. Then, λ0

i′(π) ≥ π0 − λi(π) and λ1
i′(π) = π0. This

implies that λi′(π) = λ0
i′(π) − λ1

i′(π) ≥ π0 − λi(π) − π0 = −λi(π). Thus, 0 > λi′(π) ≥ −λi(π). This

contradicts |λi(π)| < |λi′(π)|. �

Theorem 6.2 provides a simple choice rule based on picking i with the minimum absolute slack. It

also indicates when this rule will converge to a facet-defining inequality. We formalize it in Corollary

6.1 below, which directly follows from Theorem 6.2.

Corollary 6.1. If dim(F (π)) = |I0(π)|, the sequential lifting procedure (Algorithm 17) with the mini-

mum slack absolute rule produces a facet-defining inequality if, at each lifting iteration except the last,

the chosen i ∈ I is such that |λi(π)| < |λi′(π)| for all i′ 6∈ I0(π) (i′ 6= i).
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Finally, we note that, in general, it may not be possible to achieve a facet-defining inequality regardless

of the index choice. For example, all non-zero d-slacks can have the same absolute value and the

cardinality of |I0(π)| might increase by more than one while the dimension of F (π) does not (see

Example 6.3).

6.3.4 Relationship with Lifting Based on Disjunctive Programming

We now formalize the connection between our lifting methodology and the n-step lifting procedure by

Perregaard and Balas (2001) mentioned in Section 6.2. Assume that X = {Ax ≤ b, x ∈ {0, 1}n} for

a matrix A and vector b of appropriate dimensions. We consider a relaxation of the form DP-L that

includes one disjunctive term for each index i ∈ I and removes all integrality constraints:

max
x

{
c>x : Ax ≤ b,

∨
i′∈I

(xi′ ≤ 0) ∨ (xi′ ≥ 1), x ∈ [0, 1]n

}
. (DP-L)

Proposition 6.1 below shows that, for DP-L, the optimal parameter in the n-step lifting is such that

γ∗ = |λi(π)| when using the individual binary disjunctions as target inequalities.

Proposition 6.1. Suppose λi(π) 6= 0 for some i ∈ I. Then, γ∗ = |λi(π)| if we employ either xi ≤ 0 or

xi ≥ 1 as a target inequality in the n-step procedure.

Proof. Consider the case when i ∈ I+(π) and let ei be the i-th column of an n × n identity matrix.

Since all x ∈ F (π) have xi = 0 , π̃>x = e>i x = xi ≤ 0 is an invalid target inequality for conv(X ) and

satisfies π̃>x = xi = 0 for all x ∈ F (π). The system that defines γ∗ is therefore

γ∗ = min
x∈[0,1]n,x0≥0

{
π0x0 − π>x : Ax ≤ b, −xi = −1,

∨
i′∈I

(xi′ ≤ 0) ∨ (−xi′ + x0 ≤ 0)

}
. (6.1)

It follows from (6.1) and xi = 1 that x0 ≤ 1. Without loss of generality, we consider x0 = 1. The

system reduces to:

γ∗ = min
x,x0

{
π0x0 − π>x : Ax ≤ b, xi = 1, x ∈ {0, 1}n, x0 = 1

}
= π0 −max

x
{π>x : x ∈ X , xi = 1}

= λ0
i (π)− λ1

i (π) = λi(π).

The last equality comes from i ∈ I+(π) and λ0
i (π) = π0. The proof for i ∈ I−(π) and target inequality

π̃>x = xi ≥ 1 is analogous. �

Proposition 6.1 indicates when these two techniques are equivalent. By taking π̃>x = xi ≤ 0 as the

target inequality, we obtain γ∗ = λi(π) > 0. The lifted inequality (π+γ∗π̃)>x = (π+λi(π)ei)
>x ≤ π0

is equivalent to the lifted inequality in Theorem 6.1. Similarly, using target inequality π̃>x = −xi ≤ −1

would result in γ∗ = −λi(π) > 0. Then, the lifted inequalities are equivalent, i.e., π+γ∗π̃ = π+λi(π)ei

and π0 + γ∗π̃0 = π0 + λi(π).

While the techniques are equivalent in this restricted case, our approach is valid for any binary set X
and, thus, can handle models where a BDD (or BDD relaxation) is a more advantageous representation
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in comparison to a linear description of X (Bergman and Cire, 2018). We also note that the BDD

network structure allows us to efficiently compute the disjunctive terms in a combinatorial fashion.

6.4 A Combinatorial Cutting-Plane Algorithm

While the BDD-based lifting procedure developed in Section 6.3 can enhance inequalities from any

cutting-plane methodology, we now exploit similar concepts to derive new valid inequalities for X based

on the network structure of B. In particular, we design inequalities that separate points from X by only

relying on the combinatorial structure encoded by B. Thus, no other specific structure (e.g., linearity,

submodularity, or gradient information) is required.

We assume, as before, that we are given an exact BDD B for X , i.e., Sol(B) = X . Our cutting-plane

method is based on a novel linear description of B as an extended capacitated flow problem. We present

this formulation in Section 6.4.1 and our BDD-based cut generation linear program in Section 6.4.2. For

cases where solving such model is not computationally practical, in Section 6.4.3 we develop a weaker

but more efficient combinatorial cutting-plane method based on a max-flow/min-cut problem over B.

Finally, we show in Section 6.4.4 the relationship between our approach and existing BDD cutting-plane

techniques (Davarnia and van Hoeve, 2020; Tjandraatmadja and van Hoeve, 2019).

6.4.1 A New BDD Polytope

Existing BDD-based cut generation procedures (Lozano and Smith, 2018; Tjandraatmadja and van

Hoeve, 2019; Davarnia and van Hoeve, 2020) rely on the network flow formulation NF(B) introduced

by Behle (2007). The network flow model NF(B) is given by a continuous relaxation of the original

variables, x ∈ [0, 1]n, and a set of variables y ∈ R|A|+ that represent the flow traversing each BDD arc.

Intuitively, the flow over each path p ∈ P can be seen as the weight of its corresponding point xp. Then,

by restricting the total flow to have value one, the flow variables represent a convex combination of the

points in Sol(B).

NF(B) =
{

(x;y) ∈ [0, 1]n × R|A|+ :∑
a∈Aout(u)

ya −
∑

a∈Ain(u)

ya = 0, ∀u ∈ N \ {r, t}, (6.2a)

∑
a∈Aout(r)

ya =
∑

a∈Ain(t)

ya = 1, (6.2b)

∑
a∈A:s(a)∈Ni,va=1

ya = xi, ∀i ∈ I
}
. (6.2c)

Equalities (6.2a) and (6.2b) are balance-of-flow constraints over B. Constraint (6.2c) links the arcs

of B with solutions x. In particular, the polytope NF(B) projected over the x variables is equivalent

to the convex hull of all solutions represented by B, i.e., Projx(NF(B)) = conv(X ) (Behle, 2007). Note

that NF(B) is a special case of the network flow model presented in Chapter 3 for general DDs.

One of the main drawbacks of NF(B) is that constraint (6.2c) only considers flow variables associated

with arc labels equal to one (i.e., va = 1). Thus, there is no constraint explicitly limiting the flow passing

through arcs with label equal to zero. As a consequence, existing cut generation procedures based on

NF(B) have to solve an unbounded linear programming model and these procedure consider special cases
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for unbounded solutions (Tjandraatmadja and van Hoeve, 2019) or introduce normalization constraints

to avoid them (Davarnia and van Hoeve, 2020).

We propose an alternative formulation of NF(B) that addresses its main limitations and use the

reformulation to define our cutting-plane algorithms. The new formulation, here denoted by JNF(B),

corresponds to a joint capacitated network-flow polytope. The new model maintains the flow conservation

constraints, (6.2a) and (6.2b), and replaces (6.2c) with (6.3a) and (6.3b) below. Both inequalities enforce

a common capacity for arcs in a layer with the same value and, thus, constrain the flow of all arcs in B.

Proposition 6.2 shows that the two formulations are equivalent and, thus, Projx(JNF(B)) = conv(X ).

JNF(B) =
{

(x;y) ∈ [0, 1]n × R|A|+ : (6.2a)− (6.2b),∑
a∈A:s(a)∈Ni,va=1

ya ≤ xi, ∀i ∈ I, (6.3a)

∑
a∈A:s(a)∈Ni,va=0

ya ≤ 1− xi, ∀i ∈ I
}
. (6.3b)

Proposition 6.2. JNF(B) = NF(B).

Proof. Consider (x′;y′) ∈ NF(B), so (x′;y′) satisfies (6.2a) and (6.2b). Since (6.2c) holds, (x′;y′) also

satisfies (6.3a). From the flow conservation constraints, (6.2a) and (6.2b), the flow traversing each layer

Ni is exactly one, i.e.,∑
a∈A : s(a)∈Ni

y′a = 1 ⇒
∑

a∈A:s(a)∈Ni : va=1

y′a +
∑

a∈A:s(a)∈Ni : va=0

y′a = 1

⇒
∑

a∈A:s(a)∈Ni : va=0

y′a = 1− x′i.

Then, (x′;y′) ∈ JNF(B). Consider now (x′;y′) ∈ JNF(B). Since flows traversing a layer sum to one,

constraints (6.3a) and (6.3b) are satisfied as equalities and therefore (6.2c) holds for (x′;y′). �

6.4.2 General BDD Flow Cuts

Our cutting-plane procedure formulates a max-flow optimization problem over JNF(B) to identify and

separate points x′ 6∈ conv(X ), given by (6.4) below:

z(B;x′) = max
y∈R|A|+

 ∑
a∈Aout(r)

ya : (6.2a), (6.3a)− (6.3b), x = x′

 . (6.4)

We note that (6.4) omits the constraint enforcing the flow to be equal to one as in (6.2b). We argue in

Lemma 6.3 that the condition z(B;x′) = 1 is necessary and sufficient to check if x′ belongs to conv(X ).

Lemma 6.3. x′ ∈ conv(X ) if and only if z(B;x′) = 1.

Proof. Constraints (6.3a) and (6.3b) enforce that the flow in each layer i is at most x′i + 1 − x′i = 1.

Thus, z(B;x′) ≤ 1. Consider x′ ∈ conv(X ). From Proposition 6.2, there exists y′ ∈ R|A|+ such that∑
a∈Aout(r) y

′
a = 1 and therefore z(B;x′) = 1. For the converse, suppose z(B;x′) = 1. It follows that

there exists y′ ∈ R|A|+ such that (x′;y′) ∈ JNF(B) = NF(B), so x′ ∈ conv(X ). �
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Our BDD-based cut generation linear program (CGLP) uses the dual of (6.4) to generate valid in-

equalities that cut off x′ 6∈ conv(X ). Consider ω ∈ R|N | as the dual variables associated with constraints

(6.2a), and ν,η ∈ Rn+ as the dual variables for (6.3a) and (6.3b), respectively. The resulting model is

min
ω,ν,η

∑
i∈I

x′iνi +
∑
i∈I

(1− x′i)ηi (BDD-CGLP)

s.t. ωt(a) − ωs(a) + vaνi + (1− va)ηi ≥ 0, ∀i ∈ I, a ∈ A, s(a) ∈ Ni, (6.5a)

ωt(a) + vaν1 + (1− va)η1 ≥ 1, ∀a ∈ Aout(r), (6.5b)

− ωs(a) + vaνn + (1− va)ηn ≥ 0, ∀a ∈ Ain(t), (6.5c)

ω ∈ R|N |, ν,η ∈ Rn+. (6.5d)

Let w(B;x′) be the optimal solution value of BDD-CGLP. Strong duality and Lemma 6.3 imply that

we can identify if a point x′ belongs to conv(X ) if w(B;x′) = 1. Furthermore, we can use the optimal

solution (ν∗;η∗) to create a valid cut when w(B;x′) < 1. Specifically, the cut is given by∑
i∈I

xiν
∗
i +

∑
i∈I

(1− xi)η∗i ≥ 1. (6.6)

Theorem 6.3 shows that the set of all cuts of the form (6.6) describes conv(X ).

Theorem 6.3. Let Λ(B) be the set of extreme points of the BDD-CGLP polyhedron defined by (6.5a)-

(6.5d). Furthermore, let PB be the set of points x ∈ [0, 1]n that satisfy (6.6) for all (ν;η) ∈ Projν,η(Λ(B)).

Then, conv(X ) = PB.

Proof. Consider a point x′ ∈ conv(X ). Lemma 6.3 guarantees that z(B;x′) = w(B;x′) = 1, so constraint

(6.6) holds for any extreme point of BDD-CGLP. Now consider a point x′ ∈ PB. Since x′ satisfies (6.6)

for all extreme points in Λ(B), we have that w(B;x′) ≥ 1 and, thus, w(B;x′) = z(B;x′) = 1. Finally,

using Lemma 6.3, we have that x′ ∈ conv(X ). �

Thus, our cutting-plane procedure separates points x′ /∈ conv(X ) by solving BDD-CGLP. The pro-

cedure returns a cut of the form (6.6) where (ν∗;η∗) is an optimal solution of w(B;x′).

6.4.3 Combinatorial BDD Flow Cuts

The above cutting-plane procedure requires solving a linear program with |A| constraints and |N | +
2n variables. Obtaining w(B;x′), thus, could be computationally expensive for instances where B is

large. We propose now an alternative cut-generation procedure based on BDD-CGLP that involves a

combinatorial and more efficient max-flow solution over B.

First, we consider a reformulation of JNF(B) where the joint capacity constraints are replaced by

individual constraints for each arc, i.e., a standard capacitated network flow polytope over B:

CNF(B) =
{

(x;y) ∈ [0, 1]n × R|A|+ : (6.2a)− (6.2b),

ya ≤ xi, ∀a ∈ A, s(a) ∈ Ni, va = 1, i ∈ I, (6.7a)

ya ≤ 1− xi, ∀a ∈ A, s(a) ∈ Ni, va = 0, i ∈ I
}
. (6.7b)

Proposition 6.3. JNF(B) ⊆ CNF(B) and for any integer x /∈ conv(X ) we have x /∈ Projx(CNF(B)).
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Proof. Consider x′ ∈ JNF(B). By construction, x′ satisfies (6.2a)-(6.2b). Since x′ satisfies (6.3a) and

(6.3b), it follows that x′ holds for (6.7a) and (6.7b).

Now take an integer point x′ /∈ conv(X ) and y′ ∈ R|A|+ such that (x′;y′) satisfies (6.2a), (6.7a)-

(6.7b). Notice that such a y′ exists (e.g., y′ = 0). By construction, there is no path p ∈ P associated

with x′. From constraints (6.7a)-(6.7b), in any path p ∈ P there exists an arc a ∈ p with capacity

zero (i.e., ya ≤ 0). We can then deduce that y′ = 0, therefore (x′;y′) violates (6.2b). Finally, for any

x′ ∈ {0, 1}n \ conv(X ) there is no y′ ∈ R|A|+ such that (x′;y′) ∈ CNF(B). �

Proposition 6.3 shows that for any integer point x′, x′ 6∈ X implies x′ 6∈ Projx(CNF(B)). Ex-

ample 6.4 illustrates that, conversely, there might exist fractional points x′ /∈ conv(X ) such that

x′ ∈ Projx(CNF(B)), and hence CNF(B) is a weaker representation than JNF(B).

Example 6.4 Consider our example X = {x ∈ {0, 1}4 : 7x1 + 5x2 + 4x3 + x4 ≤ 8}, a fractional point

x′ = (0.4, 0.6, 0.4, 1), and the exact BDD B1 in Figure 6.1. It is easy to see that x′ /∈ conv(X ) since

7x′1 +5x′2 +4x′3 +x′4 = 8.4 ≥ 8. However, there exists a y′ ∈ R|A|+ such that (x′,y′) ∈ CNF(B) with value

y(r,u1) = 0.6, y(r,u2) = 0.4, y(u1,u4) = 0.2, y(u1,u3) = 0.4, y(u2,u4) = 0.4, y(u3,u4) = 0.4, y(u4,u5) = 0.6,

y(u5,t) = 1, and all other arcs with flow equal to zero. �

Similar to the general BDD flow cuts, we use the dual of the max-flow version of CNF(B) to identify

points that do not belong to conv(X ). Consider ω ∈ R|N | as the dual variables associated with constraints

(6.2a) and α the dual variables associated with constraints (6.7a)-(6.7b). Then, the separation problem

for the alternative BDD cuts is as follow:

min
ω,α

∑
i∈I

 ∑
a∈A:s(a)∈Ni,va=1

x′iαa +
∑

a∈A:s(a)∈Ni,va=0

(1− x′i)αa

 (CN-CGLP)

s.t. ωt(a) − ωs(a) + αa ≥ 0, ∀i ∈ I, a ∈ A, s(a) ∈ Ni,

ωt(a) + αa ≥ 1, ∀a ∈ Aout(r),

− ωs(a) + αa ≥ 0, ∀a ∈ Ain(t),

ω ∈ R|N |, α ∈ R|A|+ .

Let wr(B;x′) be the optimal solution value of CN-CGLP. Proposition 6.3 implies that for any x′ ∈
conv(X ), wr(B;x′) = 1. It follows that inequality (6.9) holds for any x ∈ conv(X ), where α∗ is optimal

to CN-CGLP:

∑
i∈I

 ∑
a∈A:s(a)∈Ni,va=1

xiα
∗
a +

∑
a∈A:s(a)∈Ni,va=0

(1− xi)α∗a

 ≥ 1. (6.9)

Of important note is that CN-CGLP is a classical min-cut problem, i.e., we are searching for a

maximum-capacity arc cut in the network that certifies that a point does not belong to the convex hull

of X . While the resulting inequalities are not as strong as the general BDD cuts from BDD-CGLP, we

can leverage max-flow/min-cut combinatorial algorithms to solve it more efficiently in the size of the

BDD. Several algorithms are readily available to that end (Ahuja et al., 1993) and provide both primal

and dual solutions to CN-CGLP.

