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Abstract

This thesis comes as the result of a detailed study of decomposition methods for large-
scale problems and their application to a particular problem arising in computational
biology.

The improvements on computer capabilities and programming techniques in the
last decades have widened the set of problems that can be easily solved as Mixed
Integer Linear programs. However, several applications still require formulations that
involve a non-tractable amount of data necessary to describe the geometry of the
solution space. In these cases, decomposition methods are used to reduce the size of
the problems to be addressed.

In this thesis we propose the application of some of these methods, as Dantzig- Wolfe
reformulation, column generation and Lagrangian relazation, to a problem related to
the study of the human genome. The human DNA is made of two double chains, each
of which consists in a sequence of nucleotides. Among these, the ones related to the
Single Nucleotide Polymorphisms (SNPs) are interesting as they describe the differ-
ences between individuals. We define a haplotype as a sequence of nucleotides that
describes a portion of the SNPs found in a particular chromosome, and a genotype as
the sequence that aggregates the information on SNPs coming from the double DNA
chain of an individual. The problem we address falls into the class defining the Haplo-
typing Inference problem, that consists in recovering the structure of the haplotypes,
given the information on the genotypes. In particular, we consider the parsimony cri-
terion, which means that we want to find the minimum number of haplotypes able to
explain all the genotypes. This problem is known to be APX-hard.

There are several contributions in the literature that can be divided into two main
different classes of mixed integer linear formulations. The first one presents a polyno-
mial number of both variables and constraints, thus these formulations are solved using
a branch-and-cut approach. The second class consists of formulations that present an
exponential number of constraints and variables, solved with a branch-and-cut-and-
price approach. The scope of this thesis is to investigate how a new formulation that
involves an exponential number of variables and a polynomial number of constraints
can be solved by a branch-and-price approach. Its aim is to provide a competitive
algorithm with respect to other formulations from the literature, in particular those
with a polynomial number of constraints and variables.

We start by providing a review of the state of the art on the Haplotype Inference
problem, with particular focus on the Mixed Integer Linear programming approaches
for the Haplotype Inference by Pure Parsimony (HIPP) problem. We then consider a
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new mathematical programming formulation for HIPP that includes a set of quadratic
constraints. By applying Dantzig-Wolfe reformulation, we obtained a new integer
linear programming formulation, presenting an exponential number of variables and a
polynomial number of constraints on the input data. This model is the basis for the
development of a branch-and-price approach.

Due to the large number of variables involved, a column-generation approach is
needed to solve the linear relaxation at a generic node of the search tree. An initial
feasible solution is easily found by means of heuristics and used as starting point to
build the Restricted Master Problem (RMP). In order to find variables to be added
to the RMP, we solve a dedicated subproblem, the pricing problem, that in our case
presents a quadratic objective function. We propose different ways of solving the pric-
ing problem. Among the exact methods, we consider the integer linear model obtained
by linearizing the quadratic objective function and a Smart Enumeration approach,
that partitions the set of feasible solutions and solves the pricing problem restricted to
each subset, exploiting some extra available information to further reduce the size of
the subproblems. As heuristic approaches, we at first note that the pricing problem is
easily solved for particular haplotypes. Then, for investigating the remaining solutions
we propose a local search-based heuristic and an Early-terminated Smart Enumera-
tion, where we stop the Smart Enumeration approach as soon as we find a variable that
can be added to the RMP. The oscillatory behaviour of the dual variables involved in
the definition of the pricing problem is limited by introducing a stabilization technique
adapted to our formulation. In particular, we extended the proof of convergence of this
procedure, that consists in using dual values obtained as convex combinations between
real dual variables and a chosen stability center, to the cases in which the stabilized
dual variables are feasible for the dual problem.

In order to solve the integer model, the solution of the linear relaxation is embed-
ded in a branch-and-price approach. The branching rule we present is inspired to the
well-known Ryan-Foster branching rule for set-partitioning problems. The correctness
of our approach has been proved. Further observations on the similarity of the formu-
lation’s constraints to multiple set-covering ones suggest that we can relax a family
of constraints to obtain a new formulation similar to a multiple set-covering. How-
ever, we note that the proposed branch-and-price algorithm applied to this formulation
does not provide a feasible solution for HIPP, thus we need to integrate the proposed
branching rule and recover a feasible optimal solution for HIPP.

This branch-and-price approach has been implemented in C++, with the aid of
SCIP libraries and Cplex solver. Results have been obtained from different classes of
instances found in literature, coming from real biological data and generated using
ad-hoc programs, as well as newly generated ones. The branch-and-price approach
proposed for our formulation proves to be competitive with state-of-the-art polynomial-
sized formulations. In fact, we can note how the linear relaxation of our formulation is
tighter than other linear relaxations and provides an effective starting solution for the
branch-and-price algorithm. Results show how our approach is efficient, in particular
on the set of instances that contain a larger number of genotypes

We proved therefore that a branch-and-price procedure provides a good solution ap-
proach for a formulation with exponential number of variables and polynomial number
of constraints. Further work may include enhancements on the implementation details,
such as exploring different ways of ordering the genotypes or combining heuristic and
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exact methods in the stabilized framework to solve the pricing problem. Moreover, it
is possible to investigate the generalization of the proposed approach in order to solve
set-partitioning problems.
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CHAPTER 1

Introduction

Mixed Integer Linear Programming (MILP) is a powerful tool to solve problems that
arise from different contexts, for which we want to identify the most convenient sce-
nario among well-defined choices. As the set of these possible choices can include a
large number of different scenarios, evaluating and comparing every single possibility
is impractical. Thus, the strength of a MILP approach consists in avoiding the ex-
tensive computations and, by means of solving a mathematical model, detecting the
best solution. A Mixed Integer Linear Program (or MILP model) consists of a linear
function that we want to maximize or minimize within a set of possible choices, rep-
resented by linear inequalities and integrality constraints on some variables. With the
improvements on mathematical programming techniques and computer’s architecture
and technology, in particular the extension of memory capacity and processor’s speed,
the dimension of programs that we consider as tractable has significantly increased in
the last decades. Nevertheless, many problems addressed by MILP are formulated in
such a way that still challenges the present computational limits. Thus, solving MILP
models still presents several challenging issues whenever we face large-scale problems,
that involve a huge number of constraints or variables and lead to non-acceptable
computational times. Several approaches presented in the literature aim at overcom-
ing these difficulties and provide viable solution processes for large-scale formulations.
These approaches consist in reformulating difficult programs into easier ones, for ex-
ample applying a Dantzig- Wolfe decomposition, relaxing some families of constraints as
to obtain a Lagrangian relaxation, or reducing the size of the program to an acceptable
one and then adding those variables or constraints that are needed to detect the best
solution, as in row and column generation.

In this thesis we consider a particular problem arising from computational biol-
ogy and a possible formulation characterized by an exponential number of variables.
Solving the associated MILP model involves the use of decomposition methods, like
the ones mentioned above. In the next sections 1.1 and 1.2 we present respectively
the problem and the main notation used throughout this thesis. Section 1.3 shows the
structure of the thesis and the main contributions.



2 CHAPTER 1. INTRODUCTION

1.1 The Haplotyping Inference by Pure Parsimony
Problem

The sequencing of human genome has been one of the most important achievements
of the last years in molecular biology. It has been completed in 2001 and showed
how all humans share the 99% of the information contained in the DNA, while all the
significant differences among individuals, for example the color of the eyes or of the
hair, are contained in the remaining information. Each site of this 1% portion of the
human genome is called a Single Nucleotide Polymorphism (SNP).

It is well known that humans are diploid organisms, meaning that the DNA is
organized in pairs of chromosomes, each copy coming from one of the two parents,
unless a recombination occurs. In the case of a recombination event, it is possible that
a chromosome copy of the child consists of portions from both chromosome’s copies of
the same parent. However, recent studies show that human chromosomes have a block
structure, meaning that they can be partitioned into blocks in which no (or very few)
recombinations have occurred. For this reason, we will not deal with recombinations,
as one can always assume we are considering DNA portions involving only one of these
blocks. Every single chain in the DNA is made of a sequence of nucleotides, each
of which is made of a phosphate group, a five-sided sugar and a nitrogenous base.
The nucleotide is fully characterized by the base, that can be chosen among the four:
Adenine (A), Thymine (T), Cytosine (C) and Guanine (G), so we can refer to different
kind of nucleotides referring to their nitrogenous base.

Thus, every SNP is characterized by a pair of nucleotides, each of them belonging
to the same chain in the two different chromosome’s copies. Studies show that the
human DNA sites are almost always biallelic, that is only two nucleotides out of four
can be found at any site. We refer to each of these possible values as to the alleles of
that site. As a consequence, the nucleotides identifying a SNP can be equal on both
chromosome’s copies, or they can be different, but in any case they can assume only
two values. For example, let us assume only nucleotides A and C appear in a certain
position. Then, four scenarios are possible for that particular SNP:

1. both nucleotides are of type A,

2. both nucleotides are of type C,

3. the nucleotide in the first chain is of type A, the second of type C,

4. the nucleotide in the first chain is of type C, the second of type A.
According to these scenarios, we can give the following definitions:

Definition 1.1 (Heterozygous and homozygous SNP). If the same nucleotide appears
in both chromosome’s copies, as in cases 1 and 2, then the SNP is homozygous, oth-
erwise it 1s heterozygous.

Definition 1.2 (Haplotype and genotype). A haplotype is a single sequence of SNP
values of a chromosome copy. A genotype s a sequence of values providing information
regarding the union of the two chromosome copies, that in particular tells us if each
SNP is homozygous or heterozygous, specifying which allele composes the homozygous
sites.
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Example 1.1. We give here an example on how the information regarding a pair of
haplotypes is combined to form a genotype. Note that we denote with the symbol — a
heterozygous site.

MM=A4ACAC 1
g =AC--
W=ACCA

Here we give another example:

W=acaA) ,
m—acco(? "0

Note that the two genotypes ¢g' and ¢? in Example 1.1 are identical and may
be associated to the same information, but, in fact, they come from different single
sequencies of nucleotides. This ambiguity arises from the fact that the definition we
gave of a genotype does not discern case 3 from case 4. The reason that justifies this
ambiguity is the fact that the information on homozygous and heterozygous sites is
obtained in vitro and, normally, experiments are not able to provide also information
on which chromosome’s copy is which nucleotide.

Moreover, we give the following definition:

Definition 1.3 (Genotype resolution). Two haplotypes resolve a certain genotype if
the information they provide regarding homozygous and heterozygous sites is consistent
with the genotype itself, when paired.

In Example 1.1, h! and h? resolve g'. Notice that g' could also be resolved by h? and
h.

Haplotypes have an important role in medical and pharmaceutical studies, for ex-
ample they are fundamental in detecting diseases or in studying the different behaviour
of various individuals to the same therapy. Sequencing them in witro is not practical,
as it is normally very expensive and time consuming, while it is easier to experimen-
tally obtain the information stored in genotypes. Thus, we want to answer the question
whether it is possible to deduce in silico (hence more conveniently) the haplotypes that
resolve all the given genotypes. Several approaches have been used in order to solve
this problem, its difficulty consisting in the fact that, due to the ambigous definition of
heterozygous sites, once we have k heterozygous SNPs in the same genotype we have
2F=1 possible pairs of haplotypes that can resolve it. We need then some criteria to
prefer one pair among the others. As usually we want to deal with a population, we
assume to have a set of genotypes, one for each individual, that represent the same
portion of the DNA and we look for a criterion that has a biological foundation to
choose which haplotypes resolve the given genotypes. Different approaches have been
proposed in biological literature, that will be described in Chapter 3, considering for
example the evolutionary history of a population, modeled as a rooted tree, or the so
called Pure Parsimony criterion, based on the observation that in the real cases only
a small number of haplotypes that resolve a set of genotypes is observed. Thus, we
are inclined to consider as good a solution if it involves the smallest possible number
of haplotypes and we state the problem as follows:
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Definition 1.4 (Haplotyping Inference by Pure Parsimony Problem - HIPP). Given
a set of genotypes G, determine a set of haplotypes H such that

e cach genotype is resolved by two haplotypes belonging to H,

o H has mintmum cardinality.

1.2 Notation

In this section we introduce some notation that will be useful throughout the thesis.
First of all, remembering the biallelic property of each SNP site, we do not need to
code the values of each chain site using one of the four nucleotides names, but we
just need two symbols to identify the two different nucleotides that can be found in a
particular position. For example, knowing that a SNP only admit the nucleotides A
and C', we can associate the value 0 to A and the value 1 to C, while for another SNP
allowing only the other nucleotides, we can associate the values 0 to T and 1 to G
respectively. In this way, a haplotype of n SNPs can be encoded as a string of length
n over the alphabet {0,1}. By using this approach we can also represent a genotype
as a string, taking care of the right encoding for homozygous and heterozygous sites.
Thus, genotypes are represented by strings of length n with values within the alphabet
Q ={0,1, 2}, where homozygous sites are represented by their value itself and the value
2 identifies heterozygous sites, as can be clearly seen in the foolowing example:

Example 1.2. Consider a small portion of the human DNA contained in a specific
chromosome, where capital letters represent SNPs:

taggtccCtatttTccaggegelCgtatacttcgacgggTctata
taggtccCtatttGecaggegecAgtatacttcgacgggTetata

The haplotypes obtained from each chain of nucleotides are the following:

CTCT
CGAT

that can be represented as strings in {0,1} with associated genotype g as string in

{0,1,2}:

ht = 0101 0291
h2 = 0011 9=

Using this formulation, we can formalize the notion of haplotypes that resolve a
genotype.

Definition 1.5 (Componentwise sum of haplotypes). Let h' and h? be two haplotypes
representing the same set of n SNPs, we define their componentwise sum as

04f hl=h2=0
(W ®h*),=<S1ifhl=h2=1 Vp=1,...,n
2if hy # h
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Definition 1.6 (Genotype resolution via haplotype sum). Let h' and h? be two hap-
lotypes of length n and g a genotype of length n. We say that two haplotypes h' and
h? resolve a genotype g if h' @ h% = g.

Note that genotypes may exist with no heterozygous sites. In this case, it is trivial
to choose the haplotypes that resolve it, as they are simply two copies of the genotype
itself. Moreover, these haplotypes are forced to be present in the solution of the HIPP
problem.

Definition 1.7 (Fixed haplotypes and fixed genotypes). A genotype is fized if it has
no heterozygous site. The haplotype that resolves it is called a fized haplotype.

Other useful definitions involve the notion of compatibility between haplotypes and
genotypes.

Definition 1.8 (Compatibility between haplotypes and genotypes). Let ht, h? be hap-
lotypes and g*, g* be genotypes representing the same set of SNPs. We say that:

1. h' and g' are compatible if for each position p such that g; #+ 2 we have g}) = hll,,

2. g and g* are compatible if g[l, = gf, whenever they are both different from 2 or,
equivalently, they have at least a compatible common haplotype.

Definition 1.9 (Complementary haplotype). A haplotype h' is the complementary of
h? (and viceversa) with respect to a genotype g* if h' and h? can be used together to
resolve g'.

From now on, we consider a set of m genotypes G = {g', ..., g™} made of n SNPs.
The set of all haplotypes that are compatible with at least one genotype of G is called
Hg. The set of positions associated to SNPs is denoted by P = {1,...,n}. Given a
haplotype h, we denote with G(h) C G the subset of genotypes compatible with h.

1.3 Structure of the thesis and contributions

The thesis is divided into the following Chapters.

Chapter 2 briefly presents the basic methodogical tools that will be used and
adapted in the modelling and solution approach proposed in this thesis, together with
the tools used for its implementation. In particular, Mixed Integer Linear Program-
ming, Decomposition methods and some well-studied optimization problems of interest
for this thesis will be introduced. We will also mention the software libraries SCIP and
Cplex, used to implement in the C++ computer language the algorithms developed in
the thesis.

Chapter 3 reviews the state of the art and makes an excursus on the different MILP
approaches investigated in literature to solve haplotyping problems. After presenting
approaches for alternative haplotyping criteria, we focus on pure parsimony haplotyp-
ing and review the formulations of the HIPP problem that present a polynomial or
exponential number of variables.

In Chapter 4 we give in detail three different formulations for HIPP. The first one
has a polynomial number of both constraints and variables and represents a slightly
improved version of a polynomial-size MILP model from the literature. The second one
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presents a quadratic set of constraints. It has been reformulated using a Dantzig-Wolfe
decomposition to obtain the third formulation, an integer linear programming model
which, to the best of our knowledge, is the first one including an exponential number
of variables and a polynomial number of constraints. In this thesis we show how we
can obtain a solution approach whose performance is competitive with state-of-the-art
polynomial-sized formulations by applying decomposition methods.

Chapters 5 and 6 discuss how a branch-and-price approach can be devised to solve
the third MILP formulation.

Specifically, in Chapter 5 we investigate how to solve the linear relaxation of the
new HIPP formulation with a column-generation algorithm. We provide a heuristic
procedure to find a good initial solution, needed to build the initial model correspond-
ing to the Restricted Master Problem, and we propose several methods for solving the
pricing subproblem that yields the column to be added. To fasten the convergence of
the column-generation procedure, we derive a lower bound obtained from a Lagrangian
relaxation of our formulation and we apply a stabilization technique to smooth the
values of the dual variables used to solve the pricing subproblem. Our lower bound
definition is based on a different relaxation with respect to the one usually applied in
stabilized column generation, and we need to extend the proof of convergence of our
stabilization approach so that dual feasible stabilized variables are allowed.

Chapter 6 discusses the branching procedure that allows us to recover variable in-
tegrality and, thus, solve HIPP. The branching strategy, which stems from observing
that the structure of formulation’s constraint can be related to set-partitioning prob-
lems, can be seen as a generalization of the Ryan-Foster branching rule. The same
observation leads to an alternative way of solving the HIPP problem, where we solve
at first a relaxation corresponding to a set-covering formulation. This has the ad-
vantage of reducing the computational time, but the proposed branching stategy has
to be integrated with further branching rules, leading to the overall branch-and-price
algorithm described in the second part of the chapter.

In Chapter 7 we describe the implementation details that define the overall branch-
and-price algorithm proposed for HIPP. Particular attention has been devoted to how
the branching constraints are embedded in the different approaches for the pricing
subproblem, in such a way that their structure and their performance is preserved in
all the nodes of the branching tree.

Chapter 8 presents the computational results and discusses the performance of the
proposed branch-and-price algorithm on different benchmarks from literature and on
a new class of large-size instances with increased number of genotypes. Results show
that the approach proposed in this thesis outperforms polynomial-size formulations on
the new benchmark.

Finally, Chapter 9 concludes the thesis by providing some final remarks and dis-
cussing future lines of research.



CHAPTER 2

Methodological and implementation tools

Different Mixed Integer Linear Programs provide formulations for the HIPP problem
studied in this thesis. In particular, one amongst these formulations is suitable to
be solved by a branch-and-price approach, using column generation to solve linear
relaxations. In this chapter we give a brief introduction on what Linear and Integer
programming is, together with the most common procedures used to solve problems
modeled in such ways. Exhaustive presentation of these tools can be found in [11,
16, 30] among others. Moreover, an overview on column generation and the main
procedures used to improve the standard algorithm are presented, for example, in 34,
35].

We report in particular the row- and column-generation procedures, applied to solve
large size linear programs, and approaches to solve mixed integer linear programs such
as cutting plane method, branch-and-cut and branch-and-price. In the last section we
summarize some well studied problems that can occur as subproblems in the approach
that we will device for the HIPP problem.

2.1 Linear programming
A linear program (LP) is the description of an optimization problem that involves the

maximization or the minimizing of a linear function of continuous variables, subjected
to some constraints. As for the objective function, also the constraints are linear:

min Zc,-;rl- (2.1)
s.t. Z Q54 > bj V] (2.2)
2 >0 Vi (2.3)

An LP can be described in compact form by using matrix algebra. We represent the
coefficients a;; of the constraints with a matrix A, the known terms b; with a vector b

7
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/

(a) bounded feasible region  (b) unbounded feasible region (c¢) empty feasible region

Figure 2.1: Feasible regions.

and the coefficients of the objective function ¢; with a vector c:

min ¢’z (2.4)
st. Ax >b
x>0

All other linear programs can be transformed to take the shape (2.4)-(2.6).

If a vector x > 0 satisfies the inequalities Ax > b then it is called a feasible solution,
and if no other better solution can be found, x is also an optimal solution to the LP.
If the optimal solution does not exist, there are two cases: the problem is infeasible,
i.e. no feasible x exists, or unbounded, i.e. for every a < 0 there exists a feasible z
such that ¢’z < a.

The set of all feasible solutions is called the feasible region, and it can be seen as the
intersection of a finite number of closed half-spaces, each one defined by a constraint
of the linear program. If this region is bounded, we call it a polytope, otherwise it is
called a polyhedron.

Example 2.1. We give a graphical interpretation of these concepts in Figure 2.1:
i subfigure 2.1a we show a bounded feasible region, whose boundaries are defined by
the inequalities x + 2y < 4.2, —z 4+ y < 1.5, v — 3y < =126, x > 0 and y > 0,
in subfigure 2.1b the feasible region is unbounded and described by —x +y < 1.5,
20 —3y <3, x>0 and y > 0, while in subfigure 2.1c the half-spaces —x +y > 1.5 and
2x — 3y > 3 do not intersect, so that the feasible region is empty.

Given a polyhedron P, a vertez is a point x € P that is not a convex combination
of any other two distinct points in P, that is, we cannot find z1,22 € P and A €]0, 1]
such that z1 # x9 and x = Ax1+ (1 — A)ze. According to the direction of the objective
function, a linear program that allows optimal solutions can either have a unique
optimal solution, obtained at a vertex of the polyhedron, or multiple optimal solution,
where at least one is achieved at a vertex, as seen in Figure 2.2: on the left of each
feagible region we show the direction in which the objective function improves and in
red the corresponding optimal solution(s).
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(a) unique optimal solution (b) multiple optimal solutions

Figure 2.2: Unique and multiple optimal solutions.

2.1.1 The Simplex Method

There are different algorithms that are used to solve a linear program. Among these,
the Simplex Method is widely used. It is an algorithm that proceeds by moving from a
vertex to another one of the feasible region, improving the value of the current solution,
until it reaches optimality. This method is largely used because of its features. It is
able to solve any linear program, it can be used to detect whether the problem is
infeasible or unbounded, it recognizes redundant constraints in the formulation and it
is able to handle problems with more than one optimal solutions [11].

The simplex method starts from a linear program in standard form, that is given
by:

min ¢’z (2.7)
st. Ar=1D
x>0

Note that every linear program can be transformed into standard form applying
straightforward operations on the rows of the linear system and on the objective func-
tion. This program is then re-written into the so-called tableau form. Consider an
m X n matrix A such that rank(A) =m (m < n). A basis for A is a subset of indices
B e {1,...,n} such that | B| = m and the square submatrix Ap, obtained considering
only the columns whose indices are in B, is non-singular. Note that B allows us to
select a subset of m variables and the related columns that form matrix Ag. Let
N ={1,...,n}\B. A basic solution associated with the basis B is the only solution
of Ax = b such that xy =0 and zp = A]_Slb. Suppose, for ease of notation, that such
a basis is given by B = {1,...,m}, so that A = (Ap, Ay) and 27 = (2§, 2%). This
means that x is feasible if and only if

TR = A]_glb - Al_;lANJ:N.

T

Thus, considering the value of the objective function z, we have z = ¢’ z, or equiva-

lently z — cng:z:B — c%xN = 0. We obtain that

z— (ch — chAGAN)zn = ch AR
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Then, defining

AN = AglAN,
b= Ag'b,
1T -
CN = CN — A%ABl CB = CN — AIJ\}CB
zZ= c%AElb
we get the tableau form:
min =z min =z
st. z—clz=0 <= st. z—¢cnyrnN =72
Az =D SUB+ANI‘NZI_)
x>0 z>0

The steps performed by the algorithm, once it is given a matrix A, vectors b and ¢ and
a feasible basis B = {B]l],..., B[m]}, are shown in Algorithm 2.1.

Algorithm 2.1 Simplex Method

1: procedure SIMPLEX(A, b, ¢, B)

2 compute the tableau associated to the basis B and the basic solution Z,
3 if ¢> 0 then

4 Z is optimal. STOP.

5: else

6 choose k such that ¢ < 0,

7 if a;r, <Oforallie{l,...,m} then

8 the problem is unbounded. STOP.

9

else
10: choose h € {1,...,m} such that apx > 0 and h = argmin %,
11: set B[i| = k for i such that it was B[i] = h,
12: go back to Step 2,
13: end if

14: end if
15: end procedure

Thus, starting from a feasible solution, identified by the initial basis B, the algorithm
looks for a variable that can potentially improve the value of the objective function,
based on the variable that reaches the minimum value for %. This new variable x;
replaces the chosen one xp, and the basis B is updated so that B[i| <— B[i] for each
index i s.t. B[i] # h and BJi| < k if we had B[i] = h. Variable zj is set to a value
such that we recover a feasible solution with equal or improved objective value. It
may happen that miny % is not unique. In this case, selecting arbitrarily one of
the candidate variables we face a degenerate solution: when we compute the related
tableau, not only x; but also other variables still in the basis are set to value 0. At the
next iteration of the simplex method, this can lead to a change of basis that does not
change the objective function’s value, thus affecting the convergence of the algorithm
to the optimal solution. This issue, that often occurs in practical problems, can be
overcome easily, for example by applying the following rule.
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Definition 2.1. Bland’s rule [9]. Consider a predefined order on the variables indices
and, when choosing the variables for the change of the basis, always choose the ones
with minimum index.

Thus, convergence of the simplex algorithm is ensured by the facts that there are at
most (;‘1) different bases, the method never increases the value of the current solution
and Bland’s rule ensures that, even if the algorithm visits degenerate basis, the same
basis will never be visited twice. It is possible then to prove that the Simplex Method,
when using Bland’s rule, converges in at most (Z) iterations. In practice, however, a
much smaller number of iterations suffices to find the optimal solution |[11].

2.1.2 How to deal with large-size LP models

While for small-size programs the Simplex Method is highly efficient in practice, when
the size of the models increases it could become impractical, due to the huge amount of
data that needs to be stored, possibly exponential on the size of the input data. There
are two ways in which the size of a program can increase and become impractical: we
can have a large amount of constraints, that means that matrix A has a large number
of rows, or a large number of variables, so that matrix A has too many columns. The
literature describes different strategies in order to deal with both these issues, allowing
to consider only a subset of important constraints or variables.

Row generation

Consider the case in which matrix A has a non-tractable number of constraints (as
an example, exponential with respect to the size of the problem’s data). The idea
underlying the row generation method is that the same optimal solution can be reached
considering different feasible regions for the same problem, as shown in Figure 2.3.
Given the direction in which the objective function improves, we can easily see in
Figure 2.3b that we do not affect the final solution of the problem by leaving out from
the description of the feasible region two half-spaces. It suffices, then, to provide a tool
that discerns which constraints are sufficient to identify the optimum. As this cannot
be said a priori, in practice we need an oracle that, given a subset of the program’s
constraints, tells us when no other constraints are missing or that provides a new
constraint to be added to the current set.

In order to reduce the number of constraints considered in the solution process, we
define a subset of constraints described by A’z =/, where A’ is a matrix containing a
subset of rows of A and V' is a vector made of the entries of b corresponding to the rows
in A’. Notice that we can even start without any constraint. We give a sketch on how
row generation works in Algorithm 2.2. Every time we get an optimal solution Z of this
reduced model, we need to check whether 7 is feasible for the original formulation or
if there is a constraint that is violated. In the first case, we can say that Z is optimal
and stop the algorithm, otherwise we add the found constraint and solve again the
resulting linear program.

The core point of this method is the detection of a procedure suitable for the role
of oracle, that strongly depends on the structure of the program and on the properties
of the particular constraints involved.
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(a)

Figure 2.3: Different feasible regions for same optimal solution.

Algorithm 2.2 Row Generation

1: procedure ROW GENERATION

2 build the linear program including only constraints A’z =¥/,
3 solve the linear program and get the solution Z ,

4: if 7 is feasible for the complete program then

5: set z9PT = 7. STOP.

6 else

7 add a constraint contained in Ax = b that is violated by Z,
8 go back to Step 3,

9: end if
10: end procedure

Column generation

Column generation, on the other hand, is applied when matrix A has a non-tractable
number of columns, so that the problem involves a great number of variables. In
this case, however, only few of these variables will assume a non-zero value in a basic
optimal solution and so it seems advisable to find a way of considering only the relevant
ones. As for the row generation method, the main idea of column generation consists in
considering at the beginning a reduced number of variables to which other necessary
variables are iteratively added. Also in this case, a procedure is needed that could
identify a new variable or say that no other variable is necessary, since we reached the
optimum.

In order to describe this approach we need to introduce some notions on duality. In
fact, for each linear program, that we call primal program, we can build another linear
program, called its dual, whose variables are associated to the primal constraints and
whose constraints are associated to the primal variables. Thus, looking for an extra
variable to be added to the primal program is equivalent to looking for a constraint to
be added in the dual.

Given a linear program with the notation of (2.4)-(2.6), its dual linear program
can be formulated following some simple rules: a maximization problem becomes a
minimization one and viceversa, while the sense of the constraints determines the sign
of the variables and viceversa, as in Table 2.1.

The definition of this dual program is such that the following theorems hold:
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Primal Dual

min max
Ail' S bz‘ T S 0
Az = b; meR
Ai:E Z bz' Ty Z 0
SU]' Z 0 AjTTI' S C]'
T € R AjT7T =¢j
z; <0 (IjTTI' >cj

Table 2.1

Theorem 2.1 (Weak duality [11]). Given a primal program min{c’x : Az > b,z > 0}
and its dual max{b"m : ATm < b,m > 0}, if the respective feasible regions are not
empty, then for every feasible x and ™ we have that

Al > bir.

