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Abstract. The problem of finding the minimum sequence of rearrangements that
transforms one genome into another is a well-studied problem that finds applica-
tion in comparative genomics. Representing genomes as permutations, in which
genes appear as elements, that problem can be reduced to the combinatorial
problem of sorting a permutation using a minimum number of rearrangements.
Such combinatorial problem varies according to the types of rearrangements
considered. The PhD thesis summarized in this paper presents exact, approxi-
mation, and heuristic algorithms for solving variants of the permutation sorting
problem involving two types of rearrangements: reversals and transpositions.

1. Introduction

One of the challenges of modern science is to understand how species evolve. As evo-
lution can be viewed as a branching process, whereby new species arise from changes
occurring in living organisms, the study of the evolutionary history of a group of species
is commonly made by analyzing trees whose nodes represent species and edges represent
evolutionary relationships. Since these relationships are referred to as phylogeny, such
trees are called phylogenetic trees.

Phylogenies can be inferred from different kinds of data, from geographic and
ecological, through behavioral, morphological, and metabolic, to molecular data, such
as DNA. Molecular data have the advantage of being exact and reproducible, at least
within experimental error, not to mention fairly easy to obtain [Gascuel 2005, Chap-
ter 12]. Distance-based methods form one of the three large groups of methods to in-
fer phylogenetic trees from molecular or sequence data [Lemey et al. 2009, Chapter 5].
Such methods proceed in two steps. First, the evolutionary distance is computed for ev-
ery sequence pair and this information is stored in a matrix of pairwise distances. Then,
a phylogenetic tree is constructed from this matrix using a specific algorithm, such as
Neighbor-Joining [Saitou and Nei 1987]. Note that, in order to complete the first step, we
need some method to estimate the evolutionary distance between a sequence pair. As-
suming the sequence data correspond to complete genomes, we can resort to the genome
rearrangement approach [Fertin et al. 2009] in order to estimate the evolutionary distance.

Using the genome rearrangement approach, one estimates the evolutionary dis-
tance between two genomes by finding the rearrangement distance between them, which
is the length of the shortest sequence of rearrangement operations that transforms one
genome into the other. Assuming genomes consist of a single chromosome, share the
same set of genes, and contain no duplicated genes, we can represent them as permu-
tations of integers, where each integer corresponds to a gene. If, besides the order, the
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orientation of the genes is also considered, then each integer has a sign, 4+ or —, and the
permutation is called a signed permutation. Similarly, we also refer to a permutation as
an unsigned permutation when its elements do not have signs. Moreover, if the genomes
are circular, then the permutations are also circular; otherwise, they are linear.

By representing genomes as permutations, the problem of finding the shortest
sequence of operations that transforms one genome into another can be reduced to the
combinatorial problem of computing the minimum number of operations necessary to
transform one permutation into another. By algebraic properties of permutations, this
problem can be equivalently stated as the problem of computing the minimum number of
operations necessary to transform one permutation into the identity permutation (+1 +2
... +n). This problem is commonly referred to as the permutation sorting problem or as
the rearrangement sorting problem.

Depending on the operations allowed to sort a permutation, we have a differ-
ent variant of the permutation sorting problem. The PhD thesis defended by the au-
thor [Galvao 2015] focus on solving variants that take into account two types of oper-
ations: reversals and transpositions. A reversal is responsible for reversing the order and
flipping the signs of a sequence of elements within a permutation, while a transposition is
responsible for switching the location of two contiguous portions of a permutation. They
are the most often considered operations for rearrangement-based phylogenetic recon-
struction.

2. Contributions and Organization

The thesis consists of a collection of 5 articles that were published in peer-reviewed jour-
nals and conference proceedings in the course of the PhD. Specifically, the thesis contains
7 chapters: an introduction followed by 5 chapters (each one corresponding to one article)
and a conclusion. The following paragraphs summarize the contents of the intermediary
chapters, highlighting the main contributions.