Furthermore, another consequence of the design of such cuts is that their strength depends on the

BDD size. That is, two BDDs B and B′ encoding the same set X might generate different combinatorial
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flow cuts because of distinct min-cut solutions. We show in Theorem 6.4 that the reduced BDD, which

is unique, generates the tightest CNF(B) formulation and is hence critical in such a formulation. We

note that a reduced BDD can be generated in polynomial time in B′ for any B′ representing the desired

solution set (Bryant, 1986).

Theorem 6.4. Let Br = (N r,Ar) be the reduced version of B, i.e., Sol(Br) = Sol(B), and for each layer

i ∈ I, |N r
i | ≤ |Ni|. Then, CNF(Br) ⊆ CNF(B).

Proof. Consider P r to be the set of r− t paths in Br. First, Sol(Br) = Sol(B) implies that, for any r− t

path p ∈ P, there exists a unique r− t path p′ ∈ P r such that xp = xp
′
. Thus, we will consider that the

set of paths in both BDDs are equivalent, i.e., P r = P.

Let Ai = {a ∈ A : s(a) ∈ Ni} and Ar
i = {a ∈ Ar : s(a) ∈ N r

i }. Since Br is unique, there exists a

unique surjective function fi : Ai → Ar
i that maps arcs from B to Br for each layer i ∈ I. Thus, for

every arc a ∈ Ar
i, let us define the pre-image of fi as f−1

i (a) = {a′ ∈ Ai : f(a′) = a}, i.e., the subset

of arcs in Ai that map to arc a ∈ Ar
i. Next, denote by Γ(B; a) = {p ∈ B : a ∈ p} the set of paths

in a BDD that traverse an arc a ∈ A. From the construction procedure of Br given B (Bryant, 1986),

Γ(Br; a) =
⋃
a′∈f−1

i (a) Γ(B; a′) for all a ∈ Ar
i, i.e., the set of r − t paths passing through a is equivalent

to the set of r− t paths passing through all the arcs in f−1
i (a).

Now consider the path formulation of CNF(B), CNFP (B). It suffices to show that CNFP (Br) ⊆
CNFP (B). Since the paths in B and Br are equivalent, we will consider equivalent variables w for

CNFP (Br) and CNFP (B).

CNFP (B) =
{

(x;w) ∈ [0, 1]n × R|P|+ :∑
p∈P:a∈p

wp ≤ xi, ∀a ∈ Ai, va = 1, i ∈ I, (6.10a)

∑
p∈P:a∈p

wp ≤ 1− xi, ∀a ∈ Ai, va = 0, i ∈ I
}
. (6.10b)

Using the path equivalence Γ(Br; a) =
⋃
a′∈f−1

i (a) Γ(B; a′) for any a ∈ Ar
i and i ∈ I, we have that

∑
p∈P r:a∈p

wp =
∑

a′∈f−1
i (a)

∑
p∈P:a′∈p

wp, ∀a ∈ Ar
i, i ∈ I.

Thus, constraints (6.10a) and (6.10b) of CNFP (Br) are tighter since they restrict more paths than for

the case of CNFP (B). This implies that, for any (x′;w′) ∈ CNFP (Br), (x′;w′) ∈ CNFP (B). �

Theorem 6.4 indicates that the reduced BDD can separate more points than any other BDD rep-

resenting the same solution set. We also note in passing that the variable ordering plays a role on the

size of the BDD and, hence, on the effectiveness of the weaker combinatorial BDD flow cuts. Investi-

gating variable orderings for specific problem classes and how they impact the cuts (theoretically and

computationally) may lead to new research avenues.

6.4.4 Relationship with Existing BDD Cut Generation Procedures

The two existing BDD-based CGLPs rely on dual reformulations of NF(B), and, thus, also describe

conv(X ) (Tjandraatmadja and van Hoeve, 2019; Davarnia and van Hoeve, 2020). However, these tech-
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niques rely on additional information: Tjandraatmadja and van Hoeve (2019) CGLP requires an interior

point of conv(X ) and Davarnia and van Hoeve (2020) must incorporate possibly non-linear normalization

constraints. In contrast, BDD-CGLP exploits the structure of B directly to describe conv(X ). We now

detail these two BDD-based CGLPs and highlight the main theoretical differences to BDD-CGLP.

Consider ω ∈ R|N | as the dual variables associated with constraints (6.2a) and (6.2b), and θ ∈ Rn as

the dual variables associated with (6.2c). The two BDD-based CGLP models in the literature employ

flow inequalities of the form

ωt(a) − ωs(a) + θiva ≥ 0, ∀i ∈ I, a ∈ A, s(a) ∈ Ni. (6.11)

Notice that (6.11) resembles the flow inequalities (6.5a)-(6.5c) of BDD-CGLP. However, our flow con-

straints use two sets of positive dual variables for each BDD layer (i.e., ν,η ∈ Rn+) instead of the single

unbounded set of variables θ ∈ Rn. This difference emerges because (6.2c) only bounds the arc flow

variables y ∈ R|A|+ with value va = 1, while our joint-capacity constraints (6.3a)-(6.3b) bound all vari-

ables y. This is one reason, e.g., why BDD-CGLP does not require any normalization constraints as in

previous techniques.

Formally, Tjandraatmadja and van Hoeve (2019) propose a BDD-based CGLP (6.12) to generate

target cuts. Their CGLP derives a valid inequality that intersects the ray passing through an interior

point u ∈ conv(X ) and the fractional point x′ ∈ [0, 1]n to be cut-off. The procedure returns a cut

θ∗>x′ ≤ 1 + θ∗>u whenever the optimal value of (6.12) is greater than one.

max
ω,θ

{
θ>(x′ − u) : (6.11), ωt = 0, ωr = 1 + θ>u

}
. (6.12)

Davarnia and van Hoeve (2020) circumvent the need of an interior point by proposing a simpler

but possibly non-linear BDD-based CGLP presented in (6.13). The model checks if any x′ can be

represented as a linear combination of points in X , i.e., whether there exists a θ,ω such that θ>x′ = ωt.

Otherwise, their procedure returns a valid inequality θ∗>x ≤ ω∗t . Since the model may be unbounded,

the optimization problem (6.13) includes normalization constraints C(ω,θ) ≤ 0 which are potentially

non-linear. The CGLP (6.13) is addressed by an iterative subgradient separation algorithm.

max
ω,θ

{
θ>x′ − ωt : (6.11), ωr = 0, C(ω,θ) ≤ 0

}
. (6.13)

Note that, in our approach, we either solve BDD-CGLP (a linear program) or a single max-flow/min-cut

problem, both relying only on B.

6.5 Case Study: Second-order Cone Inequalities

For our numerical evaluation, we apply our combinatorial cut-and-lift procedure to binary problems with

SOC inequalities. Recall that problem SP considers a linear objective and m constraints of the form

a>x+ ||D>x− e||2 ≤ b ⇔ a>x+

√ ∑
k∈{1,...,l}

(d>k x− ek)2 ≤ b, (6.14)
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where a, e ∈ Rn are real vectors, D ∈ Rl×n is a matrix with l rows of dimension n, and b ∈ R is the

right-hand-side constant.

We propose a novel BDD encoding for the general SOC inequalities (6.14) using a recursive reformu-

lation (Bergman and Cire, 2018). Our formulation considers l+ 1 sets of state variables, Q0,Q1, ...,Ql,

where each set of variables has n + 1 stages, i.e., Qk ∈ Rn+1 for each k ∈ {0, 1, ..., l}. State variables

Q0 represent the value of the linear term (i.e., a>x), while Qk encodes the k-th linear expression in the

quadratic term (i.e., d>k x− ek). The recursive model for (6.14) is given by

RSOC :=
{

(x;Q) ∈ {0, 1}n × R(l+1)×(n+1) :

Q0,0 = 0, Qk,0 = ek, ∀k ∈ {1, ..., l}, (6.15a)

Q0,i = Q0,i−1 + aixi, ∀i ∈ I, (6.15b)

Qk,i = Qk,i−1 + dkixi, ∀i ∈ I, k ∈ {1, ..., l}, (6.15c)

Q0,n +

√ ∑
k∈{1,...,l}

(Qk,n)
2 ≤ b

}
. (6.15d)

The first set of equalities (6.15a) initialize the state variables at stage 0. Equalities (6.15b) and (6.15c)

correspond to the recursive formulas for each linear expressions, and constraint (6.15d) enforces the SOC

inequality. Notice that Projx(RSOC) is equivalent to the feasible set of the SOC inequality (6.14).

This recursive model can be used for any type of SOC inequality. In particular, we employ RSOC to

construct BDDs for chance constraints of the form P(ξ>x ≤ b) ≥ ε where ξ is a random variable with

normal distribution N(a, D) and ε ∈ [0.5, 1]. The constraint can be reformulated as SOC inequality

a>x+ Φ−1(ε)||Dx||2 ≤ b ⇔ a>x+ Ω

√ ∑
k∈{1,...,n}

(d>k x)2 ≤ b, (6.16)

where we use Ω = Φ−1(ε) for simplicity. Notice that (6.16) is a special case of (6.14) where D is square

matrix and e = 0. For additional experiments with cutting-plane methods for SOC inequalities, we also

present a BDD encoding for SOC knapsack inequalities (Atamtürk and Narayanan, 2009; Joung and

Park, 2017), i.e., where D ∈ Rn×n is a diagonal matrix and the SOC constraint is given by

a>x+ Ω

√∑
i∈I

d2
iixi ≤ b. (6.17)

We develop a simpler recursive model for (6.17) with only two sets of state variables, Q0 and Q1.

As before, Q0 represents the linear term and Q1 encodes the linear term inside the square root. Thus,

the recursive model is given by

RSOC-K :=
{

(x;Q) ∈ {0, 1}n × R2×(n+1) : (6.15a), (6.15b),

Q1,i = Q1,i−1 + d2
iixi, ∀i ∈ I,

Q0,n + Ω

√∑
i∈I

Q1,n ≤ b
}
.

In the following, we present our BDD encodings for these two SOC inequalities. Our implementation

creates one (relaxed) BDD for each constraint, i.e., the encoding considers only one inequality. However,
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the BDD construction procedure can be easily extended to consider multiple inequalities, for example,

by enforcing each constraint one at a time over the BDD (Cire and van Hoeve, 2012).

6.5.1 BDD Encoding for General SOC Inequalities

We now introduce the BDD representation for the general SOC inequality (6.14) based on a recursive

formulation of the constraint. Since the BDD encodes the set of solutions and does not consider the

objective function, we limit our exposition to the elements needed to define the state-transition system.

Our recursive model has n+1 stages and n binary decision variables x ∈ {0, 1}n. A state variable has

l + 1 values S = (Q0, Q1, ..., Ql), where Q0 represents the value of of the linear term (i.e., a>x), while

Qk encodes the k-th linear expression in the quadratic term (i.e., d>k x − ek) for k ∈ {1, ..., l}. Then,

the initial state S1 is given by the constant term in each linear expression, i.e., Q0 = 0 and Qk = −ek
for every k ∈ {1, ..., l}. The state transition function φi(S, x) updates the values of each state given the

value of the decision variable at stage i as

φi(S, x) = (Q0 + aix, Q1 + d1ix, ... , Ql + dlix).

To enforce the SOC inequality, we restrict the last-stage feasibility set. Thus, the feasibility set for

state S and stage i = {1, ..., n− 1} is Xi(S) = {0, 1}, while the feasibility set for the n-stage is given by

Xn(S) =

x ∈ {0, 1} : Q0 + anx+ Ω

√√√√ l∑
k=1

(Qk + dknx)
2 ≤ b

 .

We consider the above transition system to create a BDD for SOC inequality (6.14). Since the size

of an exact BDD can grow exponentially over the number of variables n, we consider a relaxed BDD

instead. We choose the iterative refinement procedure to construct our relaxed BDD (see Algorithm 3

in Section 2.2), since the only constraint of the problem is enforced in the last stage. Thus, we need

bottom-up information to prune the BDD during construction to obtain a tight discrete relaxation. We

also reduce the resulting BDD since this is beneficial for our combinatorial cuts (see Section 6.4.3).

We now describe the components of the construction procedure, i.e., relaxed states, filtering rules, and

splitting.

Relaxed States and Filtering Rules. Our encoding considers relaxed states that over and under

approximate each value Qk of a state S as done for separable functions (see Section 2.2.2). For a

given node u ∈ N and k ∈ {0, ..., l}, relaxed states Qmin
k (u) and Qmax

k (u) under and over approximate

their respective linear term for all r − u paths in B. These values are initialized at the root node,

Qmin
0 (r) = Qmax

0 (r) = 0 and Qmin
k (r) = Qmax

k (r) = −ek, and are updated in a top-down procedure for

each node u ∈ Ni as

Qmin
k (u) = min

a∈Ain(u)
{Qmin

k (s(a)) + vafk,i−1}, Qmax
k (u) = max

a∈Ain(u)
{Qmax

k (s(a)) + vafk,i−1},

where f0i = ai and fki = dki for each k ∈ {1, ..., l}.
Similarly, we define bottom-up relaxed states for each Qk value in a node. For each node u ∈ N and

k ∈ {0, ..., l}, relaxed states Q↑min
k (u) and Q↑max

k (u) under and over approximate their respective linear
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term considering all u− t paths in B. The relaxed states have value equal to zero in the terminal node

Q↑min
k (t) = Q↑max

k (t) = 0 and the values for any node u ∈ Ni is given by:

Q↑min
k (u) = min

a∈Aout(u)
{Q↑min

k (t(a)) + vafki}, Q↑max
k (u) = max

a∈Aout(u)
{Q↑max

k (t(a)) + vafki},

for all k ∈ {0, 1, ..., l} and i ∈ I.

We utilized the above relaxed states to identify infeasible arcs. Proposition 6.4 presents our filtering

rule and proves its validity. The main idea here is to under-approximate the left-hand-side (LHS) of the

SOC inequality (6.14) to identify infeasible arcs.

Proposition 6.4. An arc a ∈ A emanating from layer Ni can be removed from B if:

Qmin
0 (s(a)) + aiva +Q↑min

0 (t(a)) + Ω

√√√√ l∑
k=1

(gk(a))2 > b, (SOC-R1)

where gk(a) for k ∈ {1, ..., l} is given by:

gk(a) =


Qmin
k (s(a)) + dkiva +Q↑min

k (t(a)), if Qmin
k (s(a)) + dkiva +Q↑min

k (t(a)) > 0,

Qmax
k (s(a)) + dkiva +Q↑max

k (t(a)), if Qmax
k (s(a)) + dkiva +Q↑max

k (t(a)) < 0,

0, otherwise.

Proof. Notice that (gk(a))2 is a lower bound for (d>k x − dk)2 for all paths traversing arc a ∈ A. The

validity of this lower bound follows from the relaxed state definition and the quadratic function. Then,

the LHS of SOC-R1 under approximates the LHS of (6.14) for all paths traversing arc a. Therefore, an

arc a that satisfies SOC-R1 can be removed from B since all the path traversing a correspond to invalid

assignments for (6.14). �

Splitting Procedure. Our procedure focuses on each relaxed state component Qk one at a time to

make it exact, i.e., we split nodes so Qmin
k (u) = Qmax

k (u) for each node u ∈ N and k ∈ {0, 1, ..., l}. We

first sort indices in {0, 1, ..., l} so as to split first the components Qk that can potentially contribute

more to violate the constraint, i.e., we sort the indices depending on the maximum value that their

linear/quadratic term can have. Then, for a given k ∈ {0, 1, ..., l}, we split nodes in a layer to reduce

difference Qmax
k (u)−Qmin

k (u) given a maximum width W.

Example 6.5 Consider the following binary set with an SOC constraints X = {x ∈ {0, 1}3 : 3x1 +

x2 + x3 +
√

(x1 + x2 + 2x3)2 + (x1 + 3x2 − x3 + 3)2 ≤ 8}. Figure 6.2 depicts some of the steps to

construct an exact BDD for X. The left most diagram corresponds to a width-one BDD for this problem.

The top-down state at the root node is ((Qmin
0 (r), Qmax

0 (r)), (Qmin
1 (r), Qmax

1 (r)), (Qmin
2 (r), Qmax

2 (r))) =

((0, 0), (0, 0), (3, 3)), while for node u1 is ((0, 3), (0, 1), (3, 4)).

The middle BDD illustrates the resulting BDD after splitting node u1. The resulting nodes, u′1

and u′′1 , have top-down state ((0, 0), (0, 0), (3, 3)) and ((3, 3), (1, 1), (4, 4)), respectively. In addition,

the gray arc from u′′1 to u2 corresponds to an invalid assignment: the bottom-up information of u2 is

((0, 1), (0, 2), (−1, 0)), thus, SOC-R1 evaluates to 10.3 > 8. �
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Figure 6.2: BDD construction procedure for set X defined in Example 6.5. The figure depicts a width-
one BDD (left), a BDD after the splitting and filtering procedure over N2 (middle), and the resulting
exact reduced BDD (right).

6.5.2 BDD Encoding for SOC Knapsack

The BDD encoding for the SOC knapsack constraint is a variant of the one presented for the general

case since we need fewer state variables. As in the general case, the recursive model for (6.17) has n+ 1

stages and n binary decision variables x ∈ {0, 1}n. However, in this case we have 2-dimensional states

S = (Q0, Q1), where Q0 represents the value of the linear term (i.e., µ>x), while Q1 encodes the linear

expression inside the square root. Then, the initial state is given by S1 = (0, 0). Similarly to the general

SOC case, the state transition function φi(S, x) updates the values of each state given the value of the

decision variable at stage i as φi(S, x) = (Q0 +aix, Q1 +d2
iix). Once again, only the last-stage feasibility

set enforces the knapsack SOC inequality, i.e., the feasibility set for stages i = {1, ..., n− 1} and state S

is Xi(S) = {0, 1} and for the last stage we have:

Xn(S) =
{
x ∈ {0, 1} : Q0 + anx+ Ω

√
Q1 + d2

nnx ≤ b
}
.

We consider the same BDD construction procedure as for the general SOC case, i.e., the iterative

refinement procedure described in Algorithm 3 with an additional BDD reduction step before returning

B. The splitting procedure is analogous to the one for general SOC case. The relaxed states and filtering

rules are described below.