Theorem 2.2 (Strong duality [11] ). Given a primal program min{c'x : Az > b,z >
0} and its dual max{b"n : ATm < b,m > 0}, if the respective feasible regions are not
empty and neither of the problems is unbounded, then there exist optimal T and T such
that

T

lr=5p"

.

We describe now how these notions about duality are used in the column-generation
process. We define the Restricted Master Problem RMP as the primal problem (2.4)-
(2.6) in which only a subset of variables has been considered. Suppose we solve the
RMP, and let 7 be the values of the dual variables associated, that can be derived from
the last tableau obtained when using the simplex algorithm. Note that these values
are such that b7 7 is equal to the value of the primal objective function. If 7 is a vector
feasible for the dual, that has the form

(D) min b7 (2.10)
st. ATr<e (2.11)
7 >0, (2.12)

then it is also optimal, by the weak and strong duality properties. If it is not feasible,
instead, there is at least one constraint of the set (2.11) that is violated and can be
found solving the following problem, called the pricing problem:

(PP) min{c; —7a;: i € {1,...,n}} (2.13)

where a; is the i-th column of matrix A. It is possible to look for such a constraint
by iterating over all variables the computation of the reduced costs ¢; — Ta;. An
alternative way consists in formulating the pricing problem as an optimization problem,
for example as a MILP model, that exploits the structure of the primal variables and
gives as solution the minimum reduced cost.

In the case in which 7 is dual infeasible, the minimum achieved is negative, thus
we found a violated dual constraint. This constraint is associated by construction to a
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primal variable x, that does not appear yet in the RMP, so we can add it in order to
obtain a better solution. It can be easily seen that the column-generation procedure
for the primal program has been translated in a row generation approach for the dual.

We outline the column-generation procedure in the Algorithm 2.3. Note that this

Algorithm 2.3 Column Generation

1: procedure COLUMN GENERATION
2 build the RMP from a subset of variables,
3 solve the RMP and get the solution Z and the associated dual variables 7,
4: if 7 is dual feasible then
5: set 29PT = 2. STOP.
6 else

7 solve (PP) and find a variable x;, to be added to the RMP,

8: go to Step 3,
9: end if

10: end procedure

procedure needs an initial feasible solution to start with. Usually, it is trivial to
provide such an initial solution that is arbitrarily far from the optimal one, but it is
also possible to apply more sophisticated heuristics to get a better starting point that
may help the convergence of the column-generation approach.

2.2 Mixed Integer Linear Programming

In the previous section we dealt with problems in which the variables are continuous,
but it is quite common to require integrality of some variables, as they can represent
undivisible units or alternative decisions. A Mized Integer Linear Program is given by
a model of this type:

min ¢’z + hly (2.14)
st. Az +Dy>b (2.15)
xz,y >0 (2.16)
zeZ (2.17)

When all the variables are required to be integer, we have a pure integer linear program.

In the presence of integer variables, the simplex method can still be applied to
the linear relaxation of the problem, that consists simply in ignoring the integrality
constraints and considering as feasible region the set P = {(x,y) : Ax+Dy > b, xz,y >
0} instead of Q@ = {(z,y) : Ax+ Dy > b, x,y > 0, x € Z}. However, the solution we
get can be infeasible for the original problem, as there is no guarantee that variables
x are integer. This is due to the fact that the simplex method gives as solution the
optimal vertex of P, which is not guaranteed to be in (). As we can see in Figure 2.4a,
the optimal solution returned from the linear relaxation is not feasible for the integer
problem. In this case, the simplex method can give only a lower bound on the real
optimal value of our problem.

In particular cases the optimal solution to a linear problem can be integral: if
the feasible region described by the constraints has integer vertices, we are sure that
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(b)
Figure 2.4: Linear relaxation, convex hull and feasible solutions.

solution approaches such as the simplex method return an optimal solution feasible
for the integer case.

For example, a kind of matrices that guarantee this feature for the feasible regions
they define are the so-called fotally unimodular matrices, that are characterized by
having determinant equal to +1 or —1 for each of their square non-singular subma-
trix. When, on the other hand, the feasible region does not have integer vertices, the
integer optimal solution can be found as a vertex of a different polyhedron, as seen
in Figure 2.4b, that is given by the set of points obtained as convex combination of
two any feasible points of ). This polyhedron is called the convex hull of the feasible
points (conv(Q)) and has all vertices in @, so that solving the linear relaxation of this
new formulation we get the feasible optimal solution. Thus, a first attempt at mak-
ing an effective use of the simplex method also for mixed integer problems consists in
providing the formulation of conv(Q).

We say that an inequality cx < d is a wvalid inequality for @ if it is satisfied by
every point of Q. We define a face of a polyhedron (in this case conv(Q)) as the set
F = conv(Q) N{z : cx = d}, being cx < d a valid inequality for Q. A facet is a
face of dimension dim(conv(Q)) — 1. Thus, a formulation of conv(Q) is given by the
set of linear valid inequalities that define its facets. However, this approach is often
impractical as there is not a known general method to recover the facets of conv(Q)
once we are given Q).

Thus, an alternative consists in the cutting plane approach, that adds suitable
inequalities (cuts) to the original formulation with the aim of providing a tighter
formulation for P, as close to ) as possible. When also this approach is not successful,
we proceed with a branching approach, that consists in dividing the feasible region
into two subsets whose union contains all the feasible mixed integer points. We now
see these two methods in details.

2.2.1 Cutting plane approach

Given the set ), a cut for the set P is an inequality such that, if we add it to the set of
constraints defining P, no point of @ is left out while at least one point in P becomes
infeasible.

In order to tighten the feasible region given to the simplex method, we need to
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C1%t et

‘cut

Figure 2.5: Cutting planes algorithm.

find such a cut. The procedure works as shown in Algorithm 2.4. In particular, if the
simplex method gives the optimal solution (Z,y) over the feasible region P and this
solution is not feasible for the mixed integer problem, we want to find a cut that is
able to separate (Z,7) from all the points in @ and hence from conv(Q).

Algorithm 2.4 Cutting Plane method

1: procedure CUTTING PLANE

2 solve the linear program on P and get the solution (Z, ),
3 if (Z,9) € Q then

4 (2OFPT yOPTY = (%,7). STOP.

5: else

6 find a cut az +vy < 3,

7 update P to PN {ax + vy < 5},

8: repeat from Step 2,

9: end if
10: end procedure

The crucial point of a cutting plane procedure is the separation problem needed to
perform Step 6, as there are infinite cuts that separate (Z,y) and standard routines
that provide feasible cuts do not guarantee to return strong valid inequalities, that is,
facet-defining inequalities. This approach strongly depends on the formulation of the
particular problem.

We illustrate in Figure 2.5 the behaviour of a cutting plane algorithm: we denote
with a the first solution obtained by solving the linear relaxation. Then, adding the
first cut we can possibly reach b (note that due to the direction of the objective
function, there is another suitable vertex to be chosen, but in any case the solution
is not integer) and with the second cut we reach ¢, that is still not integral, so it is
possible to keep looking for suitable cuts to be added to te feasible region’s description.

Note that the addition of a cut that separates the current optimal solution produces
a solution whose value is closer to the optimal one, even if we do not reach the optimal
solution itself. It means that we produced a better lower bound.

2.2.2 Branch-and-cut approach

Branching is another way of dealing with integer variables and it is based on a simple
idea: suppose x; is an integer variable that takes a fractional value « in the solution
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(a) (b)

Figure 2.6: branching on an integer variable.

of the linear relaxation. As this makes the solution infeasible for the original problem,
we can force z; to take either a value less or equal to || or greater or equal to |a] +1.
This means that we are splitting the feasible region into two polyhedra, whose union
contains the optimal integer solution but not the solution of the linear relaxation,
as can be seen in Figure 2.6b. At this point, we reoptimize over the two different
polyhedra and take the best solution found. Note that while the solution found is
integer-infeasible, we keep on branching on different variables.

This recursive procedure can be represented using a tree structure, where each node
branches into two nodes, each of which is associated with a portion of the feasible region
in which we divided the original one. The solution’s value at the parent node is a lower
bound (for minimization problems) to the best feasible solution that can be achieved
from a particular node downwards. The optimal solution is found at a leaf of this
branching tree, as we stop the branching when we get a feasible solution for the mixed
integer program. There are other two reasons that allow us to stop the branching:
when the problem at that node is infeasible, or when the lower bound at that node is
greater than the value obtained by any feasible solution. If one of these three scenarios
is found, we can say that we prune the current node, i.e. we are not creating other
subtrees starting from it.

Given the importance of computing a good lower bound to prune and reduce the
number of nodes to inspect, it can be useful to combine the branching and cutting plane
approaches, obtaining the so called branch-and-cut algorithm, shown in Algorithm 2.5.
In this approach, given a node t that cannot be pruned, we first look for strenghtening
cuts, so that we may be able to improve the lower bound at that node and find a
feasible optimal solution for the current node. Then, if the solution is still not feasible
for the integer problem, we branch and create the child nodes.

Ryan and Foster branching scheme

Introducing constraints on integer variables taking fractional values is the most straight-
forward way of applying a branching procedure, but we can define a more general ap-
proach, in which instead of identifying a fractional variable to be forced to be integer,
we recover two inequalities ax 4+ By < n and ax + By > o such that QN {(z,y) : n <
ax + By < o} is empty. Thus, the feasible region @ can be partitioned in the regions
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Algorithm 2.5 Branch-and-cut

1: procedure BRANCH-AND-CUT

2 consider (2.14)-(2.16) as root node of the branching tree,

3 let P be the feasible region, z* the current best solution’s value,
4 while there are unexplored nodes ¢ do

5: select one of these nodes ¢,

6 if the program in ¢ is infeasible then

7 prune t,

8 else

9: solve the linear program in t. Z is the objective value,
10: if Z > 2* then
11: prune ¢,
12: else if x € Z then
13: prune ¢,
14: if Z < z* then
15: update z* = Z,
16: end if
17: else
18: improve the current lower bound adding cutting planes to P,
19: if any cut is added, repeat from Step 9
20: select a variable x; = « fractional and create two child nodes:
21: update P to PN {z; < |«a]} for the left child,
22: update P to PN {z; > |« + 1}or the right child,
23: end if
24: end if
25: end while

26: end procedure

QN{(zr,y) : ax+ Py <n}and QN{(zr,y): ax+ Py > o}. A well-known example
of such an approach can be found in [45], applied to problems with a set-partitioning
structure.

Suppose we have a set of elements ¢ € I, subsets J € S C P(I) and a set-
partitioning program

min ¢z (2.18)
st Y dlay=1 Viel, (2.19)
Jes
zy€{0,1} vJesS (2.20)

where 7 is equal to 1 if element i is in subset J and 0 otherwise.

Ryan and Foster [45] noticed that, for any feasible integer solution, a pair of con-
straints (2.19) can be either fulfilled by the same variable x ;7 or by different variables,
so that the sum of the values of variables contained in both constraints is integer. In
particular, it holds:

Theorem 2.3 ([45]). In every fractional solution of the set-partitioning linear program,
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there must exists at least a pair of constraints (h,l) for which

0< Y 66z, <1
Jes

Moreover, the contrary also holds: if such sum is integer for any pair of constraints,
the solution results to be integer. Thus, the branching strategy they proposed consists
in checking whether at the current node there exists such a pair (h,1) and in branching
imposing this sum to be either less than or equal to 0 if the constraints are fulfilled
by different variables or greater than or equal to 1 otherwise. One node’s child is then
obtained adding to the current formulation the inequality

> 676z, <0 (2.21)
Jes

while the other is obtained adding
> 1oz > 1. (2.22)
Jes

Note that these conditions are actually satisfied as equalities, provided we also consider
the set-partitioning constraints.

2.2.3 Branch-and-cut-and-price approach

When dealing with a large-scale mixed integer problem in which the number of vari-
ables is huge and we need to use a column-generation procedure, applying the branch-
and-cut algorithm presented above is not enough to ensure we get the optimal solution.
In fact, we recall that the column-generation method ends before generating all the
possible variables, so when we branch and we face a new linear program, it is possible
that involving some of the missing variables yields a better solution. Thus, the proce-
dure described in the previous section should be slightly modified: we need to ensure
that a node is infeasible only if it would be infeasible for the complete program and
not only for the RMP, and we need to keep looking for further variables to be added
throughout the branching tree.

Given a node of the branching tree, its feasible region is the one of the parent node
intersected to the branching constraint. The addition of this constraint can have two
effects: it does not interfer with the feasibility of the problem, so that we are still
able to find a starting feasible solution from which we look for variables with negative
reduced cost, or it can make the problem infeasible. In this second case, we cannot say
right away that the node can be pruned by infeasibility, as there can be some missing
variables allowed at the node that make the problem feasible again. However, the
column-generation method cannot even start, as it requires an initial feasible solution.
Such feasible solution has to be recovered and we proceed as follows, exploiting the
well-known Farkas lemma, which provides a simple necessary and sufficient condition
for the existence of a solution of a system of linear inequalities.

Lemma 2.1 (Farkas’ Lemma [16] ). A system of linear inequalities Ax < b is infeasible
if and only if the system 1A =0, 7b < 0, w > 0 is feasible.
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Although this result is well known, we propose here its proof taken from [16] as it is
useful for what follows.

Proof. Assume 1A =0, 7b < 0, m > 0 is feasible.Then 0 = 71Azx < wb < 0 for any x
satisfying Az < b. Then Az < b is infeasible.

On the other way, assume that Az < b has no solution. Apply the Fourier-Motzkin
elimination to Az < b to eliminate all variables x1,...,x,. It consists in iteratively
chosing a variable z;, partitioning the rows of A according to whether a; is less than,
equal to or greater than 0 and then, after normalizing all ag to 1, 0, —1, adding between
themself each pair of rows h, k such that a{l =1 and ai = —1. Then, the new system
of inequalities includes all the original ones with a{ = 0 and all the new ones, that also
result in having ag = 0, thus in the new system x; does not appear.

Now, the system obtained A%z < b° has the form 0 < b° and the system Az < b has
a solution if and only if all the entries of b° are nonnegative. Since, by hypothesis,
that system has no solution, ° must have a negative entry, let’s say b < 0. As
every inequality of 0 < b° is a nonnegative combination of inequalities of the original
system, there exists a vector m > 0 such that 0 < bg is identical to mAxz < wb. That
is, >0, TA=0, wb = b? < 0 is feasible. O

In other words, Lemma 2.1 states that if the RMP is infeasible, then the dual is
unbounded (if not infeasible) and for every o > 0, am belongs to the feasible region.
This means that the vector 7 is a ray in the dual. Thus, to recover a feasible RMP we
want to add a variable with coefficient column a’ such that 7a’ > 0. Such a variable
can be found by solving the so-called Farkas pricing problem

iegl?%n}{ﬁai} = ie{rﬁ%ﬁn}{—ﬁai}, (2.23)
where the dual ray 7 can be provided by the simplex method in case of an infeasible
program. Note that this results in being the pricing problem (2.13) described in
Section 2.1.2 itself, except that we are considering cost coefficients ¢; = 0 for all
ie{l,...,n}.

If the Farkas pricing does not find a variable z; such that 7a/ > 0, we can conclude
now that the problem at this node is infeasible. Otherwise, we add to the RMP
the variable obtained and repeat the Farkas pricing until we get a feasible RMP.
Then, solving the usual (PP) we recover those variables that where not considered
at the parent node but, due to the extra branching constraint, are needed now. Note
that, as the RMP at each node possibly contains more variables, the dual has more
constraints. So, the PP must be updated at each node to prevent the generation of
variables associated to constraints already present in the dual or variables that are
forbidden due to the extra branching conditions. This means that the choice of the
branching rule in a branch-and-price approach is not separated from the design of the
procedure used to solve the pricing problem, that should preserve its performance even
after embedding the branching constraints.

2.3 Lagrangian relaxation

It is quite common to incur in Mixed Integer Linear Programs presenting a feasible
region that consists of a set of easy constraints and a remaining set of complicating
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constraints. This means that, without the complicating constraints, the problem could
be easily solved to optimality. Given rational matrices A and F, and rational vectors
b and d, consider a program in the form:

min cz (2.24)
st. Az <b (2.25)
Ex<d (2.26)
i €L Viel C{l,...,n} (2.27)
z € R" (2.28)

where the system Ax < b represents the complicating constraints. A typical example
is that of separable constraints Ex < d: the problem would decompose in a number
of smaller and independent problems if it were not for the presence of the linking
constraints Ar < b. Let Q = {x € R" : Ex < d, x; € Z,i € I}. We define the
Lagrangian relazation as the following problem:

(LR(N\)) zrr(A) = miCIQI cx — \b — Ax) (2.29)
q€
where A > 0 is a vector of dimension the rows of A. It can be proven that this problem
is a relaxation of the original one, in the sense that it can be considered as a way of
obtaining a lower bound on the optimal solution’s value.

Proposition 2.1 ([16]). Let 29T be the optimal solution of (2.24)-(2.28). Then
2rr(\) < 29FT for every A > 0.

Proof. Assume a feasible solution of (2.24)-(2.28) exists and let & one of these solutions.
Since T € ), T is feasible for the lagrangian relaxation and, as Az < b and A > 0, we
have zpr(A) > ¢z + Nb— AZ) > cx = 20PT O

The tightest upper bound that we can get in this way is given by

zLp = minzr(), (2.30)

that is called the lagrangian dual of the original problem.
The lagrangian dual can be rewritten in the following way, that states how it can
be seen as a partial convexification of the original feasible region.

Theorem 2.4 ([16]). Assume {x : Az < b,z € conv(Q)} # @. Then zr.p = max{cz :
Az < b,z € conv(Q)}

Proof. Since Ex < d is a rational system, conv(Q) is a rational polyhedron, that we
assume is described by the system Fa < g. Since @ # @, by linear duality zrr(\) =
max{cz + A(b— Azx): Fr < g} =min{\b+ pg : pF =c— XA, u >0} for all A > 0. It
follows that z;,p = miny>g zpr(A) = min{A\b+ pg : AA + pF = ¢, A > 0, > 0}, that
is the dual of max{cz : Ax < b, Fx < g}. Their optimal values coicide as the primal
is feasible by assumption. O

Let zrp be the optimal value of the linear relaxation of (2.24)-(2.28). It can be
proved that the lagrangian dual gives a dominating lower bound.
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Corollary 2.1 ([16]). 20P7 < z1p < z1p.

Proof. conv({x >0: Ax <b, Ex <d,x; € Zi € I}) Cconv(Q)N{zx >0: Az < b} C
{z >0: Az < b, Ex < d}, so maximizing the same objective function cx over these
sets gives the statement. O

2.4 Dantzig-Wolfe decomposition

Another possible way of dealing with complicating constraints consists in reformulating
the original problem using different variables. We still consider a program in the form
(2.24)-(2.28) and the set Q = {x > 0: Ex = d,x; € Z,i € I}. Now, let {v"}rex
be the set of vertices of conv(Q) and {r"},cm the set of its extreme rays. Every
point in conv(Q)) can be written as a convex combination of its vertices plus a conic
combination of its extreme rays, meaning that every x € conv(Q) can be written as

T = Zakvk—i— Zﬁhrh where Zak =1, >0Vke K, 5, >0Vh € H.
keK heH keK

We can thus rewrite the partially convexified problem
max{cz : Az <b, x € conv(Q)}

in the form

max Z(cvk)ak + Z(crh)ﬁh (2.31)

keK heH

st Y (A + > (ArM)BL < b (2.32)
keK heH
d =1 (2.33)
keK
a>0,8>0 (2.34)

obtaining the formulation for the Dantzig- Wolfe relazation. We can recover a reformu-
lation for the mixed integer problem imposing the integrality conditions

vaozk—i-Zr?ﬁhEZforiEI.

kinK heH

Note that this reformulation has the advantage of possibly breaking the compli-
cating structure of the constraints. It has however the drawback of presenting a large
number of variables, that makes impractical to consider them all together. A branch-
and-price approach is then suitable to solve the reformulated problem.

2.5 Some well-studied optimization problems

In this section we present a selection of well-studied problems that will be useful for
building the branch-and-price framework we present in the following chapters, as they
have to be solved as subproblems.
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2.5.1 Selection problem

Consider a set of elements N, each of them with cost ¢, > 0, n € N and a collection
> of subsets of elements of N with a profit of p, > 0, 0 € 3. A selection problem
consists in selecting a number of elements in ¥ such that the total profit minus the
costs is maximum. A formulation for this problem is the following:

max Zpgyg — Z CnTn (2.35)

oY neN
st. Tp > Yo YVoeX,Vneo (2.36)
Tn, Yo € {0,1} Vne NNVoeX (2.37)

We build a bipartite network in the following way: consider a source s and a sink ¢, a
first set of nodes representing the subsets ¢ € X and the second set representing the
elements of N. We connect all nodes of the first set with the source, with directed arcs
of capacities p,, all other nodes with the sink, with directed arcs of capacities ¢, and
put arcs with infinite capacity between pairs (o,n) if n € o.

Given a set of nodes S, we define 67(S) the subset of those arcs that have tail
in S and head outside S. An s-t cut is a subset of arcs I' of the described network
such that, given a subset of nodes S that contains the source s but not the sink ¢,
[ = §%(S). The capacity of the cut is given by the sum of the capacities of the arcs
in I'. The minimum cut problem aims at finding the cut that has minimum capacity.

In [4] an explanation on how a selection problem can be solved as a minimum cut
problem on the described bipartite network has been provided. The following result
holds.

Lemma 2.2 ([4]). There is a one-to-one correspondence between cuts containing no
arcs with infinite capacities and selections.

But we can say something better:
Lemma 2.3 ([4]). The minimum cut corresponds to the selection of mazimum value.

Proof. Consider a minimum cut that partitions the set of nodes into the two subsets
(I, T) and (T',T) and let (I',T"), (I",7") be any other cut. As no arc of infinite
capacity can belong to the cut, the values of the cuts are related by

Zpa+zcn§ ZPJ+ ch
oel neT ol nel’

AS D ocrPo T2 g Po = D ger Po + D geir Po We have that the associated values for
the selections are

She=> =D Pt > Pe—d o= >

O'GF nET O'GF, O'Ef‘/ o'ef‘ T'LET
ZE pa+§ CTL_E Cn_g Cp =
oel” neT neT’ neT
= E Po — E Cn
oel” neT”’

that proves the lemma. O
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This proves that it is possible to solve selection problems by solving an associated
minimum cut problem, that is equivalent to a maximum flow problem, for which we
have strong combinatorial algorithms as Ford-Fulkerson methods.

Maximum flow/minimum cut on networks

Given a digraph (V, D), made of a set of nodes V' and directed arcs D, and given two
nodes s, t, an s-t flow is a non-negative assignment of values x, for each a € D such
that the amount of flow entering a node equals the flow that exits from that node,
except for the source s and the sink t. Thus, any flow satisfyes the equalities

Z Tg — Z ze =0 VoveV\{st}

a€d—(v) a€dt(v)

where we denote with 6~ (v) the set of directed arcs having node v as head and 6™ (v)
the set of nodes having it as tail. From these constraints, we derive that the total
amount of flow leaving from s is the same entering the sink ¢.

Moreover, we can associate to each arc a capacity ¢,, a € D that fixes the maximum
amount of flow that can go through the arc. We define then the maximum flow problem
as that of finding the maximum value of an s-t flow f(x) that does not exceed the arc
capacity, with the following formulation:

f(z) = max Z Tg — Z Zq (2.38)

a€dt(s) a€d—(s)

s.t. Z Tg — Z g =0 VoveV\{s,t} (2.39)
a€dt(v) a€d— (v)
0<z,<c, VYa € D (2.40)

Note that, if the capacities are all integer numbers, the matrix describing the program
constraints is totally unimodular, so that to solve the integer flow problem it simply
suffices to solve its linear relaxation.

On the same network we also look for a cut of minimum capacity. In particular,
the following result holds:

Theorem 2.5 (Max-Flow Min-Cut Theorem [16]). Given a digraph (V, D), two nodes
s and t and capacities cq, a € D,

max{f(z): z is a feasible s-t flow} = min{c(T") : T is an s-t cut}

We want to solve the flow problem using an algorithm that exploits the combina-
torics behind the flow network. We introduce a new network, the residual graph (V, D)
associated to an s-t flow, that has the same set of nodes of the original network and
where the set of arcs is determined starting from the flow. Let a € D be an arc going
from node u € V to node v € V, then we denote with a the arc going from v to u.
Thus, D is defined as the set of arcs

{aeD:xs<cyU{a: aeD,z, >0}

It can be proved that a feasible flow is maximum if and only if the residual graph
contains no path going from s to ¢t. If such a path exists, it is called an augmenting
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path, as it can be used to increase the total flow and improve the current solution. This
fact provides the idea underlying the well known Ford-Fulkerson methods for solving
a maximum flow / minimum cut problem.

Note that there are several ways of choosing an augmenting path, one of the easiest
consists in looking for such a path on the residual graph. This choice proves to be
useful to recover the solution for the minimum cut problem, that can be done looking
at the residual graph: one optimal subset of nodes S is given by all the nodes that can
be reached from the source s, and then the optimal solution is obtained selecting the

arcs in 67 (S).

2.5.2 Knapsack problem

This classical problem in Integer Programming has been widely studied both because
of its simple structure, that allows to exploit several combinatorial properties, and
because it often appears as subproblem in other difficult problems. A complete survey
on the structure of the problem, that results to be weakly NP-hard, and solution
methods can be found in [37]. Given a knapsack of fixed capacity C' and n types of
objects with integer weights p; < C and utility ¢;, with ¢ € {1,...,n}, the problem
consists in maximizing the total utility of the objects we can pack into the knapsack
without exceeding the capacity C. The straightforward formulation for this problem
is:

n
max Zcixi (2.41)
i=1
n
st. Y pai <C (2.42)
i=1
xeZ" (2.43)

where x; records how many units of object ¢ can be loaded.

Important variants to this model include the case in which at most one item of
each type can be selected, leading to the formulation of the 0/1 knapsack problem,
where the feasible region becomes

xz € {0,1}".

It is quite trivial to solve the linear relaxation of this problem: it suffices to reorder
the items in an increasing way according to 2t and then set x; = 1 for i € {1,...,k}
in the new order, where k is the index such that

k k+1
> pi<C but Y pi>C,
i=1 =1
C=3F pi
and xg11 = pzkj:llp.

From this we can recover a straightforward greedy algorithm that gives an approx-
imation of the optimal integer solution taking as the optimal value Z the maximum
between Zle ¢; and ci4q1 and respectively the solution obtained setting z; = 1 for
ie{l,....k} or xp41 = 1.
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Notice that, supposing ¢; = 1 for all i € {1,...n}, when applying the greedy
algorithm, the variables result ordered increasingly with respect to their weights. In
this case, the solution obtained with the greedy algorithm is also the optimal solution,
given by z; = 1 for i € {1,...,k}. On the other hand, if this condition on the
coefficients ¢;,i € {1,...,n} does not hold, the greedy algorithm described above is a
2-approximation for the knapsack problem [30].

2.5.3 Set-partitioning and set-covering problems

Set-partitioning and set-covering constraints are classical families of constraints that
aim at subdividing sets of elements into subsets satisfying specific requirements. Con-
sider a set N of elements N = {1,...,n} and a family of subsets of N, F = {F1,..., F},}.
The set-partitioning constraints aim at selecting among F subsets such that each ele-
ment in the set NV belongs to exactly one subset. They are defined as follows:

m
 zj=1 VieN (2.44)
j=1
i€k
where z;, j € {1,...,m} are variables that assume value 1 if we select the subset Fj, 0

otherwise. The set -covering constraints, instead, identify a collection of subsets in F
such that each element belongs to at least one subset. Formally, considering the same
variables as above, they are defined as:
m
 zj>1 VieN (2.45)
j=1
1€F}

Introducing costs ¢; > 0 on the subsets F}, we can formulated the associated
set-partitioning problem:

(SP) min chxj (2.46)
j=1
st Y =1 Vie N (2.47)
j=1
iEFj
zj €{0,1} Vie{l,...,m} (2.48)
and set-covering problem:
(SC) min chxj (2.49)
j=1
st. Y x;>1 VieN (2.50)
j=1
iGF]‘

xzj € {0,1} Vie{l,...,m} (2.51)
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Note that, as the set F can possibly contain all possible subsets of elements of
N, we have an exponential number of elements F} and, thus, of variables x;. A
column-generation method is then a suitable approach to deal with the huge number
of variables and find the solution of the linear relaxation of both (SP) and (SC), to be
embedded in a branch-and-price approach. Recall that in Section 2.2.2 we presented
Ryan-Foster branching strategy for set-partitioning constraints.

In [5] it is shown how, in many applications that require a set-partitioning structure,
it can be advisable to consider instead a set-covering formulation. Depending on the
problem addressed, in fact, it may be straightforward to recover the optimal solution
to the set-partitioning problem from the optimal set-covering one. Besides, the set-
covering linear relaxation is usually numerically more stable.

2.6 Implementing tools: SCIP and CPLEX

SCIP (Solving Constraint Integer Programs) is a framework for solving constraint in-
teger programs and has been developed since 2001 at the ZIB (Zuse-Institute Berlin)
[1, 24]. It provides a very flexible environment for solving branch-and-bound based
search algorithms, integrating together four different methodologies in optimization:
Mized -Integer Linear Programming, Satisfiability Solving, Constraint Programming
and Mized Integer Non-linear Programming. SCIP has a plugin-based design, that
consists in external user defined callback objects that interact with the main frame-
work. In this way, it is possible to implement:

1. wariable pricers to dinamically create problem variables,

2. cut separators to apply cutting planes to the LP relaxation: some well known
families of cuts, such as mixed integer rounding cuts, Gomory mixed integer cuts
or clique cuts are already implemented, but also user-defined cuts can be added,

3. primal heuristics to search for feasible solutions, so that we can possibly prune
branches of the search tree by bounding,

4. node selectors to guide the search,

5. branching rules to split the problem into subproblems, where an arbitrary number
of children per node can be created,

6. constraints handlers for dealing with user-defined constraints: together with a
general linear constraints handler, we can find specific ones, as the knapsack
constraint or set-partitioning constraint handlers, that can exploit the special
structure of these constraints,

7. and many others.

