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Reconstructing Weighted Phylogenetic Trees and Phylogenetic

Networks Using Answer Set Programming
Duygu CAKMAK
CS, Master’s Thesis, 2010
Thesis Supervisor: Esra Erdem
Abstract

Evolutionary relationships between species can be modeled as a tree
(called a phylogeny) whose nodes represent the species, internal vertices rep-
resent their ancestors and edges represent genetic relationships. If there are
borrowings between species, then a small number of edges that denote such
borrowings can be added to phylogenies turning them into (phylogenetic)
networks. However, there are too many such trees/networks for a given fam-
ily of species but no phylogenetic system to automatically analyze them. This
thesis fulfills this need in phylogenetics, by introducing novel computational
methods and tools for computing weighted phylogenies/networks, using An-
swer Set Programming (ASP). The main idea is to define a weight function
for phylogenies/networks that characterizes their plausibility, and to recon-
struct phylogenies/networks whose weights are over a given threshold using
ASP solvers.

We have studied computational problems related to reconstructing weighted
phylogenies/networks based on the compatibility criterion, analyzed their
computational complexity, and introduced two sorts of ASP-based meth-

ods (representation-based and search-based) for computing weighted phylo-
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genies /networks. Utilizing these methods, we have introduced a novel divide-
and-conquer algorithm for computing large weighted phylogenies, and imple-
mented a phylogenetic system (PHYLO-ASP) based on it. We have also
implemented a phylogenetic system (PHYLONET-ASP) for reconstructing
weighted networks. We have shown the applicability and the effectiveness of
our methods by performing experiments on two real datasets: Indo European
languages, and Quercus species in Turkey. Moreover, we have extended our
methods to computing weighted solutions in ASP and modified an ASP solver

accordingly, providing a useful tool (CLASP-W) for various ASP applications.
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Cozlim Kiimesi Programlama kullanarak Agirlikli Filogenetik

Agaclar ve Aglarin Cikarimi
Duygu CAKMAK
CS, Master Tezi, 2010
Thesis Supervisor: Esra Erdem

Ozet

Tiirlerin tarihsel evrim iligkileri filogenetik agag olarak modellenebilir. Bu
agacin yapraklar: tiirleri, aradaki diigiimleri atalar1 ve kenarlar1 genetik il-
igkileri temsil eder. Tiirler arasinda 6diing alma oldugu durumda, filogenetik
agaclara bu tiir iligkileri gosteren az sayida kenar eklenerek, filogenetik aglara
donusgtiiriilebilirler. Ancak verilen bir tiir ailesi i¢in oldukga fazla olas1 agag
ve ag olabilir ve bu agaclar otomatik olarak analiz edebilecek bir sistem
mevcut degil. Bu tez, ¢oziim kiimesi programlama (ASP) kullanarak agir-
likh filojeni ve filogenetik ag hesaplamak amaciyla yeni hesaplama yontem-
leri ve yazilim sistemleri geligtirerek filogenetik caligmalarindaki bu ihtiyaci
karsilamaktadir. Agirlikli filojeni hesaplamasinin arkasindaki genel fikir, bir
filojeninin ve filogenetik agin ne kadar makul oldugunu gosteren bir agirlik
fonksiyonu kullanarak belirli bir agirhigin iizerindeki filojenileri ve filogenetik
aglar1, ASP c¢oziiciilerini kullanarak hesaplamak.

Bu tez kapsaminda, uyumluluk kriterine gore agirlikli filojeni ve filo-
genetik ag cikarim ile ilgili hesaplama problemlerini inceledik, bu prob-
lemlerin hesaplama karmagiklhigini analiz ettik. Agirlikli filojenileri ve filo-

genetik aglar hesaplamak igin iki tip (gosterime dayal ve aramaya dayali)



ASP’ye dayali hesaplama yontemi geligtirdik. Bu yontemlerden yararlanarak,
biiyiik veriler iizerinde filojeni ¢ikarimi yapmak icin bél-ve-yonet yontemine
dayanan yeni bir algoritma gelistirdik. Bu algoritmaya dayal yazilim sis-
temleri geligtirdik: agirlikli filojeni ¢ikarimi ve analizi yapan PHYLO-ASP,
ve agirlikl filogenetik ag cikarimi yapan PHYLONET-ASP. Iki gercek veri
tizerinden (Hint Avrupa dilleri ve Tiirkiye’deki mege agaclar1) yaptigimiz
testler ile yontemlerimizin ve yazilim sistemlerimizin etkinligini gosterdik.
Bunlarin yaninda, yontemlerimizi ASP’de agirhikli ¢oziimler bulacak gekilde
genellegtirdik ve bir ASP ¢oziiciiyli (CLASP-W) bu yontemlere uygun bir sek-

ilde degigtirerek bircok ASP uygulamasi i¢in yararli bir ara¢ sagladik.