Relaxed States and Filtering Rules. As for general SOC case, the relaxed states under and over

approximate Q0 and Q1 inside the BDD. For each node u ∈ N and k ∈ {0, 1}, relaxed states Qmin
k (u)

and Qmax
k (u) under and over approximate their respective linear term for all r − u paths in B. The

relaxed states have value zero at the root node, i.e., Qmin
k (r) = Qmax

k (r) = 0 for k ∈ {0, 1}. We update

the relaxed state values for all other nodes in the BDD using a top-down procedure and the formulas

for separable inequalities (see Section 2.2.2).

Similarly, we define bottom-up relaxed states for Q0 and Q1 in each BDD node. For each node u ∈ N
and k ∈ {0, 1}, relaxed states Q↑min

0 (u) and Q↑min
1 (u) under-approximate their respective linear term

considering all u − t paths in B. The relaxed states have value zero in the terminal state Q↑min
0 (t) =

Q↑min
1 (t) = 0 and are updated using analogous formulas to the ones for the general SOC inequality. We

avoid creating bottom-up relaxed states that over approximate Q0 and Q1 (i.e., Q↑max
0 and Q↑max

1 ) since

they are not needed in our filtering rule.

We employ the above relaxed states to create the following filtering rule. An arc a ∈ A emanating
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from layer Ni can be removed from B if:

Qmin
0 (s(a)) + aiva +Q↑min

0 (t(a)) + Ω

√
Qmin

1 (s(a)) + d2
iiva +Q↑min

1 (t(a)) > b. (KSOC-R1)

Notice that KSOC-R1 is simpler than the filtering rule for the general case since the coefficients d2
ii are

always positive and there is no quadratic function. Thus, we only need the minimum value of each linear

term to under estimate the LHS of the SOC knapsack inequality. The validity of KSOC-R1 follows from

the relaxed states definitions and inequality (6.17).

6.6 Empirical Evaluation and Discussion

This section presents a numerical analysis of our combinatorial cut-and-lift procedure for SP (see Section

6.5). We create a BDD for each of the m SOC constraints and apply our procedure to each such constraint

at the root node of the branch-and-bound tree. For any fractional point x ∈ [0, 1]n, we iterate over each

BDD until one of them generates either a general or combinatorial BDD flow cut, as we describe in

detail below. We then lift the inequality using Algorithm 17. The procedure ends when x cannot be

cut-off by any BDD.

We test our approach over the SOC knapsack (SOC-K) benchmark Atamtürk and Narayanan (2009);

Joung and Park (2017) with n ∈ {100, 125, 150} variables and m ∈ {10, 20} constraints. We also generate

a random set of instances (SOC-CC) for SOC inequalities coming from chance constraints (i.e., inequality

(6.16)) following a similar procedure to the one used for SOC-K. We consider n ∈ {75, 100, 125}, m ∈
{10, 20}, Ω ∈ {1, 3, 5}, and a density of 2/

√
n over all the constraints. Parameters aj , Dj , and c are

sampled from a discrete uniform distribution with aj ∈ [−50, 50]n, Dj ∈ [−20, 20]n×n, and c ∈ [0, 100]n.

Parameters bj are given by

bj = t ·

∑
i∈I

a+
ji + Ω

√√√√∑
i∈I

max

{∑
k∈I

d+
jik,

∑
k∈I

d−jik

}2
 , ∀j ∈ {1, ...,m},

where t ∈ {0.1, 0.2, 0.3} is the constraint tightness, f+ := max{0, f}, and f− := max{0,−f} for any

f ∈ R. Note that bj with t = 0.3 will remove approximately 50% of the possible assignments for

x ∈ {0, 1}n. Then, we generate 5 random instances for each parameter combination of n, m, Ω, and t,

i.e., a total of 270 instances.

We implement four variants of our approach to test the effectiveness of the BDD cuts and lifting

procedure. The first two, BW and BWL, apply the weaker combinatorial BDD cutting-plane procedure

(see Section 6.4.3), where BW omits the lifting procedure and BWL includes it. The other two variants,

BG and BGL, use the combinatorial BDD flow cuts first and try the general BDD flow cuts (see Section

6.4.2) if the weaker approach fails to produce a cut. As before, BGL utilizes our lifting procedure in

every generated constraint while BG does not.

We also implement the cover cuts and lifting procedure by Atamtürk and Narayanan (2009) for the

SOC-K case. We test their cover cuts with and without their continuous lifting, C and CL, respectively.

In addition, we experiment using their cover cuts in conjunction with our BDD lifting, BCL.

Our procedures are implemented in C++ over the IBM ILOG CPLEX 12.9 solver using the UserCuts

callback at the root node of the search. All experiments consider a single thread, a one-hour time limit,
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and the linearization strategy (i.e., MIQCPStrat = 2) to solve the SOC problems.1 We deactivate all

solver cuts when running our techniques (i.e., BW, BWL, BG, and BGL) and the cover cut variants (i.e.,

C, CL, and BCL) to evaluate their effectiveness on their own. Notice that, given the UserCuts callback,

our techniques omit the Presolve option and use TraditionalSearch. We use the same configuration

when running CPLEX to have a fair comparison.2

We tested with three maximum BDD widths W = {2000, 3000, 4000}, i.e., the maximum number

of nodes per layer allowed in a relaxed BDD. We present results for the width with the best overall

performance, W = 4000 (we include detailed results for other widths in Appendix C.1). Notice that

most of the created BDDs are relaxed due to the width limit, especially when n ≥ 100.

6.6.1 Overall Performance and Comparison

We now present the empirical performance of our combinatorial cut-and-lift procedure. We show aggre-

gated results for our techniques, CPLEX, and the cover cuts. See Appendix C.2 and C.3 for detailed

results for each approach and data set.

Results for the SOC-CC instances. Table 6.1 presents the average results of all techniques over

the 270 SOC-CC instances. The first column is the number of problems solved to optimality. The

second and third columns correspond to the average root gap and final gap across all instances, i.e.,

gap = (UB − LB)/LB, with UB the root/final upper bound and LB the best lower bound found

by all techniques. The fourth and fifth columns present the average solving time (including the BDD

construction time) and nodes explored, respectively, for the subset of instances that all techniques solve.

The sixth column shows the average number of cuts added by either the solver (i.e., for CPLEX) or our

techniques. The last column presents the average percentage of cuts that are lifted at least one time.

Table 6.1: Aggregated results showing the overall performance of each technique for SOC-CC.

# Solve Root Gap Final Gap Time (sec) # Nodes # Cuts % Lifted

CPLEX 137 20.8% 7.7% 550.4 176,860.3 128 -
BW 139 20.0% 7.3% 409.5 252,865.5 31 -
BWL 150 15.7% 5.9% 280.8 150,200.1 23 90.7%
BG 166 13.5% 4.6% 210.0 84,592.0 324 -
BGL 168 13.4% 4.4% 169.7 78,058.3 132 72.0%

Table 6.1 shows that all our variants have better performance than CPLEX. Specifically, BGL has

the best performance solving 31 more instances than CPLEX. The difference on instances solved can be

explained by the root node gap reduction for our approaches. Also, our lifting variants consistently solve

more instances and are on average faster than BW and BG. The average run time for instances solved

is significantly lower for our techniques. However, the number of nodes explored does not necessarily

correlate with shorter solving time when looking at the disaggregated results (see Appendix C.3). We

believe that this is influenced by the number of cuts added at the root node and the resulting root gap.

Figure 6.3 depicts the performance of each algorithm for the SOC-CC instances. The graph illustrates

the number of instances solved over time (left side) and the accumulated number of instances over a

final gap range (right side). We see a clear dominance of our general BDD flow cuts (i.e., BG and BGL)

1Preliminary experiments show that this was the best strategy across all techniques.
2Preliminary results show, in fact, that CPLEX performs better on the problem sets when Presolve is deactivated.
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Figure 6.3: Profile plot comparing the accumulated number of instances solved over time (left) and the
accumulated number of instances over a final gap range (right) for SOC-CC dataset.

and also the impact of lifting in the number of instances solved and the gap reduction. In particular,

BG and BGL have the largest gap reductions and BWL has a consistently smaller gap than CPLEX.

BW also improves upon CPLEX by a small margin.

While the results show that our techniques are on average superior to CPLEX, we uncovered problem

characteristics where our best approach, BGL, performs significantly better. Figure 6.4 shows two plots

comparing the root gap of BGL and CPLEX for the SOC-CC instances and different values of Ω and t.

In each plot, an (x, y) point represents the root gap for an instance given by the x-axis and the y-axis

technique, respectively. Overall, we can see that BGL achieves a smaller or equal root gap than CPLEX,

however, the difference is considerably larger when Ω ≥ 3 and t = 0.1.
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Figure 6.4: Root node gap comparison with CPLEX over the SOC-CC instances. The right plot illustrate
the gap difference for different Ω values and the left plot for different t values.

The problems become more challenging with a larger Ω (i.e., the quadratic term is more predominant)

because the SOC relaxation and its linearization are quite weak. Thus, our combinatorial cut-and-lift

can potentially generate stronger cuts than CPLEX. In fact, the left plot in Figure 6.4 shows all instances

with Ω = 1 close to the diagonal, while problems with Ω ∈ {3, 5} have larger gap reductions. Lastly, the

right plot of Figure 6.4 shows that BGL has significantly smaller gaps than CPLEX over instances with

a smaller t (i.e., smaller solution sets per constraint). Our relaxed BDDs were closer to exact BDDs in

these cases, thus, making our cuts more effective.
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Results for the SOC-K instances. We now present the average performance over the 90 instances in

the SOC-K data set. Table 6.2 shows a summary of the results where the columns have the same meaning

as in Table 6.1. The table shows that the general BDD flow cuts (i.e., BG and BGL) solve up to 17 more

instances than the best baselines. Moreover, BGL has a 52.5% gap reduction when compared to CL and

an order of magnitude reduction in nodes explored. Also, our lifting procedure slightly outperforms the

continuous SOC lifting (Atamtürk and Narayanan, 2009); BCL achieves a smaller average root and final

gap than BCL, in addition to decreasing the run time and nodes explored. Lastly, BW has a significant

performance improvement when enhanced by our lifting procedure, BWL, while there is a marginal

improvement for lifting cover cuts (i.e., BCL and CL).

Table 6.2: Aggregated results showing the overall performance of each technique for SOC-K.

# Solve Root Gap Final Gap Time (sec) # Nodes # Cuts % Lifted

CPLEX 70 2.84% 0.39% 174.7 161,210.1 123.5 -
C 71 3.29% 0.41% 233.4 489,853.8 96.4 -
CL 70 2.81% 0.34% 153.2 306,060.5 95.7 98.6%
BCL 70 2.67% 0.27% 117.8 199,002.4 81.0 70.0%
BW 64 3.63% 0.53% 500.1 938,585.4 240.6 -
BWL 74 2.80% 0.26% 161.6 310,699.6 54.9 99.2%
BG 76 1.34% 0.16% 468.7 48,056.1 1087.0 -
BGL 88 1.33% 0.01% 139.0 35,661.5 192.4 80.5%

To get a better understanding of this results, Figure 6.5 illustrates the performance profile of each

algorithm for the SOC-K dataset. The plot shows that BGL has the best performance in terms of

instances solved over time and final gap. We also observed a large jump on instances solved over time

when the general and combinatorial cuts are enhanced with our lifting mechanism. For instance, BW has

the weakest performance but BWL solves more instances than CPLEX and the cover cut alternatives.
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Figure 6.5: Profile plot comparing the accumulated number of instances solved over time (left), and the
accumulated number of instances over a final gap range (right) for SOC-K dataset.

Similarly to the SOC-CC case, our best variant BGL performs significantly better than CL and

CPLEX when the quadratic term of the SOC-K constraints is predominant (i.e., when Ω is larger

than one). Figure 6.6 compares the root gap of BGL, CPLEX, and CL. From here we see that BGL has

similar root gap to the existing techniques when Ω = 1 and a considerably smaller gaps when Ω ≥ 3. The
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SOC-K constraint is closer to a linear knapsack inequality when Ω is small, thus, CPLEX linearization

technique is more effective approximating the convex hull in this case. Since our techniques rely on the

combinatorial set of feasible solutions instead of the geometry of the constraint, the performance of our

cuts is more stable across different values of Ω.
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Figure 6.6: Root gap comparison between BGL, CPLEX, and CL for different values of Ω.

6.6.2 Effectiveness of BDD-based Cutting and Lifting Procedure

We now evaluate the effectiveness of our four variants by comparing their optimality gaps at the root

node. We first focus on the results over the SOC-CC dataset. Figure 6.7 depicts three plots making a

pairwise comparison of the root gap for all variants. The left plot compares BW and BG, where BG

achieves equal or better gaps than BW since most points lie on or below the diagonal. Recall that the

weaker combinatorial BDD flow cuts are incomplete, thus, it is expected that BG has smaller gaps than

BW. The gap difference translates into 27 more instances solved by BG than BW (see Table 6.1).
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Figure 6.7: Pairwise root gap comparison for our four variants over the SOC-CC instances: BW vs. BG
(left), BW vs. BWL (middle), and BG vs. BGL (right).

The last two plots in Figure 6.7 illustrate the effectiveness of the lifting procedure when using the

combinatorial (middle) and the general (right) BDD flow cuts. We can see that BWL has smaller gaps

than BW and its average root gap is closer BG than to BW (see Table 6.1). However, there is no

clear root gap improvement when using the lifting procedure over the general BDD cuts. This is not a

surprise since BG is able to separate all points outside each BDD solution set. Nonetheless, we can see

the effectiveness of our lifting procedure later on, where BGL solves 2 instances more than BG, adds

fewer cuts, and has the smallest average final gap across all variants (see Table 6.1).
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We observed a similar behavior when we compare our four variant in the SOC-K data set, as shown

in Figure 6.8. In this case, BG achieves a consistently smaller root gap than BW. Similarly, we can see

that in most instances the lifting procedure has a positive impact over the combinatorial BDD flow cuts

(middle plot). Lastly, there is no root gap difference when applying the lifting procedure over the general

BDD flow cuts. However, there is a huge difference in overall performance when comparing BGL and

BG, as shown in Table 6.2 and Figure 6.5. Since BGL adds on average five times fewer valid inequalities

than BG, the former is more effective solving each problem.
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Figure 6.8: Root gap comparison between our techniques for SOC-K dataset.

Lastly, Figure 6.9 compares our combinatorial cut-and-lift to the cover cut alternatives. We can see

that our combinatorial BDD flow cuts perform worse than the cover cuts (left plot), while the techniques

are comparable when enhanced by their respective lifting procedures (middle plot). Our BDD lifting is

slightly better than the continuous lifting over the cover inequalities (right plot). Moreover, the BDD

lifting over for our stronger cuts (i.e., BGL) achieves tighter root relaxations when compare to CL (Figure

6.6, right plot).
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Figure 6.9: Root gap comparison: our techniques vs. existing approaches for SOC-K instances.

6.7 Conclusions

We introduce novel lifting and cutting-plane procedures for binary programs that leverage their com-

binatorial structure via a binary decision diagram (BDD) encoding of their constraints. Our lifting

procedure relies on 0-1 disjunctions to lift valid inequalities and uses a BDD to efficiently compute the

disjunctive sub-problems. This is an appealing property since the BDD needs to be constructed once
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and can be used to lift any valid inequality by traversing all its arcs twice. In contrast, iterative lifting

procedures based on continuous relaxation are often time consuming since they need to solve, in the best

case, a linear programming model in each iteration.

While our combinatorial lifting can enhance any cutting-plane approach, we also propose a new cut

generation algorithm based on an alternative network-flow representation of the BDD. Our cuts are

derived from a max-flow variant over the BDD without the need of any additional information from

the original problem. Moreover, we propose a more computational efficient alternative that generates

cuts by solving a max-flow problem over the BDD directly, i.e., it does not required to construct a cut

generator linear program. We show theoretical properties for both cutting-plane procedures—including

the completeness of our stronger cuts—and compare our procedure to existing BDD-based cutting-planes

in the literature.

BDDs give us the flexibility to apply our procedure to a wide range of non-linear problems. As a case

study, we tested our procedure over second-order cone (SOC) inequalities. To do so, we introduce a novel

BDD encoding for these constraints and compare the performance of our procedure against a state-of-

the-art solver and existing cut-and-lift procedures for SOC knapsacks. The empirical results show that

our technique solves 31 more instances, reducing the final gap by 42.6% and having a threefold decrease

in run-time over the general chance-constrained instances. Also, our technique outperforms existing

cut-and-lift methodologies for SOC knapsack problems by solving 17 more instances, achieving a 96.3%

final gap reduction, and having comparable average solving time. We note that our procedure performs

best when the solution set is small and the quadratic term of the SOC inequalities is predominant.
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Conclusions

This dissertation studies new methodologies to solve discrete optimization problems using decision dia-

grams (DDs). Our thesis states that DDs are effective tools to capture complex combinatorial structures

that are not fully exploited by general-purpose solvers. Thus, combining DDs with existing technolo-

gies can achieve state-of-the-art performance on challenging optimization problems. To address this

thesis, we study existing DD-based techniques and propose new procedures that integrate technologies

from constraint programming (CP), artificial intelligence (AI), and integer programming (IP). We also

consider optimization problems new to the DD community to further extend the applicability of DDs.

Chapter 4 focuses on the multi-commodity pickup-and-delivery traveling salesman problem (m-

PDTSP), which generalizes several variants of the classical traveling salesman problem (TSP). We extend

the DD literature on sequencing problems by introducing a novel encoding and compilation based on

the capacity limitations of the problem. Our procedure leverages IP technologies by combining the DD

relaxation with a linear programming formulation using Lagrangian duality. Also, our implementation

considers inference and propagation techniques from the CP community to update the DD during search

and infer infeasible assignments from the DD.