We want to point out, moreover, that SCIP is one of the fastest non-commercial solvers
for mixed integer programming and mixed integer nonlinear programming, as shown
in Figure 2.7, and that its performance can be improved by using CPLEX as solver
instead of the default, non-commercial SoPlex.



28 CHAPTER 2. METHODOLOGICAL AND IMPLEMENTATION TOOLS

— - l CBC294
@ 2400 |- .3..7_2_no.nf.c_c.>m_mer.<:l.a. |.commercial . MIPCL 1.1.2
e
S 1800 | N S U Il SCIP 3.2.1 — SoPlex 2.2.1
(9]
2 1200 B [ |:| SCIP 321 - CPLEX 1263
> Bl Xpress 8.0.0
IS . L 100X | A Q1w oo
£ 600 - Bl CPLEX 12.6.3
0.18x 0.17x 0.14x .
0 ! [ Gurobi 6.5.0
solved 8o 8o 86 data: Hans Mittelmann
(of 87 instances) graphics: ZIB

Figure 2.7: SCIP performance compared with commercial and non-commercial solvers
[24].

IBM ILOG CPLEX Optimizer [18] provides flexible and high-performance solvers
for linear, mixed integer, quadratic and quadratically constrained programming prob-
lems.

CPLEX allows to choose between different algorithms that are used to solve linear
or quadratic programs with continuous variables:

1. Simplex Optimizer: it includes primal method, dual method and a network op-
timizer especially suited for pure network problems,

2. Barrier Optimizer: it provides an alternative to the simplex method and it
offers a particularly efficient approach on large, sparse problems (for example,
more than 100 000 rows or columns, and no more than perhaps a dozen nonzeros
per column) and sometimes on other models as well,

3. Sifting Optimizer: it was developed to exploit the characteristics of model with
large aspects ratio (that is, a large ratio of the number of columns to the number
of rows). In particular, the method is well suited to large aspect ratio models
where an optimal solution can be expected to place most variables at their lower
bounds.

The Mized Integer Optimizer instead provides fast and robust solutions to the most
difficult mixed integer programs using a branch and bound technique integrated with
cutting-edge strategy.



CHAPTER 3

State of the Art

The Haplotype Inference by Pure Parsimony (HIPP) problem we defined in Chapter 1
of this thesis is a particular case of a more general problem called Haplotype Inference,
that consists in finding a set of haplotypes that is able to resolve a set of given geno-
types. In the literature we find different problems related to it: the shared aim is that
of finding haplotypes that resolve the given genotypes, but they eventually consider
different extra conditions on the haplotypes. For example, the Perfect Phylogeny prob-
lem requires in addition that the haplotypes selected have an evolutionary history that
can be represented by an appropriate rooted tree. Alternatively, the HIPP problem
requires the set of haplotypes to have the minimum cardinality. In this chapter we re-
view the different versions of the HIPP problem and the different solution approaches,
including both exact methods and heuristics.

3.1 Haplotype Inference in literature

3.1.1 The Maximum Resolution Problem

Note that, given a set of m genotypes G, it is always possible to find a feasible solution
to the Haplotype Inference problem that consists at most in 2m haplotypes. The
first version of the Haplotype Inference problem that has been introduced in literature
is the Mazimum Resolution Problem (MRP) [15]. It does not give any particular
constraint on the features that the involved haplotypes should have, but it simply
aims at finding the maximum number of genotypes in the set G that can be resolved
following the Clark’s Inference rule, proposed in [15] and sketched in Algorithm 3.6.
First, the procedure identifies the genotypes in the given set that contain at most
one heterozygous site: these genotypes are trivially resolved, as they allow at most one
possible pair of haplotypes resolving them, that are referred to as fixed haplotypes (see
Definition 1.7). The set of haplotypes H used to resolve genotypes in G is initially set to
contain these fixed haplotypes. Then, given a genotype with at least two heterozygous
sites, the rule tries to resolve it using at least one haplotype in H and deriving its
complementary. If this latter haplotype is not already contained in H, it adds it to H

29
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and proceeds to another genotype. The application of this rule to all the genotypes
considered in a predefined order yields a procedure that gives a feasible solution to the
MRP.

Algorithm 3.6 Clark’s heuristic [15]

1: procedure CLARK(G)

2 let G = G be the set of unresolved genotypes,

3 let H = @ be the set that contains the haplotypes considered so far,
4 for g in G do

5: if g is fixed then

6 add it to H as fixed haplotypes and remove it from G,
7 end if

8 end for

9: for g in G do

10: look for a haplotype h € H compatible with g,

11: if h is found then

12: compute the complementary one h w.r.t. g,

13: if h ¢ H then and add it to H,

14: end if

15: delete g from G

16: end if

17: end for

18: end procedure

If, at the end of the algorithm, G is empty, there are no unresolved genotypes
and the haplotypes in set H constitute an optimal solution of the MRP. There is no
guarantee that this algorithm is able to resolve all the genotypes as, for example, it
cannot even start if no fixed haplotypes are found. This event, however, is assumed
to have a very low probability when dealing with realistic samples of human DNA.
More likely, it can happen that only a portion of the genotypes is resolved by the set
H obtained. Notice that the set H can sensibly vary according to the order chosen
for the genotypes. The algorithm should then be applied considering every possible
ordering, so that it reaches better solutions.

It is proved that this problem is NP-hard and Maximization Strict-NP complete
(Max-SNP complete), meaning that there is a fixed limit on the accuracy of every
polynomial-time approximation method for this problem [27].

3.1.2 Perfect Phylogeny Haplotyping

As we already pointed out, the MRP does not take into account any biological assump-
tion, that are useful in leading the algorithms to build a plausible solution. On the
contrary, the Perfect Phylogeny Haplotyping (PPH) aims at resolving the m genotypes
contained in a set G taking into account two extra assumption on the nature of the
sought haplotypes. One of these is the assumption, considered for example in [26],
according to which the evolutionary history of 2 m haplotypes (two for each genotype)
can be represented by a coalescent, a rooted tree in which the root is labeled with a
0-vector of length n, where n is the number of considered SNPs, the leaves represent
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haplotypes and the edges between two nodes represent the switch of a site value from
0 to 1. In this way, the unique path from the root to one leaf shows exactly which sites
have value 1. The infinite-site assumption is also made, which states that, due to the
relatively small time horizon of interest considered, at each site at most one mutation
occurs. The link between this representation of 2m haplotypes and a solution to the
Haplotype Inference problem lay in the fact that the haplotypes can be seen as the
single chains that, once paired, resolve the m genotypes we are considering.

The two given assumptions can be summarized saying that the 2m haplotypes can
be explained by a perfect phylogeny:

Definition 3.1 ([26]). Given a 2m x n matriz in {0,1}, a perfect phylogeny for B is
a rooted tree T with exactly 2m leaves that obeys the following properties:

1. each of the 2m rows labels exactly one leaf of T,
2. each of the n columns labels exactly one edge of T,

3. every interior edge (one not adjacent to a leaf) of T is labeled by at least one
column,

4. for any row i, the columns that label the edges along the unique path from the
root to leaf i specify the columns of B that have a value of one in row i in B. In
other words, that path is a compact representation of row i.

At this point, finding a solution of the Haplotype Inference problem is equivalent
to finding a perfect phylogeny and a suitable pairing of the leaves such that we can
recover every genotype. As it is quite trivial to recover a suitable pairing once we are
given the 2m haplotypes, the main goal becomes finding the perfect phylogeny.

It is easy to see how these assumptions restrict the number of possible solutions,
as shown by the following example that can be found in [26]:

Example 3.1. Given the genotypes g1 = {22}, g2 = {02}, g3 = {10}, we consider the
two different solutions

H' = {a={10},d = {01},b = {01},¥ = {00},c = {10}, ¢ = {10}}
H" = {a={11},d = {00},b = {01}, = {00}, c = {10}, = {10}}

and note that the second one does not have a perfect phylogeny, as shown in Figure 3.1,
because point 2 in the definition of a perfect phylogeny is not satisfied.

The approach using a perfect phylogeny is carried on in [3], which presents an
algorithm that determines if there exists a suitable solution for the PPH problem
given a set of genotypes and, if this is the case, it yields a data structure containing
all the possible solutions. This algorithm is proven to have a O(nm?) complexity. Tt is
also proved how the number of possible solutions to the PPH is significantly reduced
with respect to the Haplotype Inference problem.

In [22], another O(nm?)-time algorithm is presented and the implementation is
extended to deal with instances that present some errors in the data, so that it would
not be possible to find a solution that exactly fit the perfect phylogeny model, or where
some SNP values related to some individuals are missing. A linear-time algorithm for
the solution of this problem is presented in [20].
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Figure 3.1: An example of solutions with (left) and without (right) perfect phylogeny.

3.1.3 Other Haplotype Inference principles

In [10] we can find a small overview of the use of statistical methods for solving the
Haplotype Inference Problem. The main idea underlying this approach is that there
is an unknown distribution of the haplotypes among the target population, and each
genotype is simply a combination of a pair of randomly chosen haplotypes. Thus,
we want to estimate the haplotype frequencies and then infer haplotypes according
to these frequencies. Two main approaches have been proposed. The first one in
[23| implements an estimation-maximization algorithm to obtain maximum-likelyhood
estimates for haplotype frequencies. In practice, starting from an initial arbitrary
distribution that represents the unknown true frequencies, an iterative estimation of
the haplotype frequencies leads to the most likely ones as convergence is reached. It
is possible to choose different starting frequencies. Another approach, presented for
example in [38], makes use of a Monte Carlo method after dividing the haplotypes in
small fragments. This model proved to be robust to the presence of missing data and
to occurrencies of recombination hotspots.

3.2 Haplotype Inference by Pure Parsimony

A classical biological assumption that is widely taken into account in haplotype infer-
ence consists in the parsimony principle, according to which it is very unlikely that
in Nature we find more haplotypes than the necessary ones. In fact, in natural pop-
ulations the number of haplotypes observed is sensibly smaller than the number of
possible ones, thus suggesting that, with a large enough sample of genotypes, we can
likely deduce the right haplotypes when considering their minimum possible number.

It has been proved that if each genotype has at most two heterozygous sites, then
the HIPP can be solved in polynomial time [32]. On the contrary, the problem is
well-known to be not only NP-hard, but also APX-hard [31]. This means that there
exists a constant A > 1 such that the existence of a A-approximation algorithm for
HIPP problem would imply P=NP.

The proof for the APX-hardness is made in two steps and exploits a reduction
from the Node-Cover problem, known itself to be APX-hard (see for example [6]).
Note that the proof involves only instances in which each genotype has at most three
heterozygous sites, as they are already enough to prove the hardness of the HIPP
problem. We define this problem as:
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Definition 3.2 (Node-Cover (NC) Problem). Let G = (V, E) be an undirected simple
graph on n nodes and m edges. A Node-Cover is o vertex set X C V such that every
edge in E has at least one endpoint in X.

We define as NC2 the Node-Cover problem restricted to those graphs that yield
an optimal solution of size at least n/2. In [6] is proved that NC2 is APX-hard.

Lemma 3.1 ([6]). The problem NC2 is APX-hard.

The proof of this lemma proceeds reducing the APX-hard problem NC to the
problem NC2. This can be done via a polynomial algorithm [6] that given a graph
G = (V, E) returns an instance G’ = (V' E’) of NC2 and a set @ such that, if X is a
minimum node cover of G’, then X U @ is a minimum cover of G.

Lemma 3.2 ([31]). The HIPP problem is APX-hard

To prove this result a reduction to an APX-hard problem is used too, in particular
the HIPP problem is reduced to the NC2 problem. As a result of this complexity, each
exact algorithm for the problem will use some sort of enumeration [31].

Different exact formulations have been proposed for HIPP. We can mainly divide
them into two different types: those which have an exponential size on the input data,
for example having an exponential number of constraints or variables, or both, and
those that have a polynomial size. Finally, to be able to get a good feasible solution
on bigger instances within a small time orizon, some heuristic algorithms have been
proposed. In the following three sections we make an excursus on these different types
of models and related solution methods.

3.3 Exponential-size integer formulations

In this section we present several state-of-the-art models for HIPP whose formulations
present an exponential number of variables and constraints.

3.3.1 An intuitive formulation

In 2003, Gustield |25] proposed an intuitive model for the HIPP problem. Although the
formulation is easy and understandable, it becomes of impractical use with the increase
of the instances’ size, as it has an exponential number of both variables and constraints,
and no decomposition method to deal with them has been proposed. Consider a single
genotype g',i € I = {1,...,m}, which presents k; heterozygous sites. It is known
that there are 2% 1 different pairs of haplotypes which resolve that genotype and
each of these pairs can be associated to an index j € J; = {1,...,2%~1} Thus, the
formulation uses a binary variable y; ; that is equal to 1 if the j-th pair is used to
resolve genotype g;. Moreover, being M the number of haplotypes that are compatible
with at least one genotype, it is possible to associate to each haplotype involved in any
genotype’s resolving pair a variable zp, h € H = {1,..., M} that records if haplotype
h is used in the solution. Thus, we denote with TIP the formulation proposed for
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HIPP, that can be written as:

(TIP) min Y (3.1)
heH

st Y yig=1 Viel (3.2)
JjeJ

Yij < Th Viel,VjeJ,VheH: itbelongstopair j (3.3)

vi;j €{0,1} Viel,VjeJ; (34

z, €{0,1} VheH (3.5)

We are here minimizing the total number of haplotypes used, subject to constraints
(3.2), that force every genotype to be resolved by a pair of haplotypes, and constraints
(3.3), that link variables zj, to the corresponding y; ; variables, so that if a pair indexed
by j is used to resolve a genotype, both its haplotypes are counted in the objective
function.

From the formulation we can see that, for each genotype ¢¢, 2%~ variables and
2ki=1 1 1 constraints are needed, so that defining k = max{k;,i € I'} we have an overall
of O(m 2*~1) variables and O(m(2*~! 4- 1)) constraints, that are in fact exponential
on the number of heterozygous sites.

In [25] it is also shown how the actual number of variables and constraints can be
reduced, taking into account two simple facts. First, if a pair j related to genotype
g’ consists of two haplotypes compatible only with this genotype, we can avoid to
add the corresponding variables y; ; and xj, associated to the two haplotypes in j. If
it happens that all pairs related to a genotype are removed, it means that we can
remove it from the set of genotypes after arbitrarily choosing a pair of haplotypes
for it. Otherwise, an optimal solution will always involve one of the pairs left for
each genotype. Although this reduction at first requires a complete enumeration of
all possible haplotypes involved, preserving the impracticability of the formulation,
we can avoid the complete enumeration considering directly only those haplotypes
that are compatible with at least two genotypes. That is, instead of building pairs of
haplotypes looking at one genotype at a time, we look at a pair of genotypes at a time.

The second way of reducing the number of variables and constraints takes into
account the presence of genotypes with no heterozygous site. In this case, the only
possible pair is made of two copies of the same haplotype, that is equal to the genotype
itself. This means that we remove the homozygous genotype from our problem and
the variable corresponding to the associated haplotype from the objective function.
The new model that includes these expedients is called RTIP formulation.

Anyway, the size of this formulation still increases exponentially with the number
of heterozygous sites of the genotypes, thus only relatively small size instances (up to
50 genotypes and 30 SNPs) has been solved.

3.3.2 A set-covering approach.

The statement of the HIPP problem reminds the idea of a set-covering and thus a
model can be formulated involving a covering condition (2.45) as seen in Section 2.5.3.
We define triples (¢*, p,a) where ¢* is a genotype, p is a position of the genotype such
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that g;) =2 and a € {0,1}. In the approach presented in [33] the haplotypes’ solution
set is seeked among the sets of haplotypes for which every triple is covered by one
of those haplotypes, that means there exists a haplotype h in that set such that it is
compatible with ¢ and hp = a. This condition, however, is not enough to obtain a
feasible solution for the problem, as can be seen in the following example.

Example 3.2 ([33]|). Consider the set of genotypes G = {1222,2122,2212,2221}. The
set of haplotypes H = {0111,1011,1101,1110} satisfies the covering condition but is
not a valid solution for the HIPP problem as, for example, we cannot find any two
haplotypes in H that resolve the first genotype in G.

The example shows that, besides the constraints regarding the set-covering formu-
lation, we need also other constraints to ensure that every genotype is resolved by two
haplotypes. This can be formulated in the following way: for each genotype ¢g' and
set of haplotypes that is insufficient for resolving ¢, there must be at least another
haplotype in the solution that is compatible with g*.

Define the sets H as all the haplotypes that can resolve at least one genotype in G,
H' any set of haplotypes insufficient to resolve all the genotypes, U(H') the set of
genotypes unresolved by H’ and H(g%) the haplotypes compatible with g¢. Moreover,
define C(g%, H') := H(g") — H' and N’ the set of pairs (¢°, H') such that H’' is an
insufficient set of haplotypes and ¢* € U(H').

The formulation for the HIPP problem given in [33] and denoted as Set Covering Model
(SCM) is the following:

(SCM) min Z xp (3.6)
heH
s.t. Z xp > 1 ViGI,Vp:g;:ZaG{O,l} (3.7)
heHa(g')
Yo a1 Vg, H)eN (3.8)
heC(g*,H")
xp € {0,1} (3.9)

where Hg(gi) is the set of haplotypes compatible with ¢* that has value a in position
.

As we have an exponential number of constraints of type (3.8), we apply a cut-
generation procedure in order to add a constraint only if it is necessary. It is easy
to see that, in the worst case, just considering the formulation (3.6)-(3.7) we already
have O(2") variables and O(mn) constraints, thus a column-generation approach is
necessary to avoid generating all the variables. In [33] the pricing problem, that looks
for the best variable to be added by enumerating all the possible haplotypes, is solved
in a particular way, presented in the following paragraphs.

Consider N' C N’ the subset of constraints (3.8) that have been actually added and
X the set of variables generated at some iteration of the column-generation procedure.

Let (a*,8*,7*) be the dual values associated respectively to constraints (3.7) with
a =0, a =1 and the [N| constraints (3.8). Looking at the dual of SCM, we build the
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pricing problem by maximizing

Z Z (1= hp)ag, + hpBg ] + Z Vo H (3.10)

g€G(h) P:gp=2 (9,H)eN ,geG(h)

over all the possible h. If this maximum is greater than 1, the variable associated to
the haplotype found in the solution has to be added to the master problem.

As it is not advisable to consider every h haplotype compatible with at least a
genotype in G, in order to reduce the enumeration effort, the structure of the pricing
problem is inquired taking into account the following definitions.

Definition 3.3 (Selectable clique [33]). A selectable-clique, or s-clique, is a subset K
of genotypes such that there exists a haplotype h that is compatible with every genotype
in K and no other genotype in G\ K.

We describe in Algorithm 3.7 the procedure proposed in [33] identifying all the
s-cliques of a given set of genotypes G. Starting from a root node, it builds a tree in
which each leaf represents an s-clique and each branch fixes uniquely the value of a SNP.
Each node t of the tree is identified by a string with values in {0, 1,2}, called virtual
genotype ¢', a set of genotypes Gy C G compatible with it and a set of positions I; C P
that defines the set of values of the virtual genotype that have been fixed through the
branchings. A node is pruned if for all the genotypes in G} associated to a particular
node and all positions p € T} it holds that g, = g}f). An example of such a tree, obtained
applying Algorithm 3.7 to the set of genotypes G = {2202, 1222, 1221,2012,0210}, is
shown in Figure 3.2. Note that the size of such a tree is highly dependent on the order

Algorithm 3.7 Find the set of s-cliques of G [33]

1: procedure FIND S-CLIQUES(G)

2 label the root node with a virtual genotype of 2s,

3 initialize t = 0, I; = & the set of already branched positions,
4 while there are unexplored nodes do

5: select node t,
6

7

8

9

ifforallpe P={1,...,n}\[; — g]tg =gp,Vg € G; then
the node represents an s-clique. Prune the node,

else
: choose p that fails this condition and branch:
10: - one branch ¢ 4+ 1 has virtual genotype with 0 at position p,
11: - the other ¢ + 2 has value 1,
12: update Iy = Iy0 = I; U {p},
13: end if
14: end while

15: end procedure

in which we choose the position p for branching. Every leaf of the tree is associated
to a pattern, that is an n-string over {0, 1, —} that represents its virtual genotype. A
haplotype compatible with all the genotypes in an s-clique is called a selector and is
derived from any pattern just replacing each — with a 0 or 1. The same s-clique can
appear in different leaves, so more than one pattern is associated to the same s-clique.
A list of all these patterns for the same s-clique is a pattern table.
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1211
‘ {2:3,4}

0010 011 1110 1011 1111
{2} {2.3.4) (2.3}

{45}

Figure 3.2: Tree of all s-cliques. G contains g' = 2202, ¢ = 1222, ¢ = 1221,
g* = 2012, ¢° = 0210

Definition 3.4 (Pattern table in standard form [33]). A pattern table is in standard
form if:

e no pattern is contained in another pattern (that is, given a pattern 7 and a
position a, there is not another pattern m such that ©° = 7, for all a with
T € 10,1} )

o for each pair of patterns 7t and 71, there exist at least two positions a,b such
that 7, # w3 and w) #

Once we have a pattern table, a compact representation of it is obtained putting it in
standard form.

Thus, going back to the pricing problem, we can rewrite for each s-clique K:

aE,p)= > o},

geK: gp=2
BIK,p)= D By

geK: gp=2
Y(K) = Z ’Yg,H

(g,H)EN ,geK
MK, h) = "[(1 = hy)a(K,p) + hpB(K,p)] + v(K)
p

ANK) = hé}r}l&(}%\x MK, h)

where A\(K) is the maximum value assumed by the pricing problem’s objective function
within the selectors of K. At this point, in order to find the best haplotype h it is
sufficient to enumerate all the s-cliques and consider each pattern 7’ of a pattern table
in standard form.

For each s-clique and pattern, we can find the local best haplotype A% by setting:

0 if 113:0

K _ 1 if ;:1
p 0 ifm, =~ and a(K,p) > B(K,p)
1 if 7 = — and (K, p) < B(K,p)
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Keeping track of the haplotype that maximizes (3.10), we obtain at the end h.

Notice that the introduction of the notion of s-cliques allows to decompose the
pricing problem into smaller problems. Although this leads to a reduction on the total
number of solutions to be investigated, the number of patterns to be enumerated is
exponential.

Finally, to find the integer solution, a standard branch-and-bound approach is
used, where at each node the branching decision forces the presence or absence of a
certain haplotype in the solution forcing the value assumed by a chosen variable. We
obtain the optimal value for the linear relaxation by recalling both the column and
cut generation.

Results of this state-of-the-art algorithm have been provided on instances with up
to 50 genotypes and number of SNPs varying from 20 to almost 200.

3.4 Polynomial-size integer formulations

Exponential-size models can be of difficult practical use, as the large number of vari-
ables and constraints affects the use of memory and computational time, forcing to
use approaches as columns and rows generation. Efforts have thus been made in order
to find formulations that are valid with only a polynomial number of variables and
constraints.

3.4.1 A formulation with duplicate haplotypes

One of the first polynomial-size formulations can be found in [12], where variables
explicitly represent the haplotypes involved in the solution. Consider the following
binary variables:

® Yoi_1p, Y2ip for i € I = {1,...,m},p € P that represent each site of the two
haplotypes resolving genotype ¢,

o d;;fori,j e {1,...,2m} equal to one if haplotypes indexed by ¢ and j are equal,

o x; for i € {1,...,2m} equal to one if the haplotype indexed with i is used to
resolve at least a genotype and it is not equal to any other haplotype indexed
with j < 4. In practice, these variables are used to count the distinct haplotypes
involved in the solution.

Note that this approach, compared with all the other formulations proposed, uses a
slightly different notation, as homozygous sites are identified with Os and 2s, while
heterozygous sites with 1s, so that we can use the usual operation of addition to say
that two haplotypes h', h? resolve ¢ if for every site p we have hll, + hf, = gp. The
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PolyIP formulation is then given by:

2m
(Polyl P) min sz (3.11)
=1
S.t. Yoi—1p+ Y2ip = g; Viel,VpeP (3.12)
di’j Zyi,p—ij Vi<i<ji<2m,VpeP (3.13)
di’j Zyj,p—yw V1 S’L<] S?m,VpEP (3.14)
i—1
v =204y dj Vie{l,...,2m} (3.15)
=1

.T“di,j,yi’p € {0, 1} Vi jeE {1, R 72m},Vp epP (316)

where constraints (3.12) make sure each genotype is properly resolved, constraints
(3.13) and (3.14) ensure that variable d; ; is set to 1 as soon as the haplotypes i and
j are different and constraints (3.14) fix ; to 1 if the associated haplotype is different
from all the previous ones.

Unfortunately, this polynomia-sizel formulation has a poor linear relaxation, that
means that the gap between the optimal solution and the solution of the linear relax-
ation is usually large. To overcome this issue, in [13] the authors propose a perturbation
of the objective function and additional valid cuts. Anyway, also these improvements
do not make this approach competitive when compared with the formulation in [25]
(for small instances), so that another approach, called HybridIP, that exploits ideas
from both this polynomial formulation and RTIP, is proposed [13]. Results show that
this last approach has a better performance in terms of computational times, in fact
both models have been tested on instances with up to 50 genotypes and 10 or 30 SNPs,
while the HybridIP formulation was also able to solve instances with 30 genotypes and
up to 100 SNPs. Anyway, we do not provide further details on this approach based on
a exponential-size model, since it has been outperformed by [33].

3.4.2 A formulation with distinct haplotypes

Another polynomial formulation has been presented in [7]. In this case, we define an
upper bound U B on the number of needed haplotypes, that can be either simply twice
the number of genotypes or a better upper bound obtained with a heuristic. Thus, we
define the set Iyp = {1,...,UB} and the following binary variables:

e 2,1 € Iyp that takes value 1 if the corresponding haplotype is chosen in the
solution,

° yllfj, 1,7 € Iyp,k € I that is equal to 1 if haplotypes ¢ and j are used to resolve
genotype g¥,

® 2, i € Iyp,p € P that records the values of each site of the haplotypes.

The formulation obtained is the following:
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min Z x; (3.17)

i€lyp
st Yy =1 Vkel (3.18)
{i.4}
>yl < VkelVielyg (3.19)
i
Zipt Yy < VkelVielyp,VpeP:gh=0 (3.20)
J#i
Zip > Y U VkelVielyp,VpeP: g =1 (3.21)
J#i
Z’L,p—i_zj,pzyﬁj VkGI,VZ7JEIUB,Z#j,\V/p€P9;22 (322)
Ziptap<aita;—y; VkEILVijelypi#jVpeP:g,=2 (3.23)
i, yh g zip € {0,1} VkelVije€lypVpeP (3.24)

where constraints (3.18) ensure that each genotype is resolved at least by a pair of
haplotypes, constraints (3.19) activate the = variables and constraints (3.20) - (3.23)
establish the relation between variables x, y and z according to the value of g;.

Both the number of variables (UB x variables, UB(UB — 1)/2 y variables and
nUB z variables) and the number of constraints (m for (3.18), O(m UB) for (3.19) -
(3.23)) are polynomial in the input size.

Starting from this formulation it is possible to build a procedure that solves the
problem only considering variables y and z in the following way: starting from a good
heuristic solution, with objective value 2z} g, consider UB = 2 pyp — 1 and z; = 1
for i € {1,...,UB}. Then, the model (3.17)-(3.24) can be re-written in such a way
that the objective function consists of maximizing the number of resolved genotypes

among the m considered:
max > >yl
kel {i,j}

and the constraints (3.18) are re-written as

dyf;<1 Vkel
{i.d)

If the maximum number of resolved genotypes found solving this model is less than
m, we stop the algorithm and consider the preceeding solution as the optimal one,
otherwise we decrease again the value of UB, as illustrated in Algorithm 3.8. Further
improvements to this model include the introduction of additional constraints that
dominate the previous ones and then can substitute current constraints in order to
improve the model.

The results obtained from instances with 50 genotypes and 10 or 30 SNPs show
how this formulation has better performance than the PolyIP formulation.
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Algorithm 3.8 [7]

1: procedure SOIVE

2 use a heuristic to get an initial solution and let UB = 25 pyp — 1,
3 define the maximization problem and let 29F7 = 2%, EUR>

4 solve the max problem and let p7; 5 be the optimal integer solution,
5: if p;;p < m then

6 29PT is the optimal solution. STOP.

7 else

8 let ZOPT:p{]B, UB =UB — 1 and go back to step 4,

9: end if

10: end procedure

3.4.3 A class representative model

An alternative polynomial-size formulation is the one presented in [14]. This formula-
tion attempts to break the simmetries in the problem. Specifically, we can note how,
in the formulations proposed so far, we end up with equivalent solutions by swapping
the indices of variables associated to two distinct haplotypes. To overcome this issue,
the formulation proposed in [14] is based on class representatives: given G the set of
genotypes, each subset S; C G of genotypes is indexed according to the first genotype
¢, in a predefined order, belonging to it.

In this way, we identify a solution to the HIPP problem with a set of haplotypes
and, for each of them, a subset of genotypes resolved by it that can be written in terms
of class representatives. We will say that a haplotype of the solution induces a subset
of genotypes if it is used to resolve every genotype belonging to the subset. As each
genotype is resolved by two haplotypes, it can happen that the same genotype ¢° is the
first element of two subsets, so that both would be indexed in the same way. To avoid
this, a dummy genotype g" is created, that is a copy of the real one, and it is used to
identify the second subset. Thus, subsets S; are defined, with index ¢ varying in the
set K = KUK’ where K = {1,2,...,m} and K’ = {1',2/,...,m'}. An ordering such
that 1 <1' <2< 2 <--- <m < m is also considered.