vi
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1 Introduction

Phylogenetics is the study of evolutionary relations between species based on
their shared traits. These relations can be modeled as a tree (phylogeny).
A phylogeny (or a phylogenetic tree) is a tree whose leaves represents the
species, internal vertices represent their ancestors and edges in between rep-
resents the relationships between them. In some cases, phylogenies are not
fully adequate to describe the evolutionary relations between species because
they do not represent borrowing. We can represent these borrowings by
adding a small number of edges to a phylogenetic tree and in this way, we
obtain phylogenetic networks. There have been various studies on phyloge-
netics and phylogenetic networks (check [I2] for a survey). There are also
some phylogenetic systems that can reconstruct phylogentic trees and phy-
logenetic networks such as PHYLIPF_:]. However, there may be many many
possible phylogenies (resp. phylogenetic networks) for a given set of taxo-
nomic units, with the same number of incompatible characters. In such cases,
experts analyze the phylogenies (resp. phylogenetic networks) manually and
identify some more plausible than others. Instead of the identification of
the phylogenies (resp. phylogenetic networks) manually, we have studied
finding more desirable phylogenies (resp. phylogenetic networks) by defining
weight measures to reflect their plausibility and computing weighted phy-
logenies (resp. phylogenetic networks). For instance, while reconstructing
phylogenies, if each phylogeny is assigned a weight that characterizes the ex-
pected groupings with respect to some archeological evidence, then finding a

phylogeny of higher weight over some threshold might be more desirable To

Lhttp://evolution.gs.washington.edu/phylip.html



reconstruct weighted phylogenies and weighted networks, we have extended
the results of [12] [35]. In [12], [35] and in this thesis, phylogeny reconstruc-
tion is studied with respect to the compatibility criterion [19]. According
to the compatibility criterion, the goal is to reconstruct a phylogeny with
the maximum number of “compatible” characters. Intuitively, a character is
compatible if it evolves without backmutation (i.e., it does not evolve from
one state to another and then back to the earlier state) or parallel evolution
(i.e., if no state appears independently in different lines of descent). So this
approach is suitable for the datasets without backmutation. Therefore, it is
not suitable for genomic data.

We have used Answer Set Programming (ASP) to reconstruct weighted
phylogenies and weighted phylogenetic networks. ASP is a declarative pro-
gramming paradigm oriented towards difficult search problems. It is origi-
nated from answer set semantics and based on computing models. The idea
behind answer set programming is to represent a computational problem in
terms of theories such that the models of these theories correspond to the
solutions of the problem. The models of these theories are called answer sets
of the problem. The answer sets of a problem can be computed using answer
set solvers, such as CLASF] Choosing ASP for phylogeny and phylogenetic
network reconstruction in this thesis has 2 main reasons: First, we need the
definition of reachability of a vertex from an other vertex, for example, to
ensure the connectedness of the vertices from the root in a tree. Also, in
phylogenetic networks, there may be loops in the graph (due to bidirectional

lateral edges); and we check the reachability of a vertex from another vertex

http://www.cs.uni-potsdam.de/clasp/



for compatibility check. In ASP, we can define reachability easily by making
use of recursive definitions.

The main contributions of this thesis can be summarized as follows:

e We have defined various optimization and decision problems for com-
puting weighted phylogenies and phylogenetic networks and analyzed

their computational complexity.

e We have introduced two sorts of computational methods to compute
weighted phylogenies and phylogenetic networks: the first class of meth-
ods suggests modifying the ASP representation of the problem to com-
pute weighted phylogenies using an existing ASP solver and the other
class suggests modifying the search algorithm of the answer set solver
to compute weighted phylogenies incrementally based on modifying the
search algorithm of an answer set solver CLASP. In the representation-
based method, weight measure is defined in ASP. In the search-based

method, weight measure is defined externally in C+—+.

e Based on these methods, in order to compute weighted phylogenies
for large datasets efficiently, we have introduced a novel divide-and-
conquer approach for computing weighted phylogenies by inferring its
smaller subtrees. This approach also makes use of domain-specific in-

formation provided by the experts.

e We have generalized the representation-based method and the search
based-method, to compute weighted solutions in ASP so that they can

be applicable to other domains.



e We have implemented the search-based method to compute weighted
solutions in ASP, by modifying the search algorithm of the answer set

solver CLASP (and called it CLASP-W).

e Based on the divide-and-conquer approach for computing weighted
phylogenies , we have implemented a fully automated system (called
PHYLO-ASP) to reconstruct and analyze phylogenies, utilizing CLASP-
w. We have also implemented a system called PHYLONET-ASP for

reconstructing weighted phylogenetic networks.

e We have shown the applicability of our methods by performing exper-
iments on two real datasets (Indo European languages and Quercus

species) using PHYLO-ASP and PHYLONET-ASP.

e To apply our method to real datasets, we have defined new weight

measures for phylogenies and phylogenetic networks.

The significance of our contributions both from the point of view of ASP

and from the point of view of phylogenetics can be summarized as follows:

e There is no phylogenetic system that can help experts to order phylo-
genies with respect to a weight measure that characterizes their plau-

sibility considering also some domain-specific information.

e There is no answer set solver that can compute weighted solutions

incrementally, where the weight function is defined externally in C++.

In the following, first we introduce ASP (Chapter 2) and then explain our

methods for computing weighted phylogenies and phylogenetic networks in



ASP (Chapter 3 and Chapter 4). Next, we discuss related work (Chapter 5)

and conclude with a discussion of future work (Chapter 6).



2 Answer Set Programming

Answer Set Programming(ASP) [59] [65] [56] is a declarative programming
paradigm oriented towards solving difficult search problems [57]. It is origi-
nated from “answer set semantics” [46] and based on computing models. The
idea behind ASP is to represent a computational problem as an ASP program
whose models (“answer sets”) correspond to the solutions of the problem. The
answer sets for a program can be computed by ASP solvers such as CLASP.

In the following, we introduce the syntax of ASP programs and define
the concept of an answer set for an ASP program. Then we give a list of
some applications that use ASP. After that we describe the answer set solver
CLASP and its algorithm to find answer sets. Finally we explain how to

modify CLASP’s algorithm to find “weighted answer sets”.

2.1 ASP Programs under the Answer Set Semantics

The syntax of ASP programs under the answer set semantics is defined as
follows.