Chapter 2 corresponds to an article [Galvao and Dias 2014b] published in ACM
Journal of Experimental Algorithmics. In this chapter, we present a tool, called GRAAu,
to audit algorithms for permutation sorting problems. The audit consists in comparing, for
all permutations of up to a given size, the distance outputted by a given algorithm with the
related rearrangement distance, and then producing statistics that can be used to analyze
the performance of this algorithm. We also present tightness results for some approxima-
tion algorithms regarding two variants of the permutation sorting problem: the problem of
sorting by prefix reversals and the problem of sorting by prefix transpositions. Part of the
results presented in this chapter were also presented in the Master thesis [Galvao 2012] of
the author. Chapter 2 serves as a prelude to the other chapters. For instance, Section 2.2
introduces the basic concepts used throughout the thesis and provides a literature review
of several variants of the permutation sorting problem.

Chapter 3 corresponds to an article [Dias et al. 2014] published in Journal of
Bioinformatics and Computational Biology. In this chapter, we present a general heuristic
for permutation sorting problems. The heuristic works by iteratively improving an initial
solution produced by other algorithm. In each step, it makes a local change within a slid-
ing window, which moves across the solution. The main idea employed by the heuristic is
to transform the sliding window into a small instance of the permutation sorting problem
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in such a way that an optimal solution for that instance can be retrieved from a solution
database. To evaluate the heuristic, we applied it to the solutions provided by 23 approx-
imation algorithms. The performance of the heuristic varied considerably depending on
the algorithm that produced the initial solutions: it ranged from almost 5% of improve-
ment to near 100%. The observed variation is mainly due to the quality of the initial
solutions: the closer they are to the optimal solution, the more difficult it is to improve
them.

Chapter 4 corresponds to an article [Galvao and Dias 2014] published in Journal
of Universal Computer Science. The best known algorithms for the problem of sorting by
transpositions are based on a standard tool for tackling permutation sorting problems, the
cycle graph. In an attempt to bypass it, a few researches proposed algorithms based on
alternative tools. In Chapter 4, we address three of these algorithms: a 2.25-approxima-
tion algorithm proposed by Walter et al. (2000), a 3-approximation algorithm proposed
by Benoit-Gagné and Hamel (2007), and a heuristic proposed by Guyer et al. (1997). On
the theoretical side, we close a missing gap on the proof of the approximation ratio of
Benoit-Gagné and Hamel’s algorithm [Benoit-Gagné and Hamel 2007] and we demon-
strate a way to run their algorithm in O(nlogn) time. Moreover, we propose a minor
adaptation to Guyer, Heath, and Vergara’s heuristic [Guyer et al. 1997] that allow us to
prove an approximation bound of 3. On the evaluation side, we present experimental data
indicating that Walter, Dias, and Meidanis’ algorithm [Walter et al. 2000] is the best of
the algorithms based on alternative approaches and that it is the only one comparable to
the algorithms based on the cycle graph.

Chapter 5 corresponds to an article [Galvao et al. 2015b] published in Algo-
rithms for Molecular Biology. In this chapter, we investigate the problem of sorting
a signed permutation by short operations (i. e. operations involving just few genes).
The biological relevance of this problem is grounded on the assumption that rear-
rangement events affecting large portions of a genome are less likely to occur. In
the past, corroborating evidence has emerged, that is, separate sets of observations
have shown the prevalence and significance of short reversals in the evolution of bac-
terial genomes [Dalevi et al. 2002, Lefebvre et al. 2003] and lower eukaryote genomes
[McLysaght et al. 2000, Seoighe et al. 2000]. This fact, together with the realization that
signed permutations constitute a more biologically relevant model for genomes, motivated
us to investigate the problem of sorting a signed permutation by short operations.