The variables x;, i € K used to describe the formulation record how many hap-
lotypes (at most 2m) are used in the solution, or equivalently how many subsets are
induced. In particular, we define binary variables yf i with 4,7 € K and k € K, that
describe how genotype ¢* is resolved, that is variable yﬁk takes value 1 if genotype

g* belongs to subsets S; and S, thus meaning that g* is resolved by the haplotypes
associated to S; and §;. If a haplotype belonging to the solution induces a subset S;,
the corresponding binary variables x; is set to take value 1. Finally, further binary
variables z;,,, i € K, p € P record the value of the p-th SNP in haplotype i.

Note that a preprocessing step is easily available to reduce the number of variables.
In fact, as we have yfj = 1 if and only if yfl = 1, we can define the y variables only if
1< j<korifi=kandj=Fk" Moreover, variables yf w With 7 < k are not needed, as
it would be in contradiction with the assumption that the dummy genotypes are used
only if needed: if yfk, = 1, it means that genotype k belongs to subsets whose first
genotype is i and &/, and as in a solution each genotype belongs exactly to two subsets,
it means that we are not considering any subset whose first genotype is k. Following
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similar considerations, the following sets of variables do not need to be defined:
Ri={yf keKijek,j<i<k},
Ro={yf ke KieK,i<(k—1)},
Ry={yfy: ke KicK2<i<k-1}.

Taking into account compatibility issues, moreover, further sets of variables are not
needed:

Ry={yf;: ke K,i,je K,pe P, gs =2,g, =gl #2},
Rsz{ygfj: k:eK,i,jeK,peP,g]';+g;:1OrggngIJJ:l}.

Thus, defining the set ) = {yfj c ke K,i,j € K}\(Ri URyUR3UR,;URs5), the
following polynomial integer programming (PIP) formulation for the HIPP problem is

given:
(PIP) min ) = (3.25)
icK
st. xy <y Vie K (326)
o=t Vke K (3.27)
ijiyf €y
Z yf’j—k Z yflgarz VkeK,ief(:yf’jey
Gyl €V Gyl jEV,j<i
(3.28)
Yk < Tpr Vke K (3.29)
Zppt+ 2 p =1 Vk‘EK,VpEP:gg:Q
(3.30)
Zip <1— Z yﬁj— Z yfl VkEK,pEP,in{:yﬁjejf,
iyl €V, j>i joyk eV, j<i
gy =0,g,=2 (3.31)
Zp> Y.t Yk VkeKpePicK:yfe),
oyl €V.g>i Jiyk eV, j<i
gr=1,g,=2 (3.32)
Zip > YL VkeK,pePYij:y e,
9y =2,0,=2.9,=0 (333)
zj7p2yf,j VkEK,pEP,Vi,j:yf’jEJA?,
gE=2,g,=0,g, =2 (3.34)
Zip < 1—yk; VkeK,pePYij:y e,
k __

9p 2,g; :2,g1]; =1 (3.35)
Zip < L=yl VkeKpePVij:y €,
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gy =2,9,=1,91=2 (3.36)

zi,p+zj7p2y£fj Vke K,pe PVi,j: yf’;jeji,
975:2,9;:2,%:2 (3.37)

zi,p+zj,p§2—y§j Vke K,pe PVij: yﬁje)},
gy =2,9,=2,9] =2 (3.38)
i, y) g, zip € {0,1} Vke K,\Vi,je K,.YpeP
(3.39)

where constraints (3.26) and (3.29) are needed to ensure that the dummy genotypes
are used only when needed, constraints (3.27) ensure that each genotype belongs to two
subsets, constraints (3.28) set the value of x;, constraints (3.30) represent the condition
that each heterozygous site must be correctly explained and constraints (3.31)-(3.38)
establish the relations between z and y variables.

Slight improvements to this model can be achieved adding strenghtening inequal-
ities. Some of them are in polynomial number, so that they are added all together
to the original formulation, while other sets of cuts can be generated by means of a
separation oracle.

This formulation proves to outperform all previous models presented in [25], [13]
and [7] on the same instances used by Brown and Harrower [13|. In particular, this
model can be applied to larger real biological genotype data sets and it is polynomial,
so that it can be solved with standard solvers.

3.5 A Heuristic approach

When the instances have a large size and all exact methods fail in finding a solution
within a reasonable time limit, a viable way to find a reasonable, although not necessary
optimal, solution is to use a heuristic approach.

Among the heuristic approaches to HIPP, we cite [28, 31, 46]. In particular, the
heuristic approach presented in [46] under the name of CollHaps algorithm proved to
give good heuristic solutions, most times coincident to the optimal ones, or in the
other cases close to them. These results are achieved on larger instances (up to 103
SNPs and 1000 genotypes) than the ones solved by exact algorithms in the literature
so far. Given a set of m genotypes g, ..., g™ with n SNPs, let V be the total number
of heterozygous SNPs involved and z,, v € {1,...,V} a variable associated to each
heterozygous SNP. Let p be the bijective map that, given a pair (7, p) such that g}, =2,
returns the corresponding variable index: v = u(i,p). Now, we consider two symbolic
haplotypes for each genotype ¢', defined in the following way:

0 if ¢/ =0

hy! t =41 if gi =1
Tuip) i gy =2

0 if g: =0

hY =41 if g =1
Tuip) 1 g =2
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where Z,; ) = 1 — ;). These haplotypes are used as rows of a 2m X n matrix,
called symbolic haplotype maitriz. According to the parsimony criterion, finding the
best set of haplotypes resolving all the genotypes can be seen as finding a variable
assignment so that the resulting number of distinct rows in the symbolic haplotype
matrix is minimum.

Definition 3.5. A collapse rule is an assignment Y(V') of variables value that leads
two symbolic haplotypes to be identical.

Note that, given two haplotypes h' and h?, we can apply a collapse rule only if for
every site p one of the following alternatives holds: h}o = hg, or only one between hzl,
and hf) is a variable, or both are variables but not complementary. In particular, the
collapse rule 1 associated to two symbolic haplotypes h' and h? can be described in

the following way:
o if b}, = x, (vesp. h2) and h? = ¢, c € {0,1} (resp. hy), then J(z,) = ¢,

o if h}g = T, (resp. hZ) and hg =c¢, c€{0,1} (resp. hzl,), then ¥(z,) =1 —¢,

o if h}D =z, and h]% =1, O h}) =7, and h]% = Ty, then ¥(x,) = x4,
o if hzl7 =z, and hzz7 = T, OT hll) = 7, and h% = 1, then ¥(z,) = Ty,
e 9 is the identity on all other cases.

As the same variable will have, in general, several occurrencies in the symbolic haplo-
type matrix, we need to propagate the rule to all the matrix rows.

Definition 3.6. A collapse step is the propagation of a particular collapse rule to all
the rows of the symbolic haplotype matrix.

In the following example we show how a collapse rule and collapse step work.

Example 3.3. Consider the following two symbolic haplotypes that represent two rows
of a symbolic matriz.

1 I 0 0 T2
T3 x4 0 0 1

The collapse rule applied to these two haplotypes consists in assigning the values
x1 = x4, x3 = 1, x3 = 0. Note that the associated collapse step consists in assigning
the same values to variables x1, xo and x3 whenever they appear in the remaining rows
of the symbolic matriz.

The CollHaps algorithm tries to produce a feasible assignment of every variable
Ty, v € V iterating the collapse step, thus choosing two different symbolic haplotypes
at a time to be made identical, as many times as possible, so that we reduce the
number of distinct rows of the symbolic matrix as much as possible.

Note that at each performed collapse step the number of distinct rows decreases
by at least one. When no more collapse steps are possible, there can be still some non-
assigned entries of the matrix, at this point any assignment to them will not decrease
the number of distinct rows anymore. In [46], it is shown that an appropriate sequence



3.5. A HEURISTIC APPROACH 45

of collapse steps can reach the optimal solution of the HIPP problem, but there is
no strategy to find such a sequence of steps. Thus, a heuristic approach is needed to
produce a sequence of collapse steps, based on a randomized quasi-greedy routine: for
each pair (7,7) of symbolic haplotypes we define a distance value d(; ;) computed as
the number of variables to be set to constant values by the application of the collapse
rule to that pair, then probabilities are assigned so that a pair with distance value d
has twice the probability of being chosen than a pair with distance value d + 1. Pair
of haplotypes are then randomly chosen according to these probabilities.

Finally, several runs of the complete algorithm are performed and the best solu-
tion so far is stored. Computational experiments on real data and software-generated
instances proved that this approach achieves good performance in terms of quality of
the solution and computational times.






CHAPTER 4

New formulations for the Haplotype Inference by Pure Parsimony
problem

In this chapter we briefly recall the model described in [14] and, after some consider-
ations, we give a slightly improved formulation. Then, we present a new polynomial
formulation that involves only two-index variables and we provide a Dantzig-Wolfe
decomposition of it, resulting in a formulation with an exponential number of vari-
ables. This latter formulation is considered in the remainder of the thesis, in which
its structure is investigated to provide a competitive solution approach for the HIPP
problem.

4.1 Improvements to the class representatives model

We recall that (PIP), the model described in Section 3.4.3, allows to find a solution to
the HIPP problem that associates to each used haplotype a subset of genotypes resolved
by it. These subsets are indexed with the identifier of the first genotype contained in
them, according to a predefined order. Moreover, for each feasible solution they satisfy
the following properties:

e cach subset of genotypes shares at least one compatible haplotype,
e each genotype belongs exactly to two of these subsets,
e every pair of subsets intersects in at most one genotype.

This formulation is intrinsically symmetry-breaking. Moreover, an important step
to increase the performance of this model consists in restricting the set of indices for
which a variable is actually needed, in particular the reduction of the number of y
variables to be defined.

We want to identify the same subset Y of variables yf ;» that actually need to be
defined, in a different way with respect to [14], always taking into account symmetries
and compatibility issues. We propose the approach described by Algorithm 4.9
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Algorithm 4.9

1: initialize Y = &

2: for ke K do

insert y’,;k, into }A’,

for i € K such that i < k do
for j € K such that j # i’ and j <=k do

3:

10:

11

insert yf i into Y,

end if

end for

end for
: end for

if g* is compatible ‘with ¢' and ¢/ then

The resulting modified formulation PIP’ we present is the following:

(PIP’) min

s.t.

>

i€ KUK'
Ty < @
k
> oyl
7,7: yﬁjeY
k k
Yoot D yhi<w
gyl €Y Jiyy €Y
y’;i,k/ < Ty
k k
Zip <1 — E Yij — E Yii
VE yﬁjEY 7t yﬁiEY

Zip 2 Z yﬁj‘F Z 3/51

VB yﬁjeY 7 y;?,ieY

k
Zip 2 Yi

, k
Zjp 2 Yij

k
Zip <1 — Yij

<1

) k
Zip > L =Y

(4.1)
Vie K (4.2
Vke K (4.3)
VkeK,ic KUK (4.4)
Vke K (4.5)

VpePVkeK,ic KUK/,

s.t. gh =0,g, # 1 (4.6)
Vpe PYkeK,ic KUK,

s.t. gk =1,g, #0 (4.7)
VpePVkeK,i,jec KUK’
gE=2,g,#0,g. =0 (4.8)
Vpe PYkeK,i,jec KUK’
gy =2,95#0,9,=0 (4.9)
Vpe PVkecK,i,jec KUK’
s.t. y{fj GY,

gy =29y #1,g)=1 (4.10)
Vpe PYkeK,i,jec KUK’
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s.t. yfj S Y,

gr=2g,=1g #1 (4.11)
Zip + Zjp =YY VpePVkeK,ije KUK

s.t. yll-fj S Y,

gy =29 =29 =2 (4.12)
Zip+2jp <2— Yl VpePVkeK,ijc KUK

s.t. yzkj € f’,

gy =2,g.=2g =2 (4.13)
ziy Y 2ip € {0, 1} (4.14)

Constraints (4.3) are needed to ensure that each genotype is resolved, that is, it be-
longs at least to two different subsets. To link the values of variables z; and yf]
we use constraints (4.4), that record whenever the haplotype induced by S; is used.
Constraints (4.5) force zjy to be equal to 1 if the dummy genotype g* is needed and
used. Constraints (4.6)-(4.13) guarantee that the values of the haplotypes that induce
the subsets of genotypes are consistent. Namely, that they are compatible with the
genotypes of the subsets and they resolve the genotypes for which variables yf ; are set
to 1.

Observation 4.1. It is not possible to use the dummy genotype k' without having
k
Y = L

Proof. Suppose that yf’j = 0 and that there exist genotypes ¢”, g compatible with ¢*
but not compatible between themselves, such that they both are resolved using one
haplotype induced by a subset whose least index is k. In this case, we would need the
dummy index k’. But, as genotype ¢* belongs to only two subsets, those would be Sy,
and Sy, meaning that y’g’k, must be equal to 1. O

Observation 4.2. The combinations obtained from constraints (4.6)-(4.13) are all
and the only necessary ones.

Proof. Consider Table 4.1. The first three columns show all the possible combinations
of values for g, g and gg, while the last column states if the combination is not allowed
for compatibility reasons (-) or in which constraints we can find that combination. [J

Note that the combinations highlighted in red in Table 4.1 where not considered
in model (PIP). As a consequence, the explicit description of haplotypes did not agree
with the structure of the genotypes resolved by them.

Observation 4.3. The following constraints appearing in model (PIP) are redundant:
2ptazwp=1 VkeK,VpeP: 9522

Proof. Look at constraints (4.12) and (4.13). If yf] = 1 these constraints become
exactly equal to (3.31), otherwise what happens to zj is irrelevant. O

For this reason we omitted them in the new model, (PIP).
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g;] gg g’; constr. g;', g; g{f constr. g}i7 g'; g]’f constr.
0 0 0 (4.6) 1 0 2 (4.8)-(4.11) 2 0 1 -
0 0 1 - 0 1 2 (4.9)-(4.10) 2 1 1 (4.7
0 1 0 - 11 2 - 0 2 2 (4.9)
1 0 0 - 0 2 0 (4.6) 1 2 2 (4.11)
0 1 1 - 1 2 0 - 2 0 2 (4.8)
1 0 1 - 0 2 1 - 2 1 2 (4.10)
1 1 0 - 1 2 1 (4.7) 2 2 0 (4.6)
1 1 1 (4.7) 2 0 0 (4.6) 2 2 1 (4.7
0 0 2 - 2 1 0 - 2 2 2 | (4.12)-(4.13)

Table 4.1: Combinations of SNPs’ values.

4.2 A new intuitive polynomial two-index formulation

In this section we present another possible formulation for the HIPP problem that
involves only two-index variables and turns out to be polynomial with respect to both
the number of constraints and the number of variables [19].

We want to build a solution that records the structure of the haplotypes involved
as well as which haplotypes are in fact used and which genotypes are resolved by
them. First of all, we note that if a genotype has no heterozygous sites, than it must
be resolved by two identical copies of the same haplotype, that is in fact equal to
the genotype. Hence, it is convenient to leave out those genotypes from the model’s
constraints, but we need to consider the associated haplotypes as they can be used to
resolve also other genotypes. Recall that we denote with fized genotypes the ones with
no heterozygous sites, and with fized haplotypes the haplotypes associated to them.

Suppose our set G contains some fixed genotypes, we can assume that the non-
fixed ones are contained in the subset K C G and indexed from 1 to |K|, while the
remaining m — |K| at the end of the set are fixed and resolved by m — | K| associated
haplotypes. The remaining genotypes require at most 2| K| distinct haplotypes to be
resolved. We define the following binary variables:

o z;, i€ {l,...,2|K|} take value 1 if the i-th non-fixed haplotype is used to resolve
at least one non-fixed genotype, 0 otherwise,

e yF ic{l,....m+|K|},k € {l,...,|K|} take value 1 if the i-th haplotype is
used to resolve genotype k,

e 2, i € {1,...,2|K|},p € P is the value taken by non-fixed haplotype ¢ in
position p,

that allow the HIPP problem to be described by the following model (QP), which
presents a set of quadratic constraints:

2|K]|
(QP) min > +(m — |K|) (4.15)
=1
m+|K|
st Y yf=2 Vke{l,... |K|} (4.16)
=1
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2|K]| m+| K|
Zyzzlp—k Z yfgg,zl Vke{l,...,\KH,peP:gg:Q
i=2|K|+1
(4.17)
Zip > yF Vie{l,....2|K|}, ke{l,...,|K[]}, peP: gf =1
(4.18)
Zip <1 — gk Vie{l,....2|K|}, ke{l,...,|K[]}, peP: gl =0
(4.19)
yr <z Vie{l,....2|K|}, ke {l,...,|K|} (4.20)
m+|K|
oy Vie{l,...,m+|K[} (4.21)
zip € {0,1} Vie{l,...,2|K|}, pe P (4.22)
yF € {0,1} Vie{l,....m+|K|}, ke {l,...,|K|} (4.23)
z; €{0,1} Vie{l,... 2|K|} (4.24)

The objective function minimizes the number of non-fixed haplotypes needed to resolve
all the non-fixed genotypes plus a constant, that represents the number of fixed hap-
lotypes that are forced into the solution. Constraints (4.16) ensure that exactly two
haplotypes are used to resolve any non-fixed genotype and by constraints (4.17) only
one among these two haplotypes takes value 1 at each heterozygous site of genotype k.
Constraints (4.18) and (4.19) fix the values of the p-th position of a haplotype if it is
used to resolve a genotype with a homozygous value in position p. Finally, constraints
(4.20) force variable z; to be equal to 1 if at least one genotype is resolved by the i-th
haplotype. Constraints (4.21) imply that, as soon as no genotype is resolved by the
i-th haplotype variable, xz; is set to 0. Note that due to the structure of the objective
function these constraints are redundant for the formulation and can be omitted.

As we already pointed out, constraints (4.17) are quadratic, so that in order to solve
this model using the procedures described in Chapter 2 for integer linear programming,
it would be necessary to linearize those constraints, introducing O(| K|?n) new variables
wkp for all i € {1,...,2|K|},k € {1,...,|K|},p € P such that g;f = 2. Thus, the
original quadratic constraints (4.17) should be substituted by the following ones:

2K m+|K|
wa > ulg= Vke{l,....|K|}peP:gh=2
i=2|K|+1
(4.25)
wl, < yF Vie{l,....2[K|},ke{l,...,|K|[},pe P: gt =2
(4.26)
wh, < zip Vie{l,....2[K|},ke{l,...,|K|},peP:gh=2
(4.27)
wh > yF + 2y — 1 Vie{l,....2[K[},ke{l,...,|K|},pe P: gk =2
(4.28)

From now on we refer to (QPL) as the linearized formulation.
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The introduction of the linearizing constraints brings back to a three index formula-
tion, with increased number of variables and constraints, and presents a great number
of symmetries. Another possible approach could then be investigated, starting from a
reformulation of this model as it is shown in the following section.

4.3 A new exponential-size formulation

We apply a Dantzig-Wolfe decomposition to the formulation (QPL). Notice that, if we
consider one haplotype h' at a time, the (QPL) formulation presents a block structure,
where constraints (4.16) and (4.25) are the linking constraints. Moreover, we note that
all blocks are identical, thus we expect that this reformulation will break the noticed
symmetries. Let s be the total number of heterozygous sites contained in the genotypes,
so that for every ¢ € {1,...,2|K|} we need to define s variables for the linearization
of constraints.

We define the set of feasible solutions within a single block as follows, where we
collect information coming from contraints (4.18)-(4.21) and (4.26)-(4.28):

Xi - {(Zi7yi7$i7wi) S {07 1}n+m+1+3| Zip 2 yf v k7p if 95 = 17
zipgl—yka,pifg;;:O,
wh, Sy vk pif gf =2,
wfp < zipVEkp ifgllf =2,
wanyp—I—zip—le,pifgS:Z,
|K|

> uf > wi}
k=1

As for each haplotype i this set is described by the same integer points, we refer to
it simply as set X. In particular, we can give an interpretation of the points in X as
the vectors z; that identify the structure of a haplotype and the genotypes that are
resolved using that haplotype, determined by those k such that yf = 1. Then, if there
is at least one genotype of this kind, the value of variable x; is set to 1. Note that
this holds also for fixed haplotypes, as in this case variable x; does not appear in the
objective function. Finally, the values of variables wﬁp are set according to the values
of the other variables.

It is well known [16] that we can obtain the Dantzig- Wolfe relazation of the (QPL)

model by solving the following linear program:

2/K]|
min Yz + (m — |K]|) (4.29)
=1

m+| K|
st Y yF=2 Vke{l,... |K|} (4.30)
=1
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2|K| m+|K|
Swb+ > yFgi=1  Vke{l,.. |K|},peP:gi=2  (431)
i=1 i=2|K|+1

(23, Yi, i, w;) € conv(X) Vie{l,...,2|K|} (4.32)

This model can be further reformulated exploiting the structure of the set conv(X).
We consider the set @ of all vertices (24, Yy, ¢, wq) of conv(X). Note that X is a 0/1
polytope, so every point in X is a vertex of conv(X). We can describe every point of
conv(X) as a convex combination of points in @, with appropriate weights A{:

Y (21, yir i, wi) € conv(X), (zi, i, i wi) = 3 A (2g,yg, Ty wg), D AL =1.

qeQ qe@
(4.33)
In particular,
Zip = Z N zap (4.34)
qe@
=) My, (4.35)
qe@
X = Z Mg (4.36)
qe@Q
wfp = Z )xgwf;p (4.37)
qe@
(4.38)
We define
m+|K|
MN=zg > N (4.39)
i=1

and we denote with G? the subset of genotypes of G that are resolved using haplotype
24, that is the set of genotypes g* such that yf; = 1. We now present some lemmas
that are needed to provide the formulation of Dantzig-Wolfe relaxation.

Lemma 4.1. Let ¢4 be coefficients that take value 1 if the haplotype z, associated
to vertex ¢ € Q is not fized, 0 otherwise. By reformulating (4.15), we get the new
objective function:

> e\ + (m — |K) (4.40)
q€Q

Proof. We define ¢; = 1 for the non-fixed genotypes i = 1,...,2|K| and ¢; = 0 for
i=2|K|+1,...,m+ |K|. Thus it holds:

2|K]| m+| K| m+| K| m+| K|

Z T; = Z Ci%i (;) Z Z )\quch: Z [xq Z )\g] Cq =
=1

i=1 =1l q€Q 7€Q i=1

= Z cqA?

q€Q
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Note that (x) is ensured by (4.36) and by the definitions of ¢; and ¢, as if the genotype
is fixed the associated haplotype is also fixed O

Lemma 4.2. By reformulating constraints (4.16) we get the new constraints:

dooox=2 Vke{l,...|K]} (4.41)
q€Q: gFeG
Proof.

m+|K]| m+| K| m+| K|

2= yi= ) ZAi’y’;(ﬁ) SN wiyk ©
=1 i=1 ¢eQ i=1 qeQ
m+| K| m+|K]|

=D > wmN= ) [:z:q 3 ,\g} _
i=1 qeQ: gheGa q€Q: gkcGa i=0

= Z 2\
q€Q: g*eGa

As soon as there exists an index k such that yg = 1, then also x4, = 1 by constraints
(4.20) and adding it does not change the value of the sum. Hence, (%) holds. (¢) holds
as we are just writing the same condition in a different way: if yé“ = 1, then genotype

g* is resolved using the haplotype 24 and this is equivalent to say that g* € Ge. O

Lemma 4.3. By reformulating constraints (4.17) we get the new constraints:

doooM=1 Vie{l,...,|K|}, VpeP: gk=2 (4.42)
qeQ: gFeqy,
zg=1
Proof.
2K| m+|K|
=Yk S k-
i=2|K|+1
2|K| m+|K]|
‘k
=2 2 N+ >yl =
=0 qeqQ i=2|K|+1
2|K| m+|K]| ©
k <>
=2 v+ > vy =
=0 qeQ i=2|K|+1
2|K| m+|K]|
S D SERAEES D SEFATE
=0 geQ: g¥eq1, i=2|K|+1 qeQ: g*eGy,
Zqp=1 Zqp=1
2|K| m+|K]| m+| K|
ORI S B SRR SR B
qeQ: gFeqa, i=1 i=2|K|1 qeQ: gkeGa, i=1
zp=1 zgp=1
-y
9€Q: gFeq,
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Note that yf; = 1 implies that w(’;p = 1 and x4 = 1 by constraints (4.20) and (4.26).
Thus, (%) holds. With respect to the second addend, as z;, = g, € {0,1}, zp is not
a convex combination of vertices of conv(X), thus there exists a unique ¢ such that
/\? = 1 for this particular i. Hence we can rewrite

q,k _ q, k
TgA; Yq~ap = Z TN YqZap
q€Q

Moreover, (¢) holds as, for the first addend, we embed in the sum’s conditions the
meaning of w]q“p =1. O

Lemma 4.4. From equation (4.33) we get the constraint

d M <m+|K]| (4.43)
qe@
Proof.
m+| K| m+| K| m+|K]| m+|K|
DA="z, 3 A= Da < > Y M= D> 1=m+|K|
q€Q qeqQ i=1 =1 qe@ i=1 qe@ i=1
O

By using these lemmas we can prove the following theorem, that gives us the
formulation for Dantzig-Wolfe relaxation of the (QPL) formulation:

Theorem 4.1. A walid formulation of the Dantzig- Wolfe relazation (4.29)-(4.32) is
given by the following model:

min Y g\ + (m — |K)) (4.44)
q€Q
st Y. XT=2 Vke{l,... |K|} (4.45)
qeQ: gkeG
dooM=1 Vie{l,...|K|},peP: gF=2 (4.46)
q€Q: g*eG
hi=1
A e [0,1] VgeqQ (4.47)

where G is a subset of genotypes in K and h? is o haplotype associated with variable
AL,

Proof. The proof of this Theorem is a direct consequence of the Lemmas 4.1, 4.2, 4.3
and 4.4, where vector h? represents an haplotype whose coordinates are described by
z4. Note that constraint (4.43) does not appear in the formulation as it is redundant.
It remains to prove that variables \? take value between 0 and 1, which derives from
the following observations:

m+| K|
M=z, > M>0 because x, € {0,1} and X! > 0V i,q
i=1
A <1 as a consequence of (4.46)
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We can now give the Dantzig- Wolfe reformulation of (QPL) model.

Theorem 4.2. A wvalid reformulation of (QPL) model is given by the following for-
mulation:

(EIP) min > ¢\ + (m — |K]) (4.48)
q€Q
st Yy A=2 Vke{l,... |K|} (4.49)
qeQ: gheGa
Yoo oM=1 Vke{l,...|K|},peP: g& =2 (4.50)
q€Q: gheGa
hi=1
M € {0,1} VgeQ (4.51)

Proof. Note that the linear relaxation of EIP is exactly the Dantzig-Wolfe relaxation
given in the previous theorem. It is known [16] that a valid reformulation of the original
model is obtained by imposing the integrality conditions on the original variables, as
seen in (4.34)-(4.35):

vi= Y wg)! € {0,1} (4.52)

qeQ

yr =) yiN! € {0,1} (4.53)
q€eQ

Zip= ) Zgp! € {0,1} (4.54)
qeQ

and proving that they imply the condition:
A € {0,1} for all g € Q.

Suppose by contradiction that there exists a subset K such that A{ €]0, 1[ for each
q € K. As all vertices of conv(X) have only integer coordinates in {0, 1}, because of
(4.52) we must have
DM =1, M=0Vq¢K
qeK
thus either z;, = 0 for all ¢ € K or x4 = 1:

e if 2, =0 for all ¢ € K, then by constraints (4.20) we have also yé“ = 0 for all k&
and for all ¢ € K. Thus, as the considered vertices in K should be different, we
should have different vectors z.

Anyway, if 37 e 2gpA] = 0, we have 2y, = 0 for all ¢ € K, whileif 3 - zpA] =
1 we need zg, = 1 for each ¢ € K, so that each vertex ¢ € K results to be equal.
This is not possible, so the hypothesis was wrong and all A is in {0, 1}.

o if z, =1 for all ¢ € K, we must have by constraints (4.21) at least one yfj =1.
But then, we must have yg = 1 for all ¢ € K. Now, values of z,, are fixed if
there exists a genotype k such that g;f # 2. To ensure the integrality of z;, we
should have no genotype such that g]l,f = 0. Under this assumption, we still need
zgp = 1 for all ¢ € K, hence all vertices in K results equal. This is absurd, so
every \! takes value 0 or 1.



4.3. A NEW EXPONENTIAL-SIZE FORMULATION o7

Variables A7 are then integer for every ¢ € @ by (4.39), as they are defined as
sum of integer amounts, and are forced to take values 0 or 1 by the domain of the
Dantzig-Wolfe relaxation.

O

Note that model (EIP) corresponds to the exponential-sized formulation for HIPP
presented in [19], where the variables represent a pair ¢ = (h?,G?) where h? is a
haplotype and G¢ C G is a subset of genotypes compatible with h?. From now on,
we define a set @ of all these pairs, made of a haplotype and a subset of genotypes
compatible with it, and we denote each element of this set as a (J-pair. In this way, if
we consider the integer model, setting a variable A\? equal to 1 means that we choose
haplotype h? as one of the two haplotypes used to resolve all the genotypes in GY.
Constraints (4.49) ensure that each genotype is contained in exactly two subsets of
genotypes, meaning we are selecting two haplotypes to resolve it, while constraints
(4.50) say that, among the two haplotypes chosen for each genotype, only one has
value 1 in each heterozygous position p (the other has necessarily value 0).

This formulation has a polynomial number of constraints, and O(2™%1) variables,
so that column-generation and branch-and-price approaches are necessary to solve it.
These approaches will be presented in the following chapters.






CHAPTER D

A column-generation approach for the linear relaxation

The first step for solving an integer linear program consists in finding the solution
of its linear relaxation, that requires some extra arrangements when computed using
a column-generation approach: first of all, we should provide a feasible solution as
starting point of the algorithm, then we should provide an efficient procedure to solve
the pricing problem and find suitable variables to be added to the RMP (Restricted
Master Problem).