We begin with a set of propositional symbols, called atoms. A literal is
an expression of the form A or = A, where A is an atom. A rule element is an
expression of the form L or not L, where L is a literal. A rule is an ordered

pair

Head < Body (2.1)

where Head is a finite set of literals, and Body is a finite set of rule



elements. If

Head ={Ly,..., Ly}

and

Body = {Lgs1, .., Lin,not L,y 1, ...,n0t L, }

(0 <k <m <n) then we will write (2.1]) as

Ly;..;Ly < Lgiq1, ..., Ly, not Ly, i1, ..., not Ly,. (2.2)

If the body is empty, we will sometimes drop <; a rule with the empty body
and one literal in the head is called a fact. If the head is empty, we will
sometimes denote it by L; a rule with the empty head is called a constraint.
A program is a set of rules. A program is called nondisjunctive if, in every
rule, £ < 1. We denote the set of literals in the language of a program II by
lit(IT).

We say that a consistent set X of literals is closed under II if, for every

rule (2.2)) in II,

{Ly, .., Ly} N X #0 (2.3)
whenever
{Lk+17 ] Lm} - X (24)
and
{Lps1, o, L} N X =0 (2.5)

This definition of closure corresponds to the definition of closure introduced

in [45], [46]. for programs without negation as failure.



Let IT be a program without negation as failure. Then we say that X is
an answer set for II iff X is a minimal set closed under II. For instance, the

answer sets for

piq (2.6)

are {p} and {q}.

Now consider a program II that may contain negation as failure. The
reduct of II relative to a consistent set X of literals, as defined in [45], [46]

is obtained from II.
e by deleting each rule (2.2]) that does not satisfy (2.5)) and

e by replacing each remaining rule (2.2)) by

Ll;...;Lk (—Lk+1,...,Lm. (27)

This program will be denoted by II*. For instance consider the program

p;q
(2.8)
-7 <= not p.

The reduct of this program relative to {p} is (2.6).

We say that X is an answer set for a program II iff X is an answer set
for II*. Consider, for instance, program and its reduct relative to
{p}. Since {p} is an answer set for (2.6), this is an answer set for program
(2.8) as well. It is easy to check if {g, —r} is an answer set for program ({2.8)

too.



Answer set definition is extended to programs with “choice rules” in [66].

For example, a choice rule

{p.q} <. (2.9)

intuitively means that if p is included in the answer set then choose arbitrarily
which of the atoms p, ¢ to include in the answer set.

In answer set programming, due to its nonmonotonicity, the set of logical
consequences does not necessarily shrink monotonically with increasing infor-
mation (due to the use of the negation-as-failure operator). As an example,

consider the programs

p < notq. (2.10)

p < notq.
(2.11)
q < not p.

p < notq.

q < not p.
(2.12)

T 4 P.

r<gq.

Intuitively, (2.10) expresses that p is in the answer set in the absence of g.

The answer set for this program is {p} and the set of consequences is {p}. In



(2.11), we add one more rule to (2.10]); the answer sets for this program are
{p} and {q} and the set of consequences is emptyset. In (2.12)), we add two
more rules to (2.11).The answer sets of this program are {p,7} and {q,7}
and the set of consequences is {r}. Therefore, as we add new rules to the
previous programs to obtain new programs, the consequences do not increase

as we expect from a monotonic formalism.

2.2 Applications of ASP

There are various applications of ASP as shown in Table [Il Here are some

examples:

e Decision Support Systems: An ASP system has been developed to help
flight controllers of space shuttle to solve some planning and diagnostic

tasks [67].

e Planning: Since ASP can be used to solve classical planning problems,
there are some systems, such as DLVK [31], implemented to solve plan-
ning problems in ASP. In addition, planning problems based on Hier-

archical Task Networks (HTN) are studied in ASP [25].

e Semantic Web: Semantic Web applications make use of ASP in order

to provide advanced reasoning services [18| [32] [79].

10



Table 1: Applications of ASP

Applications Applications

planning [24] [56] [77] theory update/revision [52]

preferences [72] [11] diagnosis [30] [4]

learning [70] description logics and
semantic web [18] [32] [79]

probabilistic reasoning [5] data integration and

question answering [1] [55]
multi-agent systems [77] [78] [82] || common sense knowledge bases

circuit design wire routing [36] [26]

decision support systems [67] bounded model checking [48]

game theory [83] [84] logic puzzles [39]

phylogenetics [29] [14] [35] [33] systems biology [80]

combinatorial auctions [6] haplotype inference [34] [81]
systems biology [80] [41] [71] [40] || automatic music composition [10] [9]
verification of assisted living [61] [62]

cryptographic protocols [23]
context [28]

2.3 Answer Set Solvers

There are several ASP solvers which are used to compute the answer sets of
an ASP program, such as SMODELS’] CMODELSY DLVP| and crasef] Let

us describe CLASP’s algorithm to compute answer sets.

3http://www.tcs.hut.fi/Software /smodels/

“http:/ /userweb.cs.utexas.edu/users/tag/cmodels.html
Shttp://www.dbai.tuwien.ac.at /proj/dlv/
6http://www.cs.uni-potsdam.de/clasp/

11



2.3.1 CLASP

CLASP is a conflict-driven answer set solver [44] [43]. It uses the concepts of
constraint processing and satisfiability checking [42]. cLASP does a DPLL-
like [22] [60] branch and bound search to find an answer set to the given
problem: at each level, it does propagation followed by backtracking or se-
lection of new literals according to the current conflicts. The overall working
principle of CLASP is shown in Algorithm [I Three main steps are called
repeatedly in the algorithm until an answer set is computed: PROPAGATION,
RESOLVE-CONFLICT and SELECT. In the PROPAGATION step, the literals
that are needed to be included in the answer sets (due to the current as-
signment and conflicts) are decided. The RESOLVE-CONFLICT step seeks to
resolve the conflicts encountered with the previous step. In the case of a
conflict existence, CLASP learns the conflict and does backtracking to an ap-
propriate level. In the SELECT step, a new literal (based on some heuristics)
is selected to continue search.