In Chapter 5, we introduce DD-based heuristics to the AI planning community by addressing the

delete-free planning problems. We propose two DD relaxation techniques to compute admissible heuris-

tics (i.e., dual bounds). Our DD encodings leverage different structural properties of the problem (i.e.,

sequencing and combinatorial structures) and, thus, provide informative heuristics for planning tasks

where these properties are predominant. We enhance the DD relaxations using procedures from AI

planning literature to identify landmarks and prune useless operators. We also relate our DD heuristics

to admissible heuristics in the literature and present new research direction on how to combine DDs

with AI planning techniques.

While the above chapters focus on a specific discrete optimization problem, Chapter 6 proposes new

DD algorithms to solve general binary optimization problems. We present novel cut generation and lifting

procedures based on DDs that can be integrated into any IP solver. Our combinatorial lifting is the first

general-purpose DD-based algorithm to strengthen valid inequalities with strong theoretical guarantees.

Specifically, we uncover conditions for when our iterative lifting returns facet-defining inequalities. This

work also extends the literature on DD-based cutting plane procedures by presenting two novel cut

generation algorithms that leverage a max-flow reformulation over the DD. While our techniques can

be applied to any binary problem, we test them over second-order cone (SOC) inequalities. This work

134
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introduces a DD encoding for SOC constraints and presents an extensive numerical study that shows

how our techniques surpass state-of-the-art solvers.

7.1 Summary of Contributions

The main contributions of this dissertation include new algorithms and models based on DDs. We also

contribute to different fields by solving challenging optimization problems with novel DD techniques.

The following lists present a summary of the main contributions to the DD literature and the research

areas of the problems addressed in this dissertation.

Contributions to DD Literature

1. We extend the use of DD Lagrangian bounds. Our implementation focuses on a pickup-and-

delivery problem and studies the effects of penalizing different types of linear inequalities. We

notice that it is beneficial to dualize constraints that are violated in the DD and have a strong

linear programming formulation (e.g., assignment constraints).

2. We propose a general lifting procedure for binary optimization problems based on DDs. The algo-

rithm is the first general lifting approach that leverages the combinatorial structure of a problem

via DDs. Our technique relies on 0-1 disjunctions and relates to several lifting algorithms in the

literature. We show that our approach returns a valid inequality and strictly increases the dimen-

sion of the induced face. Also, the lifted inequality removes a larger portion of the infeasible space

than the original constraint. We provide sufficient conditions to obtain facet-defining inequalities

when using our lifting mechanism iteratively.

3. We introduce two novel cut generation procedures based on a max-flow formulation over the DD.

The first approach is based on a joint-capacity max-flow model that defines the convex hull of

the feasibility set and, thus, can separate any point outside the convex hull. Our technique has

several advantages with respect to existing DD-based cutting plane algorithms. For example, it

does not require additional information from the feasibility set (e.g., interior points). Also, our

cut generation linear program (CGLP) is bounded, thus, it avoids the need for normalization

constraints.

Our second cut generation technique relaxes the joint-capacity constraints of the first approach.

By doing so, this procedure can efficiently generate valid inequalities solving a max-flow problem

directly over the DD without the need to construct a CGLP. We show that this technique might

not separate all infeasible fractional points and that reduced DD can remove more fractional points

than unreduced DDs.

4. We present new DD models for a wide range of problems. Chapter 4 extends the DD literature for

sequencing problems by considering capacity constraints and proposing a capacity-based construc-

tion procedure. In Chapter 5, we introduce the first DD encodings for delete-free AI planning and

use a novel critical-path algorithm to obtain admissible heuristics. Lastly, Chapter 6 presents a

DD encoding for second-order cone constraints, extending the literature of DDs for non-linear op-

timization. This chapter also presents a novel DD network flow formulation that can be integrated

into any IP model.
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Contributions to Other Areas

1. Our DD encoding for the m-PDTSP provides an efficient new alternative to model and solve pickup-

and-delivery problems. We empirically show that DD relaxations can outperform state-of-the-art

techniques, such as Benders decomposition and branch-and-cut. Moreover, our DD Lagrangian

bounds significantly improve the performance of the DD relaxation, closing 27 instances in the

literature. Thus, our DD Lagrangian approach is the current state-of-the-art for the m-PDTSP.

2. We introduce a new family of admissible heuristics to the AI planning community based on DDs.

By relating our heuristics to other techniques in the AI planning literature, we provide new research

directions that combine DDs with AI planning methodologies. This work also presents alternative

uses of DDs for AI planning problems, such as extracting delete-free plans, identifying landmarks,

and pruning redundant operators.

3. We propose a novel combinatorial cut-and-lift procedure for general binary optimization problems.

The technique can enhance IP solvers by leveraging a DD to strengthen inequalities and separate

infeasible points. We show that our approach achieves state-of-the-art performance for two types

of second-order cone (SOC) inequalities: normally distributed linear chance constraints and SOC

knapsacks.

7.2 Future Works

This section presents general research directions based on the procedures and modeling techniques in-

troduced in this dissertation.

Extending DD-based Lagrangian Bounds

In Chapter 4, we empirically showed that Lagrangian penalties can significantly enhance DD bounds for

a pickup-and-delivery routing problem. DD-based Lagrangian bounds have also been studied for other

sequencing problems with similar results (Bergman et al., 2015b; Hooker, 2019). However, this technique

is still quite new to the DD community and has not been considered for other types of problems.

A possible research direction is to apply this technique to other combinatorial problems. For example,

one alternative is to use Lagrangian relaxation in conjunction with the DD encodings for delete-free

planning that we present in Chapter 5. A recent work in the AI planning community proposes Lagrangian

relaxation as a mechanism to compute admissible heuristics and relates the approach to existing heuristics

in the field (Pommerening et al., 2019). This work opens the possibility of combining DDs with other

AI planning techniques via Lagrangian duality to compute new admissible heuristics.

There is limited knowledge on how to effectively create Lagrangian relaxations that benefit from DD

and integer linear programming (ILP) formulations. In Chapter 4, we empirically showed that relaxing

tour constraints was beneficial, but penalties based on precedence and capacity constraints provided

negligible improvements. Thus, an interesting research direction is to theoretically and empirically

study which type of Lagrangian relaxations are better suited for DDs.

Another research direction is to consider Lagrangian decomposition instead of a Lagrangian relax-

ation to generate DD dual bounds. Bergman and Cire (2016a) propose the idea of DD-based Lagrangian

decomposition in the CP community to propagate information between multiple DDs. However, this idea
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has not been studied for bound computation in the DD literature. It is known that Lagrangian decom-

position provides bounds that are stronger or equal to bounds from Lagrangian relaxations (Guignard

and Kim, 1987). Thus, exploring this procedure can lead to tighter DD-based Lagrangian bounds.

Lastly, Lagrangian methodologies allow us to expand the applicability of DDs to mixed-integer pro-

gramming (MIP) problems. As presented in this dissertation, DDs can model complex combinatorial

structures, but they cannot represent continuous decisions. Lagrangian relaxation and other decompo-

sition methodologies can extend the usage DDs by, for example, tackling MIP problems in which one

or multiple DDs model the discrete variables and linear programming techniques handle the continuous

variables.

Cutting Planes for Sequencing Problems

Current DD-based cut generation procedures, including the techniques introduced in Chapter 6, focus

on general problem structures represented by either linear or non-linear constraints (Becker et al., 2005;

Tjandraatmadja and van Hoeve, 2019; Davarnia and van Hoeve, 2020). However, none of these works

have considered one of the most notable applications of DDs: sequencing problems.

Developing DD-based cut generation procedures for a sequencing problem is not a trivial task since

the variables used in the DD encoding and in an ILP formulation are different. DD encodings of

sequencing problems consider integer variables representing the order of the elements. In contrast,

most ILP formulations for sequencing problems employ binary variables to represent the assignment of

an element to a position in the sequence. Thus, the existing DD cutting plane procedures cannot be

directly implemented for these problems due to the variable discrepancy.

An interesting research direction is to develop specialized cutting plane algorithms for sequencing

problems. This idea could be particularly beneficial for problems where standard ILP formulations are

known to provide poor relaxations, e.g., the sequential ordering problem (Ascheuer et al., 2000) and the

pickup-and-delivery problem tackled in Chapter 4.

Modeling Complex Combinatorial Problems

Most DD applications have focused on sequencing problems or combinatorial problems that can be

represented with linear constraints (Bergman et al., 2016a). While there exist DD encodings for non-

linear expressions, e.g., sub-modular objective functions (Bergman and Cire, 2018), quadratic constraints

(Bergman and Lozano, 2020), and SOC inequalities (see Chapter 6), the literature on these topics is

very limited. Moreover, these works have shown that DDs can achieve state-of-the-art performance when

tackling non-linear optimization problems. Thus, a potential research direction is to develop efficient

DD encoding for these complex combinatorial structures.

An alternative is to create DD encodings for non-linear constraints using a mechanism similar to

the one that we propose for SOC constraints (see Chapter 6). Our approach decomposes the non-linear

expression into multiple linear components that are later on used to identify infeasible assignments

over the DD. A similar strategy could be used for other type of constraints, for example, a polynomial

inequality
∑k
i=1(a>i x− bi)i ≤ d with k ∈ Z+.

Another possible research project is to extend the use of DDs to model probabilistic constraints.

This idea has been studied for specific types of chance constraints where the parameters follow Bernoulli

(Latour et al., 2017, 2019) and Gaussian distributions (see Chapter 6). A possible extension is to model

chance constraints where the parameters follow a probability distribution with finite support. Naive ILP



Chapter 7. Conclusions 138

models for these structures enumerate all possible parameter combinations as constraints, resulting in

formulations with exponentially main constraints (Ahmed and Shapiro, 2008). An interesting research

question is whether DDs can efficiently model and solve this problem.



Appendix A

Pickup-and-Delivery: Additional

Results

A detailed comparison of all five approaches is shown in Tables A.1 to A.8, where each table presents

the average run time and number of instances solved for each class. Tables A.1-A.5 show one instance

per line, for each of the instances of Class 1. Tables A.6-A.7 and A.8 present the average run time

and instances solved for each configuration (10 instances per configuration). The average is computed

considering the time limits and omitting the infeasible instances. In addition, Tables A.1-A.7 include

column inf that shows the number of infeasible instances for each configuration. We point out that

there are no infeasible instances in Class 3 (Table A.8).
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Table A.1: Computational results - instances from Class 1

Average time (# of instances solved)

name n m C BE CU CP MC MT MC
β MT

β inf

br17.10Q10max1 16 10 10 - - 0.6 0.6 0.5 1.0 1.0
br17.10Q10max5 16 10 10 73.1 25.0 2167.3 0.3 0.3 0.5 0.6
br17.10Q15max5 16 10 15 0.0 0.0 0.1 0.5 0.5 0.8 0.8
br17.10Q20max5 16 10 20 1.2 - 0.5 0.5 0.5 0.9 1.0
br17.10Q25max5 16 10 25 - - 0.5 0.5 0.5 0.9 0.9
br17.10Q2max1 16 10 2 0.0 - 9.4 0.2 0.2 0.3 0.3 1
br17.10Q30max5 16 10 30 - - 0.5 0.5 0.5 0.9 0.9
br17.10Q35max5 16 10 35 - - 0.5 0.5 0.5 0.9 1.0
br17.10Q3max1 16 10 3 27.8 7.0 7200.0 (0) 0.3 0.3 0.5 0.5
br17.10Q40max5 16 10 40 - - 0.5 0.5 0.5 0.9 0.9
br17.10Q45max5 16 10 45 - - 0.5 0.5 0.5 0.9 0.9
br17.10Q4max1 16 10 4 6867.9 2284.0 0.2 0.3 0.3 0.6 0.6
br17.10Q500max1 16 10 500 1.6 - 0.6 0.5 0.5 0.9 0.9
br17.10Q50max5 16 10 50 - - 0.5 0.5 0.5 0.9 0.9
br17.10Q5max1 16 10 5 0.1 0.0 0.2 0.4 0.4 0.8 0.8
br17.10Q6max1 16 10 6 2.5 - 0.5 0.5 0.5 0.9 0.9
br17.10Q7max1 16 10 7 - - 0.5 0.5 0.5 0.9 0.9
br17.10Q8max1 16 10 8 - - 0.5 0.5 0.5 0.9 0.9
br17.10Q9max1 16 10 9 - - 0.5 0.5 0.5 0.9 0.9

br17.12Q10max1 16 12 10 2040.0 - 0.2 0.3 0.4 0.6 0.6
br17.12Q10max5 16 12 10 7200.0 (0) 191.0 2270.0 0.2 0.2 0.5 0.5
br17.12Q15max5 16 12 15 0.5 1.0 0.3 0.3 0.3 0.6 0.6
br17.12Q20max5 16 12 20 0.9 - 0.2 0.3 0.3 0.6 0.7
br17.12Q25max5 16 12 25 - - 0.2 0.3 0.3 0.6 0.6
br17.12Q2max1 16 12 2 0.0 - 7.6 0.2 0.2 0.3 0.3 1
br17.12Q30max5 16 12 30 - - 0.2 0.3 0.4 0.6 0.6
br17.12Q35max5 16 12 35 - - 0.2 0.3 0.3 0.6 0.7
br17.12Q3max1 16 12 3 1820.4 57.0 7200.0 (0) 0.2 0.2 0.5 0.5
br17.12Q40max5 16 12 40 - - 0.2 0.3 0.3 0.6 0.6
br17.12Q45max5 16 12 45 - - 0.2 0.3 0.3 0.6 0.7
br17.12Q4max1 16 12 4 3048.6 888.0 2363.6 0.3 0.3 0.5 0.5
br17.12Q500max1 16 12 500 1.1 - 0.2 0.3 0.3 0.6 0.6
br17.12Q50max5 16 12 50 - - 0.2 0.3 0.3 0.6 0.7
br17.12Q5max1 16 12 5 0.1 0.0 0.2 0.3 0.3 0.6 0.6
br17.12Q6max1 16 12 6 1.1 - 0.2 0.3 0.3 0.6 0.6
br17.12Q7max1 16 12 7 - - 0.2 0.3 0.3 0.6 0.6
br17.12Q8max1 16 12 8 - - 0.2 0.3 0.4 0.6 0.6
br17.12Q9max1 16 12 9 - - 0.2 0.3 0.3 0.6 0.6

ESC07Q10max1 7 6 10 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q10max5 7 6 10 0.0 0.0 0.0 0.1 0.1 0.2 0.2
ESC07Q15max5 7 6 15 0.0 - 0.0 0.1 0.1 0.2 0.2
ESC07Q20max5 7 6 20 0.0 - 0.0 0.1 0.1 0.2 0.2
ESC07Q25max5 7 6 25 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q2max1 7 6 2 0.0 - 0.0 0.1 0.1 0.1 0.1 1
ESC07Q30max5 7 6 30 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q35max5 7 6 35 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q3max1 7 6 3 0.0 0.0 0.0 0.1 0.1 0.2 0.2
ESC07Q40max5 7 6 40 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q45max5 7 6 45 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q4max1 7 6 4 0.2 - 0.0 0.1 0.1 0.2 0.2
ESC07Q500max1 7 6 500 0.1 - 0.0 0.1 0.1 0.2 0.2
ESC07Q50max5 7 6 50 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q5max1 7 6 5 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q6max1 7 6 6 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q7max1 7 6 7 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q8max1 7 6 8 - - 0.0 0.1 0.1 0.2 0.2
ESC07Q9max1 7 6 9 - - 0.0 0.1 0.1 0.2 0.2
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Table A.2: Computational results - instances from Class 1 (cont.)