The huge number of variables involved in the formulation are likely to yield compu-
tational issues, in particular we expect a very slow improvement of the solution value
when we are considerably close to the optimum. By using a lower bound as an early
termination condition we can reduce this effect, stopping the column generation when-
ever the difference between the current optimal value and the lower bound is below a
tolerance threshold. Moreover, it is usually seen that the dual variable values do not
smoothly converge to their optimum, but that, mainly during the first iterations, they
significantly oscillate. Thus, a stabilization procedure can be used to bound the values
of the dual variables and accelerate the convergence.

In this chapter we introduce two heuristics that yield feasible initial solutions for
the HIPP problem, then we present different ways of solving the pricing problem. We
then introduce the computation of a lagrangian lower bound used as a termination
condition as well as an important tool for the stabilization procedure described in the
last section. In order to apply the proposed stabilization technique, we extend the
number of cases in which convergence is ensured with respect to previous approaches
in literature.

5.1 Heuristics for computing an initial solution of the
Restricted Master Problem

An easy way of providing a feasible initial solution to the column-generation procedure
consists in building two compatible haplotypes for each genotype. In our case, we just
need those for genotypes with at least one heterozygous site, as fixed genotypes are

29
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assumed to be already resolved and are already taken into account. In particular, given
a genotype g, two haplotypes h’ and h” resolving ¢ are built in the following way:

h;: 9p ifgp?é? hg: 9p ifgp#? (5.1)
1 otherwise 0 otherwise

The drawback of this initial solution is its probably large distance from the optimal
solution, as it is not taking into account the compatibilities between genotypes that
could spare non-necessary haplotypes. Thus, it is possible to consider alternative initial
solutions that exploits the structure of the genotypes and reduce the associated value of
the objective function. Such alternative solutions can be found by means of heuristics
taken from the literature. In this thesis, we focus on the ability of the proposed
column generation approach to converge to the optimal solution and we propose a
fast heuristic inspired by the haplotype inference technique presented by Clark in [15]
and reported in Algorithm 3.6. As the procedure in [15] does not guarantee that all
genotypes are resolved, we modify it as in Algorithm 5.10 in order to obtain in any case
a feasible solution, even when no fixed genotypes are given. This procedure follows
Clark’s heuristic, except for the cases in which we do not find a compatible haplotype
for a genotype g: in this case, we arbitrarily choose two haplotypes that resolve g and
add them to the set H (see Step 17). Note that to perform this step we can use the
approach shown in (5.1).

Algorithm 5.10 Clark’s inspired heuristic

1: procedure INITIAL SOLUTION

2 let G = G be the set of unresolved genotypes,

3 let H = @ be the set that contains the haplotypes considered so far,
4: for g in G do

5: if ¢ is fixed then

6 add g to H

7 remove ¢ from G,

8 end if

9: end for

10: for g in G do

11: look for a haplotype h € H compatible with g,

12: if h is found then

13: compute the complementary one h w.r.t. g,

14: if h ¢ H then and add it to H,

15: end if

16: else

17: add to H any two haplotypes that together resolve g,
18: end if

19: end for
20: end procedure

Moreover, we recall that in order to find the maximum number of genotypes that
can be resolved, we should run Clark’s heuristic many times, considering all the possible
orderings for the set of genotypes G. In this case, however, we choose a predefined order
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that tries to exploit the compatibility of haplotypes. In particular, a possible choice
consists in considering the genotypes in set G rearranged according to the increasing
number of heterozygous positions.

The intuition behind such a choice is shown by the following example.

Example 5.1. Consider a set G of genotypes in a random ordering and find o feasible
starting solution applying Algorithm 5.10:

G = {2021022,1201210,2021020, 1101110}
= H = {0001000,1011011,1001010,1101110, 1011010}

Consider now the same set G with genotypes rearranged according to the increasing
number of heterozygous sites. The initial solution obtained in this case is:

G = {1101110,1201210,2021020, 2021022}
= H = {1101110,1001010,0011000,0011001}

As we can see, the first ordering does not completely exploit the information given by
the genotype with no heterozygous sites for resolving the second genotype, so that the
resulting feasible solution needs an extra haplotype.

5.2 Different approaches to solve the Pricing Problem

Given the feasible initial solution, we consider the linear relaxation of (EIP), that we
call (ELP), and we build its RMP, where the only variables involved are the ones
related to the initial feasible solution and belonging to set Qra C Q:

min Y g\ + (m — |K)) (5.2)
qEQRM
s.t. > =2 Vike{l,. .. |K[} (5.3)
q€QRn: gFEGY
doooox=1 Vke{l,...|[K|},peP: gh =2 (5.4)
a€QRrar: gFEGT
hi=1
AT e {01} Vq€Qru (5.5)

We solve this RMP, thus obtaining a feasible primal solution for the linear relax-
ation. If the associated dual solution is also feasible, then we do not need any other
variable and the solution is optimal. If the dual solution is not feasible, instead, we
need to find a variable with negative reduced cost to be added to the current set of
available variables. This is done by solving a subproblem, called pricing problem, as
seen in Section 2.1.2.

We associate dual variables 7%, k € {1,...,|K|} and u];,p € Pke{l,... K|}
respectively to primal constraints (5.3) and (5.4). Observing that constraints A9 <1
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are redundant due to constraints (4.50), the dual of (ELP) is the following:

|| |K|
max ZQn YD (5.6)
k=1p:gk=2
s.t. Z " 4 Z Z ,u]; <4 Vge@ (5.7)
k: gkeGa k: gkeGe p: gh=2,ni=1
™ >0 Vike{l,... |K[} (5.8)

Variables with negative reduced cost are found if there exist violated constraints
for the dual problem (5.6)-(5.8). In particular, given the dual variables (mras, tr)
related to the solution of the RMP, a Q-pair ¢ = (h?,G?) is associated to a suitable
variable A? for the RMP if it holds:

Z That — Z Z MRMﬁ <0 (5.9)

k: gkeGua k: g*€Ga p: gk=2,hl=1

where ¢, is the reduced cost associated to )-pair ¢. If no such Q-pair exists, then the
solution obtained from the RMP is optimal for the HIPP problem.

Thus, we either need a tool that gives us a Q-pair ¢ such that ¢, < 0 or proves
that no such @-pair exists. This is the so-called Pricing Problem. Note that these
two queries are answered at once if we are able to determine the Q-pair that gives the
minimum ¢,: if this value is negative, we found a suitable Q-pair, otherwise we know
that it holds

C; > minc, > 0,
i= 0

so we have the proof that no other Q)-pair ¢ is suitable.
We give the following formulation of the pricing problem (PP), whose solution
represents a (Q-pair with minimum reduced cost:

K| K|
(PP) min ¢(¢ Z’}TR]V[X - Z Z /"LRMpCPX (5.10)
p:gk=
st. G <1—yF Vke{1,...,|m},pep:g§=0 (5.11)
¢ > xF Vike{l,...,|K|},peP : gf=1 (512)
¢ X" € {0,1} Vke{l,...,|K|},peP (5.13)

Variables ¢, represent the coordinates of a haplotype h?, x is the characteristic vector
of a subset G4 C K of genotypes and ¢(¢) = 0 if ¢ is a fixed haplotype and it is equal
to 1 otherwise. Constraints (5.11) and (5.12) guarantee the compatibility conditions
between the haplotype and the genotypes.

Note that this formulation presents a quadratic objective function, so that in order
to apply standard linear programming techniques to exactly solve (PP) a linearization
is necessary, as will be shown in Section 5.2.1. This solution approach, however,
involves the addition of a new set of variables to the formulation (PP). In Section 5.2.2
we present alternative ways of finding the optimal solution of (PP) exploiting some
features of this formulation.
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We can further notice that in some cases there can be more efficient ways of finding
variables with negative reduced costs that do not yield the minimum value of ¢,. In
these cases, if we are able to identify variables to be added to the RMP, we can fastly
proceed towards the optimal solution, while when they fail in finding such a variable,
we cannot yet yield the proof that no suitable variable exists. In Sections 5.2.3, 5.2.4,
5.2.5 and 5.2.6 we present different heuristic approaches to solve (PP), that aim at
quickly finding a @-pair ¢ with negative reduced cost.

5.2.1 Solve the Mixed Integer Program

As we already noticed, (PP) presents a quadratic objective function. A straightforward
way of dealing with it consists in linearizing. We introduce new variables w’; for each
genotype ¢ and each position p such that g]’,f = 2. These variables are used in the
formulation to represent the quantity Cpxk, so that the objective function can be re-
written in linear form. We thus introduce extra constraints to ensure that these new
variables assume the right value, that is wﬁ must be equal to 0 if at least one among
¢p and x* is equal to 0 and 1 if both take value 1. The linear reformulation of the

pricing problem, called (LPP), is given by:

K| K|
(LPP) min ¢(¢) — ZWEMX]“ — Z Z MRM’;U)]; (5.14)
k=1 k=1 pigk=2
st G <1 —x" Vke{l,...,lKH,pEP:gﬁ:O (5.15)
&> X" Vk‘E{l,...,]KH,pGP:g;;:l (5.16)
wh < G Vike{l,...,|K[},peP : gh=2 (517
wh < x* Vke{l,...,|K|},peP : gi=2 (5.18)
wh > X"+ —1 Vke{l,...,|K|},peP : gf=2 (5.19)
o X, wl € {0,1} Vke{l,...,|K|},pe P (5.20)

Note that (LPP) can be solved using standard solvers for integer linear problems.

5.2.2 A Smart Enumeration approach

The procedure presented in this section exploits the particular structure of the variables
involved in (LPP): it reduces its size by partitioning the set of feasible solutions and
takes advantage from the information deduced.

The main idea underlying this approach is the obvious observation that, given a
genotype g' € K, the solution (h?,GY) of the pricing problem either will include g',
or not. For compatibility reasons, if ¢! € GY we can derive extra information on
the shape of the solution, such as the values of some components of h?¢, and already
exclude from GY those genotypes that are not compatible with ¢g'. In this way, the
size of (LPP) can be significantly reduced, provided we suppose g' belongs to the
optimal solution. We then need to look also to what happens when ¢! is not in the
solution. Consider Figure 5.1, where the circle represents all the possible solutions
(h9,G?) of the pricing problem. All the solutions in which g' € G? are colored in
blue in Figure 5.1a. In Figure 5.1b, we can see how the solutions not involving g' are
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(a) g' € GT (b) g' ¢ G,9* € G* (c) g' ¢ GUg” ¢ G, g° € G*
Figure 5.1: Idea of how Smart Enumeration proceeds.

divided into solutions in which g? € G? (in purple) and those in which g? ¢ G, that
are again divided into solutions such that g3 € GY (in orange in Figure 5.1c) or not.
Thus, by exploring recursively all the genotypes in K and solving the associated pricing
problems with additional information, we are able to recover the optimal solution of
the original pricing problem. We give the outline of this procedure in Algorithm 5.11.
Note that at Step 8 of this algorithm we are solving a linear program deriving from the

Algorithm 5.11 Smart Enumeration for solving (LPP)

1: procedure SMART ENUMERATION

5 set aOPT = oo, (COPT,\OPT) =,

3 given a predefined order < on the genotypes,

4 for ¢’ genotype do

5: fix Y =1and x* =0VEk: ¢* < ¢,

6 ﬁxﬁp:g;VpEP:g;#2,

7 set G; = {¢g'} U{¢’ € K|g' < ¢’ and ¢} + g # 1, Vp € P}
8 solve (LPP) restricted to the genotypes in G;

9 - get the optimal value o,

10: - get the optimal solution (¢, x(®)

11: if o' < a9PT then

12: update P = af, (P, xOFT) = (¢, x@),
13: end if

14: end for
15: end procedure

formulation (LPP) but whose size is reduced, so that the optimal value o is obtained
by solving the following reduced pricing problem:

o =mine(Q) = > ph— Y @+ D> =D Y pkhent (5.21)

P:g5=2 keG; p: 515:27 keG; p;gj;:g

gp=1 9p=2
st (=1 if gh =1 (5.22)
¢ =0 if gb =0 (5.23)
(p<1—x* VEkeG,Vp: gb=0 (5.24)
G = xX" VkeG,Vp: gf=1 (5.25)
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¢, X" € {0,1} VkeG,Vp (5.26)

Then, we need to keep recorded the minimum value of these a' to recover the optimal
solution of the pricing problem (LPP).

We point out that, in order to provide a partition of all the feasible solutions, at
Step 3 the Smart Enumeration procedure needs to look at each genotype following a
predefined order. In particular, we note how considering a genotype with only few
heterozygous sites allows us to fix a large number of variables and could possibly
reduce the number of compatible genotypes to be considered. It is then advisable to
keep the genotypes with many heterozygous sites at the end of the procedure, so that
the disadvantage of still having a great number of non-fixed variables is compensated
by the fact that only few genotypes are left to be considered. Thus, it makes sense
to consider the genotypes ordered according to the increasing number of heterozygous
sites.

We still need to prove that this procedure is correct. This is shown in the following
proposition.

Proposition 5.1. The Smart Enumeration described in Algorithm 5.11 solves (LPP)
to optimality:

Proof. By fixing variables x in Step 5, we obtain a partition of the solution space of
(LPP) into |K| subsets, as shown in Figure 5.1. Let (h,G) be a Q-pair associated
to a feasible solution of the i-th reduced pricing problem. Since g* € G, h has to be
compatible with ¢’ so that fixing variables as in Step 6 does not exclude any feasible
solution. Now, let ¢’ € G with ¢/ # ¢g*. From Step 5 we necessarily have g* < ¢.
Moreover, g + g]’; #£ 1 for all p € P, as otherwise ¢/ and ¢° cannot be resolved by the
same h. Hence the definition of GG; does not exclude any feasible solution. Ul

5.2.3 Fixed haplotypes

According to the observation that, in order to find a variable with negative reduced
cost, we do not need to solve (PP) to optimality, we introduce here a simple procedure
that explores a subset of all the possible Q-pairs looking for a suitable variable to be
added to the RMP.

We recall that if a genotype does not contain any heterozygous site, it is resolved
by the so-called fixed haplotypes. Note that we can partition the whole set of Q-
pairs according to whether h? is fixed or not. Considering a fixed haplotype, the
corresponding pricing problem derived from model (PP) results to be a linear program:

K| K|
(FPP)min — Z”EMXIC - Z Z MRM];Xk (5.27)
k=1 k=1 pgh=2hl=1
st. " =0 Vk‘e{l,...,\lﬂ},peP:gS#Q/\gfj#hg
(5.28)
X" e{o,1} Vke{l,... |K|} (5.29)

whose solution can be found by inspection as described by Algorithm 5.12. Namely,
starting from the given haplotype we add to its subset of associated genotypes only
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Algorithm 5.12 Best candidate fixed haplotype

1: procedure FIXED HAPLOTYPES

2 for g € G compatible with h? do

3 compute ¢ = —Tra" — Zp;ggzz,hgzl MRMIS )
4 if ¢;, <0 then

5: set x* =1,

6 else

7 set x¥ =0,

8 end if

9: end for

10: end procedure

those genotypes that are compatible with it and give a negative contribution to the
objective function. Note that in this way we obtain the best possible subset of geno-
types for a specific haplotype, according to the minimality of the reduced cost. Thus,
solving this linear problem for each fixed haplotype and storing the best Q-pair found,
we identify the variable with minimum reduced cost among those involving fixed hap-
lotypes. If this reduced cost is positive, no variable with fixed haplotype is suitable to
be added to the RMP.

5.2.4 A Local Search-based approach

A different heuristic for finding a suitable variable can be made by applying a local
search starting from the most promising fixed haplotype h? with positive reduced cost
@. This procedure is described in Algorithm 5.13. The initial haplotype is found
as part of the optimal solution ¢ = (h?,GY9) of (FPP) model described in Section
5.2.3. In this case, we define the neighbourhood of this Q-pair as the @-pairs in which
the haplotype h is obtained from h7 by flipping the value of a position p and the
related optimal subset of genotypes is obtained by solving model (FPP) (see Steps 5-
6). Whenever a neighbour solution that improves the objective function is found, we
apply again the local search starting from this new feasible solution. Note that, if no
fixed haplotype is available, the local search can start from a random haplotype. This
procedure is not exact, but can possibly provide a @Q-pair whose associated variable
has a negative reduced cost for the RMP.

5.2.5 An Early-terminated Smart Enumeration

The main drawback of the Smart Enumeration procedure presented in Section 5.2.2
is that to solve exactly (LPP) we need to find the optimal solution of |K| integer
linear programs. In order to speed up the process, instead of looking for the minimum
reduced cost and considering the associated solution, we can stop the procedure as
soon as we find a solution with a negative reduced cost. In fact, in this way we can
recover a Q-pair from the solution y, ¢ that is associated with a variable with negative
reduced cost, thus we find a suitable variable to be added to the RMP. In the worst
case, we need to solve all the | K| problems in order to find a variable to be added, or to
be able to say that no such variable exists. This Farly-terminated Smart Enumeration
procedure does not always return the optimal solution of the pricing problem, but as
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Algorithm 5.13 Local Search applied to the solution of (FPP)

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

procedure LOCAL SEARCH(q)

set qLS =gq, oS = Q,

set gBEST = ¢LS oBEST _
for each position p € P do
;L _ thS
~ ’ LS
hy=1-h} )
solve (FPP) with h fixed, get
- optimal solution (h,G),
- optimal value &
if alpha < aPP5T then
update: aBFST
end if
end for

QLS,

=a,q

if ¢BP5T has been updated then

update ¢&S = ¢BEST

go back to Step 3,
else

STOP.
end if

20: end procedure

soon as we solve all the |K| reduced problems without finding a suitable variable, we
know that considering the solution with minimum reduced cost obtained so far we are
also considering the global optimal solution of the pricing problem, so that we can
assert that no variable is missing and we reached the optimal solution. This means

that the correctness of the procedure is preserved.

5.2.6 A Maximum flow approach

By assuming that we already checked that no fixed haplotypes have negative reduced
cost, we can restrict the pricing problem to non-fixed haplotypes and rewrite the
objective function of (LPP): we ignore the term ¢(¢) and modify the pricing problem
into a maximization problem, as follows:

|K]| |K|

(MaxPP) max Zw%Mxk + Z

k=1 k=1
st Cp<1-— Xk”
&> X"
wh < ¢,
< x*
>x G -1
Cp,xk,w;; € {0,1}

w

"V

w

Z NRM];U)];

pigE=2

Vkedl,...
Vke{l,...,|K|},pe P
Vke{l,...,|K|},peP :
Vke{l,...,|K|},peP
Vke{l,...,|K|},peP
Vke{l,...,|K|},pe P

JK[}peP: gh=0

:g;f:l
gy =2
:g§:2
:9522

(5.30)

(5.31)
(5.32)
(5.33)
(5.34)
(5.35)
(5.36)
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Variables w’; can be seen as associated to subsets made by the pair (genotype-position)
(g%, p), where if we select a particular subset by setting w;f = 1, we need to take into
account the associated elements and thus set x* =1, ¢p = 1. Under this consideration,
the objective function reminds the one of selection problems shown in Section 2.5.1
that considers elements n € N with cost ¢, > 0 and a collection ¥ of subsets of
elements of N with a profit p, > 0, 0 € ¥. We recall that the formulation for the
selection problem is:

max Zpoyg — Z Cnn, (5.37)

oEY neN
s.t. Ty > Yo YVoeX,Vneo (5.38)
Tn, Yo € {0,1} Vne NNVoeX (5.39)

where variables x,, take value 1 if we select element n € N or 0 otherwise, and variables
Yo, take value 1 if set o0 € X is selected, 0 otherwise. We note however that there are
some differencies, in particular, we do not know the sign of the objective’s coefficients
and due to the compatibility conditions we have extra constraints (5.31) and (5.32).

In order to see whether we can decompose the pricing problem and embed the
compatibility constraints into the objective function, we recall some notions on the
s-cliques presented in [33]:

e a set of genotypes C' is an s-clique if there exists a haplotype h such that the set
of genotypes compatible with it is exactly C,

e a selector for the s-clique C is a haplotype whose compatible genotypes are
exactly the ones contained in C. The number of selectors for each s-clique can
be very large, thus we can represent them in a compact form (pattern table),

e a pattern s is an n-string over {0, 1, —} that represents the hypercube
Q(S) = {h € {O,I}n’hi =s;Vi: s 7& —}.

A pattern table that represents all the selectors of an s-clique is made of a
collection of patterns, and it is in standard form if no pattern of the set is
contained in another pattern and each pair of patterns differ for at least two
positions.

Lemma 5.1. The set of all possible solutions to (mazPP) can be partitioned according
to each s-clique and each pattern belonging to its pattern table in standard form.

Proof. In [33] it is proved that the set of s-cliques C induces a partition of the set Hg
of all possible haplotypes, thus we can consider an s-clique at a time.

Moreover, if s' and s? are two patterns deduced from the s-clique tree, they belong
to two different branches of the tree, so that there exists at least a position p such
that 311) =0 and 312) =1 (or viceversa). Thus, the same haplotype h cannot be deduced
from both patterns. This proves that the patterns of a pattern table in standard form
induce a partition of all the haplotypes compatible with the genotypes of that s-clique.
So, for each s-clique we can consider a pattern at a time. O
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Given an s-clique C and a pattern s belonging to its pattern table, we define a constant

koo
o as:

n

k E k
g = MRMpSp
p:LSP?é_ng;ZQ

Observation 5.1. Let € be the set of s-cliques associated to G and ¢ be the pattern
table in standard form of the s-cligue C, obtained from the s-clique tree. Then the
solution of (MazPP) can be computed by decomposing it into smaller programs related
to each s-clique C' € € and each pattern s € S, as follows:

n
Coegy X k:ng;CWEMXk+k:§C p:%;:MRM];wl;“Lk:%CO‘Z,SXk (5.40)
st wr <G Vike{l,...,|K|},peP : s,=— (541)
wlpfgxk Vke{l,...,|K|},peP : s,=— (542)
wh >+ ¢ —1 Vke{l,...,|K|},peP : s=— (543)
X’“,Cp,wg € {0,1} Vik:gteCVpeP:s,=— (5.44)

Observation 5.2. According to each s-clique and each pattern, the mazimization prob-
lem (5.40) is defined only for a subset of the original variables X*, k € {1,...,|K|}
and p € P, corresponding to the genotypes belonging to the s-clique and the positions
in the pattern for which the value is not fired.

We recover the complete Q-pair g represented by the solution of the pricing problem
in the following way:

o — .
hi = % s ) and FeGlif beCarYF=1
P s, otherwise

P

Note that the information contained in constraints (5.31) and (5.32) is now included
in the information given by the pattern. We can then focus on how to solve (5.40) -
(5.44) given an s-clique and a pattern.

Observation 5.3. If all the coefficients TFEM—FO("; are negative and ,LLRM’; are positive,
then constraints (5.35) would be redundant and the problem in 5.40 could be solved as
a maximum flow problem.

Following the approach proposed in [41], we can build a network (V,D) in which
there are two subsets of nodes Vi, Vo, such that V = Vj U Vs, associated respectively
to variables x*, (p the first subset and to variables w’lj the second one. The set of
directed arcs D of infinite capacity connect nodes wg to node (, (resp. x*) if and only
if we have the constraint wz'f < (p (resp. w}’; < x*). The result is a bipartite network.
At this point we add a source s and a sink ¢ and link the source to all the nodes of the
first set with a directed arc of capacity MRM?Z; the nodes x* to the sink with directed
arcs of capacity —(ﬂ%M + O/(%,s) and nodes ¢, to the sink with null capacity arcs, as
shown in Figure 5.2. The next step consists in finding the maximum flow over this



70 CHAPTER 5. A COLUMN-GENERATION APPROACH FOR THE LP

Figure 5.2: Bipartite network when coefficients have the right sign.

network, so that we can recover the solution of our problem looking at the minimum
cut identified by the maximum flow: we will set to 1 all variables on the side of the
source and to 0 those on the side of the sink.

The special scenario of Observation 5.3 is not likely to occur in our case, since
the dual variables of RMP are not constrained in sign. This means that constraints
(5.43) are not redundant and the exact problem cannot be solved using a maximum
flow algorithm as known from [41, 42]. We can still solve a relaxation of this problem,
ignoring terms of the objective function that do not have the required signs. As an
alternative, we can try to force the coefficients of the objective function to assume the
right sign by modifying the constraints of the RMP of (EIP). These approaches are
illustrated in the following two sections.

Ignoring terms of the objective function

If in the objective function we ignore the coefficients that do not assume the required
sign, we do not find the optimal solution of (MaxPP), but by applying the maximum-
flow approach to a smaller network we recover a heuristic solution that still can provide
a variable to be added to the RMP of formulation (EIP). We can proceed in the

following way: if a coefficient ,u]; is negative we remove variables w’; and if 7rk’+o/é ;>0

we remove variables x*. We then build the related network, as shown in Figure 5.3,
where the nodes representing the removed variables are linked to source or sink by null
weight arcs.

The heuristic solution can be found by solving a maximum flow problem and then
looking at which nodes can be reached in the residual graph. The complete Q-pair ¢
is then recovered in the following way:

hi = {1 if ¢, is reached in the residual graph

0 otherwise

g* € G? if x* is reached in the residual graph

If the @-pair has negative reduced cost we have heuristically found a variable to add
to the RMP.
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Figure 5.3: Bipartite network in which variables are ignored.

Constraining the signs of dual variables

Another way of controlling the dual variables’ signs in (5.40) consists in modifying
the constraints of the master problem, replacing equality constraints with suitable
inequalities. We rewrite the (EIP) formulation in the following way, obtaining model
(FullEIP):

(FullEIP) min )  ¢g\? + (m — |K|) (5.45)
q€Q
> A0 Vik=1,...,|K| (5.46)
q:gkeqGu

PRV Vk=1,...,|K|,pe P:gh=2 (5.47)
q:g*€G,hi=1

> M&1l  Vk=1,.. |K|lpeP:gf=2 (5.48)
q:ngGq,thO
A e {0,1} (5.49)

where we can substitute ¢, O, & with the symbols =, <, > in order to constrain the
signs of the dual variables W%M, ,LLRM];, HRMI; associated respectively to constraints
(5.46), (5.47) and (5.48). Note that, if we replace all symbols with =, one set of
constraints among (5.46), (5.47) and (5.48) is redundant, in particular ignoring the
second one we obtain exactly the former (EIP) formulation of the HIPP problem.
Deriving the dual problem with all these three sets of constraints we get the following
expression for the objective function of the pricing problem:

Cq — Z Thar — Z Z MRMI;— Z Z 77RM',§ (5.50)

k:gkeGa k:g*eGa p: hi=1,gk=2 k:g*€Ga p: h}=0,95=2

We associate binary variables x* to each genotype, that take value 1 if genotype g” is
included in the subset of genotypes, and ¢, that records the values of each position of
a haplotype. Thus, the objective function of the new pricing problem can be written
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as follows:

|K]| K| |K]|

ZWRMX TN bk =30 N nrub -G (551)

k= lp gk_2 k= 1p gk—2

giving the following formulation for the related pricing problem:

| K| |K]|
min c(Q) =Y (har+ > nrupX® =D D (wruf — nrap) X (5.52)
k=1 P gE=2 k=1p:gk=2
st G <1—xF Vie{l,...,|K|}, pe P: gt =0 (5.53)
¢ > xF Vike{l,...,|K|}, pe P:gf =1 (5.54)
X, ¢ € {0,1} Vke{l,...,|K|}, peP (5.55)

k

: _ k
For ease of notation, we define « Zp k=2 77R]\/1p

We would like to have negative coefficients 7rRM + aF and positive ,uRMp TIRMp In
order to see if this is possible, we consider all the combinations that can be assumed
by the verses of constraints (5.46), (5.47) and (5.48), represented by ¢, O, and &.
Notice that, by considering combinations in which a single set of constraints is not
included, it is possible to have not only relaxations of the HIPP problem, but also valid
formulations. For this reason, these cases are also taken into account. In Table 5.1
we list all the possible combinations for these symbols, denoting with the symbol —
when we are not considering that particular set of constraints. A v is associated to
those coefficients that assume the desired sign, a X to the ones that do not have the
right sign. The combinations that give only a relaxation for the HIPP problem are
highlighted in red. It is clear how, preserving the validity of the formulation, we are
not able to constrain the signs of the coefficients, while it would be possible to have
at least a set of coefficient of the right sign only if we consider a relaxation of (EIP)
and hence of its RMP.

5.3 Adding multiple variables per iteration

We proposed different ways of solving the pricing problem (PP) associated to the (EIP)
formulation for the HIPP problem, both based on exact methods and heuristics, in
order to identify a variable to be added to the RMP. We propose here two different pro-
cedures that allow us to consider, at each iteration of the column-generation method,
additional @)-pairs that can have higher possibilities of representing non-zero variables
in the optimal solution of (ELP). The first consists in looking for a particular @Q-pair
with a larger genotypes subset, while the second one provides several different Q-pairs,
in which the subset of genotypes can have larger as well as smaller size.

5.3.1 Adding variables with a larger genotypes’ subset

If we exclude the approach based on network flows, we note that all the proposed
methods for solving the pricing problem have the following common feature:
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Table 5.1: Possible combinations of equalities and inequalities for (FullEIP) constraints

Observation 5.4. Given the Q-pair q obtained from solving (PP) with one of the
proposed ezact or heuristic approaches, each genotype g € GY9 gives a non-positive
contribution in the computation of the reduced cost.