CLASP’s branch and bound search differs from DPLL in some aspects:
First of all, DPLL is for solving SAT problems. However, solutions to SAT
may not correspond to the answer sets of the problems [58]. For example,
consider the following answer set program {p < ¢,q < p} whose answer
set is (). This program can be translated into SAT as (—qV p) A (—pV q)
whose models are {p}, {p, ¢},?. On the other hand, cLASP decomposes ASP
formulations into local inferences which are obtained by Clark completion of

a program [20] and then uses DPLL search over the local inferences.

12



Algorithm 1 cLASP
Require: An ASP program II
Ensure: An answer set A for II
A < () {current assignment of literals}
v < 0 {set of conflicts}
while No Answer Set Found do
{propagate according to the current assignment and conflicts; update the current as-
signment }
PROPAGATION(IL, A, V)
if There is a conflict in the current assignment then
RESOLVE-CONFLICT(II, A, 57) {learn and update the conflict set and do backtrack-
ing}
else
if Current assignment does not yield an answer set then
SELECT(II, A, 57) {select a literal to continue search}
else
return A
end if
end if

end while

2.4 Computing Weighted Solutions

In ASP, some problems may have many solutions. Moreover, the correspon-
dence between the answer sets and the solutions may not be one-to-one; there
may be many answer sets that denote the same solution. In such cases, one
way to compute more desirable solutions is to assign weights to solutions,
and then pick the distinct solutions whose weights are over a given thresh-
old. For example, in a planning problem, the weight of a plan can be defined
in terms of the costs of actions, and then the distinct plans whose weights are
less than a given value can be computed. In puzzle generation, the weight
of a puzzle instance can be defined by means of some difficulty measure, and
then difficult puzzles whose weights are over a given value can be generated.

While computing such weighted solutions, there can be two types of meth-

ods: the representation-based methods and the search-based methods [14].

13



In the representation-based methods, ASP representation of the prob-
lem can be modified to compute weighted solutions. In some cases, some
aggregates (e.g., sum,count) can be used to compute the weight of a solu-
tion [73] B8] [76]; while in some others, a weight formulation can be added
explicitly to the ASP representation.

In the search-based methods, instead of modifying the ASP representation
of the problem, the weight function can be defined externally and the search
algorithm of the answer set solver can be modified to compute weighted
solutions as in [14].

We have modified the search algorithm of the answer set solver CLASP to
compute weighted solutions with the search-based method. We call the mod-
ified version CLASP-W. The modified algorithm can be seen in Algorithm
The procedure WEIGHT-ANALYZE is the weight measure of a given prob-
lem and needs to be implemented according to that given problem.

The WEIGHT-ANALYZE function is called at each step of the search;
therefore, it should be capable of identifying the partial solution formed by
the currently selected literals, and measuring the weight of that partial so-
lution. Since a partial solution may extend to many complete solutions, the
WEIGHT-ANALYZE function computes instead an upper bound (resp. a
lower bound) for the weight of a solution that extends the current partial
solution. Computing an exact upper bound (resp. a lower bound) might
be hard and inefficient; therefore, one may be interested in implementing a
heuristic function that computes an approximate upper bound (resp. lower
bound) for a solution. To guarantee to find a complete solution, the heuristic

function shall be admissible. In other words, the upper bound (resp. lower

14



bound) computed by the heuristic function shall be greater (resp. less) than
or equal to the exact upper bound (resp. lower bound). If this is not the
case, then we have a risk of missing a solution. Once we define the WEIGHT-
ANALYZE function to estimate the weight of a solution, we check whether
the estimated weight is less (resp. greater) than the given weight threshold
w. If the upper bound (resp. the lower bound) computed by the heuristic
function is already less (resp. greater) than the given weight threshold w,
then there is no solution that can be characterized by the current assignment
of literals and that has a weight greater (smaller) than w. Therefore; we set
the current assignment of literals as conflict in that case. After setting an as-
signment as conflict, CLASP-W learns that assignment and does backtracking

and never selects those assignment in the further stages of the search.
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Algorithm 2 CLASP-wW
Require: An ASP program Il and a nonnegative integer w
Ensure: An answer set for II, that describes an at least (resp. at most)
w-weighted solution
A < () {current assignment of literals}
v « 0 {set of conflicts}
while A does not represent an answer set do
{propagate according to the current assignment and conflicts;update the
current assignment}
NOGOOD-PROPAGATION(IL, A, /)
{compute an upper (resp. lower) bound for the weight of a solution that
contains A}
weight <— WEIGHT-ANALYZE(A)
{if the upper bound weight is less than the desired weight value w}
{then no need to continue search to find an at least w-weighted solution}
if There is a conflict in unit-propagation OR weight < w then
RESOLVE-CONFLICT (II, A, /) {learn and update the conflict set and
do backtracking}
end if
if Current assignment does not yield an answer set then
SELECT(II, A, 57) {select a literal to continue search}
else
return A
end if
end while
return false
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3 Reconstructing Weighted Phylogenetic Trees using
ASP

Cladistics (or phylogenetic systematics) developed by Will Henning [49] 50,
51] is the study of evolutionary relations between species (or “taxonomic”
“unit”) based on their shared traits. These relations can be modeled as a
tree (phylogeny). A phylogeny (or a phylogenetic tree) is a tree whose leaves
represent the species; internal vertices their ancestors; and edges in between,
the relationships between them. There are two main approaches to cladis-
tics: Character-based and distance-based. Our approach is character-based
cladistics as in |12, 69).