Average time (# of instances solved)

name n m C BE CU CP MC MT MC
β MT

β inf

ESC11Q10max1 11 3 10 0.0 - 1.1 0.2 0.2 0.3 0.3
ESC11Q10max5 11 3 10 - - 1.1 0.2 0.2 0.3 0.4
ESC11Q15max5 11 3 15 0.0 - 1.1 0.2 0.2 0.3 0.3
ESC11Q20max5 11 3 20 0.0 - 1.1 0.2 0.2 0.3 0.3
ESC11Q25max5 11 3 25 - - 1.1 0.2 0.2 0.3 0.3
ESC11Q2max1 11 3 2 0.0 - 1.1 0.2 0.2 0.3 0.3
ESC11Q30max5 11 3 30 - - 1.1 0.2 0.2 0.3 0.3
ESC11Q35max5 11 3 35 - - 1.2 0.2 0.2 0.3 0.3
ESC11Q3max1 11 3 3 0.0 - 1.1 0.2 0.2 0.4 0.3
ESC11Q40max5 11 3 40 - - 1.1 0.2 0.2 0.3 0.3
ESC11Q45max5 11 3 45 - - 1.2 0.2 0.2 0.3 0.3
ESC11Q4max1 11 3 4 0.0 - 1.2 0.2 0.2 0.3 0.3
ESC11Q500max1 11 3 500 0.0 - 1.1 0.2 0.2 0.4 0.3
ESC11Q50max5 11 3 50 - - 1.2 0.2 0.2 0.3 0.3
ESC11Q5max1 11 3 5 - - 1.2 0.2 0.2 0.3 0.3
ESC11Q6max1 11 3 6 - - 1.1 0.2 0.2 0.3 0.3
ESC11Q7max1 11 3 7 - - 1.1 0.2 0.2 0.3 0.3
ESC11Q8max1 11 3 8 - - 1.2 0.2 0.2 0.3 0.3
ESC11Q9max1 11 3 9 - - 1.1 0.2 0.2 0.3 0.3

ESC12Q10max1 12 7 10 - - 1.5 0.2 0.2 0.4 0.4
ESC12Q10max5 12 7 10 0.0 - 1.5 0.1 0.2 0.2 0.2 1
ESC12Q15max5 12 7 15 0.1 1.0 7200.0 (0) 0.2 0.2 0.4 0.4
ESC12Q20max5 12 7 20 0.0 - 1.5 0.2 0.2 0.4 0.4
ESC12Q25max5 12 7 25 0.0 - 1.6 0.2 0.2 0.4 0.4
ESC12Q2max1 12 7 2 - - 0.0 0.1 0.1 0.2 0.2 1
ESC12Q30max5 12 7 30 - - 1.5 0.2 0.3 0.4 0.4
ESC12Q35max5 12 7 35 - - 1.5 0.2 0.2 0.4 0.4
ESC12Q3max1 12 7 3 0.0 - 1.4 0.1 0.1 0.2 0.2 1
ESC12Q40max5 12 7 40 - - 1.6 0.2 0.2 0.4 0.4
ESC12Q45max5 12 7 45 - - 1.6 0.2 0.2 0.4 0.4
ESC12Q4max1 12 7 4 0.3 0.0 7200.0 (0) 0.2 0.2 0.3 0.3
ESC12Q500max1 12 7 500 0.0 - 1.6 0.2 0.2 0.4 0.4
ESC12Q50max5 12 7 50 - - 1.6 0.2 0.2 0.4 0.4
ESC12Q5max1 12 7 5 0.1 1.0 7200.0 (0) 0.2 0.2 0.3 0.3
ESC12Q6max1 12 7 6 0.0 - 1.6 0.3 0.2 0.4 0.4
ESC12Q7max1 12 7 7 0.0 - 1.6 0.2 0.2 0.4 0.4
ESC12Q8max1 12 7 8 - - 1.6 0.2 0.2 0.4 0.4
ESC12Q9max1 12 7 9 - - 1.6 0.2 0.2 0.4 0.4

ESC25Q10max1 25 9 10 - - 227.3 21.3 11.9 12.3 13.0
ESC25Q15max5 25 9 15 0.1 1.0 7200.3 (0) 28.3 8.1 9.6 9.5
ESC25Q20max5 25 9 20 0.1 1.0 216.4 19.9 9.3 9.9 9.7
ESC25Q25max5 25 9 25 - - 215.7 22.7 9.4 10.6 9.7
ESC25Q30max5 25 9 30 - - 214.1 20.3 9.4 10.0 9.8
ESC25Q35max5 25 9 35 - - 214.3 20.3 9.3 9.9 9.8
ESC25Q3max1 25 9 3 43.2 13.0 7200.3 (0) 17.8 757.5 9.5 12.0
ESC25Q40max5 25 9 40 - - 216.1 25.7 10.3 11.0 10.5
ESC25Q45max5 25 9 45 - - 215.2 22.3 9.1 10.0 9.5
ESC25Q4max1 25 9 4 4.5 7.0 7200.3 (0) 19.6 13.0 10.1 9.9
ESC25Q500max1 25 9 500 0.1 - 217.2 15.0 9.3 9.3 9.7
ESC25Q50max5 25 9 50 - - 214.5 20.2 9.3 9.9 9.7
ESC25Q5max1 25 9 5 0.1 1.0 193.1 14.2 8.5 9.3 9.7
ESC25Q6max1 25 9 6 0.1 - 394.1 15.3 9.2 9.3 9.7
ESC25Q7max1 25 9 7 - - 215.7 15.1 9.2 9.2 9.7
ESC25Q8max1 25 9 8 - - 216.5 16.1 8.9 9.3 9.7
ESC25Q9max1 25 9 9 - - 217.2 14.9 9.3 9.3 9.7
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Table A.3: Computational results - instances from Class 1 (cont.)

Average time (# of instances solved)

name n m C BE CU CP MC MT MCβ MTβ inf

ESC47Q10max1 47 10 10 10.0 - 7200.1 (0) 7212.8 (0) 7211.7 (0) 124.8 148.4
ESC47Q10max5 47 10 10 61.3 83.0 7200.1 (0) 7211.7 (0) 7210.2 (0) 155.5 151.7
ESC47Q15max5 47 10 15 10.0 12.0 7200.1 (0) 7212.8 (0) 7211.3 (0) 161.0 161.0
ESC47Q20max5 47 10 20 9.9 17.0 7200.1 (0) 7212.7 (0) 7211.7 (0) 160.8 162.8
ESC47Q25max5 47 10 25 9.9 - 7200.1 (0) 7212.5 (0) 7208.9 (0) 160.4 163.6
ESC47Q2max1 47 10 2 - - 7200.0 (0) 3.3 4.0 5.9 7.8 1
ESC47Q30max5 47 10 30 9.9 - 7200.1 (0) 7212.4 (0) 7212.3 (0) 143.0 149.7
ESC47Q35max5 47 10 35 - - 7200.1 (0) 7212.6 (0) 7213.0 (0) 162.3 163.6
ESC47Q3max1 47 10 3 61.0 40.0 7200.1 (0) 7211.6 (0) 7210.0 (0) 155.5 152.6
ESC47Q40max5 47 10 40 10.0 - 7200.1 (0) 7212.9 (0) 7211.6 (0) 158.9 163.4
ESC47Q45max5 47 10 45 - - 7200.1 (0) 7212.8 (0) 7212.0 (0) 158.1 162.8
ESC47Q4max1 47 10 4 11.5 12.0 7200.1 (0) 7212.5 (0) 7212.2 (0) 163.8 165.9
ESC47Q500max1 47 10 500 10.0 - 7200.1 (0) 7212.4 (0) 7212.4 (0) 163.1 167.4
ESC47Q50max5 47 10 50 10.0 - 7200.1 (0) 7212.6 (0) 7213.2 (0) 156.7 164.6
ESC47Q5max1 47 10 5 10.0 - 7200.1 (0) 7212.8 (0) 7212.2 (0) 165.0 166.5
ESC47Q6max1 47 10 6 9.9 - 7200.1 (0) 7212.9 (0) 7212.8 (0) 162.9 167.7
ESC47Q7max1 47 10 7 10.0 - 7200.1 (0) 7212.9 (0) 7213.2 (0) 162.5 168.8
ESC47Q8max1 47 10 8 10.0 - 7200.1 (0) 7210.7 (0) 7211.9 (0) 164.6 167.8
ESC47Q9max1 47 10 9 10.0 - 7200.1 (0) 7210.8 (0) 7210.6 (0) 162.5 167.7

p43.1Q1000max1 42 9 1000 1.9 - 7200.0 (0) 7207.6 (0) 7208.7 (0) 7219.9 (0) 121.0
p43.1Q1000max5 42 9 1000 - - 7200.0 (0) 7209.5 (0) 7208.6 (0) 7225.2 (0) 120.6
p43.1Q100max5 42 9 100 1.9 - 7200.0 (0) 7209.6 (0) 7208.7 (0) 7225.2 (0) 119.8
p43.1Q10max1 42 9 10 1.9 - 7200.0 (0) 7209.7 (0) 7208.9 (0) 626.5 120.2
p43.1Q10max5 42 9 10 7200.0 (0) 7200.0 (0) 7200.0 (0) 7209.7 (0) 7208.7 (0) 292.6 287.9
p43.1Q12max1 42 9 12 - - 7200.0 (0) 7209.3 (0) 7208.4 (0) 2305.7 120.0
p43.1Q13max1 42 9 13 - - 7200.0 (0) 7209.5 (0) 7208.7 (0) 3630.0 119.4
p43.1Q14max1 42 9 14 - - 7200.0 (0) 7209.4 (0) 7208.6 (0) 5229.2 120.2
p43.1Q15max1 42 9 15 - - 7200.0 (0) 7209.5 (0) 7208.5 (0) 7225.6 (0) 120.2
p43.1Q15max5 42 9 15 7200.0 (0) 7200.0 (0) 7200.0 (0) 7209.9 (0) 7208.7 (0) 7225.5 (0) 129.3
p43.1Q16max1 42 9 16 - - 7200.0 (0) 7209.6 (0) 7208.7 (0) 7225.3 (0) 119.9
p43.1Q17max1 42 9 17 - - 7200.0 (0) 7210.0 (0) 7208.7 (0) 7225.0 (0) 120.4
p43.1Q18max1 42 9 18 - - 7200.0 (0) 7209.7 (0) 7208.6 (0) 7225.0 (0) 118.9
p43.1Q19max1 42 9 19 - - 7200.0 (0) 7210.0 (0) 7208.8 (0) 7225.0 (0) 119.8
p43.1Q20max1 42 9 20 1.9 - 7200.0 (0) 7209.5 (0) 7208.8 (0) 7224.6 (0) 121.1
p43.1Q20max5 42 9 20 - - 7200.0 (0) 7209.6 (0) 7208.8 (0) 7225.8 (0) 120.0
p43.1Q25max5 42 9 25 - - 7200.0 (0) 7209.8 (0) 7208.5 (0) 7225.0 (0) 120.5
p43.1Q2max1 42 9 2 7200.0 (0) 7200.0 (0) 7200.0 (0) 7200.3 (0) 7209.8 (0) 7225.2 (0) 7227.9 (0)
p43.1Q30max1 42 9 30 2.0 - 7200.0 (0) 7209.5 (0) 7208.5 (0) 7224.9 (0) 128.8
p43.1Q30max5 42 9 30 - - 7200.0 (0) 7209.6 (0) 7208.7 (0) 7223.1 (0) 119.8
p43.1Q35max5 42 9 35 - - 7200.0 (0) 7210.1 (0) 7209.0 (0) 7225.6 (0) 121.1
p43.1Q3max1 42 9 3 7200.0 (0) 7200.0 (0) 7200.0 (0) 7209.7 (0) 7208.6 (0) 450.8 909.7
p43.1Q40max5 42 9 40 1.9 - 7200.0 (0) 7209.5 (0) 7208.4 (0) 7227.2 (0) 121.0
p43.1Q45max5 42 9 45 - - 7200.0 (0) 7209.7 (0) 7208.6 (0) 7225.7 (0) 120.1
p43.1Q4max1 42 9 4 7200.0 (0) 7200.0 (0) 7200.0 (0) 7209.4 (0) 7209.0 (0) 508.6 225.1
p43.1Q500max1 42 9 500 1.9 - 7200.0 (0) 7210.1 (0) 7208.3 (0) 7225.1 (0) 120.6
p43.1Q50max5 42 9 50 - - 7200.0 (0) 7209.8 (0) 7208.6 (0) 7226.1 (0) 120.4
p43.1Q55max5 42 9 55 - - 7200.0 (0) 7209.6 (0) 7208.5 (0) 7224.9 (0) 120.7
p43.1Q5max1 42 9 5 - - 7200.0 (0) 7209.5 (0) 7208.8 (0) 2354.5 130.4
p43.1Q60max5 42 9 60 1.9 - 7200.0 (0) 7209.5 (0) 7208.6 (0) 7224.5 (0) 121.0
p43.1Q65max5 42 9 65 - - 7200.0 (0) 7209.6 (0) 7208.6 (0) 7224.6 (0) 120.9
p43.1Q6max1 42 9 6 - - 7200.0 (0) 7210.0 (0) 7208.9 (0) 4356.5 122.6
p43.1Q70max5 42 9 70 - - 7200.0 (0) 7209.6 (0) 7208.2 (0) 7225.5 (0) 120.5
p43.1Q75max5 42 9 75 - - 7200.0 (0) 7209.9 (0) 7208.7 (0) 7225.4 (0) 121.1
p43.1Q7max1 42 9 7 - - 7200.0 (0) 7209.6 (0) 7209.0 (0) 241.6 120.5
p43.1Q80max5 42 9 80 1.9 - 7200.0 (0) 7209.9 (0) 7208.2 (0) 7225.6 (0) 120.5
p43.1Q8max1 42 9 8 - - 7200.0 (0) 7209.6 (0) 7208.8 (0) 246.9 121.3
p43.1Q90max5 42 9 90 - - 7200.0 (0) 7209.6 (0) 7208.9 (0) 7225.2 (0) 120.3
p43.1Q9max1 42 9 9 - - 7200.0 (0) 7209.8 (0) 7208.8 (0) 570.8 120.2
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Table A.4: Computational results - instances from Class 1 (cont.)

Average time (# of instances solved)

name n m C BE CU CP MC MT MCβ MTβ inf

p43.2Q1000max1 42 20 1000 7200.4 (0) - 7200.0 (0) 7207.7 (0) 7206.7 (0) 7221.6 (0) 1086.8
p43.2Q100max5 42 20 100 7201.6 (0) - 7200.0 (0) 7207.9 (0) 7207.6 (0) 7223.0 (0) 1030.6
p43.2Q10max1 42 20 10 7201.9 (0) 7200.0 (0) 7200.0 (0) 7207.7 (0) 7206.6 (0) 7222.8 (0) 1072.5
p43.2Q10max5 42 20 10 - - 7200.0 (0) 7206.8 (0) 7207.5 (0) 7220.9 (0) 7221.4 (0)
p43.2Q15max5 42 20 15 - - 7200.0 (0) 7207.8 (0) 7208.0 (0) 7223.6 (0) 7221.9 (0)
p43.2Q17max1 42 20 17 - - 7200.0 (0) 7207.5 (0) 7207.3 (0) 7221.6 (0) 1077.2
p43.2Q18max1 42 20 18 - - 7200.0 (0) 7207.4 (0) 7207.7 (0) 7221.7 (0) 1037.6
p43.2Q19max1 42 20 19 - - 7200.0 (0) 7207.7 (0) 7206.6 (0) 7220.4 (0) 1034.5
p43.2Q20max1 42 20 20 7201.5 (0) - 7200.0 (0) 7207.7 (0) 7206.8 (0) 7220.3 (0) 1035.7
p43.2Q20max5 42 20 20 - - 7200.0 (0) 7207.4 (0) 7207.0 (0) 7223.3 (0) 1028.1
p43.2Q25max5 42 20 25 - - 7200.0 (0) 7207.5 (0) 7207.1 (0) 7223.0 (0) 1034.0
p43.2Q2max1 42 20 2 - - 7200.0 (0) 7200.1 (0) 7200.1 (0) 7211.9 (0) 7214.4 (0)
p43.2Q30max1 42 20 30 7201.6 (0) - 7200.0 (0) 7207.7 (0) 7206.8 (0) 7221.4 (0) 1105.5
p43.2Q30max5 42 20 30 - - 7200.0 (0) 7207.5 (0) 7206.6 (0) 7223.3 (0) 1036.4
p43.2Q35max5 42 20 35 - - 7200.0 (0) 7207.4 (0) 7207.1 (0) 7225.5 (0) 1034.0
p43.2Q3max1 42 20 3 - - 7200.0 (0) 7207.5 (0) 7207.7 (0) 7220.4 (0) 7221.9 (0)
p43.2Q40max5 42 20 40 7200.7 (0) 7200.0 (0) 7200.0 (0) 7207.6 (0) 7207.0 (0) 7223.9 (0) 1099.4
p43.2Q45max5 42 20 45 - - 7200.0 (0) 7207.9 (0) 7206.7 (0) 7223.2 (0) 1031.5
p43.2Q4max1 42 20 4 - - 7200.0 (0) 7207.6 (0) 7207.7 (0) 7221.9 (0) 7222.2 (0)
p43.2Q500max1 42 20 500 - - 7200.0 (0) 7207.8 (0) 7207.3 (0) 7221.6 (0) 1104.6
p43.2Q50max5 42 20 50 - - 7200.0 (0) 7207.5 (0) 7207.2 (0) 7224.6 (0) 1032.2
p43.2Q5max1 42 20 5 - - 7200.0 (0) 7207.0 (0) 7207.6 (0) 7221.7 (0) 7222.3 (0)
p43.2Q60max5 42 20 60 7201.6 (0) - 7200.0 (0) 7207.5 (0) 7206.8 (0) 7223.9 (0) 1094.8
p43.2Q6max1 42 20 6 - - 7200.0 (0) 7206.8 (0) 7208.6 (0) 7222.2 (0) 7222.2 (0)
p43.2Q7max1 42 20 7 - - 7200.0 (0) 7207.6 (0) 7208.4 (0) 7223.3 (0) 7222.0 (0)
p43.2Q80max5 42 20 80 7201.7 (0) - 7200.0 (0) 7207.7 (0) 7206.9 (0) 7221.9 (0) 1029.0
p43.2Q8max1 42 20 8 - - 7200.0 (0) 7207.5 (0) 7206.7 (0) 7222.7 (0) 1531.8
p43.2Q9max1 42 20 9 - - 7200.0 (0) 7207.6 (0) 7207.5 (0) 7222.2 (0) 1036.7

p43.3Q1000max1 42 37 1000 7200.3 (0) - 142.0 7205.4 (0) 7205.7 (0) 7222.4 (0) 65.2
p43.3Q100max5 42 37 100 7200.5 (0) - 1483.3 7205.0 (0) 7204.2 (0) 7217.5 (0) 65.1
p43.3Q10max1 42 37 10 7200.5 (0) 7200.0 (0) 7200.0 (0) 7206.0 (0) 7204.3 (0) 7216.0 (0) 2713.4
p43.3Q10max5 42 37 10 - - 7200.0 (0) 7201.1 (0) 7200.3 (0) 7210.2 (0) 7208.9 (0)
p43.3Q15max5 42 37 15 - - 7200.0 (0) 7206.6 (0) 7205.0 (0) 7214.6 (0) 7214.4 (0)
p43.3Q20max1 42 37 20 7201.3 (0) - 140.7 7205.2 (0) 7204.3 (0) 7217.7 (0) 65.3
p43.3Q20max5 42 37 20 - - 7200.0 (0) 7205.2 (0) 7205.0 (0) 7215.6 (0) 7214.9 (0)
p43.3Q25max5 42 37 25 - - 7200.0 (0) 7205.1 (0) 7206.2 (0) 7215.8 (0) 2981.6
p43.3Q2max1 42 37 2 - - 7200.0 (0) 1.0 1.0 1.6 1.6 1
p43.3Q30max1 42 37 30 7201.1 (0) - 137.9 7205.2 (0) 7204.8 (0) 7215.8 (0) 59.2
p43.3Q30max5 42 37 30 - - 552.6 7205.0 (0) 7205.8 (0) 7217.7 (0) 853.1
p43.3Q35max5 42 37 35 - - 489.0 7205.0 (0) 7204.4 (0) 7218.6 (0) 120.3
p43.3Q3max1 42 37 3 - - 7200.0 (0) 1.9 2.1 3.5 4.0 1
p43.3Q40max5 42 37 40 7200.5 (0) 7200.0 (0) 60.1 7205.0 (0) 7205.3 (0) 7217.2 (0) 60.8
p43.3Q45max5 42 37 45 - - 215.1 7205.0 (0) 7204.4 (0) 7219.1 (0) 65.1
p43.3Q4max1 42 37 4 - - 7200.0 (0) 7200.6 (0) 7200.2 (0) 7208.9 (0) 7208.9 (0)
p43.3Q500max1 42 37 500 - - 142.3 7205.2 (0) 7205.8 (0) 7222.6 (0) 64.9
p43.3Q50max5 42 37 50 - - 84.8 7205.4 (0) 7204.9 (0) 7218.1 (0) 64.4
p43.3Q5max1 42 37 5 - - 7200.0 (0) 7200.5 (0) 7200.6 (0) 7209.9 (0) 7209.1 (0)
p43.3Q60max5 42 37 60 7200.9 (0) - 1479.6 7205.5 (0) 7204.9 (0) 7218.9 (0) 65.1
p43.3Q6max1 42 37 6 - - 7200.0 (0) 7205.1 (0) 7200.1 (0) 7214.2 (0) 7214.8 (0)
p43.3Q7max1 42 37 7 - - 7200.0 (0) 7204.8 (0) 7205.9 (0) 7214.7 (0) 7214.2 (0)
p43.3Q80max5 42 37 80 7200.8 (0) - 1410.0 7205.0 (0) 7204.7 (0) 7217.4 (0) 63.2
p43.3Q8max1 42 37 8 - - 7200.0 (0) 7204.8 (0) 7205.1 (0) 7215.8 (0) 7215.2 (0)
p43.3Q9max1 42 37 9 - - 7200.0 (0) 7205.0 (0) 7204.9 (0) 7215.6 (0) 7215.6 (0)
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Table A.5: Computational results - instances from Class 1 (cont.)