In this way we discard those @-pairs in which the subset of genotypes is larger as
it includes also genotypes that give a positive contribution to the reduced cost, still
maintaining its overall negativity. We recall that, once we fixed a haplotype h, the
contribution ¢, of a genotype ¢g* to the value of the objective function in the pricing
problem is given by

= <7Tk + > u’;)- (5.56)
p: g’;:Q,hpzl

As the aim of the HIPP problem is to minimize the number of haplotypes needed
to resolve all the genotypes, it is clear that to achieve this minimum, even in the linear
relaxation, we need to resolve as many genotypes as possible with the same haplotype.
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Thus, given a Q-pair (h, G) such that all genotypes in G give a negative contribu-
tion, we want to enlarge the subset by as many genotypes as possible. This can be
achieved by solving the following integer linear program:

max Z z* (5.57)

k: gkcG(R)\G

s.t. c(h) — Z (m* + Z u];) — Z (wF + Z u];):rk <0

k:gkeG p: g%:Q,fzpzl k:gkeG(h)\G p:g}’;:Qﬁp:l

* € {0,1} Vk:g¢"eGHh)\G (5.59)

where we recall that G(h) is the set of genotypes in K compatible with h and variables
z* are binary, taking value 1 if we consider genotype ¢g* in the enlarged subset, 0
otherwise.

Notice that it is exactly the formulation of a knapsack problem (see Section 2.5.2),
in which every item has the same utility 1 and weight given by (5.56). Thus, we can

easily compute the optimal solution applying a simple heuristic:

1. consider the genotypes suitable to be added to G, that are those in G(h)\G and
arrange them in increasing order with respect to (5.56),

2. add to G the first d genotypes if the constraint (5.58) is satisfied, but it would
be violated with the addition of the (d + 1)-th genotype.

5.3.2 Adding a selected set of extra variables

Once one of the methods proposed for the pricing problem has identified a promising
haplotype h, we can recover several Q-pairs with a negative reduced cost: if G C K
is the set of genotypes compatible with h that gives a negative contribution to the
reduced cost, then a suitable subset to be paired with & is made of a subset of G
plus some genotypes in G/(h)\G such that the overall reduced cost is still negative. As
we can choose 2!¢1 — 1 different sets just for the subsets of G, adding the variables
associated to all these Q-pairs can easily be impractical, so that we choose just a few
of them by the simple expanding heurisitic shown in Algorithm 5.14.

Algorithm 5.14 Add multiple variable at a time

1: procedure ADD VARIABLES

2 initialize S = 0 if h is fixed, S = 1 otherwise and G* = @,
3 for ¢ € G(h) do

4 compute the value ¢, as in (5.56),

5: if S + ¢y is negative then

6 add ¢* to G*,

7 update S = S + ¢,

8 add a variable associated to the Q-pair (h, G*),
9 end if

10: end for

11: end procedure
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At Step 2, we initialize the reduced cost S associated to the @Q-pair we are gen-
erating according to whether A is fixed or not. By inspection of all the genotypes g*
compatible with h, we build sets G* and Q-pairs (h, G*) whose related reduced cost
¢k is negative (see Steps 5-8. In this way, we consider both @Q-pairs with a larger and
smaller subset of genotypes associated, when compared with G.

Note that the order given to the genotypes affects this choice of the multiple vari-
ables to be added to the RMP, as, according to the values taken by the dual variables,
we can find more or less suitable subsets of genotypes. However, it is not straight-
forward to identify an a priori ordering of the genotypes to be preferred to another
one.

5.4 Convergence issues

The solutions of large-scale problems are usually highly degenerate, thus while applying
a column-generation procedure the solution process can be very slow both at the
beginning and in the final iterations. In particular, at the end of the procedure there
is a so-called tailing off effect: only small improvements are achieved at each iteration,
so that the process of reaching the optimal solution becomes very long. Moreover, at
the beginning a head in problem can occur, i.e. the column-generation procedure can
take several iterations before finding a variable that, added to the RMP, is able to
improve the objective value. This problem mainly arises from the unstable behaviour
of the dual variables’ values.

With the aim of overcoming these two issues, we derive a lower bound on the
optimal solution of (EIP) by means of a Lagrangian relaxation. It is then used to
reduce the tailing-off effect, as an alternative termination condition that stops the
column generation when the difference between the optimal value and the lower bound
is sufficiently small. As for the head-in problem, instead, we apply a stabilization
tecnique that prevents the dual variables from oscillating too much and makes use
of the computation of the lower bound to accelerate the convergence of the column
generation.

We gather together in Table 5.2 the main notation that we use throughout this
chapter.

In order to derive the lower bound, we consider (EIP) and we add a constraint to
it that forces the number of haplotypes used to be less than or equal to a value M big
enough to ensure that the constraint is redundant. From now on we then consider the
following (NewEIP) formulation:

(NewEIP) min » ¢ \? + (m — |K|) (5.60)
q€Q
st. Y A=2 VE=1,...,|K| (5.61)
qeQ: gkeGa
> M=1  Vk=1,..|K|,peP:gf=2 (562
q€Q: gFeqa,
hi=1
XM (5.63)

q€Q
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PRM = (7‘(’]%]\/[7 WRM, l/ij) dual variables for the RMP of (NewELP)

ZRM optimal value of the RMP of (NewELP)

psT = (TsT, ST, VST) stabilized dual variables

d(p) value of the objective function for (NewELP)’s dual
computed in p

p=(m, i,0) stabilized dual variables

zZpp optimal value of (NewPP)

q’r optimal solution of (NewPP)

v(q) value of the objective function of (NewPP)
computed in g € Q

Zspp optimal value of (sPP)

¢*rr optimal solution of (sPP)

7>0 tolerance for stabilization termination

e>0 tolerance for early termination

Table 5.2: Notation

A e {0,1} VgeQ (5.64)

Its linear relaxation (NewELP) is obtained replacing the domain constraints (5.64) with
A2 >0 for all ¢ € Q. We recall that the constant m—| K| represents the number of fixed
haplotypes. Then, at each iteration of the column-generation procedure we define M =
m—|K|+zrwm, zrm being the optimal value of the RMP of (NewELP). The RMP is now
defined starting from the full formulation of (NewELP) and it considers only a subset
of variables A?. Note that each feasible solution of (ELP) is also feasible for (NewELP)
and viceversa, in fact constraint (5.63) is redundant for this formulation. In particular,
heuristics that provide an initial solution for the column-generation approach applied
to (ELP) also provide a feasible initial solution for the column generation applied to
(NewELP). As for the structure of the pricing problem, instead, the addition of a new
constraint to (ELP) leads to consider also an extra dual variable. We associate dual
variables 7%, to constraints (5.61), ,LLRM’; to constraints (5.62) and one variable vrs
to constraint (5.63). The objective function of the (NewELP) dual problem becomes

|K]| |K]|

k k
R = 27+ Y Y HRMy + M v
k=1 k=1p: gk=2

while the formulation of the pricing problem as an integer porgramming model (NewPP)
is the following:

K| K|
(NewPP) min ¢ — ZW%]\/]X]C - Z Z ,URM];CpXk — VRM (5.65)
k=1 k=1p:g’1§:2
st G <1—xF Vke{l,...|K|},peP:gi=0
(5.66)
¢ > X Vike{l,...,|K|},peP:gi=1

(5.67)
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X, ¢ € {0,1} Vke{l,...,|K|},peP (5.68)

5.4.1 A Lagrangian lower bound

Introducing formulation (NewELP) we can define a particular Lagrangian function
and, from it, we derive a lower bound on the solution value of (NewELP).

Proposition 5.2. Given the dual variables Trar, wra, af each iteration of the column-
generation procedure applied to (NewELP), a lower bound on the optimal solution is
given by:

LB(?TRM,/J,RM) =zrm + Mzpp (569)

Proof. We consider a Lagrangian relaxation of (NewELP), that provides a lower bound
on its optimal value. In particular we consider the one obtained relaxing constraints
(5.61) and (5.62). Consider as Lagrangian coefficients the values (7gas, pras) that are
part of the dual variables obtained solving the current RMP of formulation (NewELP),
thus we can write the Lagrangian function L(mgas, rar) with respect to these values
as follows:

|K| |K|
L<7TR1V17NRJM) = min Zcq)\q ZTI’RM Z A *2 Z :uRMp Z AT — 1
9€Q q: gkeGa q:g"eqe
P g,;—2 h3=1

s.t. Z N < M

q€Q
AM>0Vqge@
that we can rewrite as:
|K| |K|
L(mru, Ry ) = Z 2% 0 + Z MRM];—F (5.70)
pigp=2
|K| |K]
min cgA\! — T A\ — MRM /\q 5.71
qu)‘q<MZC:9q Z RM Zq Z p Zq ( )
>0V geq 1€ ¢:g*eq ¢:9"€C

p: 9;5:2 h9=1

The first part of the Lagrangian function, described in (5.70), is easily computed,
as it is equal to zryr — Mvga. Instead, the second part shown in (5.71) requires to
solve a linear program. We rewrite it in the following way:

zmHiM {Z [Cq - Z Thar — Z MRM’;] )\q} (5.72)

9€Q = .k
XS0V ge@ 169 keI h<|K],q: g" G
q:9"€G hp=1,p: g;=2

Consider the particular ¢ that is found as solution of the program

min {¢; — Z o — Z MRM’; (5.73)

q€Q
E<|K| k<|K|,q: g*€G?
q:g*€GH h=1,p: gy=2
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and the feasible solution of (5.72) given by A = M if ¢ = ¢, A? = 0 otherwise. No
other feasible values of A%, ¢ € @ can further improve the objective function, thus
we can say that this solution is optimal for the linear program in (5.72). Moreover,
the function to be minimized in (5.73) is almost equal to the objective function of
(NewPP), apart from a constant vgps. Thus, the optimal value obtained by solving
(5.73) is exactly equal to zpp + vRa-

We can now rewrite the Lagrangian function considering these results and obtaining
the following lower bound:

L(mry, prM) = 2rM — Mvry + M (2pp + VRa) = 2rm + Mzpp

O]

Note that this same lower bound can be derived in another, more intuitive way:
Let zpp be the value of the optimal solution of (NewPP). If zpp > 0, then the dual
constraints are all satisfied, hence the column generation can stop because the dual
solution is also feasible. Otherwise, we have zpp < 0 and we can consider the following
dual solution:

(TRrM, WRM s VRM + 2PP)

As vy + zpp is still negative and the dual constraints are satisfied for each ¢ € @,
we deduce that this is a feasible dual solution and in particular that it has value

|K]| |K]

Zzﬁ%M + Z Z /LRM]; + M(vrym + 2pp) = 2rM + M zpp.
k=1 k=1 p: gé’:Q

From the weak duality property, we know that this value gives a lower bound on the
solution of (NewELP), and in fact we obtained exactly the lower bound in (5.69).

5.4.2 A stabilization method to smooth dual variables’ values

It has been observed that the values assumed by the dual variables at each iteration
of a column-generation procedure usually do not smoothly converge towards the opti-
mal ones [35]. This computational issue occurs also in our case, while solving model
(NewELP), thus we apply a stabilization technique in order to reduce the oscillatory
behaviour of the dual variables. Among the different methods proposed in literature
to stabilize a column-generation procedure, we recall [21, 39, 40, 44, 39, 48]. We
start from the approach presented in [48, 39|, since it does not require any change
to the primal or dual problem, and it just needs a parameter A to be tuned and the
availability of an easily computable lower bound, e.g. like (5.69), for our problem.
The procedure solves the pricing problem using as coefficients a convex combination
between the values pras of the current optimal dual variables and a stability center p:

psT =Apry+ (1 —A)p (5.74)
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Thus, the pricing problem solved within the stabilization method is the following

(sPP):
|K] K|
(sPP) min ¢ — Z et — Z Z MSTI;CpXk — VST (5.75)
k=1 k’=1p:g[]§:2
st Gy <1 —x* Vke{l,...,|K|},peP:gi=0 (5.76)
¢ > xF Vke{l,... |K|},peP:gi=1 (5.77)
X", ¢ € {0,1} Vke{l,...,|[K[},peP (5.78)

The procedure we propose to solve (NewELP) using stabilized column generation
is described in Algorithm 5.15. Notice that it requires an exact method for the pricing
problem. The first steps of the algorithm (Steps 2 and 3) initialize the parameters,

Al

gorithm 5.15 Stabilized algorithm - exactly solved pricing problem

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:

17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:

procedure STABILIZATION
set A=Ag,0<Ap<1,7>0ande>0,
initialize p = pg, LB(7, i) = —oo, initial set of variables Q C Q
repeat
solve RMP — get (pRJ\/],ZR]y[),
set psT = Appy + (1 —A)p,

solve (sPP) — get ¢*FF z,pp,

if z,pp < 0 and v(¢*F") < 0 then > Case A

add variable A" to Q,
compute LB(msr, pst) = 257 + M zspp;

else if z;pp > 0 and v(¢*FF) < 0 then > Case B

add variable A\ to Q,
compute d(psr),

else if z,pp < 0 and v(¢*""") > 0 then > Case C

compute LB(wsr, usT) = 2517 + M 25pp;

else > Case D

compute d(psr),
set A =1 for the next column-generation iteration
end if

if LB(msr,pust) > LB(7, i) then
update: p = pgr and consequentely LB(7, i) = LB(wgr, isT)
end if
if [(zrv — LB(w, 1))/ LB(7, )] < 7 then
A=1
end if

until zgry — LB(7, i) < € or d(psr) = 2rRM
end procedure

that are the stabilization parameter A, set to the initial value Ag €]0, 1], the tolerance
used to stop the stabilization 7 > 0 and the tolerance to stop the column generation
€ > 0. The initial values of the stability center and the lower bound are initialized too.
We are then ready to start the column-generation procedure, solving the RMP from
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which we obtain the dual variables prjs. We compute the stabilized dual variables
and solve the pricing problem (sPP) (Steps 5-7). Let ¢’ be the optimal solution of
(sPP). We denote with v(¢*F") the value of the reduced cost of ¢*FF for (NewELP).
According to the signs assumed by the optimal solution z;pp and by v(¢*F'F), we face
four cases. They have to be treated differently, as a result of Theorem 5.1 which, as we
are going to prove, guarantees the convergence of the algorithm to the optimal solution
of (NewELP). In particular:

Case A z,pp < 0 and v(¢*F") < 0: we are able to find a variable to be added to the
current RMP and to compute the lower bound (see Step 9),

Case B z,pp > 0 and v(¢*F'F) < 0: we find a variable to be added to the RMP, but
dual variables pgp are feasible for the dual of (NewELP), so we cannot compute

the lower bound (5.69). We compute instead the dual objective value d(psr),
(see Step 12),

Case C z;pp < 0 and v(¢*FF) > 0: in this case the Q-pair found by solving (sPP)
does not have a negative reduced cost for (NewELP), but there can still be other
@-pairs that yield a negative reduced cost. Thus we say that a misprice happens.
Anyway, having z;pp < 0 we can compute the lower bound (see Step 15),

Case D z;pp > 0 and U(qSPP) > 0: in this case a misprice can happens too, as
the positive optimum value of the (sPP) model does not say anything on the
optimality of (NewELP) (see Step 15).

When the difference between the primal objective value and the lower bound is small
enough, according to the rule in Step 23, we disable the stabilization by setting A = 1.
In this way we recover the correctness of the column-generation procedure. Moreover,
we expect that also the dual variables are close to the optimal ones, as we stop the
stabilization when we are close to the optimal solution. Thus, keeping the stabilization
active would not improve much the convergence at this stage.

A possible improvement of this stabilization procedure consists in updating the
value of the stabilization parameter A, so that it increases its value while we are
proceeding towards the optimal solution. In this way, the stability center has a great
influence in the first iterations, bounding the values of the dual variables, while after
a while we can rely more on the real values prys. We consider as an example the
following rule to increase the value of A [47]:

— LB(p — LB(p
v = LBO) | A gpen A—q_ ZRM - LBO)
ZRM ZRM

if
Theorem 5.1. Algorithm 5.15 applied to (NewELP) converges to its optimal solution.

The proof of Theorem 5.1 requires some additional results. Note that similar results
are presented in [39], where they are needed to ensure the convergence of the stabilized
column-generation when a misprice happens. In our case, the proof of these results
have to be extended, since we use a different definition of the lower bound.

Lemma 5.2. Let ¢*CF be the Q-pair found as optimal solution of (sPP), with associ-

ated negative value zspp. If the variable AT does not have a negative reduced cost,
then LB(msr, ust) > LB(7, i) + A(zrym — LB(7, 1))
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Proof. Define

|K]| |K]|

f(p, ZW*Z Y. oV

q
k: g e k bege P

representing the value of the objective function of the pricing problem with coefficients
p and computed in the Q-pair q. Note that this function is linear with respect to w
and p, so that by (5.74) it holds:

flpsr,q) = Af(prar,q) + (1 — A)f(p, q).

sPP) sPP) sPP) .

Moreover, we can rewrite zspp = f(psr, q , zsT = d(psT) and v(q = f(pru, ¢

Then we can write:

LB(msr.pst) = 257 + Mzspp = d(psr) + M f(psr, ¢*"") =

= Ad(pra) + (1 = A)d(p) + AM f(prar, ¢*7F) + (1 — A)Mf(p, ¢°7F) =
= A(zpm + M f(prar, °F7)) + (1= A)(d(p) + M f(p,¢*"7)) >

> Azpy + (1= A)(d(p) + M lgéig f(p,q)) =

=Azry + (1 — A)LB(7, i)

where the inequality holds because f(pras, ¢*FF) = v(¢*FF) > 0 by hypothesis and
f(ﬁ7 quP) Z mianQ f(ﬁa Q) [l

Proposition 5.3. When a misprice as in Case C happens, the gap zgy — LB(T, i)
is reduced by at least a factor of 1/(1 — A).

Proof. The sequence {Z%M}k, where k indexes the iterations of the stabilized column-
generation procedure, is not increasing. Thus, we have

(%)
A —LB(RF pMY < 2hy — LB, k) < 2hyy — LB(nkp, pby) <

< Zha — LB(7_T ") — A(zhay — LB(7*, 5F)) = (1 — A)(2fy — LB(7*, 1))

where inequality (*) holds by Lemma 5.2. Hence

“f — LB(*, ") S !
k+1 — LB(7k+1, pkt1) — 1—-A

We prove now Theorem 5.1.

Proof of Theorem 5.1. We prove that at each iteration of the column-generation pro-
cedure we do not get stuck in a non-optimal solution. Recall that, after solving the
pricing problem (sPP), Algorithm 5.15 distinguishes four cases.

In Case A, we are able to add a variable and to compute the lower bound
LB(wgr, ust), that can possibly lead to update the stability center. Thus, The RMP
that we solve at next iteration will be different and will produce different dual variables
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pry- If the lower bound is increased, the (sPP) changes also thanks to the change of
the stability center.

In Case B, although we cannot compute the lower bound, we add a variable to the
current formulation of the RMP, obtaining different values prps for the next iteration.

The proof of convergence for Case C is based on Lemma 5.2 and Proposition 5.3.
These results prove that, every time a misprice of this kind takes place, the lower
bound increases, so that according to the stabilization algorithm we need to update
the stability center. This means that the following iteration of the column-generation
procedure will solve (sPP) with different coefficients pgr, even if the dual variables
prM are the same. Moreover, according to Proposition 5.3, in these cases the lower
bound increases by a factor big enough to ensure the convergence of the lower bound
to the optimal solution.

In Case D, we are actually suspending the stabilized procedure and solving the
pricing problem (NewPP) instead of (sPP). Thus, we either prove that no other variable
is needed to solve (NewELP) or we find a new variable to be added to the RMP. In
the first case the column-generation procedure stops, in the second case we reenable
the stabilization procedure, starting from different dual variables pray. O

In [40] another way of applying this stabilization technique is proposed. It exploits
the advantage of using a lagrangian dual problem, which guarantees that the stability
center always remains dual feasible. In this approach, considerations on the relative
positions between dual variables prjs, stability center p and stabilized variables pgr
allow to discard Case C, in which zpp < 0, while v(¢*"") > 0, meaning that the
constraint found cannot cut off the current dual solution in the dual space. Moreover,
the properties of lagrangian dual guarantee that, adding in any case the variable re-
sulting from the pricing problem, at each iteration the difference between pgr and prus
decreases, so that Case D is not critical and convergence is ensured. Our procedure,
instead, is able to use even non dual-feasible stability centers, since we prevent adding
variabled with positive reduced cost. In this way, we directly consider as lower bound
the value obtained from a Lagrangian relaxation of the primal problem (NewELP).
Moreover, the approach we propose for Case D has a double advantage: together
with avoiding to stop at a non-optimal solution, it provides an easy check to know if
we are at the optimum, as we are assuming that the scenario in which the reduced
costs associated to both pgr and pgrps are positive happens only when we are close to
the optimum.

5.4.3 Stabilized column generation and heuristic pricing

The proof of correcteness of Algorithm 5.15 assumes that the value of the optimal
solution of (sPP) is provided by an exact pricing procedure. In fact, if we apply
heuristic pricing to find variables with negative reduced cost we are not able to compute
the lower bound according to (5.69). Notice, however, that the use of heuristics can
always be allowed to find and add variables with negative reduced cost, since we can
still recover the convergence of the stabilized algorithm by guaranteeing that we solve
at least once (sPP) during the column-generation procedure.

The heuristic for fixed haplotypes and the local search-based heuristic (see respec-
tively Sections 5.2.3 and 5.2.4) do not provide the dual information needed by our
stabilization, hence we cannot compute the lower bound, neither we can update the
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stability center. In the application of the Early-terminated Smart Enumeration, in-
stead, some dual information is available, related to the solution of (sPP) on a subset
of the solution space. However, this cannot be directly used for lower bound and sta-
bility center updating, as defined by Step 21 of Algorithm 5.15. This may prevent
updating the stability center as long as the method provides negative reduced cost
variables, which is likely to happen at the early stages of column generation, when,
in fact, stabilization would be beneficial. We thus define a new criterion to suitably
update the stability center when Early-terminated Smart Enumeration is applied. The
modified stabilization procedure is shown in Algorithm 5.16.

Algorithm 5.16 Stabilized algorithm - heuristic pricing

1: procedure STABILIZATION

2 set A=Apg,0<Ag <1, 7>0and e >0,
3 initialize p = po, LB(T, i) = —o0, initial set of variables Q C Q
4 repeat

5: solve RMP — get (pras, 2rM),

6 set pst = Apry + (1= A)p,

7 solve (sPP) — get ¢*7'F Z,pp,

8 if Z;pp is optimal then

9 apply Algorithm 5.15

10: else

11: if v(¢*F7) <0 then

12: add variable A" to Q

13: end if

14: if Z;pp <0 then

15: update: p = pgr

16: end if

17: end if

18: if [(ZR]W — LB(TT, 7))/LB(77T, 7)] < 7 then
19: A=1

20: end if

21: until zpy — LB(7, 1) < € or d(psr) = 2rM

22: end procedure

Note that the stabilized column-generation procedure is initialized as in Algo-
rithm 5.15. The first difference arises at Step 7, where instead of the optimal solution
to the pricing problem we get non-optimal Z,pp, associated to the Q-pair ¢°’F. Re-
member that the Early-terminated Smart Enumeration stops as soon as it finds a
Q@-pair ¢ such that v(q) < 0, with no guarantee on the sign of Z;pp. Hence, we cannot
compute the current lower bound, and in particular we are not sure that the current
stabilized variables improve the value of LB(7, ii). As a consequence, Step 21 of Algo-
rithm 5.15 cannot be performed and we decide instead to update the stability center if
Zspp is also negative. The procedure’s termination conditions are the same proposed
in Algorithm 5.15.






CHAPTER 0

Branch-and price frameworks for the Integer Program

In Chapter 5 we presented different solution approaches for (ELP), or equivalently
(NewELP). In this chapter we embed them in a branch-and-price algorithm in order
to find the optimal solution of the integer formulation denoted as (NewEIP). We build
a sequence of branchings that iteratively partition the feasible region into subsets, in
which specific constraints progressively restrict the research of integer solutions. For
each of these subsets we then solve the associated linear relaxation. The standard
branching procedure for binary variables consists in finding a variable that assumes a
fractional value in the solution of the linear relaxation at the current node and forcing
it to take value either 0 or 1. For (NewEIP), fixing one variable to 0 does not provide a
significant information on the optimal solution, while a variable with value 1 has a great
impact on the value taken by many other variables. This implies that the standard
branching procedure is likely to generate a highly unbalanced branching tree. Therefore
in Section 6.1 we investigate a family of linear inequalities that provides a partition
of the set of feasible integer solutions used for implementing an ad-hoc branching rule
for (NewEIP), based on the relations between (NewEIP) constraints and the ones of
set-partitioning models.

In Section 6.2, the same relations are used to devise a more general framework for
finding an optimal solution to the Haplotype Inference by Pure Parsimony problem by
solving a relaxation of (NewEIP). The same branching rule proposed for (NewEIP) is
applied in a more general context, that takes care of the procedures needed to recover
the optimal solution for the HIPP problem.

6.1 Branching rule for the Haplotype Inference by Pure
Parsimony problem

We recall that (NewEIP) is defined as follows:

(NewEIP) min ) ¢ \? + (m — |K|) (6.1)
qeQ

85
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st. Y XN=2  Vke{l... K[} (6.2)

qeQ: gkeGa

> M=1 Vke{l,...|K|},peP:gi=2 (63
qeQ: gkega

hI=1
dN<M (6.4)
q€Q
A e {0,1} VgeQ (6.5)

It is worth noticing that constraints (6.3) are similar to the constraints that are found in
set-partitioning formulations, as seen in Section 2.5.3. Thus, we look for a branching
rule that takes into account this set-partitioning structure, using observations that
recall Ryan and Foster’s idea [45], in order to obtain a more balanced tree.

6.1.1 The branching rule

In any integer solution of the HIPP problem, any pair of constraints (6.3) that are
related to the same position p and different genotypes ¢° and g* will be satisfied either
by the same variable or by different ones. This means that we can either find a variable
that takes value 1 and whose associate subset of genotypes contains both genotypes,
or such variable does not exist. This condition can be written as follows:

> o Me{0,1} Vste{l,...,|[K[},YpeP: gi=g,=2 (6.6)
a:9°,9'€G1
hi=1
Observation 6.1. Due to the assumptions on set K, each genotype in K has at
least one heterozygous position and, to ensure that g° and g' are compatible but not
equal, there must be a position p in which a genotype is heterozygous and the other is
homozygous.

For ease of notation, from now on, we refer to a pair of compatible and distinct
genotypes ¢° and ¢' and a position p such that gp = 2.

We can see how in a feasible solution of (NewEIP) there can be at most one variable
that takes value 1 and whose associate subset of genotypes contains a chosen pair of
genotypes, as it is shown by Lemma 6.1.

Lemma 6.1. Let g%, g' be two compatible genotypes. Then for any feasible solution of
(NewEIP) it holds
> e

q:9°,g'€G1
Proof. We rewrite the sum dividing it in the following two sums:

Yo=Y A >N (6.7)

9% 9'€GI 7:9° g'€GY a:9° 9'€GT
hi=0 hi=1

As g%, g' are compatible and they do not coincide, w.l.o.g. there exists a position p
such that g, = 2 and gzt, = [, with g either equal to 0 or 1. Thus, one of the two
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addends in (6.7) must be equal to 0, as the set {q: ¢°, ' € G4, h} =1 — B} is empty
due to compatibility reasons. It follows that

SRR DRSS DR O
q:9°,9*€G q: 9%, gteGa q:g°€GY
hi=g hj=p

O

To guarantee the integrality of the final solution we need to enlarge the set of
conditions to be investigated: from constraints (6.2) and (6.3) we can derive another
family of set-partitioning redundant inequalities for (NewEIP):

Z M= 1.

q:9°€G1
hi=0

Then, considering the statement of Lemma 6.1 and either a constraint in (6.2) or (6.3)
we obtain the following conditions, that implies that either the two genotypes belong
to the same )-pair or not:

> Me{o1} Vs,te{l,...,|K|},pe P:gi=2 (6.8)
a:9°,9'€G1
hi=1
> Me{o,1} Vs,te{l,...,|K|},peP:gi=2 (6.9)
a:9°,9'€G1
hi=0
The branching strategy we propose is then based on identifying any violated con-
dition (6.8) or (6.9), and forcing the associated sum to take either value 0 or 1. We
distinguish the branching strategy according to whether we also have gf, equal to 2 or
if g, € {0,1}. In fact, if g; = 8 with § € {0,1}, for compatibility reasons only one
of the sets {g € Q: ¢°,¢' € GIANRL =1} and {g € Q : ¢°,¢g' € GI A h} = 0} is not
empty, thus it makes sense to check only one between conditions (6.8) and (6.9). In
this case, the branching at the node produces two child nodes as follows:

DIFFER. g¢° and ¢’ do not belong to the same @Q-pair,
SAME g° and ¢’ belong to the same Q-pair.

If gzltJ = 2, both genotypes can be contained in a Q-pair ¢ having h} = 0 or h} = 1,
so that a single child node is not enough to describe correctly the case in which both
genotypes are resolved by a common haplotype. Thus, we need to generate three
different child nodes to properly give a partition of the feasible region:

BI-DIFFER. ¢° and ¢’ do not belong to the same Q-pair,

SAMEO ¢° and ¢’ belong to the same Q-pair and the associated haplotype has value
0 in position p,

SAME1 ¢° and g’ belong to the same Q-pair and the associated haplotype has value
1 in position p.
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Note that, by Lemma 6.1, knowing that ¢° and ¢* have a common haplotype h’
such that, in position p, h; = 0 (resp. 1), we can also say that no other common
haplotype is possible. Thus, in the obtained branch, we can also fix that no haplotype
W' such that hy =1 (resp. 0) resolves both g* and g".