In character-based cladistics, shared traits are “(qualitative) characters”.
A character is a trait in which taxonomic units can instantiate a variety
of ways. If a character is instantiated by a set of taxonomic units in the
same way, then these taxonomic units are assigned the same “state” of the
character.

There are two main criteria in character-based cladistics: Maximum par-
simony and maximum compatibility. In maximum parsimony [27], the aim is
to minimize character state changes along the edges. In maximum compat-
ibility [19], the aim is to maximize the number of “compatible” characters.
Intuitively, a character is compatible if it evolves without backmutation[’| or
parallel evolution.ﬂ We consider the latter criteria while reconstructing phy-

logenies.

“If a character evolves from one state to another and then back to the earlier state,
then backmutation occurs in the evolution of that character.

8 If a state appears independently in the different lines of descent, then parallel evolution
occurs.
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While reconstructing phylogenies, there may be many possible phyloge-
nies for a given set of taxonomic units, with the same number of incompatible
characters. In such cases, experts analyze the phylogenies manually and iden-
tify some more plausible than others. Instead of identifying the phylogenies
manually, we aim to find more plausible phylogenies automatically. In order
to do that, first we define some weight measures for the phylogenies to re-
flect their plausibility; then we introduce computational methods to compute

weighted phylogenies over a certain weight threshold.

3.1 Preliminaries

Before we describe the problems related to weighted phylogenetic tree recon-
struction, we need to introduce some definitions as in [12].

A directed graph (digraph) is an ordered pair (V, E), where V is a set
and FE is a binary relation on V. In a digraph (V, E), the elements of V' are
called vertices, and the elements of E are called the edges of the digraph.
The out-degree of a vertex v is the number of edges (v,u) (u € V') and the
in-degree of v is the number if edges (u,v) (u € V). A digraph (V', E’) is a
subgraph of a digraph (V, E) it V' C V and E' C E.

In a digraph (V, E), a path from vertex u to a vertex u’ is a sequence
Vo, V1, .., U Of vertices such that v = vy and v = v and (v;_1,v;) € E for
1 <1 < k. If there is a path from a vertex u to a vertex v, then we say that v
is reachable from u. If V' is a subset of V', a path from u to v whose vertices
belong to V' is a path from u to v in V. If there exist a path from u to v in
V', w is reachable from u in V.

A rooted tree is a digraph with a vertex of in-degree 0, called the root,
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such that every vertex different from the root has in-degree 1 and is reachable
from the root. In a rooted tree, a vertex of out-degree 0 is called a leaf.

A phylogenetic tree (or phylogeny) for a set of taxa is a finite rooted
binary tree (V, F) along with two finite sets I and S and a function f from
L x I to S, where L is the set of leaves of the tree. The set L represents the
given taxonomic units, whereas the set V' describes their ancestral units and
the set E describes the genetic relationships between them. The elements of 1
are usually positive integers (“indices”) that represent, intuitively, qualitative
characters, and elements of S are possible states of these characters. The
function f “labels” every leaf v by mapping every index i to the state f(v,1)
of the corresponding character in that taxonomic unit.

For a phylogeny (V, E, L, I, S, f), a state s € S is essential with respect
to a character 5 € I if there exist two different leaves [; and I in L such that
f(li,5) = f(la,j) = s. A character ¢ € [ is informative if it has at least 2
essential states.

A character i € I is compatible with a phylogeny (V, E, L, I, S, f) if there

exist a function ¢ : V x ¢ — S such that
e For every leaf v of the phylogeny, g(v,7) = f(v,1)
e For every s € S if the set
Vis={z eV :g(z,i) = s}

is nonempty, then the digraph (V, E) has a subgraph with the set Vi,

of vertices that is a rooted tree.

A character is incompatible with a phylogeny if it is not compatible with

that phylogeny. For example in Figure[I] the character “Hand” is compatible
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Character ’ English ‘ ’ German H French ‘ ’ Spanish ‘ ’ Italian ‘

Hand” 1] [ 2 [
Farer (1] 2] [2] 1]

Figure 1: Compatible/Incompatible Character: The blue boxes denote the
labels of the character Hand, and the red boxes denote the labeling of the
character Father

with respect to the given phylogeny, since every unit with the same state
is connected to each other with a tree. On the other hand, the character
“Father” is incompatible, since there is no possible labeling of internal vertices

that connects all the units which have the same labels.

3.2 Weighted Phylogenies

In phylogeny reconstruction, there may be many possible phylogenies with
the same number of incompatible characters and some phylogenies may be
more desirable than the others, from the experts’ point of view. In such cases,

one way to pick more desirable phylogenies without human intervention is to

20



assign weights to phylogenies, and then pick the distinct phylogenies whose
weights are over a given threshold.

Therefore, we have formulated several weight measures in order to com-
pute weighted phylogenies with different data sets. There are two types of
weight measures: domain-independent and domain-dependent. Domain in-
dependent weight measures do not require domain-specific information about
the dataset, and therefore can be applied to any dataset. On the other hand,
domain-dependent weight measures require domain-specific information. For
example, experts usually provide information about how to group species. A
group of species is called as a subgroup from now on. Although not as well-
known as subgroup information, sometimes we may have further domain-
specific information as to how the subgroups can be classified. A group of

subgroup is called as a class from now on.
Domain Independent Weight Functions

Weight Measure 1 (W1) We define a weight measure in such a way
that while minimizing the number of incompatible characters, we try to max-
imize the total weight of these characters.