In preliminary work, we [Galvao and Dias 2014a] investigated the problem of
sorting a signed permutation by reversals of length at most 3 and presented three ap-
proximation algorithms, the best one having an approximation factor of 9. In Chapter 5,
we not only present an approximation algorithm with a better approximation factor, but
also consider other variants of the problem. More precisely, we study four variants of the
permutation sorting problem: (i) the problem of sorting a signed permutation by reversals
of length at most 2, (ii) the problem of sorting a signed permutation by reversals of length
at most 3, (ii1) the problem of sorting a signed permutation by reversals and transpositions
of length at most 2, and (iv) the problem of sorting a signed permutation by reversals and
transpositions of length at most 3. We present polynomial-time solutions for problems
(i) and (iii), a S-approximation for problem (ii), and a 3-approximation for problem (iv).
Moreover, we show that the expected approximation factor of the 5-approximation algo-
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rithm is not greater than 3 for random signed permutations with more than 12 elements.
Finally, we present experimental results that show that the approximation factors of the
approximation algorithms cannot be smaller than 3. In particular, this means that the
approximation factor of the 3-approximation algorithm is tight.

Chapter 6 corresponds to an article [Galvao et al. 2015a] published in the pro-
ceedings of the 11th International Symposium on Bioinformatics Research and Appli-
cations. In this chapter, we consider the problem of sorting a circular permutation by
reversals of length at most 2. Polynomial-time solutions for the unsigned version of
this problem were known, but the signed version remained open. In Chapter 6, we
present the first polynomial-time solution for the signed version of the problem. More-
over, we perform an experiment to infer distances and phylogenies for published Yersinia
genomes and compare the results with the phylogenies presented in previous works
[Darling et al. 2008, Egri-Nagy et al. 2014].

Recently, the full version of the conference paper corresponding to Chapter 6 has
been accepted for publication in IEEE/ACM Transactions on Computational Biology and
Bioinformatics [Galvao et al. 2016]. The first relevant difference between the journal ver-
sion and the conference version of the paper is that the journal version contains expanded
explanations and expositions of the methods. In fact, the theoretical sections have been
rewritten, at least to some extent, to provide more details. In particular, the journal ver-
sion uses some of the formalism introduced by Meidanis et al. (2000) and Solomon et al.
(2003) for dealing with the problem of sorting circular permutations by reversals. The sec-
ond relevant difference is that the journal version shows additional experimental results:
in addition to the experiment with Yersinia genomes, we also performed an experiment to
infer distances and phylogenies of «y-proteobacterial genomes. Lastly, the third relevant
difference is that the journal version presents a web tool for rearrangement-based phylo-
genetic inference using short operations. The aim of this tool is to facilitate phylogenetic
studies based on the methods proposed in the paper. It is available at:

http://mirza.ic.unicamp.br:8080/shortphy.

3. Conclusion

In this paper, we presented a summary of the PhD thesis defended by the au-
thor [Galvao 2015]. The thesis is focused on solving variants of the permutation sorting
problem that involves reversals or transpositions. The main contributions of the thesis
include: 1) a general heuristic that can be used to improve the solutions provided by any
non-optimal algorithm for the permutation sorting problem; ii) a theoretical and experi-
mental investigation of three algorithms based on alternative approaches for the problem
of sorting by transpositions; iii) exact and approximation algorithms for the problem of
sorting signed permutations by short operations; and iv) a web tool for rearrangement-
based phylogenetic inference using short operations. All contributions were published in
peer-reviewed international journals, such as described in Table 1.
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Table 1. Overview of the bibliographic production. The third column shows the
2014 JCR Impact Factor of the journals, while the fourth column shows the 2014
Qualis classification in Computer Science. The journal Algorithms for Molecu-
lar Biology does not have a 2014 (nor a 2013) Qualis classification in Computer
Science, hence we are showing the 2012 Qualis classification.

Chap. Journal JCR Qualis
2 ACM Journal of Experimental Algorithmics - B4
3 Journal of Bioinformatics and Computational Biology 0.78 Bl
4 Journal of Universal Computer Science 0.46 B1
5 Algorithms for Molecular Biology 1.46 Al
6 IEEE/ACM Transactions on Computational Biology and 1.43 B1
Bioinformatics
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