Algorithm 6.17 Branching procedure for (NewEIP)

1: procedure BRANCHING PROCEDURE

2 choose g*, g* and p such that at least one among (6.8) and (6.9) is violated,
3 branch:

4: if g, € {0,1} then

5: create two child nodes of type DIFFER and SAME,

6

7

8

9:

else
create three child nodes of type BI-DIFFER, SAMEO and SAMEL,
end if
end procedure

The above observations are summarized in Algorithm 6.17, which takes a node of the
branching tree and the solultion of the related (NewELP) as input and create two or
three child nodes. The branching constraints that characterize these nodes are chosen
looking for pairs of genotypes g%, g* and a position p that violate at least one condition
between (6.8) and (6.9). In particular, each type of child node is obtained adding the
following constraints:

DIFFER Z A <0
q:9°,g'€G?
hi=p
SAME Z >
q:9°,g'€G?
hi=8
BI-DIFFER Z N <0 A Z A\ <0
q:9°,9'€G? q:g°,gt€G
hi=1 hi=0
SAMEO oM A > M0
q:9°,9g'€G? q:9°,9'€G
hi=0 hi=1
SAME1 Z N <0 A Z 2> 1
q:9°,g'€G? q:9°%,9'€G?
hi=0 hi=1

6.1.2 Proof of correctness

We now prove the correctness of the proposed procedure. First, in Theorems 6.1 and 6.2
we prove that the integrality of the final solution is ensured, by considering separately
the variables A\? having associated subset of genotypes G? with cardinality greater than
1 and variables that involve only one genotype. Finally, in Theorem 6.3 we use these
results to prove the correctness of the branching procedure given in Algorithm 6.17.
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Theorem 6.1. Suppose that for every pair g%, g' of compatible genotypes and for every
position p such that g, = 2 conditions (6.8) and (6.9) hold. Then A\ € {0,1} for all
q=(h?,GY) € Q such that |G9] > 1.

Proof. Fix a genotype g°, a position p such that g5 = 2 and another genotype qt
compatible with ¢g°. Recall that such a position p can always be found as ¢° € K,
according to observation 6.1. We consider the constraint (6.3), that refer to haplotypes
which take value 1 at the chosen position p, associated to genotype g° and we split it

into two addends:
1= Y M= > x4+ >N (6.10)
q:g°€G1 q:9°,9'€GY q:9°€G,g'¢G1
q

hj=1 hi=1 hi=1

By hypothesis, the first addend can be either equal to 1 (Case 1) or 0 (Case 2) by
hypothesis, forcing the second one to be respectively equal to 0 or 1.

Case 1: All variables involved in the second addend are equal to 0, and then
integer. We can focus on the variables appearing in the first addend.
Suppose, by absurd, that this sum involves at least one fractional variable A\?. Thus,
as the whole sum takes value one, there must be at least another fractional variable M.
That is, we found Q-pairs ¢ and § such that ¢°, ¢* € G9 and ¢*, ¢' € GY, hg =h}i=1
and M\, A7 €]0,1].

There are two subcases:
1.A) G9 # (49, then (w.lo.g) |G| > 2 as g° and ¢’ are already included in GY.
Then there exists another genotype g/ € G7 such that ¢f ¢ G? and it holds by

hypothesis:
0 (%)
A =
Z {1 (%)

a:9°, g7 eqa
hi=1
If (%) holds, then A7 = 0, that is absurd. So (x*) holds and, rewriting (6.10) according
to ¢°, g/ and position p, we have as consequence that

>, =0
q:gSéGq,gfgéG‘I
hi=1
that is even absurd as G € {g € Q : ¢° € G9,¢9/ ¢ G, h} =1} and AT > 0.
1.B) G? = G
We have h? # h4, in particular w.l.o.g. there exists p such that hg =1and hg =0. It
follows that g3 = g5 = 2. By hypothesis, we know that:

0 (%)
A =
q:gS%’;EGq {1 ()

q_
hs=1

The case () is absurd, because § € {g € Q : ¢°,¢' € Gq,h?3 =1} and A7 > 0. Then
(*x) holds.

Remember that g belongs to {¢ € Q : ¢°,¢' € GY, hg = 1} and M\ is fractional, while ¢
does not. This implies that there must be at least another ¢ with associated variable
fractional such that ¢%, ¢* € G4, hg = 1. There are again two cases:
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1.B.a) if G¢ # G9, then we can apply case A to A\, N1 €]0,1[, ¢°,¢' € G7 and
g, gt € GY, 9 =2, hg = hg = 1, obtaining that it is absurd to consider A7, A9
not integer, so that also A? must be integer.

1.B.b) if G = G (= G9), we remember that hg = hg = 1, while hg = 0. Then it

holds:
=Y e Y owe Y ow
q: 9%, 9*€G1 q: g%, gteGa q:g%,9"€GY
hi=1 hi=0

where the inequality holds because of Lemma 6.1.The first addend of the sum
on the right is integer by hypothesis and in particular, as ¢ and ¢ belong to
{geQ: ¢° gt € Gq,hz3 = 1}, it must be equal to 1, thus the second addend
must be equal to 0. But ¢ belongs to {g € Q : ¢°%, ¢* € G¢, hg =0} and A\ > 0,
so we have an absurd.

Thus, all variables appearing in the first addend in (6.10) are integer.
Case 2: All variables for which ¢ € {g € Q : ¢%, ' € G4, h} = 1} are equal to 0.
We can rewrite the second addend of (6.10) in the following way:

)P D L WP (6.11)

q:g°€G,9'¢Ge q:9°€G,g'¢G1 q:G1={g°}
hi=1 |G9|>1, hi=1 hi=1

For each @-pair ¢* whose associated variable is present in the first addend in (6.11),
there exists another genotype g" € G such that gy =2 and g, # 0 (for compatibility
reasons). Thus, we can rewrite (6.10) in the following way:

1= Z 2\ = Z 2+ Z 2\
q:g°€Ge q:9°,9"€G1 q:g°€G,g"¢G1
hi=1 hi=1 hi=1
so that A?" belongs to the first term, that we already proved in Case 1 contains only
integer variables. Thus, A\?" is integer.

As far as now we only considered variables such that the associated haplotypes
assume value 1 at position p. We observe that

> oai=1 (6.12)
q:g°€eG1
h}=0

are implicit constraints for (NewEIP). We can thus repeat the same proof starting
from (6.12), and complete the proof, as we deduce that any variable A\? of (NewEIP)
such that |G?| > 1 is involved in at least one constraint of type (6.3) or (6.12). O

Theorem 6.2. Suppose that for every pair g°, g' of compatible genotypes and for every
position p such that g, = 2 conditions (6.8) and (6.9) hold. Then if the solution is still
fractional, there is an equivalent integer solution.
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Proof. As Theorem 6.1 holds, if there exists a Q-pair ¢ = (h?, G9) such that A7 €]0, 1],
then G? must contain only one genotype g. Moreover, as soon as g appear in another
Q-pair ¢ = (h?,GY) such that |G9| > 1, we have A? = 1 and due to the formulation’s
constraints (6.2) and (6.3) we have that h? must be equal to the complementary of
h4. This implies that, in order to satisfy constraints (6.3), there must exists at least
another fractional variable with associated haplotype h. In order to be fractional, by
Theorem 6.1 this new Q-pair should be equal to (h9,{g}). That is, exactly equal to ¢,
thus the absurd. It follows that g cannot be included in any Q-pair whose associated
subset of genotypes contains also other genotypes.

Thus, g is included in a collection of k Q-pairs ¢' = (h',{g}),...,¢" = (h*,{g}).
But it is then possible to choose any two Q-pairs with associated variable equal to 1
that resolve g. O

The proof of the correctness of the proposed branching strategy is given in Theo-
rem 6.3.

Theorem 6.3. The branching strategy for (NewEIP) proposed in Algorithm 6.17 is
correct.

Proof. To be correct, this branching scheme should:
e cut off the current solution,
e provide a partition of the feasible region,
e guarantee integrality of the solution.

As for the first requirement, it is trivial to show that imposing one of the preceeding
branchings, according to the values of g; and g;;, we cut off the current solution that
violates condition (6.8) or (6.9).

With regards to the partitioning of the feasible region, consider a feasible solution
Q = {(h?,G9) € Q : X1 =1} of (EIP). We need to show that this solution is not cut
off by any branching constraint and that it belongs to exactly one branch. Consider
the branching constraint defined by genotypes ¢° and g and position p. We have two
possibilities:

e the two genotypes do not belong to a same @Q-pair in (. If moreover gy # 2
or gztj # 2, then the solution satisfies the branching constraint of type DIFFER.
Otherwise, the solution satisfies the branching constraint of type BI-DIFFER.

e there exists one ¢* € Q such that ¢° € G9°, g* € G9". Note that by Lemma 6.1
it is also unique. If g5 # 2 or g;; # 2, the solution satisfies the branching
constraint of type SAME, otherwise it satisfies the branching constraints SAMEQ
or SAMEL.

In any case, the branching constraints are not violated by the feasible integer solution.
Moreover, each feasible solution belongs exactly to one branch, as constraints describ-
ing two different branches of the same node do not allow common integer solutions.
Finally, the integrality of the solution is ensured by Theorems 6.1 and 6.2, in which
we proved that when no suitable branching constraint is found either the solution
obtained is integer or there is an equivalent integer solution, easy to be recovered. [
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6.1.3 Branching priorities

A branching priority is needed to choose, at each node, which pair of genotypes g°, g¢
and which position p such that g5 = 2 we should select to apply the next branching
among all the triplets (s, t,p) for which at least one among (6.8) and (6.9) is violated.
We present here two possible alternatives.

Priority A): choose the pair ¢*, g' and the position p such that the sum

YA for Be{0,1}
q:g°,9'€G?
hi=p

is the most fractional:

(gsvgtvp) = argmax(gsgt’p){ max {mm{ Z )\q’ 1— Z )\Q} } }7

€{0,1
gt ¢:9°,9'€G1 a:9°,9'€G1
hi=8 hi=p

Priority B): select the the pair g%, g* and the position p that involve the maximum
number of variables:

argmax(gs,gtw){ﬁgﬂ{%ﬁ}{maxﬂ{)\q €lo,1]: ¢%,¢' € G9,hl = 5}|}}}

The first priority scheme is rather intuitive, and often used in branch-and-bound
contexts. The second one can be useful to involve a number as large as possible of
variables in the branching, so that any branch that fixes (6.8) or (6.9) to, e.g., 0 is
possibly able to set to 0 a larger number of variables.

6.2 Solution method based on a set-covering-like
relaxation

We note that constraints (6.2) of (NewEIP) are similar to set-partitioning constraints.
It is well known that, whenever we can substitute a set-partitioning (2.44) formula-
tion with a set-covering one (2.45), this second one is to be preferred, in a column-
generation context, as its linear relaxation is numerically more stable and it is possible
to construct an integer solution given the linear programming relaxation [5]. Tak-
ing advantage of this observation, we substitute (6.2) with constraints that recall a
set-covering structure. In this section, then, we consider the linear program, that we
denote with (EIPR), obtained by substituting in the (NewEIP) formulation constraints
(6.2) with the corresponding greater-or-equal constraints:

(EIPR) min ) ¢ \? + (m — |K]) (6.13)
q€Q
st Y. AT>2 Vke{l,... |K|} (6.14)
qeQ: gkeGa
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doox=1 Vike{l,...|K|},peP: gh =2 (6.15)

qeQ: gkegH
hi=1
d X< M (6.16)
qinQ
A e {0,1} VgeQ (6.17)

We have already noticed in Section 5.2.6 (see Table 5.1) that (EIPR) is a relaxation
of (NewEIP), in the sense that any genotype g is allowed to appear in more than two
Q-pairs. If this happens, we say that this genotype is over-resolved.

6.2.1 The drawbacks of the set-covering-like relaxation

Note that, in our case, the structure of this relaxed formulation is more complicated
and we cannot entirely rely on the relation between set-partitioning and set-covering
constraints. In fact, the solution obtained from (EIPR) can be infeasible for the HIPP
problem. The main issues that arise from using (EIPR) formulation are presented in
the following observations.

Observation 6.2. The model (EIPR) does not preserve the feasibility and the opti-
mality of the solution for the HIPP problem.

Example 6.1. Consider the set of genotypes G made of
g' = 2012000, ¢* = 0012202, ¢° = 2012202.

One optimal solution of (NewEIP), with objective value equal to 4, can be the one that
assigns value 1 to the variables associated to the following Q-pairs:

q' = (1010000, {g'}), ¢* = (0011000, {g', g*}),
¢® = (0010101, {g? ¢°}), ¢* = (1011000, {g"}).

Instead, considering the relazed constraints we could get the solution, with optimal
value equal to 3, that set to value 1 the variables associated to Q-pairs

q' = (1010000, {g", ¢*}), ¢* = (0011000, {g*, g%, ¢*}), ¢° = (0010101, {g°, g°}).

However, in this case genotype g> is not resolved using only two haplotypes out of the
three considered, so that the solution is not optimal and neither feasible for our original
problem.

Observation 6.3. The proof of Theorem 6.1 that ensures integrality of variables \4
with |G| > 1 for (NewEIP) does not hold for (EIPR).

In particular, Lemma 6.1 is not valid for (EIPR). This lemma states that given a
pair of genotypes ¢° and ¢¢, it holds

Z N <1

q:g%,9t€Ge
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and it is crucial to prove case 1.B of Theorem 6.1, which proves that there cannot be
two fractional variables associated to the same subset of genotypes.

We note, however, that in general there is a simple condition, together with the
branching rule of Algorithm 6.17, that guarantees integrality of some variables even if
(EIPR) is considered.

Observation 6.4. Given a Q-pair ¢ = (h?,G?), if there exist g°, g* € G? and a
position p such that g5 = 2 and g; = 1 or viceversa, then the associated variable

A is integer and belongs to {0,1} at the end of the branching procedure presented in
Section 6.1.

Proof. Exploiting the availability of constraints

Z N =1

q: g°€G1
hi=1

and the fact that, for compatibility reason, each Q-pair containing both ¢* and ¢* must
have hj = 1, we have that Lemma 6.1 still holds, so that the proof of Theorem 6.1 is
still valid and each A? involved in the sum

2. N

q:9°,9'€G?
hi=1

is integer and belongs to {0, 1}. O

This condition alone is not enough to ensure integrality of all variables, as there
can be variables A such that each pair of genotypes ¢°, g¢ € GY has the following

property:
(g;,gf,) ={(1,1), (2,0), (2,2), (0,2), (0,0)}, Vpe P

Thus, when the branching procedure presented in Algorithm 6.17 cannot identify suit-
able branching constraints, we cannot assume directly neither that we reached a feasible
solution for the HIPP problem, nor that we have an integer solution. This means that
we need to further explore the branching subtree rooted at the current node.

6.2.2 Recovering the optimal integer solution

In order to get the optimal solution for the HIPP problem, we embed the branch-and-
price procedure proposed in Section 6.1 in a more general branch-and-price framework
that exploits the information obtained from solving model (EIPR) and apply a suitable
procedure that recovers a feasible solution for (NewEIP) whenever necessary. This
procedure can be seen as an extended branching procedure.

Definition 6.1 (Quasi-integer solution). We say that a solution to (NewFEIPR) is
quasi-integer if for each Q-pair q such that |G| > 1 we have that X1 is integer.
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A possible scheme is given by Algorithm 6.18 and detailed in the following. Assume
that in a particular node the branching rule is not able to find a constraint to provide
a branching (see Step 3 of Algorithm 6.18). The current solution may be not feasible
for the HIPP problem and further steps need to be taken. Two scenarios are possible:
either the current node has a quasi-integer solution, or not.

In the first case (Step 4), Theorem 6.2 provides us with an integer solution that can
be recovered without increasing the objective value. However, this solution can still be
infeasible for the HIPP problem and extra tests, that will be seen in Algorithm 6.19,
are performed to see if it is possible to recover an equivalent (an thus, optimal) feasible
solution.

Algorithm 6.18 Branching procedure for (EIPR)

1: procedure BRANCHING PROCEDURE - (EIPR)

2 look for branching constraints, > Algorithm 6.17
3 if no branching is performed then

4 if solution is quasi-integer then

5: look for feasible solution for HIPP, > Algorithm 6.19
6 if an equivalent solution is found then

7 prune the node. STOP.

8

9

end if
end if

10: for g genotype do
11: compute S(g) = Zq: geca A,
12: if S(g) > 2 then
13: substitute constraint (6.14) with (6.2) related to g,
14: end if
15: end for
16: end if

17: end procedure

If the current node does not provide a quasi-integer solution, we modify the for-
mulation as follows (Steps 10-15): we look for each equality constraint of type (6.2)
that is violated in the solution and we put it in place of the corresponding inequality
constraint of type (6.14). Notice that the proposed branching procedure makes the
approach based on (EIPR) converge to the optimal solution. In fact, either it provides
an optimal feasible solution for a subtree, or it continues adding constraints of type
(6.2) until the formulation (NewEIP) is obtained, which guarantees convergence to the
optimal solution.

We go back now to Step 5, that starting from an integer non-feagible solution looks
for a feasible solution to HIPP, applying Algorithm 6.19.

Observation 6.5. Given an integer non feasible solution for HIPP found at a node
of the branching tree, it is easy to check whether we can recover a feasible optimal
solution.

Definition 6.2 (Redundant haplotype). A haplotype h is redundant for a genotype g
if for each position p € P such that g, = 2, hy, = 0.



96 CHAPTER 6. BRANCH-AND PRICE FRAMEWORKS FOR THE IP

Algorithm 6.19 Recovering feasibility of the solution

1: procedure RECOVER FEASIBILITY (quasi-integer solution)
2 let H = {h haplotype :3q € Q,h?=h,\1 =1}

3 for all genotypes g € K do

4: compute Q(g) = {q: g € G}, set  d(g) = [Q(9)],
5: if d(g) > 3 then i

6 if 3G€ Q: Vp: g, =2 we have h = 0 then

. Gi=Gi\(g}, Qg)=Q9)\{a}

8

9

d(g) = d(g) — 1,

: end if
10: if d(g) > 3 and this same haplotype appears in others @Q-pairs
11: containing g then
12: decrease d as long as d > 2
13: else if d(g) > 3 then
14: for all ¢ € Q(g) do
15: compute h? the haplotype complementary to hd,
16: if h = hi ¢ H then
17: set Q(9) ={q,q}, G?=G7U{g},
18: break.
19: end if
20: end for
21: if no complementary haplotype is in H then
22: we cannot find an equivalent feasible solution. STOP.
23: end if
24: end if
25: end if

26: end for
27: end procedure

Note that there is only one redundant haplotype for each genotype.

Starting from an integer non feasible solution for HIPP of value z, we can check if
there exists a feasible solution of equivalent objective value by applying Algorithm 6.19.
The algorithm considers each genotype and distinguishes the following cases:

1. a genotype g appears in three or more (-pairs, but the haplotype associated to
some of these is redundant. Thus, we can simply remove g from the Q-pairs
associated to the redundant haplotype as long as we keep ¢ in at least two Q-
pairs. Note that by the structure of the objective function of (EIPR) we can find
more than one @-pair associated to the redundant haplotype for g only if such
a haplotype is fixed,

2. a genotype g appears in three or more QQ-pairs, but there is no redundant hap-
lotype associated to any of these @-pairs. In this case, we can delete genotype g
from each @Q-pair in the solution but one, and then consider the complementary
haplotype. Two subcases appear:
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a) if we are able to find such a complementary haplotype among the ones
already used in the solution, then we add g to the associated Q-pair,

b) otherwise the integer solution cannot be modified into a feasible one and
other procedures are needed.






CHAPTER [

Implementation

In this chapter we show more in detail how the proposed decomposition approach
for solving exactly the Haplotype Inference by Pure Parsimony problem has been
implemented. In particular, we first focus on how the linear relaxation is solved, and
then we proceed to the implementation of the branching strategy, that requires a
special attention on how we manage the branching decisions.

7.1 The linear relaxation of the exponential-size
formulation

Solving the linear relaxation of our problem is the starting point to apply the branching
procedure and solve the integer problem itself. Here we present the procedure imple-
mented to obtain the exact solution for the (NewEIP) and (EIPR) linear relaxations
introduced in Sections 5.4 and 6.2.

7.1.1 Choosing an order for the genotypes

A preliminary aspect to be addressed is the order in which we consider the genotypes
in the set G. As we showed in the previous chapters, the heuristic inspired by Clark’s
algorithm to find a feasible starting solution, the Smart Enumeration used to solve the
pricing problem and the procedure used to add multiple variables at each iteration are
highly affected by the order we give to the genotypes.

Note that in Sections 5.1 and 5.2.2 we already proposed a possible order on the
genotypes to be preferred for finding initial solutions closer to the optimum and to
achieve a better performance of the Smart Enumeration procedure. This proposed
order is exactly the same, and consists in sorting the genotypes according to the
increasing number of heterozygous sites.

We also noticed that an order of the genotypes that possibly improves the choice of
the variables to be added at each iteration of the column-generation procedure depends
on the values assumed by the dual variables at each iteration and it is therefore difficult
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to fix. To avoid to reorder many times the genotypes throughout the column-generation
procedure, spending running time in sorting, we consider also in this case the ordering
according to the increasing number of heterozygous sites.

7.1.2 Overview of the procedure to solve the linear relaxation

The outline of the procedure used to perform the column generation and solve the
linear relaxation of models (NewEIP) and (EIPR) is basically the same, provided we
consider the RMP associated to each one of them. It is presented in the flow-chart
of Figure 7.1. We refer to the notation given in Table 5.2. Starting from the initial
solution, we first solve the RMP, built from the variables defined by the initial solution.
If the stabilization approach is not enabled, we solve the pricing problem (NewPP)
seen in Section 5.4 and add the found variable ¢©* if it has negative reduced cost.
If we do not find a variable with negative reduced cost, or if the difference between
the current optimal solution zgrps and the lower bound LB is below the tolerance e,
we stop the column generation. Otherwise, if the stabilization technique is used, we
need to compute the stabilized variables and solve the pricing problem (sPP) also
presented in Section 5.4. Note that at this point we propose again the four cases
arising from the combinations of signs of the (sPP) optimal solution, zspp, and the
reduced cost associated to Q-pair ¢*'F, v(¢*FF) (see Table 5.2). If they are both
positive we suspend the stabilization for one iteration. Otherwise, we are able to solve
the updated RMP and obtain a different solution. Notice that, as it is shown also in
the chart, if we do not find a variable with negative reduced cost but zspp < 0, then
it is not necessary to solve again the RMP, as the solution will not change, as well as
the dual variables’ value. What changes, in this case, is the stability center. Thus, we
can directly compute the new stabilized variables and solve again the pricing problem
(sPP).
To solve the pricing problem, we solve in sequence:

1. the pricing problem with fixed haplotypes,
2. the local search applied to the best fixed haplotype,

3. the exact pricing problem linearized or the exact Smart Enumeration or the
Early-terminated Smart Enumeration,

and we stop as soon as one of the three procedures gives back a variable with negative
reduced cost. We recall that the Early-terminated Smart Enumeration is also able
to state if no negative recuded cost variable exists (in this case the early terminating
condition is simply not reached). We are not considering an implementation for the
maximum flow approach for solving the pricing problem, as preliminary results showed
that, for both (NewPP) and (sPP), the coefficient of the objective function does not
assume the values required to solve exactly the pricing problem. Thus, we would need
to solve a large number of integer linear programs per iteration to be only able to
obtain an upper bound on the optimal solution of the pricing problem.

Note that when we apply the stabilization technique, the exact pricing procedures
are embedded in the overall column generation Algorithm 5.15, whereas the Early-
terminated Smart Enumeration approach requires a different procedure as presented
in Algorithm 5.16.
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C stop

T2

NOILLVINNHOA AZISTIVILNANOdXH AH.L AO d'T HH.L

10T



102 CHAPTER 7. IMPLEMENTATION

As for the Smart Enumeration (Early-terminated or not), note that once we par-
titioned the set of possible solutions, the last reduced pricing problem that should be
solved is trivial, as there is only one genotype to be considered and it reduces in finding
the best haplotype compatible with it. Thus, we solve the pricing problem related to
this genotype first, then the remaining reduced pricing problems are solved according
to the order given to the genotypes.

7.2 The branch-and-price framework

We show in Figure 7.2 the procedure applied to solve the HIPP problem using the
branch-and-price approach, adapted for both models (NewEIP) and (EIPR). Note
that the RMP in a particular node is defined by the RMP defined in the parent node
to which the node’s branching constraints are added. As we are not considering in
the RMP all the variables defined by the formulations, it could happen that the node
is infeasible. In this case, we apply the Farkas pricing as seen in Section 2.2.3: it
consists in solving the pricing problem (NewPP) using the farkas multipliers, provided
for example by the last tableau of the simplex method, without considering costs ¢,
associated to each Q-pair. It returns a variable ¢/F'* and an optimumm value zgpp. If
zppp < 0, we add variable ¢/PP to the formulation at the node. At this stage, we can
prune the node only if, after adding all the variables found in this way with negative
reduced cost, the node is still infeasible.

Once we have a feasible RMP, its solution process follows the steps seen in Fig-
ure 7.1: we need to apply a column-generation procedure to find variables with nega-
tive reduced cost. However, the presence of branching constraints at the current node
requires extra precautions while solving the pricing problem, to avoid generating vari-
ables that are not compliant with the branching constraints. This aspect will be seen
in detail later.

Differences on the branching procedures apply to whether we are solving (NewEIP)
or (EIPR) formulations. For the first model, the branching step consists in finding a
branching constraint according to Algorithm 6.17. When we do not find a branching
constraint in this way, we saw in Section 6.1 that we can have an integer or quasi-integer
solution, meaning that we can have only fractional variables which involve only one
genotype at a time and that it is always possible to recover a feasible and optimal
solution for the HIPP problem. Thus the extra check on the feasibility shown in
Figure 7.2 is automatically satisfied and simply fix quasi-integer solutions to feasible
ones. Instead, if we are solving the (EIPR) program the feasibility check on quasi-
integer solution is not trivial, and if it is not satisfied we cannot yet prune the node. The
branching step then follows Algorithm 6.18, that may ask for changing the structure
of the RMP in the subtree, in order to recover the integer optimal solution.

7.2.1 Embedding branching constraints in the pricing problem

Particular attention has been paid on how the branching decisions are implemented.
We recall that these inequalities force the sum of variables involving the same pair of
genotypes to be either equal to 0 or to 1. This approach, however, is highly discouraged
in a column-generation framework as the addition of constraints to the RMP implies
alterations of the pricing problem that can be difficult to handle. In our case, in fact,
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consider 75" as the dual variable associated to the new constraint

Yo XM=1(<0).
¢:9°,9'€G?
hi=p

By adding it to the RMP we are adding a term nf,’txsxtcp to the objective function of
the pricing problem. This corrupts its structure, that cannot be solved anymore with
the proposed approaches.

Thus, the classical alternative consists in including the branching conditions in the
pricing problem, preserving its structure as much as possible. To do so, each time we
reach a new node we need to consider the set of branching constraints, determined by
two genotypes g°, g, a position p and a constraint’s type TYPE. We recall that we
have these different types of branching constraints, as seen in Section 6.1:

DIFFER when g, # 2 or gf) # 2 and we do not allow the two genotypes to be resolved
by a common haplotype,

SAME when g, # 2 or gf, # 2 and we want the two genotypes to be resolved by a
common haplotype,

BI-DIFFER when g, = 2, g;; = 2 and we do not allow the two genotypes to be
resolved by a common haplotype,

SAMEOQ when gy = 2, gfj = 2 and we want the two genotypes to be resolved by a
common haplotype h such that h, =0,

SAME1 when g; = 2, gf, = 2 and we want the two genotypes to be resolved by a
common haplotype h such that h, =1,

At this point, a first step for the solution of the current node’s linear relaxation con-
sists in fixing to 0 those variables already existing in the RMP that are not compliant
with the branching constraints for the current node. This means that

e for every branching constraint of type DIFFER or BI-DIFFER, we fix to 0 those
variables that contain both ¢g* and g in the subset of genotypes,

e for every other branching constraint, we fix to 0 the variables associated to
q = (h?, G?) whose subset of genotypes contains exactly one between ¢° and g.
For types SAMEQ and SAME1 there is the extra requirement that variables fixed
to 0 also need to have respectively hf =0 or h =1 .

In order to solve the pricing problem and avoid generating a (-pair that violates
some branching constraints, we need to translate the information contained in the
inequalities showed in Section 6.1 and corresponding to the different types of branching
constraints, into constraints to be added to the pricing problem. We recall that, once
we identified a suitable branching combination involving g%, g* and position p, at least
one between g; and g; is equal to 2. We have then the following three cases:

e if gg=0o0r gfo = 0 we have only two child nodes:
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— the child of type DIFFER. We translate the branching constraint as follows,
in order to obtain an inequality to be added to the pricing problem:

M0 = XX -G<1
q:9°,9'€G1
hi=0

Note that, if (, = 1, this constraint is redundant.

— the child of type SAME. We need to add two constraints to the pricing
problem, that guarantee that the value taken by variables x* and x! is the
same:

s _ b <
SNzl oo X Tes0
X tx - <0

q:9%,9"€G1
hi=0

Also in this case, note that these constraints become redundant if ¢, = 1.
e ifgo=1or gt = 1, we have still two child nodes, similar to the ones generated

before with the difference that, now, the constraints are defined for ¢, = 1 and
must be redundant when ¢, =0 :

— the child of type DIFFER:

YoM = XX +G2

q:9°,9'€G1
hi=1

— the child of type SAME:

t
S ows1 o [UTXHGS
- X X+ <1

a:9°,9'€Ge
hi=1
o if g = g; = 2, we need to generate three different nodes:
— the child of type BI-DIFFER. This condition is ensured adding a constraint
to the pricing problem as follows:

YA <0 A YN0 = 4l
q:9°,9'€G? q:9°,9'€G1
hi=0 hi=1

— the child of type SAMEQ. We require now three more inequalities for the
pricing problem:

X —x'—¢ <0

DML A D M<0 = XN -G <0
g g}jbngGq a: 922191?@" XX+ <2
P P

— the child of type SAME2, similar to the previous one:

X5+Xt_Cp§1
>0 A P B O (R |

s .t s t
q:9°,9'€G? q:9°,9'€GY s t <1
hi=0 hi1 X* X+ <
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Figure 7.3: Cases arising during the Smart Enumeration approach

7.2.2 Embedding branching constraints in the Smart Enumeration
approach

The so far presented expedients to avoid the generation of forbidden variables are
enough to obtain the optimal solution of the RMP’s linear relaxation if we are solving
the pricing problem as an integer problem by simply linearizing it. In this case, in
fact, all the pricing problem’s variables and constraints are defined. When, however,
we apply the Smart Enumeration procedure, the addition of these constraints is not
sufficient any more. In fact, as we are reducing the number of genotypes considered in
order to find a suitable Q-pair, it is not obvious that both genotypes ¢° and g’ involved
in the forbidden @Q-pairs are taken into account in the pricing problem.