Consider a phylogeny P = (V, E, 1, S, f). Let IC denote the characters
in I that are informative and compatible with this phylogeny. The weight of
a phylogeny P is the sum of the weights of all informative characters that

are compatible with the tree:

weight,(P) = Z w(1) (3.1)

e
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The weight w(i) of a character i is a nonnegative integer given as domain

information.

Weight Measure 2 (W2) We define a weight measure in such a way
that the phylogenies with the informative characters which have more essen-
tial states have more weight. The motivation behind this weight measure is
that the characters with many essential states give more information as to
how the species are related to each other.

Consider a phylogeny P = (V, E, I, S, f) with leaves L. Let IC denote
the characters in I that are informative and compatible with this phylogeny.
The weight of a phylogeny P is the sum of the weights of all informative

characters that are compatible with the tree:

weight,(P) = Z w(i) (3.2)

ielC
The weight w(7) of an informative character is defined as the number of leaves

that are mapped to an essential state for that character:

w(i) =|{l € L: f(l,7) = s,i is informative, s is essential}| (3.3)
Domain Dependent Weight Functions

Weight Measure 3 (W3) Suppose that we are given some domain-
specific information as to how the taxonomic units are grouped as “sub-

groups” and “classes”. Then we define a weight measure in such a way that
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the leaves that belong to the same class are grouped as close to each other
as possible.
Consider a phylogeny P = (V, E, I, S, f) with leaves L. The weight of

phylogeny P is the sum of the weights of all vertices except its root r:

weighty(P) = > ¢(v) (3.4)

veV/{r}

The weight ¢(v) of a vertex v is defined as follows:

1. We label the leaves with their class information.

2. We propagate the labels of the leaves up to the root and we label each

internal vertex with the labels of its children.

3. We assign a weight to each vertex by comparing its labels with those
of its sibling. To be able to compare the labeling of the vertices, we
define the contribution ¢(c,v) of a vertex v with respect to a label ¢
as follows. Let sibling(v) denote the sibling of the vertex v, and Let
label(v) denote the labels of the vertex v.

.

0 if ¢ & label(sibling(v)),

s(e,v) =40 if |label(v)| = the total # of classes,  (3.5)

m otherwise

The weight ¢(v) of a vertex v is then the minimum of the following two
values: the maximum value mazContr(v) of the contributions ¢(c, v)

over its labels ¢, and the maximum value mazContr(sibling(v)) of the
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A B C D

Figure 2: A phylogenetic tree with class labels

contribution ¢(c’, sibling(v)) over its sibling’s labels ¢/. That is,

o(v) = min(mazxContr(v), maxContr(sibling(v))). (3.6)

Let us give a small example to show this process. Consider the phyloge-
netic tree in Figure 2l The leaves are labeled with respect to the following
class information: the leaves A and B are expected to be grouped in the same
class, so they are labeled by C1; there is no information as to how C and
D are expected to be grouped, so we label them by C2 and C3 respectively.
Then we propagate these labels to their ancestors. We compute the weights
of the vertices as follows: p(A) = 1, p(B) = 1, the other vertices have 0
weight. Then the weight of the phylogeny is 2.

Weight Measure 4 (W4) This weight measure is motivated by the
definition of compatibility. We define it in such a way that, for each character,
the leaves with the same character states are grouped as close to each other
as possible.

Consider a phylogeny P = (V, E, I, S, f) with leaves L, and suppose that
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the vertices of the phylogeny are labeled by a function g : V x I — S.
Let IC' denote the characters in [ that are informative and compatible with
this phylogeny. The weight of phylogeny P is the sum of the weights of all

informative characters that are compatible with the tree:

weight(P) = Y w(i) (3.7)
ielC
The weight w(i) of a character ¢ is defined as the number of leaves having a

sibling sibling(l) with the same character state:

w(i) = |{l:1 € L, f(1,3) = g(sibling(l),1)}]. (3.8)

Specific to the dataset, to get more plausible phylogenies, we can incor-
porate further domain-specific information. For instance, for Indo-European
languages, historical linguist Don Ringe indicates that groupings of some lan-
guages are least likely to occur. If the to-be-reconstructed phylogenies have
such odd groupings, we can reduce some amount from the total weight of the

phylogeny, provided that the weight of a phylogeny is not negative.

3.3 Problem Definitions

We are interested in the following sorts of computational problems for com-

puting weighted phylogenetic trees:

MAXIMUM COMPATIBILITY PROBLEM (MCP) Given three sets L, I,
S and a function f, from Lx/ to S, finding a phylogeny (V, E, L, I, S, f)

with the maximum number of compatible characters is called the Max-
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imum Compatibility Problem (MCP).

n-COMPATIBILITY PROBLEM (n-CP) Given three sets L, I, S and
a function f, and a non-negative integer n, decide the existence of a

phylogeny (V, E L, 1,5, f) with at most n incompatible characters.

A phylogeny (V, E, L, 1, S, f) is perfect if all characters in I are compatible
with the phylogeny. Determining whether a phylogeny (V, E, L, 1,S, f) is
perfect is called the Perfect Phylogeny Problem (PPP). PPP is NP-hard 8]
64].

Proposition 1. n-CP is NP-complete, if every character has binary states.