Average time (# of instances solved)

name n m C BE CU CP MC MT MC
β MT

β inf

p43.4Q1000max1 42 50 1000 7200.1 (0) - 7200.0 (0) 7.6 6.5 11.0 9.1
p43.4Q100max5 42 50 100 7200.2 (0) - 7200.0 (0) 11.1 6.0 13.1 8.5
p43.4Q10max1 42 50 10 7200.9 (0) 7200.0 (0) 7200.0 (0) 2.9 2.4 4.7 4.1
p43.4Q10max5 42 50 10 - - 7200.0 (0) 0.8 0.8 1.3 1.3 1
p43.4Q15max5 42 50 15 - - 7200.0 (0) 0.8 0.8 1.4 1.4 1
p43.4Q20max1 42 50 20 7200.1 (0) - 7200.0 (0) 5.5 5.4 8.9 7.7
p43.4Q20max5 42 50 20 - - 7200.0 (0) 0.9 0.9 1.6 1.6 1
p43.4Q25max5 42 50 25 - - 7200.0 (0) 4.8 3.2 7.9 5.4
p43.4Q2max1 42 50 2 - - 7200.0 (0) 0.8 0.8 1.3 1.3 1
p43.4Q30max1 42 50 30 7200.2 (0) - 7200.0 (0) 5.6 5.4 9.0 7.8
p43.4Q30max5 42 50 30 - - 7200.0 (0) 6.8 4.9 9.9 7.2
p43.4Q35max5 42 50 35 - - 7200.0 (0) 6.5 5.4 10.2 7.8
p43.4Q3max1 42 50 3 - - 7200.0 (0) 0.8 0.8 1.3 1.3 1
p43.4Q40max5 42 50 40 7200.0 (0) 12.0 7200.0 (0) 6.6 5.4 10.7 7.8
p43.4Q45max5 42 50 45 - - 7200.0 (0) 6.7 5.4 11.3 7.8
p43.4Q4max1 42 50 4 - - 7200.0 (0) 0.8 0.8 1.3 1.3 1
p43.4Q500max1 42 50 500 - - 7200.0 (0) 5.7 5.4 9.1 7.8
p43.4Q50max5 42 50 50 - - 7200.0 (0) 6.8 5.4 11.3 7.8
p43.4Q5max1 42 50 5 - - 7200.0 (0) 0.8 0.8 1.3 1.3 1
p43.4Q60max5 42 50 60 - - 7200.0 (0) 8.9 5.4 11.4 7.8
p43.4Q6max1 42 50 6 - - 7200.0 (0) 0.8 0.8 1.4 1.4 1
p43.4Q7max1 42 50 7 - - 7200.0 (0) 0.9 0.9 1.5 1.5 1
p43.4Q80max5 42 50 80 - - 7200.0 (0) 8.8 5.4 11.4 7.7
p43.4Q8max1 42 50 8 - - 7200.0 (0) 0.9 1.0 1.7 1.8 1
p43.4Q9max1 42 50 9 - - 7200.0 (0) 1.2 1.1 2.1 1.8 1
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Table A.6: Computational results - instances from Class 2

Average time (# of instances solved)

name n m C BE CU CP MC MT MC
β MT

β inf

n10m5Q10 9 5 10 0.0 0.0 0.0 0.1 0.1 0.2 0.2
n10m5Q15 9 5 15 0.0 0.0 0.0 0.1 0.1 0.2 0.2
n10m5Q20 9 5 20 - 0.0 0.0 0.1 0.1 0.2 0.2
n10m5Q25 9 5 25 - - 0.0 0.1 0.1 0.2 0.2
n10m5Q30 9 5 30 - - 0.0 0.1 0.1 0.2 0.2
n10m5Q500 9 5 500 0.0 - 0.0 0.1 0.1 0.2 0.2
n10m10Q10 9 10 10 0.0 (3) 0.0 (3) 0.0 (3) 0.1 (3) 0.1 (3) 0.2 (3) 0.2 (3) 7
n10m10Q15 9 10 15 0.0 (9) 0.0 (9) 18.5 (9) 0.1 (9) 0.1 (9) 0.2 (9) 0.2 (9) 1
n10m10Q20 9 10 20 0.0 0.0 0.0 0.1 0.1 0.2 0.2
n10m10Q25 9 10 25 - 0.0 0.0 0.1 0.1 0.2 0.2
n10m10Q30 9 10 30 - 0.0 0.0 0.1 0.1 0.2 0.2
n10m10Q500 9 10 500 0.0 - 0.0 0.1 0.1 0.2 0.2
n10m15Q10 9 15 10 - - - - - - - 10
n10m15Q15 9 15 15 0.0 (1) 0.0 (1) 0.0 (1) 0.1 (1) 0.1 (1) 0.2 (1) 0.2 (1) 9
n10m15Q20 9 15 20 0.0 (4) 0.0 (4) 0.0 (4) 0.1 (4) 0.1 (4) 0.2 (4) 0.2 (4) 6
n10m15Q25 9 15 25 0.0 (6) 0.0 (6) 0.0 (6) 0.1 (6) 0.1 (6) 0.2 (6) 0.2 (6) 4
n10m15Q30 9 15 30 0.0 (8) 0.0 (8) 0.0 (8) 0.1 (8) 0.1 (8) 0.2 (8) 0.2 (8) 2
n10m15Q500 9 15 500 0.0 - 0.0 0.1 0.1 0.2 0.2

n15m5Q10 14 5 10 0.4 1.0 0.9 0.3 0.3 0.6 0.6
n15m5Q15 14 5 15 0.3 1.0 0.8 0.4 0.4 0.6 0.6
n15m5Q20 14 5 20 - 1.0 0.8 0.4 0.4 0.6 0.7
n15m5Q25 14 5 25 - - 0.8 0.4 0.4 0.6 0.7
n15m5Q30 14 5 30 - - 0.8 0.4 0.4 0.6 0.7
n15m5Q500 14 5 500 0.3 - 0.8 0.4 0.4 0.6 0.7
n15m10Q10 14 10 10 1801.4 (3) 1.0 (3) 1.0 (3) 0.2 (3) 0.2 (3) 0.4 (3) 0.4 (3) 7
n15m10Q15 14 10 15 0.4 (9) 1.0 (9) 0.8 (9) 0.2 (9) 0.2 (9) 0.4 (9) 0.4 (9) 1
n15m10Q20 14 10 20 0.3 0.0 720.5 (9) 0.2 0.2 0.4 0.4
n15m10Q25 14 10 25 0.2 0.0 0.7 0.2 0.2 0.4 0.4
n15m10Q30 14 10 30 - 0.0 0.7 0.2 0.2 0.4 0.4
n15m10Q500 14 10 500 0.2 - 0.7 0.2 0.2 0.4 0.4
n15m15Q10 14 15 10 - - - - - - - 10
n15m15Q15 14 15 15 1.9 (6) 1.0 (6) 4108.5 (3) 0.2 (6) 0.2 (6) 0.4 (6) 0.4 (6) 4
n15m15Q20 14 15 20 1.0 (8) 0.0 (8) 636.6 (8) 0.2 (8) 0.2 (8) 0.4 (8) 0.4 (8) 2
n15m15Q25 14 15 25 0.1 0.0 0.2 0.2 0.2 0.4 0.4
n15m15Q30 14 15 30 0.0 0.0 0.2 0.2 0.2 0.4 0.4
n15m15Q500 14 15 500 0.0 - 0.2 0.2 0.2 0.4 0.4

n20m5Q10 19 5 10 2.6 1.0 2.9 2.1 2.2 3.1 3.2
n20m5Q15 19 5 15 0.3 0.0 2.1 2.2 2.3 3.2 3.3
n20m5Q20 19 5 20 - 0.0 2.2 2.2 2.3 3.2 3.2
n20m5Q25 19 5 25 - - 2.2 2.2 2.3 3.2 3.3
n20m5Q30 19 5 30 - - 2.2 2.2 2.3 3.2 3.3
n20m5Q500 19 5 500 0.2 - 2.2 2.2 2.3 3.2 3.3
n20m10Q10 19 10 10 1831.6 (6) 1806.0 (6) 1031.4 (6) 1.2 (7) 1.2 (7) 1.9 (7) 2.0 (7) 3
n20m10Q15 19 10 15 66.7 31.0 723.1 (9) 1.4 1.4 2.3 2.2
n20m10Q20 19 10 20 53.1 1.0 2.1 1.5 1.6 2.5 2.4
n20m10Q25 19 10 25 53.1 1.0 1.7 1.6 1.6 2.5 2.4
n20m10Q30 19 10 30 - 1.0 1.6 1.6 1.6 2.6 2.4
n20m10Q500 19 10 500 53.2 - 1.9 1.9 1.8 2.7 2.8
n20m15Q10 19 15 10 - - - - - - - 10
n20m15Q15 19 15 15 5305.1 (3) 3399.0 (6) 4594.8 (3) 0.4 (8) 0.4 (8) 0.7 (8) 0.7 (8) 2
n20m15Q20 19 15 20 3072.6 (6) 910.0 (9) 722.7 (9) 0.6 0.6 1.1 1.1
n20m15Q25 19 15 25 172.1 6.0 721.6 (9) 0.8 0.8 1.4 1.4
n20m15Q30 19 15 30 114.4 2.0 2.1 0.9 0.9 1.5 1.4
n20m15Q500 19 15 500 116.9 - 1.1 1.0 0.9 1.5 1.4
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Table A.7: Computational results - instances from Class 2 (cont.)

Average time (# of instances solved)

name n m C BE CU CP MC MT MC
β MT

β inf

n25m5Q10 24 5 10 1.9 10.0 6.0 7.3 8.3 9.6 10.3
n25m5Q15 24 5 15 0.8 2.0 5.8 8.0 8.2 10.2 10.4
n25m5Q20 24 5 20 0.8 2.0 6.0 8.3 8.7 11.2 11.6
n25m5Q25 24 5 25 - - 6.0 8.2 8.9 10.8 11.6
n25m5Q30 24 5 30 - - 6.0 8.3 8.5 10.8 11.6
n25m5Q500 24 5 500 0.8 - 6.0 8.2 8.6 11.2 11.7
n25m10Q10 24 10 10 3684.2 (6) 2004.0 (7) 1606.2 (7) 19.6 (9) 19.0 (9) 11.1 (9) 18.7 (9) 1
n25m10Q15 24 10 15 137.4 67.0 6.9 11.5 7.0 9.3 8.3
n25m10Q20 24 10 20 13.5 5.0 6.4 10.4 5.9 10.7 7.5
n25m10Q25 24 10 25 13.6 4.0 5.7 11.9 5.9 9.8 7.5
n25m10Q30 24 10 30 - 4.0 6.2 12.8 6.1 10.4 7.9
n25m10Q500 24 10 500 13.6 - 6.2 11.9 6.6 10.8 8.2
n25m15Q10 24 15 10 - 7200.0 4806.1 (1) 5.4 (3) 5.0 (3) 5.5 (3) 6.4 (3) 7
n25m15Q15 24 15 15 5786.3 (2) 3167.0 (6) 4323.8 (4) 26.9 19.6 13.7 17.9
n25m15Q20 24 15 20 3804.2 (5) 1385.0 (9) 7.3 14.0 5.2 8.6 6.5
n25m15Q25 24 15 25 1387.4 (9) 59.0 6.1 22.3 5.2 10.2 6.4
n25m15Q30 24 15 30 565.2 - 5.9 25.1 5.0 11.1 6.6
n25m15Q500 24 15 500 371.5 - 5.5 27.7 4.8 13.2 6.3

Table A.8: Computational results - instances from Class 3

Average time (# of instances solved)

name n m C BE CU CP MC MT MC
β MT

β

m5Q5 12 5 5 0.0 0.0 0.9 0.1 0.1 0.2 0.2
m5Q10 12 5 10 0.0 0.0 0.0 0.1 0.1 0.2 0.2
m5Q15 12 5 15 0.0 0.0 0.0 0.1 0.1 0.2 0.2
m5Q20 12 5 20 0.0 - 0.0 0.1 0.1 0.2 0.2
m5Q25 12 5 25 0.0 - 0.0 0.1 0.1 0.2 0.2
m5Q30 12 5 30 0.0 - 0.0 0.1 0.1 0.2 0.2
m5Q500 12 5 500 0.1 - 0.0 0.1 0.1 0.2 0.2

m10Q5 22 10 5 1.8 2.0 52.8 0.8 0.9 1.4 1.6
m10Q10 22 10 10 86.8 165.0 9.9 2.2 2.2 3.1 3.2
m10Q15 22 10 15 61.5 30.0 5.6 2.8 2.5 3.7 3.5
m10Q20 22 10 20 1.7 2.0 4.1 3.1 2.7 4.1 3.9
m10Q25 22 10 25 1.4 2.0 4.1 3.1 2.8 4.3 4.0
m10Q30 22 10 30 1.4 2.0 4.2 3.1 2.9 4.4 4.1
m10Q500 22 10 500 1.4 - 3.9 3.1 2.9 4.5 4.1

m15Q5 32 15 5 2005.8 (4) 2529.0 (9) 6557.9 (1) 5034.6 (6) 6616.0 (3) 1878.5 (9) 6355.2 (3)
m15Q10 32 15 10 6523.2 (6) 6493.0 (1) 368.1 3523.1 (6) 2893.6 (8) 864.0 1877.4 (9)
m15Q15 32 15 15 4124.0 (8) 3284.0 (6) 60.1 3051.3 (6) 708.5 1435.2 (9) 351.9
m15Q20 32 15 20 917.5 269.0 20.0 2016.8 (9) 56.5 251.3 31.6
m15Q25 32 15 25 118.2 40.0 15.2 1365.0 34.9 186.4 27.8
m15Q30 32 15 30 100.7 43.0 15.1 1643.7 (9) 29.7 172.1 27.2
m15Q500 32 15 500 99.4 - 14.6 2176.7 (9) 29.6 222.2 27.1



Appendix B

AI Planning: Additional Results

B.1 Average Optimality Gaps

Table B.1 presents the average optimality gap for each tested heuristic in the initial states. The average

is computed over the 314 instances where the cost-optimal plans are known.

Table B.1: Average optimality gap.

domain LP M2 M4 M8 M16 M32 M64 B2 B4 B8 B16 B32 B64

bar11 0.73 0.64 0.57 0.54 0.51 0.49 0.48 0.76 0.76 0.76 0.74 0.74 0.74
bar14 0.13 0.69 0.56 0.47 0.40 0.32 0.26 0.24 0.24 0.19 0.19 0.19 0.19
chi14 0.22 0.80 0.77 0.73 0.70 0.66 0.65 0.33 0.30 0.26 0.24 0.21 0.15
ele11 0.48 0.78 0.77 0.77 0.77 0.74 0.68 0.61 0.61 0.61 0.61 0.61 0.61
flo11 0.05 0.83 0.81 0.81 0.80 0.79 0.78 0.27 0.27 0.27 0.27 0.26 0.26
flo14 0.07 0.82 0.80 0.79 0.78 0.77 0.77 0.29 0.29 0.29 0.28 0.28 0.28
ged14 0.88 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00
nom11 0.00 0.70 0.63 0.56 0.48 0.41 0.37 0.02 0.02 0.01 0.01 0.01 0.00
ope11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00
par11 0.13 0.78 0.72 0.66 0.60 0.52 0.46 0.18 0.18 0.18 0.18 0.18 0.18
par14 0.11 0.77 0.71 0.65 0.59 0.51 0.44 0.15 0.15 0.15 0.15 0.15 0.15
peg11 0.43 0.61 0.58 0.56 0.56 0.53 0.46 0.99 0.99 0.95 0.93 0.92 0.92
sca11 0.04 0.79 0.77 0.76 0.75 0.74 0.74 0.04 0.04 0.04 0.04 0.04 0.04
sok11 0.05 0.47 0.44 0.40 0.37 0.35 0.32 0.21 0.19 0.18 0.17 0.17 0.17
tra11 0.94 0.19 0.19 0.19 0.18 0.18 0.18 0.99 0.99 0.99 0.99 0.99 0.99
tra14 0.86 0.40 0.39 0.38 0.38 0.37 0.37 0.97 0.97 0.97 0.97 0.97 0.97
vis11 0.03 0.70 0.64 0.61 0.58 0.55 0.51 0.06 0.05 0.05 0.04 0.04 0.04
vis14 0.02 0.85 0.83 0.82 0.80 0.79 0.77 0.04 0.04 0.04 0.04 0.04 0.03
woo11 0.12 0.73 0.70 0.67 0.63 0.58 0.54 0.24 0.20 0.17 0.16 0.15 0.14

B.2 Solving Time and States Evaluated

Table B.2 shows the average solving time and states evaluated for all our relaxed MDD heuristics. The

average values are calculated over the instances where all relaxed MDD methods solve the task. Column

“#” shows the number of instances where all approaches found a cost-optimal plan, i.e., the number

of instances used to compute the average performance metrics. Similarly, Table B.3 shows the average

performance metrics for the relaxed BDD heuristics.