Suppose that at the current node the branching constraint involves genotypes ¢°
and ¢' and position p. For ease of explanation, we fix here different roles for the
genotypes ¢° and g, but note that for the implementation we should consider that
these roles can be reversed. We can identify five different cases, according to where the
genotypes are located, as shown in Figure 7.3. Each subfigure of Figure 7.3 represents
the set of genotypes sorted according to the predefined order during the solution of
a reduced pricing problem. The big spot represents the genotype g we force to be
included in the solution by the partitioning strategy, the blank area represents the
genotypes considered for the reduced pricing problem, that are the ones in the set

Gy={9" € Kl|g°<g" and g, +g, # 1Vp € P},

while the dotted area represents the genotypes that we already excluded from this
computation due to compatibility reasons or because we already analyzed them.
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Case TYPE
(a) DIFFER/BI-DIFFER | fix x! =0
SAME fix xt =1
SAMEO add the constraint x* + ¢, =1
SAME1 add x' — ¢, =0
(b)  DIFFER/BLDIFFER | do nothing
SAME the pricing problem is infeasible
SAMEOQ fix ¢, =1
SAME1 fix (, =0
(¢)  DIFFER/BIDIFFER | do nothing
SAME fix x* =0
SAMEOQ add the constraint x* — ¢, <0
SAME1 add x* +(p <1
(d) all add the constraints for the complete pricing problem
(e) all do nothing

Table 7.1: Cases for pricing problem in Smart Enumeration approach

Subfigure 7.3a shows the case in which § = ¢* and ¢g' € G5. The reduced pricing
problem is defined only on the subset of genotypes identified by Gj. If we do not allow
both genotypes to appear in the solution, we need to force the variable x! associated
to g* to take value 0. Otherwise, if the branching constraint is of type SAME, we need
to force the presence of genotype g' in the solution by setting x* = 1. If the branching
constraint is of type SAMEO or SAME1 we need to add an extra constraint to the
pricing problem that forces the presence of g’ in the solution only if the haplotype’s
value in position p is compliant with the branching constraint.

Subfigure 7.3b represents the case in which g = ¢° but ¢* ¢ G5. In this case if
the branching constraint is of types DIFFER or BI-DIFFER, we do not need to force
the value of any variable. Otherwise, if the constraint is of type SAME the pricing
problem results to be infeasible, while for the SAMEO and SAME1 types we need to
force the value of the haplotype in position p.

In Subfigure 7.3c only g° belongs to G and ¢' is not included in the definition of
the pricing problem. Thus, while branchings of type DIFFER or BI-DIFFER do not
require extra constaints, type SAME requires x® to be forced to 0 and types SAMEQ
and SAMEL require extra constraints that fix x* to 0 if ¢, takes value respectively 0
or 1.

Finally Subfigures 7.3d and 7.3e show the cases in which respectivly both ¢* and g*
belong to G or none of them belong to G. In the first case, we just need to consider
the additional constraints as seen for the complete pricing problem, in the second case
instead this particular branching constraint has no influence on the current pricing
problem, so no extra constraints are needed.

We summarize these different cases and how to deal with them in Table 7.1.






CHAPTER 8

Computational results

The algorithms presented in the previous chapters have been implemented in C+-+
using the SCIP 3.2 libraries |1, 2|, and Cplex 12.4 [18] as solver. They have then
been tested on instances both collected from real biological data or generated by us-
ing ad-hoc utilities. The tests have been run on an Intel Premium Dual Core E2160
1.8 GHz processor with 4Gb RAM with a time limit of two hours. In this chapter
we compare the performances of the different algorithms introduced for solving the
linear relaxation of (NewEIP) and (EIPR), with particular attention to the different
approaches to solve the pricing problem, as well as the behaviour of the proposed
branching procedures. The parameters needed, in particular the stabilization parame-
ter, have been tuned using the irace package [36]. We recall that the branch-and-price
solution process follows the diagram in Figure 7.2. It uses the procedures seen in
Chapter 5 to solve the linear relaxation with column-generation procedures and ap-
plies the branching strategy shown, respectively, in Algorithm 6.17 for the (NewEIP)
model and in Algorithm 6.18 for the (EIPR) formulation. Moreover, Algorithm 6.17
looks for branching constraints that force two genotypes to belong to the same Q-pair
or not. This branching rule is enough to guarantee optimality. Algorithm 6.18 instead
needs to modify the formulation of (EIPR) whenever at a node of the branching tree
no other branching constraint is found and the solution is still non feasible for the
HIPP problem.

The polynomial formulation (PIP’), used for comparison, has been implemented
with standard mixed integer programming solvers. We recall that the model presented
in Section 4.1 is based on a representation of the solution using class representatives:
the selected haplotypes induce a subset of genotypes S;, where i is the index associated
to the smallest genotype in S;, on a predefined order. Each genotype in S; is resolved
using the haplotype that induces it.

8.1 Alternative algorithm configurations

In Table 8.1 we summarize the combinations of algorithms that we used: the first
column gives an identifying name for each of these combinations, the second and
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Stab PP # variables
F V| LIN SM ESM | larger multi
LIN X X v X X X X
LINs v X v X X X X
LINsl v X v X X v X
LINsm | v X v X X X v
LINvm | x Vv | V X X X v
SM X X X v X X X
SMs v X X v X X X
SMsl VA X v X v X
SMsm v X X v X X v
SMvm X v X v X X v
ESMsm | v x X X v X v

Table 8.1: Overview of algorithms’ configurations.

#genotypes #SNPs # instances | % heterozygous sites
Class min max | min max avg. min  max
uniform 21 43 30 50 45| 28.81 18.13 40.00
non-uniform 20 43 30 50 45 | 17.76 740 28.13
manygen 80 120 20 30 100 | 19.52 12.06 3247
hapmap ) 46 30 75 24 |1 36.99 18.76 55.70

Table 8.2: Classes of instances.

third columns show which methods use stabilization with fixed (F) or variable (V)
parameter A, the following three columns show which solution method is applied to
solve the pricing problem (the linearization of the quadratic problem - LIN, the Smart
Enumeration - SM or the Early-terminated Smart Enumeration - ESM), and the last
two columns show whether we are adding more than one variable per iteration, and
in this case which approach have been used between the proposed two: the one that
adds only one more variable with associated the largest subset of genotypes possible,
or the one that adds a set of more variables as seen in Section 5.3.

8.2 Instance benchmarks

We report in Table 8.2 the different classes of instances used to test the algorithms. The
instances from the first three proposed classes, that is classes uniform, non-uniform
and manygen, have been generated using ms [29], a computer program that generates
samples of haplotypes’ sets drawn from an evolving population. The haplotypes are
generated by following a coalescent theory and, according to what can be observed in
nature, the same haplotype can be repeated several times. The program allows the
user to decide the size of the samples to be generated, together with a large number
of options with which a recombination level can be chosen and migrations or other
demographic events can be taken into account. After building the set of haplotypes in



8.3. CHOOSING PARAMETERS AND ALGORITHM CONFIGURATION 111

this way, they are paired randomly to generate genotypes.

We consider portions of the DNA in which recombination does not occur. Thus,
we chose the instances included in the uniform and non-uniform classes among the
respective classes presented in [13], selecting those for which recombination is not
considered. As described in [13], genotypes for the uniform instances have been paired
choosing uniformly among the distinct haplotypes generated by ms, while genotype
for the non-uniform class are built giving to each haplotype a weight proportional to
the number of times it can be found among the set produced by ms. The number of
genotypes per instance that are generated vary between 30 and 50, and there can be
duplicated genotypes.

We generated new instances within the manygen class, that are characterized by a
larger number of genotypes and a limited number of SNPs. In particular, we built a set
of 100 instances of 80, 90, 100, 110 or 120 genotypes and 20 or 30 SNPs (10 instances
per type) as follows: let m be the final target number of genotypes, we generate 10
samples of 3m haplotypes with either 20 or 30 SNPs using ms. For each of these sets,
we randomly pair, in the non-uniform way, two haplotypes to create a genotype until
we obtain a set of m distinct genotypes. In this way, our instances do not include
twice the same genotype, which is more compliant with the definition of HIPP.

The hapmap class, finally, represents real biological data. These data have been
available since the end of the first phase of the HapMap project [13, 17]. These
instances consider inputs from chromosomes 10 and 21, over all four HapMap popula-
tions. For each input length they selected a continuous collection of SNPs where the
probability of incurring in recombination was very low. The number of genotypes in
these instances ranges between 5 and 46, while the number of SNPs considered varies
between 30, 50 and 75.

8.3 Choosing parameters and algorithm configuration

Preliminary results on the different classes of instances showed how the approach pre-
sented in this thesis becomes competitive, compared with state-of-the-art algorithms,
when we consider a larger number of genotypes and a limited number of genotypes,
namely when we consider instances belonging to the manygen class. For this reason,
the tuning of the algorithm has been performed on sampling instances that own these
features.

8.3.1 Tuning of the parameters

The tuning of parameters has been carried out using the irace package [36]. It imple-
ments the iterated racing procedure as an R package [43] and it builds upon the race
package [8]. The main purpose of irace is to automatically configure optimization
algorithms by finding the most appropriate settings given a set of tuning instances for
an optimization problem. Iterated racing is a method for automatic configuration that
consists of three steps:

1. sampling new configurations according to a particular distribution,

2. selecting the best configurations from the newly sampled ones by means of racing,
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3. updating the sampling distribution in order to bias the sampling towards the
best configurations.

We have used the irace package with the purpose of tuning the parameter A
needed by the stabilization of the dual variables within the resolution of the linear
relaxation of the RMP (see Section 5.4). We used a set of sampling instances made
of 2 instances per type sharing the characteristics of the manygen class (80, 90, 100,
110 or 120 genotypes and 20 or 30 SNPs), with a total of 20 instances and we asked
the tool to compare the objective function value obtained after 40 seconds of running.
Note that for this tuning we solved the pricing problem using the Smart Enumeration
approach, as it will be shown soon that it is more efficient than the LIN approach.
Moreover we added only one variable per iteration.

The algorithm gave back the value A = 0.13 as best candidate, that will be the
one considered from here on.

Afterwards, we used the same tool to choose which among the two branching
priorities proposed in Section 6.1 is the most efficient. To this end, we solved the same
sample instances using the Early-terminated Smart Enumeration, with a time limit of
400 seconds that in most cases is enough to obtain the optimal solution, so we are sure
we reached the time in which branching is applied. The outcome shows that there is
no priority that clearly outperforms the other one, so from now on we will use the first
one, that consists in choosing the most fractional candidate branching constraint.

8.3.2 Comparing alternative formulations

The first results that we present here, related to the instances belonging to the manygen
class, aim at showing how the relaxation of constraints (6.2) included in (NewEIP) into
constraints

> oA>2 VEe{l,.. . |K|}
q: gkeGa

included in (EIPR) affects the computational times and the structure of the solution.
In Table 8.3 we report and compare the performances of the branch-and-price algorithm
applied to the (NewEIP) and (EIPR) formulations proposed in Chapter 6: in the first
column we show the identifier of the methods on which we tested these differences,
then the following four columns are dedicated to the results on the linear relaxation,
two columns for (NewEIP) and two columns for (EIPR), and the last four to the
integer problem, also divided into two parts for (NewEIP) and (EIPR). In each of
these cases we compare the percentage of instances solved within the time limit and
the average time in seconds used by the solved instances. We note that, with respect
to (EIPR) formulation, there is an overall increase on the number of instances solved
within the time limit, 12.00% for the linear relaxation and 12.00% also for the integer
problem, and the average computational time decreases respectively of the 24.91% and
26.07%. In Figure 8.1 we give a graphical representation of these results where, for
each subfigure, we show the number of instances solved within a certain amount of
time.

Seen that the improvement in efficiency is significant, we also want to check how
the optimal solution obtained from the (EIPR) formulation has been reached. That is,
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LR 1P
(NewEIP) (EIPR) (NewEIP) (EIPR)
%solved  time %solved  time Y%solved  time %solved  time ‘
LINsm 52.00 2948.33 68.00 2284.10 47.00 3149.13 62.00 2396.06

SMsm 86.00 1000.73 94.00 673.19 84.00 1196.14 93.00  816.17

Table 8.3: Improvement of performance with relaxed constraints.
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Figure 8.1: Improvement of performance with relaxed constraints.

we want to check whether some constraints needed to be forced into equalities or not.
If not, we want to know how we recovered the optimal feasible solution. In Table 8.4,
column %int shows the percentage of quasi-integer solutions obtained only applying the
branching rule presented in Algorithm 6.17 and in column %feas we show how many of
these, in percentage, already yield a feasible solution for the HIPP problem. The next
column %W shows the percentage of over-resolved genotypes, that we recall are those
genotypes that appear in more than two Q-pairs, while the following three columns
show how the steps of the fixing procedure shown in Algorithm 6.19 possibly recover the
feasibility of the current solution. Column %R shows the percentage of over-resolved
genotypes that appear in a Q-pair whose haplotype is redundant for the genotype
considered, column %MR shows the percentage of extra redundant (and then, fixed)
haplotypes associated to the genotype and column %FE shows the percentage of over-
resolved genotypes that actually are not resolved directly by using the information in
the proposed Q-pairs, but they can be resoved using one of the haplotypes associated
to it and another haplotype already in the solution. Finally, the last column %NR
shows the percentage of over-resolved genotypes that are still unresolved and call for a
modification on the current formulation that brings back equality constraints. As can
be easily seen, for the manygen class of instances we are always able to recover a feasible
solution, without modifying any constraint of type (6.14). Note that the percentages
of columns %R and %F sum to a value greater than 100%, as some genotypes are both
non resolved and associated to a redundant haplotype. Moreover, we can note how
there is a progressive deterioration on the feasibility of solutions between the LINsm,
SMsm and ESMsm approaches.

From now on, therefore, all the results proposed have been obtained applying the
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| %int  %feas %W %R %MR  %E  %NR
LINsm | 100.00 323 19.41 9255 0.00 1020 0.00
SMsm | 100.00  2.15 16.56 89.92  0.00 12.19  0.00
ESMsm | 100.00  1.00 16.92 85.11  0.00 17.07  0.00

Table 8.4: Non-optimality of solution obtained applying only Algorithm 6.17.

| (PIP’) (EIPR)

uniform 2.56 0.00
non-uniform 2.46 0.26
manygen 0.15 0.00
hapmap 9.67 1.90

Table 8.5: Percent optimality gap of the linear relaxation.

(PIP?) (EIPR) + SMsm (EIPR) + ESMsm
%solved time #nodes | %solved  time  #nodes | %solved  time  #nodes
uniform 100.00 8.18 1.84 82.22 935.22 1.38 86.67 266.38 1.15
non-uniform 100.00 26.05 11.13 100.00 472.48 1.00 93.00 542.68 1.81
manygen 97.00 2448.53 5.24 93.00 816.17 5.08 100.00  119.5 4.42
hapmap 87.5  143.42 55.95 62.5 129.18 1.00 50.00 445.64 4.75

Table 8.6: Solving to integrality: comparison on different classes of instances.

branch-and-price algorithm to the (EIPR) model.

8.4 Computational results on different benchmarks

We present some preliminary results on the different classes of instances.

In Table 8.5 we show the performances of our approach on the four sets of instances
uniform, non-uniform, manygen and hapmap. The table reports the percent opitmality
gap at the root node, computed as 100 (LR — opt)/opt, where LR is the value of the
linear relaxation and opt the optimal integer solution value. We compare two HIPP
formulations: (PIP’) and (EIPR), and give the average gap for the instances solved
within the time limit. The results show that the exponential-size formulation (EIPR)
is tighter than the polinomial-size (PIP’).

In Table 8.6 we present the performances of the (PIP’) model compared with
model (EIPR) solved using the Smart Enumeration or the Early-terminated Smart
Enumeration. The computational times here considered only take into account the
time needed to perform the procedure proposed in Algorithm 6.17 in Section 6.1.
However, we can already see how for the instances belonging to the uniform, non-
uniform and hapmap classes, in which we have a limited number of genotypes, model
(PIP’) outperforms our proposed approach. Due to this observation, we give in the
following sections detailed results regarding only the manygen class.
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Figure 8.2: Effects of stabilization technique and Smart Enumeration procedure.

8.5 Computational results on the manygen benchmark

The results on the manygen instances are presented in two steps: first we show the
results obtained from solving the linear relaxation of model (EIPR) and we compare the
performances of all algorithm configurations shown in Table 8.1. Then, we select the
most promising configurations to be tested on the complete branch-and-price algorithm
presented in Figure 7.2.

8.5.1 Performance on the solution of the root node

We present the results for the linear relaxation of (EIPR) model. Figure 8.2a shows
the effect of the stabilization approach on a sample instance with 100 genotypes and 20
SNPs. As it can be easily seen, the oscillation of the dual variables is highly reduced,
so that the lower bound itself does not oscillate as without stabilization. Moreover,
we see that the red line stops before the blue one, meaning that the number of times
we need to solve optimally the pricing problem is also reduced (and, as a consequence,
the computational time decreases). In Figure 8.2b we show instead the performance
improvement of solving the pricing problem using the Smart Enumeration approach:
the chart reports the number of instances solved within the time showed on the = axis.
As we can see, the red line is significantly higher than the blue one, ending at solving
63 instances against 35 within the time limit of two hours.

Figure 8.3 compares the performances of further improvements, such as the use of
a variable stabilization parameter, the addition of multiple variables per iteration and
the use of the Early-terminated Smart Enumeration. Results are divided according to
the different approaches used to solve the pricing problem (LIN or SM). As we can see,
for both the approaches we have that applying the stabilization technique and adding
multiple variables per iteration sensibly improve the number of instances we are able to
solve within the time limit, while using a variable stabilization parameter A does not
lead to significant improvements. Moreover, using the Smart Enumeration approach to
solve the pricing problem (sPP) is more efficient than the LIN approach, as we are able
to solve all the instances within the time limit when the Early-terminated approach
is used. Note that the shape of the colored lines in Figure 8.3b suggests that a large
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All 20 SNPs 30 SNPs
%solved  time  #frac | %solved  time  #frac | %solved  time  #frac
LIN 35.00 175647  49.2 62.00 1501.07 50.94 8.00 3735.82 35.75
LINs 51.00 2230.50 48.25 82.00 1776.85 51.54 20.00 4090.48 34.80
LINsl 59.00 2199.62 38.19 92.00 1827.81 40.91 26.00 3515.28 28.77
LINsm 68.00 2284.10 12.04 96.00 1722.49 12.06 40.00 3631.97 7.64
LINvm 68.00 2225.82 12.81 94.00 1526.97 14.64 42.00 3789.91 7.67
SM 63.00 1053.58 48.89 86.00 680.94 51.88 40.00 1854.74 4245
SMs 79.00 911.31 48.91 98.00 696.14 54.82 60.00 1262.74 39.27
SMsl 81.00 626.11 38.40 100.00  446.90 41.46 62.00 915.15 32.93
SMsm 94.00 673.19 1246 98.00 312.85 13.96 90.00 1065.56 10.29
SMvm 92.00 686.95 12.52 98.00  306.78 14.22 86.00 1120.17 10.13
ESMsm 100.00 102.90 12.48 100.00 40.96 13.55 100.00 164.84 11.18

Table 8.7: Computational results for the linear relaxation: average and by number of
SNPs.

part of the instances are solved in a short time, while fewer are solved with a higher
computational time. Instead, for the LIN approach the computational times are more
evenly spread along the two hours.

We give more details on the computational results in Table 8.7, where we show
the overall behaviour of all instances as well as those for instances divided according
to the number of SNPs, and Table 8.8, where we compare the performances of the
approaches according to the number of genotypes contained in the instances. The first
column of each section records the number of instances solved within the time limit,
the second column shows the average time, only regarding the percentage of solved
instances, and the third shows the average number of fractional variables belonging to
those instances that do not already reach an integer feasible solution simply solving
the linear relaxation.

Concerning the optimality gap at the root node, we notice that the optimal value
of the linear relaxation for all these instances is equal to the integer optimal value,
even if the solution obtained is fractional.
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80 genotypes 90 genotypes 100 genotypes
Y%solved  time #frac | %solved time #frac | %solved  time #frac
LIN 45.00 1633.32 21.22 40.00 682.71 21.22 30.00 2769.17 29.33
LINs 65.00 1753.25 24.54 60.00 1883.22 39.67 50.00 2730.22 46.70
LINsl 65.00 1045.46 14.54 65.00 1482.26 29.31 55.00 2362.71 14.18
LINsm 70.00 1115.36 9.29 80.00 2014.67 7.13 75.00 2665.19 10.00
LINvm 70.00 1173.76 10.71 80.00 1849.14 7.13 75.00 2613.54 9.2
SM 55.00 1120.16 24.73 60.00 335.34 37.75 65.00 1369.94 44.62
SMs 70.00 977.44 20.64 80.00  488.83 39.06 95.00 1289.06 49.11
SMsl 75.00 471.41 19.80 85.00  504.68 26.76 90.00 864.96 35.00
SMsm 95.00  845.00 8.11 95.00  436.01 6.47 95.00  408.09 8.58
SMvm 85.00  738.99 9.24 95.00  466.33 6.89 95.00 414.84 8.84
ESMsm 100.00  100.17  4.00 100.00  146.11 8.60 100.00 67.04 7.55
110 genotypes 120 genotypes

%solved  time #frac | %solved  time #frac

LIN 30.00 2058.90 75.00 30.00 2057.75  86.50

LINs 35.00 2355.41 73.71 45.00 2730.50 75.89

LINsl 60.00 3496.61 49.25 50.00 2896.83 60.10

LINsm 70.00 3456.32 10.64 45.00 2122.53 15.89

LINvm 75.00 3698.42 12.87 40.00 1332.14 16.88

SM 70.00  781.44 65.53 65.00 1636.93 65.54

SMs 80.00  715.36  68.19 70.00 1039.25 66.14

SMsl 80.00  465.99 51.31 75.00  802.60 52.80

SMsm 95.00 517.81 12.32 90.00 1186.01 15.17

SMvm 95.00 539.74 12.32 90.00 1313.31 15.22

ESMsm 100.00 80.41 11.50 100.00  120.78 13.90

Table 8.8: Computational results for the linear relaxation: by genotype’s number.

8.5.2 Performance of the branch-and-price algorithm

With respect to the branch-and-price algorithm described in Figure 7.2, in Figure 8.4
we give the profile performance graph obtained by solving the RMP with the three
different algorithms for the pricing problem (sPP). As in the linear case, the most
efficient one results to be the Early-terminated Smart Enumeration, that does not
lose in the branching procedure the efficiency it had in the linear relaxation. In the
profile graph we also include the performance of model (PIP’) presented in Section 4.1,
that is the state-of-the-art polynomial-sized approach to solve the HIPP problem. The
computational time needed has a clear dependence on the size of the instance, thus
resulting in a steps-shaped line. We can note how the algorithm embedding the Smart
Enumeration outperforms (PIP’). Tables 8.9 and 8.10 summarize the results: as before,
we consider also instances divided according to the number of SNPs and number of
genotypes. The columns record the percentage of instances solved within the time
limit, the average time and the average number of nodes of the branching tree.
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Figure 8.4: Solving to integrality. Performance profile graphs of different approaches.

All 20 SNPs 30 SNPs
%solved  time  #nodes | %solved  time  #nodes | %solved  time  #nodes
PIP’ 97.00 2448.53 5.24 100.00 2162.31 14 94.00 2753.02 9.32
LINsm 62.00 2396.06 4.85 86.00 1831.34 6.09 38.00 3674.11 2.05
SMsm 93.00 816.17 5.08 98.00  489.32 6.80 88.00 1180.15 3.16

ESMsm 100.00 119.5 4.42 100.00 59.23 5.84 100.00  179.78 3.00

Table 8.9: Solving to integrality. Computational results: average and by number of
SNPs

80 genotypes ‘ 90 genotypes 100 genotypes

%solved  time  #nodes | %solved  time  #nodes | %solved  time  #nodes
PIP’ 95.00 1256.64 17.95 100.00  1251.02 3.40 95.00 2062.25 2.79
LINsm 65.00 1102.21 4.08 80.00 2142.57 3.06 65.00 2500.24 5.62
SMsm 95.00 1052.90 3.53 95.00  477.68 3.05 95.00  636.26 6.32
ESMsm 100.00 119.60 2.30 100.00 152.45 3.95 100.00 84.42 4.5

120 genotypes
%solved  time  #nodes

110 genotypes
%solved  time  #nodes

PIP’ 100.00 2862.34 1.00 95.00 4851.67 1.37
LINsm 65.00 4015.97 5.54 35.00 2176.43 7.71
SMsm 95.00  717.67 7.58 85.00 1241.04 4.88

ESMsm 100.00 99.29 6.20 100.00  141.76 5.55

Table 8.10: Solving to integrality. Computational results: by genotype’s number.
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Conclusion

Mixed Integer Linear Programs for large-scale problems are difficult to solve with
standard approaches, as the amount of data to be considered usually makes them
impractical. The advisable approach to deal with such programs consists then in using
decomposition methods. An example of such a large-scale problem is the Haplotype
Inference by Pure Parsimony (HIPP) problem, that can be modeled in different ways.
In particular polynomial-sized or exponential-sized formulations have been provided
in the literature. With the constant improvements on the hardware and software
architectures, instances of significant size can be considered. However, finding optimal
solutions in an acceptable computational time remains a challenging goal.

In the literature we can find several formulations for the HIPP problem, mainly
divided into two classes: with respect to the input data, there are models with an
exponential number of constraints and variables, or formulations with a polynomial
number of constraints and variables. The instances that are solved using these formu-
lations within an acceptable computational time are limited in size, thus some heuristic
approaches have also been investigated. In this thesis we propose a new approach for
solving the HIPP problem that, starting from a formulation with an exponential num-
ber of variables and a polynomial number of constraints, aims at being competitive
with state-of-the-art polynomial formulations. This approach consists in a customized
branch-and-price procedure, mainly based on a specialized method to solve the linear
relaxation, and an effective branching strategy.

In particular, we have studied several ways of improving the performance of the al-
gorithm used to solve to optimality the linear relaxation by column generation, such as
the design and implementation of exact and heuristic methods for solving the pricing
problem, the integration of a stabilization technique, and the selection of suitable sets
of variables to be added at each iteration. The most effective proposed way of solving
the pricing problem exploits a partition of all its feasible solutions in order to reduce
the size of the underlying integer linear program. In this way, however, the variable
with minimum reduced cost is found only solving several programs per iteration of
the column-generation procedure, thus the use of a combination of heuristic and exact
methods has proven to be more efficient. We achieved significant improvements also by
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smoothing the dual variables’ values and by early terminating the column-generation
procedures. Both these strategies rely on the definition of a Lagrangian lower bound
to the optimal solution of the linear relaxation of the HIPP problem. Additional re-
finements on the solution of the linear relaxation include the choice of an a-priori order
on the genotypes that improves the performance of order-dependent sub-procedures.

The column-generation algorithm has been embedded in a branch-and-price frame-
work. The proposed branching rule is able to guarantee the integrality of variables by
exploiting some information derived from the constraints of the master problem, in a
way that recalls the well known Ryan-Foster branching strategy for partitioning prob-
lems, and that can be effectively embedded in the pricing problem procedures, both
exact and heuristics.

Moreover, in order to take further advantage from the similarity between the con-
straints involved in our formulation and set-partitioning constraints, we modify the
original model to take a set-covering shape with improved performance in the solution
of the linear relaxation. Due to the structure of the new model, an extension of the
branching procedure is required to recover integer feasible solutions for HIPP. Never-
theless, the computational results show that the overall branch-and-price performance
takes advantage from this set-covering-like formulation.

The proposed algorithms have been implemented in C++ using the SCIP libraries.
We carried out extensive computational experiments using Cplex as linear program-
ming solver. Numerical results for different classes of instances proved that the strate-
gies implemented to improve the the column-generation algortihm to solve the linear
relaxation are effective, since we notice a significant reduction on the computational
times. Moreover, the formulation of the linear relaxation proved to be rather tight,
as its optimal value is often equal to the integer optimal value, even if the solution
is still fractional. Results on the implementation of the branch-and-price algorithm
show how our approach is competitive with state-of-the-art polynomial formulations
for instances with a large number of genotypes of limited length.

Further improvements to this approach could come from using a more efficient
heuristic to provide an initial solution, investigating different orderings for the geno-
types and refine the application of the Early-terminated Smart Enumeration, for ex-
ample finding alternative rules to update the stability center. Moreover, it would be
interesting to study the viability of different, ad-hoc branching strategies for the set-
covering relaxation which are directly able to guarantee the integrality of the variables
and the overall feasibilty of the solutions.

A further future line of research is the extension of the formulation studied in
this thesis to a more general set-partitioning context. Specifically, we can consider
haplotypes as elements that characterize the subset of genotypes associated to them.
Thus, the formulation constraints require that each genotype belongs to two of these
subsets. Moreover, the two subsets chosen must satisfy additional requirements on
the haplotypes, as they must resolve the genotype. Thus, the approach presented in
this thesis could be considered as a starting point for solving multiple set-partitioning
formulations with additional constraints.
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