Proof. n-CP is in NP: By verifying whether a given phylogeny has at most
n incompatible characters in polynomial time, we will prove that n-CP is in
NP. Intuitively, we have to do |I| compatibility checks for each character.
For each compatibility check, consider the algorithm in Algorithm [3]

The complexity of FINDLABELING is O(|V']?). The complexity of CHECK-
CONNECTEDNESS is O(|V'|). So, the complexity of the algorithm CHARCOM-
PATIBILITY is O(|V|?+|V|). Therefore, the overall algorithm has O(|I|(|V|*+
V1)) = O(|I]|V]?) complexity.

n-CP is NP-hard: By reducing the CLIQUE problem?} which is NP-
complete [53], to the n-CP, we can prove that the latter is NP-hard as in
[85]. The main idea behind the reduction is that any pair of compatible

character collection in n-CP should correspond to a set of vertices in the

9A graph G = (V, E) and a positive integer J < |V| is given. The problem is determine
whether G contain a clique of at least size J, that is, a subset V' C V such that |V'| > J
and every two vertices in V' are joined by an edge in E.
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graph that forms a clique. We can reduce CLIQUE to n-CP in polynomial
time as follows:

The number of vertices in a CLIQUE problem corresponds to the number
of characters in n-CP. Three times the sum of the number of vertices in a
clique correspond to the number of leaves in n-CP. The cardinality of clique
is equal to n. We build a matrix X = [X;;],1 <i < |[],1 < j < |L| such
that, X has a character column for each vertex in V', and three taxon-rows
for each unordered pair of vertices in V. For each edge (u,v) & E, we set the
row entries in column u for that edge to 011, and the row entries in column
v to 110. All other entries in X are 0.

Two characters, C; and Cy, are incompatible if and only if all of three
elements (1,0), (0,1), (1,1) are in {U, << 1,er (f (4, C1), f(1, C2))}. In other
words, with respect to our reduced instance, the pair of characters that cor-
responds to vertices not joined by an edge in the graph are incompatible.

Since n-CP is both in NP and NP-hard, n-CP is NP-complete.
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Let w be a weight function that maps every phylogeny to a nonnega-
tive integer. Then we define the Maximum Weighted Compatibility Prob-
lem(MWCP) as follows:

MAXIMUM WEIGHTED COMPATIBILITY PROBLEM(MWCP) Given
three sets L, I, S, a function f from L x I to S, a function weight,
find a phylogeny (V, E, L, 1, S, f) with the maximum weight.

Note that MWCP generalizes MCP: For instance, if we take w(i) = 1 for

every ¢ € I, then the MWCP is a MCP.

MWCP can be converted into the following decision problems:
w-WEIGHTED COMPATIBILITY PROBLEM (w-WCP)

Given three sets L, I, S, a function f from L x I to S, a function
weight, and a non-negative integer w, decide the existence of a phy-

logeny (V, E,L,1,S, f) whose weight is at least w.
Similarly, w-WCP generalizes kCP.

wW-WEIGHTED n-COMPATIBILITY PROBLEM (wn-WCP)

Given three sets L, I, S, a function f from L x I to S, a function
weight, and two non-negative integers n and w, decide the existence
of a phylogeny (V, E, L,I,S, f) with at most n incompatible characters

and whose weight is at least w.

Proposition 2. wn-WCP is NP complete.

Proof. n-CP is in NP: Membership follows from the fact that we can

not only guess a candidate tree (V, E), but also check in polynomial time

28



whether w(V, E,L,1,S,f) > w and whether the phylogeny has at most ¢
incompatible characters (Theorem 17 in [64]).

n-CP is NP-hard: If we take weight(S) = 1 for every S, then wn-WCP
is a n-CP. Hence it is at least as hard as n-CP. We have shown previously
that n-CP is NP-complete. Therefore, wn-WCP is NP-hard.
Since wn-CP is both in NP and NP-hard, wn-CP is NP-complete.

Algorithm 3 CHARCOMPATIBILITY
INPUT: (V,E, L, I,S,f),iel
OUTPUT: COMPATIBLE / INCOMPATIBLE.
if FINDLABELING (i, V, E, L, S, f) == NO_LABELING then
return INCOMPATIBLE
else
(g, count0, countl) := FINDLABELING(:, V|, E, L, S, f)
if CHECKCONNECTEDNESS(V, E, g, count0, countl, i) then
return COMPATIBLE
else
return INCOMPATIBLE
end if
end if

3.4 ASP Formulation

We describe the phylogeny reconstruction problem and weight measures in

ASP as follows.
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Algorithm 4 FINDLABELING
INPUT: 4, V. E, L, S, f
OUTPUT: (g, count0, countl) or NO_LABELING
for all/ € L do
g(l) = f(0)
end for
while there is n € V'\ L such that g(n) is not defined do
// In the following, {ni,ns} denote the children of n and n, denotes the
sibling of n.
for all n € V'\ L such that g(ny), g(ny) and g(ns) are defined do
if CHECKSIBLINGS(g(n1), g(na), g(ns), ns) == CONFLICT then
g(n) == g(ns)
INCREMENTCOUNTS(count0, countl, g(n))
else if CHECKSIBLINGS(g(n1), g(n2), g(ns), ns) == NO_LABELING
then
return NO LABELING
else
g(n) := CHECKSIBLINGS(g(n1), g(n2), g(ns), ns)
INCREMENTCOUNTS(count0, countl, g(n))
end if
end for
for all n € V'\ L such that g(n), g(na) are defined, g(ns) is not defined
do
if CHECKSIBLINGS(g(n1), g(n2), NOT_DEFINED, n,) # CON-
FLICT && CHECKSIBLINGS(g(n1), g(n2), NOT DEFINED, n,) #
NO_LABELING then
g(n) :— CHECKSIBLINGS(g(n1), g(n2), NOT _DEFINED, ny)
INCREMENTCOUNTS(count0, countl, g(n))
else
return NO LABELING
end if
end for
end while
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Algorithm 5 CHECKSIBLINGS