147
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Table B.2: Overall MDD Performance.

Average Time (sec) Average # States Evaluated

domain # M2 M4 M8 M16 M32 M64 M2 M4 M8 M16 M32 M64

bar11 0 - - - - - - - - - - - -
bar14 0 - - - - - - - - - - - -
chi14 4 331.3 320.7 313.2 317.5 339.8 377.7 694,820.5 685,161.8 675,891.8 671,269.8 671,269.3 671,269.3
ele11 7 116.4 252.4 543.3 797.4 815.1 948.9 16,271.4 16,181.4 15,626.0 10,800.9 5,852.6 3,399.3
flo11 0 - - - - - - - - - - - -
flo14 0 - - - - - - - - - - - -
ged14 20 1.9 4.1 8.6 18.5 40.8 89.2 9.1 9.1 9.1 9.1 9.1 9.1
nom11 5 260.8 61.0 5.7 0.6 0.4 0.4 160,914.8 22,354.8 1,257.0 38.8 7.0 2.2
ope11 20 0.3 0.5 1.1 2.6 6.1 14.8 1.0 1.0 1.0 1.0 1. 1.0
par11 0 - - - - - - - - - - - -
par14 0 - - - - - - - - - - - -
peg11 17 15.1 29.6 51.4 78.3 119.0 170.2 6,629.7 5,542.1 4,255.1 2,770.9 1,909.2 1,140.4
sca11 1 0.1 0.1 0.2 0.1 0.1 0.1 357.0 348.0 348.0 348.0 348.0 348.0
sok11 16 62.0 66.3 81.0 103.6 146.5 236.4 9,481.3 6,731.4 5,391.7 3,877.4 2,783.6 1,952.5
tra11 1 16.6 14.3 15.8 22.3 27.7 43.6 1,525.0 656.0 449.0 321.0 266.0 197.0
tra14 1 352.4 362.0 419.5 485.0 477.6 345.5 49,690.0 24,330.0 13,600.0 8,718.0 4,105.0 1,258.0
vis11 9 118.9 89.1 84.4 96.9 101.6 140.6 130,189.4 84,190.7 50,985.2 29,250.3 14,804.4 9,031.7
vis14 3 370.2 277.3 234.2 235.8 265.5 305.2 442,995.3 268,824.7 145,634.3 84,368.3 45,795.7 23,254.0
woo11 2 508.9 296.4 163.6 97.2 47.8 24.4 371,424.5 125,073.5 30,653.5 8,376.5 2,305.0 594.0

Average 78.4 71.8 91.3 118.4 138.5 184.3 68,466.8 47,240.4 37,259.6 32,195.5 29,087.1 27,488.2

Table B.3: Overall BDD Performance.

Average Time (sec) Average # States Evaluated

domain # B2 B4 B8 B16 B32 B64 B2 B4 B8 B16 B32 B64

bar11 0 - - - - - - - - - - - -
bar14 14 10.4 22.8 37.7 70.3 109.9 117.1 32,398.7 30,821.4 27,411.1 21,713.3 14,215.2 5,653.9
chi14 18 448.8 369.7 230.9 122.8 114.7 123.9 367,694.7 291,537.8 180,355.6 96,305.4 82,250.7 74,784.5
ele11 15 17.0 30.8 60.1 109.1 239.5 514.2 45,027.3 43,549.5 42,218.9 42,054.8 42,103.2 41,686.9
flo11 4 86.7 87.1 86.6 119.1 154.0 235.8 173,597.0 116,613.3 67,609.5 44,016.0 26,286.3 19,634.5
flo14 1 89.5 128.2 179.1 197.6 175.0 230.1 210,121.0 178,847.0 126,276.0 58,064.0 38,774.0 22,563.0
ged14 20 1.4 2.1 3.7 5.2 10.4 21.8 2,110.9 2,110.9 2,110.9 2,110.9 2,110.9 2,110.9
nom11 16 0.8 0.9 1.0 1.1 1.5 2.2 1.0 1.0 1.0 1.0 1.0 1.0
ope11 20 0.1 0.1 0.1 0.2 0.3 0.5 2.0 2.0 2.0 2.0 2.0 2.0
par11 3 19.3 31.9 51.0 83.9 146.9 273.3 566.0 566.0 566.7 567.7 569.3 570.3
par14 6 24.2 43.3 70.5 128.0 234.7 459.4 475.8 476.0 478.7 477.8 477.7 479.0
peg11 17 14.4 19.6 29.8 51.5 95.6 188.4 56,778.7 54,782.5 51,625.1 51,078.6 51,078.6 51,078.6
sca11 5 28.4 49.3 96.4 213.7 418.7 626.6 37,136.6 36,877.2 37,130.4 37,498.8 36,169.4 31,590.2
sok11 18 17.5 9.2 7.2 8.4 11.9 15.1 20,372.4 6,527.0 2,932.3 1,906.6 1,436.1 1,008.1
tra11 0 - - - - - - - - - - - -
tra14 0 - - - - - - - - - - - -
vis11 16 0.5 0.7 1.0 0.6 1.1 1.8 2,350.3 2,011.3 1,290.2 414.5 391.4 343.6
vis14 16 0.5 0.3 0.2 0.2 0.2 0.3 1,878.4 713.7 189.6 84.9 21.9 12.9
woo11 13 108.0 14.3 9.6 16.1 29.6 30.5 209,047.0 18,810.2 8,182.2 6,205.8 5,943.4 3,829.8

Average 55.8 45.9 39.8 44.4 71.3 118.1 64,365.0 42,306.2 29,470.8 20,436.1 18,122.5 16,329.0



Appendix C

Cut Generation and Lifting:

Additional Results

C.1 Experiments Comparing Different BDD Widths

Table C.1 presents the average performance for CPLEX and our four alternatives (i.e, BW, BWL,

BG, and BGL) with three different maximum width values, W ∈ {2000, 3000, 4000}, over the SOC-CC

instances. The table shows the number of instances solved, average root gap, and average final gap for

all techniques. Our four alternatives with W ∈ {2000, 3000, 4000} each outperform CPLEX. W = 4000

achieves the best overall performance across the four combinatorial cut-and-lift alternatives.

Table C.1: Average performance of all techniques for different BDD widths for SOC-CC.

Width # Solve Root Gap Final Gap

CPLEX 137 20.82% 7.75%

BW

2000 137 20.31% 7.35%
3000 140 20.11% 7.25%
4000 139 20.01% 7.25%

BWL

2000 149 16.61% 6.09%
3000 150 16.03% 6.04%
4000 150 15.68% 5.89%

BG

2000 160 14.93% 5.21%
3000 159 14.05% 4.87%
4000 166 13.47% 4.59%

BGL

2000 160 14.91% 5.00%
3000 168 14.03% 4.66%
4000 168 13.44% 4.43%

Similarly, Table C.2 presents the average performance over the SOC-K instances for CPLEX, our

four alternatives (i.e, BW, BWL, BG, and BGL), and cover cuts with BDD lifting (i.e., BCL) with

three different maximum width values, W ∈ {2000, 3000, 4000}. Overall, W = 4000 achieves the best or

comparable performance across the five BDD approaches.

149
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Table C.2: Average performance of all techniques for different BDD widths for SOC-K.

Width # Solve Root Gap Final Gap

CPLEX 70 2.84% 0.39%

BCL

2000 71 2.72% 0.29%
3000 70 2.69% 0.28%
4000 70 2.67% 0.27%

BW

2000 66 3.64% 0.52%
3000 67 3.63% 0.52%
4000 64 3.63% 0.53%

BWL

2000 74 2.84% 0.27%
3000 72 2.80% 0.28%
4000 74 2.80% 0.26%

BG

2000 75 1.62% 0.16%
3000 78 1.45% 0.15%
4000 76 1.34% 0.16%

BGL

2000 83 1.61% 0.04%
3000 87 1.44% 0.02%
4000 88 1.33% 0.01%

C.2 Average Performance Comparison for Knapsack Chance

Constraints

Table C.3 shows the number of instances solved, average root gap, and average final gap for each n,

m, and Ω combination with W = 4000. Similarly, Table C.4 shows the average number of nodes in

the branch-and-bound search and the average run time for the instances that all techniques solved to

optimality. Column # shows the number of instances used to compute the average results.



Appendix C. Cut Generation and Lifting: Additional Results 151

T
ab

le
C

.3
:

G
a
p

co
m

p
a
ri

so
n

a
cr

o
ss

a
ll

te
ch

n
iq

u
es

fo
r

S
O

C
-K

in
st

a
n

ce
s.

#
In

st
a
n
c
e
s

S
o
lv

e
d

to
O

p
ti

m
a
li
ty

A
v
.

R
o
o
t

G
a
p

(%
)

A
v
.

F
in

a
l

G
a
p

(%
)

n
m

Ω
C

P
L

E
X

C
C

L
B

C
l

B
W

B
W

L
B

G
B

G
L

C
P

L
E

X
C

C
L

B
C

l
B

W
B

W
L

B
G

B
G

L
C

P
L

E
X

C
C

L
B

C
l

B
W

B
W

L
B

G
B

G
L

1
0
0

1
0

1
5

5
5

5
5

5
5

5
0
.9

1
.8

1
.4

1
.4

2
.0

1
.4

0
.5

0
.5

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

3
5

5
5

5
5

5
5

5
2
.4

2
.9

2
.2

1
.9

3
.2

2
.0

0
.5

0
.4

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

5
5

5
5

5
5

5
5

5
3
.7

3
.9

2
.8

2
.2

4
.4

2
.6

0
.3

0
.3

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

2
0

1
5

5
5

5
5

5
5

5
1
.9

2
.8

2
.4

2
.3

3
.2

2
.5

1
.1

1
.1

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

3
5

5
5

5
5

5
5

5
4
.5

5
.0

4
.5

4
.4

5
.4

4
.3

1
.5

1
.5

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

5
5

5
5

5
3

5
5

5
6
.1

6
.3

5
.9

5
.5

7
.1

5
.4

1
.5

1
.5

0
.0

0
.0

0
.0

0
.0

0
.4

0
.0

0
.0

0
.0

1
2
5

1
0

1
5

5
5

5
5

5
5

5
0
.7

1
.4

0
.9

1
.0

1
.8

1
.2

0
.7

0
.7

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

3
5

5
5

5
5

5
5

5
1
.8

2
.2

1
.6

1
.5

2
.5

1
.6

0
.8

0
.8

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

5
5

5
5

5
5

5
5

5
2
.7

2
.8

2
.0

1
.7

3
.3

1
.8

0
.9

0
.9

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

2
0

1
5

5
5

5
4

5
5

5
2
.1

2
.9

2
.6

2
.5

3
.1

2
.7

1
.9

1
.9

0
.0

0
.0

0
.0

0
.0

0
.1

0
.0

0
.0

0
.0

3
1

2
1

1
1

3
4

5
4
.0

4
.3

4
.1

4
.1

4
.7

4
.1

2
.4

2
.4

1
.0

0
.9

0
.8

0
.8

1
.2

0
.4

0
.1

0
.0

5
0

0
0

0
0

1
2

5
5
.8

6
.0

5
.6

5
.5

6
.5

5
.6

2
.7

2
.7

2
.5

2
.5

2
.0

1
.6

2
.8

1
.6

0
.5

0
.0

1
5
0

1
0

1
5

5
5

5
5

5
5

5
0
.5

1
.1

0
.9

0
.9

1
.3

1
.1

0
.7

0
.7

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

3
5

5
5

5
5

5
5

5
1
.6

1
.9

1
.5

1
.4

2
.1

1
.5

0
.9

0
.9

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

5
5

5
5

5
3

5
5

5
2
.7

2
.8

2
.4

2
.3

3
.2

2
.6

1
.3

1
.3

0
.0

0
.0

0
.0

0
.0

0
.2

0
.0

0
.0

0
.0

2
0

1
4

4
4

4
3

4
4

5
1
.6

2
.3

1
.9

1
.9

2
.5

2
.2

1
.6

1
.6

0
.1

0
.1

0
.2

0
.1

0
.3

0
.1

0
.2

0
.0

3
0

0
0

0
0

1
1

3
3
.3

3
.7

3
.3

3
.1

3
.9

3
.3

2
.1

2
.1

1
.3

1
.3

1
.0

0
.7

1
.6

0
.8

0
.6

0
.1

5
0

0
0

0
0

0
0

5
4
.7

5
.1

4
.5

4
.3

5
.3

4
.4

2
.6

2
.5

2
.1

2
.3

1
.8

1
.6

2
.7

1
.6

1
.5

0
.0



Appendix C. Cut Generation and Lifting: Additional Results 152

T
ab

le
C

.4
:

N
o
d

es
a
n

d
ti

m
e

co
m

p
a
ri

so
n

fo
r

S
O

C
-K

in
st

a
n

ce
s.

A
v
.

N
o
d
e
s

E
x
p
lo

r
e

A
v
.

T
im

e
(
s
e
c
)

n
m

Ω
#

C
P

L
E

X
C

C
L

B
C

l
B

W
B

W
L

B
G

B
G

L
C

P
L

E
X

C
C

L
B

C
l

B
W

B
W

L
B

G
B

G
L

1
0
0

1
0

1
5

2
,1

8
7
.4

9
,4

9
3
.2

3
,4

0
7
.0

3
,8

0
8
.4

1
3
,2

7
8
.6

5
,0

5
5
.4

1
9
0
.8

1
6
9
.8

3
.3

2
.7

1
.4

8
.9

1
6
.9

9
.3

1
4
9
.4

3
4
.0

3
5

1
5
,9

1
1
.0

3
8
,0

1
8
.4

1
8
,6

1
5
.8

1
3
,3

7
4
.4

7
7
,1

3
5
.4

1
1
,9

7
3
.4

1
2
6
.6

1
0
0
.2

9
.4

1
2
.1

6
.6

1
1
.2

5
1
.2

1
1
.2

1
8
8
.0

5
2
.3

5
5

5
6
,0

2
3
.8

7
3
,3

1
8
.4

3
4
,8

8
7
.8

1
1
,0

6
4
.8

1
9
7
,2

4
0
.2

2
4
,3

9
0
.4

1
8
1
.8

1
7
0
.8

3
2
.3

2
4
.7

1
3
.2

1
0
.8

1
0
9
.3

1
5
.1

4
3
1
.5

6
1
.1

2
0

1
5

1
2
,0

9
3
.2

8
4
,8

5
1
.6

3
6
,8

1
2
.6

3
7
,4

7
8
.6

1
3
7
,6

8
7
.4

5
6
,5

7
3
.2

2
,3

2
4
.8

1
,1

1
6
.4

1
9
.1

3
8
.7

1
9
.3

3
3
.9

1
2
7
.1

4
5
.4

4
7
7
.1

1
6
5
.3

3
5

3
2
8
,7

4
1
.6

5
7
7
,4

1
3
.8

3
4
9
,1

5
3
.2

2
9
9
,7

4
7
.8

1
,2

1
6
,7

7
1
.8

2
8
9
,5

7
1
.6

2
,5

4
5
.6

1
,3

0
1
.0

3
7
5
.6

3
2
4
.8

2
0
9
.8

1
7
9
.7

8
3
6
.9

1
7
6
.7

6
9
0
.6

2
4
6
.4

5
3

7
9
6
,2

9
7
.7

1
,0

3
0
,6

2
8
.0

1
,0

7
3
,4

5
5
.0

4
3
1
,8

0
4
.0

1
,6

4
8
,5

7
6
.7

6
5
5
,4

6
2
.0

1
,1

1
9
.7

7
2
9
.0

9
7
0
.4

7
2
5
.8

7
5
3
.4

3
3
2
.2

1
3
4
4
.0

4
7
4
.2

1
3
1
8
.0

4
4
5
.3

1
2
5

1
0

1
5

2
,5

5
7
.4

2
6
,1

0
9
.4

5
,2

5
4
.4

6
,7

0
6
.8

5
9
,1

3
6
.2

2
2
,2

9
6
.4

3
,8

6
2
.2

4
,8

7
4
.4

3
.3

6
.9

2
.4

1
5
.7

4
1
.8

2
0
.1

1
1
1
.2

3
3
.5

3
5

1
6
,8

1
0
.2

8
9
,3

3
6
.0

3
5
,7

2
1
.0

2
8
,2

7
8
.2

1
9
0
,7

3
9
.6

3
9
,4

8
1
.2

8
,1

1
3
.8

4
,4

3
6
.2

1
1
.8

2
3
.8

1
2
.8

2
2
.1

8
8
.9

2
5
.3

4
3
5
.4

7
1
.8

5
5

1
5
7
,5

6
1
.0

3
0
1
,0

4
1
.4

2
5
3
,1

2
7
.8

8
7
,1

9
8
.2

1
,2

9
0
,4

0
0
.0

8
9
,9

2
9
.6

6
,1

3
7
.0

4
,4

1
5
.0

1
0
5
.5

1
0
2
.1

8
4
.8

4
5
.9

4
1
7
.1

4
2
.8

8
6
3
.8

8
5
.1

2
0

1
4

2
4
3
,5

4
0
.3

1
,1

3
4
,0

3
7
.8

6
2
8
,2

3
3
.8

5
8
4
,4

9
2
.3

2
,0

1
6
,9

1
4
.3

5
6
8
,7

7
2
.5

1
2
0
,8

4
8
.5

9
0
,1

7
7
.3

3
5
7
.6

5
6
4
.6

3
2
7
.2

3
3
2
.0

1
0
3
8
.2

2
8
8
.9

4
2
2
.5

2
3
7
.8

3
1

4
4
5
,8

1
6
.0

9
0
2
,3

8
6
.0

4
7
6
,6

7
4
.0

5
1
3
,8

7
4
.0

2
,2

0
6
,1

3
3
.0

1
,0

4
7
,5

9
8
.0

7
9
,1

4
1
.0

2
9
,0

9
2
.0

6
4
5
.0

6
6
8
.2

3
4
0
.7

4
3
1
.7

1
7
2
6
.1

6
6
3
.5

1
0
9
8
.4

6
3
1
.8

5
0

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

1
5
0

1
0

1
5

1
,8

3
5
.4

3
9
,1

6
4
.8

1
4
,8

7
8
.4

1
8
,2

1
8
.4

6
1
,2

8
8
.8

3
3
,7

3
8
.0

1
7
,6

7
2
.8

8
,1

9
0
.4

2
.9

1
0
.0

5
.2

2
3
.3

4
4
.7

2
8
.8

1
0
1
.8

3
8
.3

3
5

2
6
7
,7

5
2
.2

1
,1

5
6
,6

6
0
.6

1
,0

8
4
,2

0
2
.4

4
0
0
,8

2
8
.6

1
,8

8
6
,3

6
0
.8

3
9
9
,9

4
2
.4

5
6
,6

6
6
.0

3
6
,9

2
1
.0

1
8
3
.1

3
8
9
.2

3
4
8
.5

1
4
6
.3

7
6
4
.2

1
3
6
.9

3
5
8
.0

9
4
.1

5
3

3
9
4
,7

5
5
.0

8
7
7
,6

8
6
.3

4
2
3
,2

3
5
.0

3
3
7
,2

5
7
.7

2
,7

1
8
,1

3
9
.7

6
5
8
,4

9
2
.3

8
7
,5

2
3
.7

1
0
8
,4

0
9
.0

2
5
2
.5

2
6
2
.0

1
5
7
.4

1
3
2
.2

1
0
9
2
.1

2
1
8
.6

5
6
6
.7

1
8
2
.8

2
0

1
3

3
3
8
,9

8
1
.0

2
,7

3
6
,7

0
7
.7

9
7
5
,9

6
3
.7

1
,0

1
4
,5

3
4
.7

3
,6

8
1
,7

7
8
.3

2
,5

8
5
,1

5
6
.0

5
8
6
,0

0
7
.0

4
1
8
,8

8
2
.0

5
6
7
.4

1
4
5
6
.4

6
3
5
.3

6
3
2
.5

2
1
0
8
.4

1
2
9
6
.5

8
3
9
.5

3
3
9
.8

3
0

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

5
0

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-



Appendix C. Cut Generation and Lifting: Additional Results 153

C.3 Average Performance Comparison for General Chance Con-

straints

Tables C.5-C.7 show the number of instances solved, average root gap, and average final gap for each n,

m, Ω, and t combination, with W = 4000. Similarly, Tables C.8-C.10 show the average number of nodes

in the branch-and-bound search and the average run time for the instances that all techniques solved to

optimality. Column # shows the number of instances used to compute the average results.
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E. Balas, S. Ceria, and G. Cornuéjols. Mixed 0-1 programming by lift-and-project in a branch-and-cut

framework. Management Science, 42(9):1229–1246, 1996.

R. Baldacci, A. Mingozzi, and R. Roberti. New state-space relaxations for solving the traveling salesman

problem with time windows. INFORMS Journal on Computing, 24(3):356–371, 2012.

C. Barnhart, E. L. Johnson, G. L. Nemhauser, M. W. Savelsbergh, and P. H. Vance. Branch-and-price:

Column generation for solving huge integer programs. Operations research, 46(3):316–329, 1998.

J. Beasley and B. Cao. A dynamic programming based algorithm for the crew scheduling problem.

Computers & Operations Research, 25(78):567 – 582, 1998.

J. E. Beasley and N. Christofides. An algorithm for the resource constrained shortest path problem.

Networks, 19(4):379–394, 1989.

B. Becker, M. Behle, F. Eisenbrand, and R. Wimmer. BDDs in a branch and cut framework. In

Proceedings of the International Workshop on Experimental and Efficient Algorithms, pages 452–463.

Springer, 2005.

M. Behle. Binary decision diagrams and integer programming. Ph.D. Thesis, 2007.

M. Behle. On threshold BDDs and the optimal variable ordering problem. Journal of Combinatorial

Optimization, 16(2):107–118, 2008.

M. Behle and F. Eisenbrand. 0/1 vertex and facet enumeration with BDDs. In 2007 Proceedings of the

Ninth Workshop on Algorithm Engineering and Experiments (ALENEX), pages 158–165. SIAM, 2007.

J. Benders. Partitioning procedures for solving mixed-variables programming problems . 1962.

D. Bergman and A. A. Cire. Decomposition based on decision diagrams. In International Conference on

AI and OR Techniques in Constraint Programming for Combinatorial Optimization Problems, pages

45–54. Springer, 2016a.

D. Bergman and A. A. Cire. Multiobjective optimization by decision diagrams. In International Con-

ference on Principles and Practice of Constraint Programming, pages 86–95. Springer, 2016b.

D. Bergman and A. A. Cire. Theoretical insights and algorithmic tools for decision diagram-based

optimization. Constraints, 21(4):533–556, 2016c.

D. Bergman and A. A. Cire. On finding the optimal BDD relaxation. In International Conference on

AI and OR Techniques in Constraint Programming for Combinatorial Optimization Problems, pages

41–50. Springer, 2017.



BIBLIOGRAPHY 162

D. Bergman and A. A. Cire. Discrete nonlinear optimization by state-space decompositions. Management

Science, 64(10):4700–4720, 2018.

D. Bergman and L. Lozano. Decision diagram decomposition for quadratically constrained binary opti-

mization. INFORMS Journal on Computing, 2020.

D. Bergman, W.-J. van Hoeve, and J. N. Hooker. Manipulating MDD relaxations for combinatorial

optimization. In Proceedings of the International Conference on AI and OR Techniques in Constriant

Programming for Combinatorial Optimization Problems, pages 20–35. Springer, 2011.

D. Bergman, A. A. Cire, W.-J. van Hoeve, and J. N. Hooker. Variable ordering for the application

of BDDs to the maximum independent set problem. In Proceedings of the Integration of AI and

OR Techniques in Constraint Programming for Combinatorial Optimization Problems, pages 34–49.

Springer, 2012.

D. Bergman, A. A. Cire, W.-J. v. Hoeve, and J. N. Hooker. Optimization bounds from binary decision

diagrams. INFORMS Journal on Computing, 26(2):253–268, 2014a.

D. Bergman, A. A. Cire, A. Sabharwal, H. Samulowitz, V. Saraswat, and W.-J. van Hoeve. Parallel

combinatorial optimization with decision diagrams. In International Conference on AI and OR Tech-

niques in Constriant Programming for Combinatorial Optimization Problems, pages 351–367. Springer,

2014b.

D. Bergman, A. A. Cire, and W. van Hoeve. MDD propagation for sequence constraints. Journal of

Artificial Intelligence Research, 50:697–722, 2014c.

D. Bergman, A. A. Cire, W.-J. van Hoeve, and T. Yunes. BDD-based heuristics for binary optimization.

Journal of Heuristics, 20(2):211–234, 2014d.

D. Bergman, A. A. Cire, and W.-J. van Hoeve. Improved constraint propagation via lagrangian decom-

position. In International Conference on Principles and Practice of Constraint Programming, pages

30–38. Springer, 2015a.

D. Bergman, A. A. Cire, and W.-J. van Hoeve. Lagrangian bounds from decision diagrams. Constraints,

20(3):346–361, 2015b.

D. Bergman, A. A. Cire, W.-J. van Hoeve, and J. N. Hooker. Decision Diagrams for Optimization.

Springer International Publishing, 1 edition, 2016a. ISBN 978-3-319-42849-9.

D. Bergman, A. A. Cire, W.-J. van Hoeve, and J. N. Hooker. Discrete optimization with decision

diagrams. INFORMS Journal on Computing, 28(1):47–66, 2016b.

D. Bergman, M. Bodur, C. Cardonha, and A. A. Cire. Network models for multiobjective discrete

optimization. arXiv preprint arXiv:1802.08637, 2018.

D. Bergman, C. Cardonha, and S. Mehrani. Binary decision diagrams for bin packing with minimum

color fragmentation. In International Conference on Integration of Constraint Programming, Artificial

Intelligence, and Operations Research, pages 57–66. Springer, 2019.

D. P. Bertsekas. Dynamic programming and optimal control, volume 1. Athena scientific Belmont, MA,

2017.



BIBLIOGRAPHY 163

C. Betz and M. Helmert. Planning with h+ in theory and practice. In Proceedings of the Annual German

Conference on Artificial Intelligence, pages 9–16. Springer, 2009.

A. Bhardwaj. Binary conic quadratic knapsacks. PhD thesis, UC Berkeley, 2015.

R. E. Bixby, M. Fenelon, Z. Gu, E. Rothberg, and R. Wunderling. Mixed-integer programming: A

progress report. In The sharpest cut: the impact of Manfred Padberg and his work, pages 309–325.

SIAM, 2004.

A. L. Blum and M. L. Furst. Fast planning through planning graph analysis. Artificial Intelligence, 90

(1-2):281–300, 1997.

B. Bollig and I. Wegener. Improving the variable ordering of OBDDs is NP-complete. IEEE Transactions

on computers, 45(9):993–1002, 1996.

B. Bonet and J. Castillo. A complete algorithm for generating landmarks. In Proceedings of the Inter-

national Conference on Automated Planning and Scheduling, pages 315–318, 2011.

B. Bonet and H. Geffner. Planning as heuristic search: New results. In Proceedings of the European

Conference on Planning, pages 360–372. Springer, 1999.

B. Bonet and M. Helmert. Strengthening landmark heuristics via hitting sets. In Proceedings of the

European Conference on Artificial Intelligence, pages 329–334, 2010.

K. E. Booth, T. T. Tran, G. Nejat, and J. C. Beck. Mixed-integer and constraint programming techniques

for mobile robot task planning. IEEE Robotics and Automation Letters, 1(1):500–507, 2016.

R. E. Bryant. Graph-based algorithms for boolean function manipulation. IEEE Transactions on

Computers, 100(8):677–691, 1986.

R. E. Bryant. Symbolic boolean manipulation with ordered binary-decision diagrams. ACM Computing

Surveys (CSUR), 24(3):293–318, 1992.

T. Bylander. The computational complexity of propositional strips planning. Artificial Intelligence, 69

(1-2):165–204, 1994.

Q. Cappart, E. Goutierre, D. Bergman, and L.-M. Rousseau. Improving optimization bounds using

machine learning: Decision diagrams meet deep reinforcement learning. In Proceedings of the AAAI

Conference on Artificial Intelligence, volume 33, pages 1443–1451, 2019.
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A. N. Letchford and J.-J. Salazar-González. Stronger multi-commodity flow formulations of the (capac-

itated) sequential ordering problem. European Journal of Operational Research, 251(1):74–84, 2016.

C. Liu, D. M. Aleman, and J. C. Beck. The senior transportation problem. In Integration of Constraint

Programming, Artificial Intelligence, and Operations Research, pages 412–428, 2018.

R. Liu, X. Xie, V. Augusto, and C. Rodriguez. Heuristic algorithms for a vehicle routing problem

with simultaneous delivery and pickup and time windows in home health care. European Journal of

Operational Research, 230(3):475 – 486, 2013.
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Á. Torralba, C. Linares López, and D. Borrajo. Abstraction heuristics for symbolic bidirectional search.

In Proceedings of the International Joint Conferences on Artificial Intelligence, pages 3272–3278, 2016.



BIBLIOGRAPHY 173

P. Toth and D. Vigo. Vehicle routing: problems, methods, and applications. SIAM, 2014.

C. Van de Panne and W. Popp. Minimum-cost cattle feed under probabilistic protein constraints.

Management Science, 9(3):405–430, 1963.

P. van den Bogaerdt and M. de Weerdt. Multi-machine scheduling lower bounds using decision diagrams.

Operations Research Letters, 46(6):616–621, 2018.

W.-J. van Hoeve. Graph coloring lower bounds from decision diagrams. In International Conference on

Integer Programming and Combinatorial Optimization, pages 405–418. Springer, 2020.

H. Verhaeghe, C. Lecoutre, and P. Schaus. Compact-MDD: Efficiently filtering (s) MDD constraints

with reversible sparse bit-sets. In International Joint Conference on Artificial Intelligence, pages

1383–1389, 2018.

H. Verhaeghe, C. Lecoutre, and P. Schaus. Extending compact-diagram to basic smart multi-valued

variable diagrams. In International Conference on Integration of Constraint Programming, Artificial

Intelligence, and Operations Research, pages 581–598. Springer, 2019.

J. P. Vielma, S. Ahmed, and G. L. Nemhauser. A lifted linear programming branch-and-bound algorithm

for mixed-integer conic quadratic programs. INFORMS Journal on Computing, 20(3):438–450, 2008.

J. P. Vielma, I. Dunning, J. Huchette, and M. Lubin. Extended formulations in mixed integer conic

quadratic programming. Mathematical Programming Computation, 9(3):369–418, 2017.

I. Wegener. Branching programs and binary decision diagrams: theory and applications, volume 4. SIAM,

2000.

L. A. Wolsey. Technical note - facets and strong valid inequalities for integer programs. Operations

Research, 24(2):367–372, 1976. doi: 10.1287/opre.24.2.367.

L. A. Wolsey and G. L. Nemhauser. Integer and combinatorial optimization, volume 55. John Wiley &

Sons, 1999.

Y. Xue and W.-J. van Hoeve. Embedding decision diagrams into generative adversarial networks. In

International Conference on Integration of Constraint Programming, Artificial Intelligence, and Op-

erations Research, pages 616–632. Springer, 2019.

L. Zhu and R. Givan. Landmark extraction via planning graph propagation. In Proceedings of the

International Conference on Automated Planning and Scheduling, Doctoral Consortium, pages 156–

160, 2003.


	Introduction
	Dissertation Overview
	Summary of Contributions

	Background on Decision Diagrams
	Decision Diagrams and Recursive Formulations
	Construction and Optimization
	Reduction Procedure

	Relaxed DDs
	Construction Procedures
	Special Case: Separable Inequalities
	Special Case: All-Different Structure
	Objective Bounds and Filtering

	Integration of DDs with Existing Technologies
	Constraint Programming
	Integer Programming


	Literature Review
	Early Works on Decision Diagrams
	Exact Representation of Solutions
	Modeling
	Solution Extraction
	Feasibility Checking
	Solution-Space Analysis

	DDs for Approximating the Set of Solutions
	Bound Computation
	Propagation
	Constructing DD Relaxations

	Conclusions

	Multi-Commodity Pickup-and-Delivery
	Related Works
	Problem Definition and Formulations
	Dynamic Programming Formulation
	Mathematical Programming Formulation

	Multivalued Decision Diagram Encoding
	Relaxed States and Filtering
	Capacity Constraint-based Refinement
	Tour and Precedence Constraints-based Refinement
	Bound Computation

	An MDD-based Lagrangian Dual for the m-PDTSP
	Hybrid ILP-MDD Relaxation for the m-PDTSP
	Solving H by Lagrangian Duality
	Incorporating the Lagrange Multipliers into M
	Solution Method for the Lagrangian Dual

	Overall Solution Approach
	Constraint Programming Formulation
	Numerical Study
	Overall Comparison with State-of-the-Art Techniques
	MDD Relaxation Analysis
	MDD Construction Analysis
	MDD and CP Search Effort

	Conclusions

	Delete-Free AI Planning
	Problem Definition
	Sequential Relaxation

	Related Works
	MDD Encoding for Delete-Free AI Planning
	MDD Relaxed States and Filtering Rules
	MDD Splitting Algorithm
	Estimating the Number of Layers
	MDD Bound Computation

	Relaxed MDD-based Heuristic
	Relationship to Critical Path Heuristics

	BDD Encoding for the Sequential Relaxation
	BDD Relaxed States, Filtering, and Bound Computation
	BDD Splitting Algorithm
	Maximum BDD Width and Operator Ordering

	Relaxed BDD-based Heuristic
	Relationship with Disjunctive Landmarks

	Relaxed MDD and BDD Comparison
	Exploiting the Relaxed DD Structure
	Plan Extraction Procedures
	Relaxed BDDs for Operator Pre-Processing

	Implementation
	Binary Tree Search
	Updating the BDD and MDD During Search
	Pre-processing Steps

	Empirical Evaluation
	Relaxed DD Heuristics Analysis
	Effectiveness of MDD and BDD Heuristics
	Overall Performance Evaluation
	Using BDDs as a Pre-Processing Tool

	Conclusions

	Cut Generation and Lifting for Binary Optimization Problems
	Related Work
	Notation
	Combinatorial Lifting
	Disjunctive Slack Lifting
	Extracting Disjunctive Slacks from BDDs
	Sequential Lifting and Dimension Implications
	Relationship with Lifting Based on Disjunctive Programming

	A Combinatorial Cutting-Plane Algorithm
	A New BDD Polytope
	General BDD Flow Cuts
	Combinatorial BDD Flow Cuts
	Relationship with Existing BDD Cut Generation Procedures

	Case Study: Second-order Cone Inequalities
	BDD Encoding for General SOC Inequalities
	BDD Encoding for SOC Knapsack

	Empirical Evaluation and Discussion
	Overall Performance and Comparison
	Effectiveness of BDD-based Cutting and Lifting Procedure

	Conclusions

	Conclusions
	Summary of Contributions
	Future Works

	Pickup-and-Delivery: Additional Results
	AI Planning: Additional Results
	Average Optimality Gaps
	Solving Time and States Evaluated 

	Cut Generation and Lifting: Additional Results
	Experiments Comparing Different BDD Widths
	Average Performance Comparison for Knapsack Chance Constraints 
	Average Performance Comparison for General Chance Constraints 

	Bibliography