INPUT: x1, x9, T3, ng
OUTPUT: z; or CONFLICT or NO_LABELING
if 1 == x5 then
return r;
else if ny # NOT DEFINED then
if g(ns) # CONFLICT then
return CONFLICT
else
return NO_ LABELING
end if
else
return NO LABELING
end if

Algorithm 6 INCREMENTCOUNTS

INPUT: count0, countl, state
OUTPUT: count0, countl
if state == countl then
countl—+—+
else
countO-++
end if

Algorithm 7 FINDROOT

INPUT: V, E
OUTPUT: v eV
return a node that has no incoming edge in E.

Algorithm 8 COUNTCONNECTEDNODES

INPUT: V, E, rootNode, nodeCount

OUTPUT: nodeCount

for all children n of rootNode do
CoUuNTCONNECTEDNODES(V, E, n, nodeCount + 1)

end for

return nodeCount
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Algorithm 9 CHECKCONNECTEDNESS

INPUT: V, E, g, countQ, countl, i

OUTPUT: CONNECTED / NOT CONNECTED.

Vo :={veV]|glv) =0}

Ey:={{z,y} € E|z,y € Vo}

V= v e V]g) =1}

E, = {{z,y} € E|lz,y e 1}

treeRoot := FINDRoOOT(V, E)

root0 :—= FINDROOT (Vp, Ey)

rootl := FINDRooOT (V4, E})

nodeCount() := COUNTCONNECTEDNODES(V;, FEy, root0, 1)

nodeCountl := COUNTCONNECTEDNODES(V), Fy, rootl, 1)

if count0) == nodeCount0 && countl == nodeCountl then
return CONNECTED

else
return NOT CONNECTED

end if

3.4.1 Phylogeny Reconstruction

ASP formulation of phylogeny reconstruction is done in two parts as in [12]:
In the first part, rooted binary trees whose leaves represent the given taxa
are generated and in the second part, the rooted binary trees with more than
n incompatible characters are eliminated.

In the first part, we make use of the reachability of a vertex from an-
other vertex to ensure the connectedness of the vertices from the root of the
phylogeny. That we can define reachability easily by making use of recursive
definitions in ASP has played an important role in our choice (and [12]’s

choice) of ASP to represent phylogeny reconstruction.
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3.4.2 Weight Functions

There are several weight functions we have formulated in ASP, which are

described in Subsection

W1 We describe the weight of a phylogeny as an ASP program in two
parts. Suppose that the schematic variables PW, W denote phylogeny weights,
C denotes a character and CW denotes the user defined weight of an informative

character.
In the first part, we define the weight of a phylogeny as the sum of the

weights of characters compatible with it:
weight0fThePhylogeny (PW) :- addWeightsOfCharacters(PW,C), maxCharacter(C).

addWeights0fCharacters(PW,0) :- compatible(0), weightOfCharacter (0,PW).

addWeights0fCharacters(0,0) :- not compatible(0).

addWeights0fCharacters(PW+CW,C) :- compatible(C), informative_character(C),

weightOfCharacter(C,CW), addWeightsOfCharacters(PW,C-1).
addWeights0fCharacters(PW,C) :- not compatible(C), addWeightsOfCharacters(PW,C-1).
addWeights0fCharacters(PW,C) :- not informative_character(C),

addWeights0fCharacters(PW,C-1).

In the second part, we describe the weight constraint to ensure that the weight

of the phylogeny is greater than or equal to w:

:- weight0fThePhylogeny (PW) ,PW<w.
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W2 We describe the weight of a phylogeny as an ASP program in three parts.
Suppose that the schematic variable PW denotes the phylogeny weight, IC denotes
an informative character, CW denotes a character weight, and C denotes a character.

In the first part, we describe the weight CW of an informative character IC as

follows:
weight0fChar(IC,CW) :- CW{leaf(V):£f(V,IC,S):essential_state(IC,S)}CW.

In the second part, we define the sum of the weights of characters compatible

with the phylogeny:
totalWeight0fChars(PW) :- addCharWeights(PW,C), maxChar(C).

addCharWeights(PW,1) :- compatible(l), weightOfChar(1,PW).

addCharWeights(0,1) :- not compatible(l).

addCharWeights (PW+CW,C) :- compatible(C),
weight0fChar(C,CW), addCharWeights(PW,C-1).
addCharWeights(PW,C) :- not compatible(C), addCharWeights(PW,C-1).

In the third part, we describe the weight constraint to ensure that the weight

of the phylogeny is greater than or equal to w:

:- weight0fPhylogeny (W), W<w.

W4 We describe the weight of a phylogeny as an ASP program in three parts.
Suppose that the schematic variable PW denotes the phylogeny weight, CW denotes
a character weight, and C denotes a character.

In the first part, we describe a leaf L as valuedLeaf (L,C) with respect to an
informative character, if the sibling of L has the same character state with L, and we
define the weight CW of an informative character with respect to valuedLeaf (L,C)

as follows:
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weightOfCharacter(C,CW) :- addWeightsOfCharacters(CW,C,k).

addWeightsO0fCharacters(1,C,0) :- valuedLeaf(0,C).

addWeights0fCharacters(0,C,0) :- not valuedLeaf(0,C).

addWeights0fCharacters(CW+1,C,L+1) :- valuedLeaf(L+1,C),
addWeights0fCharacters(CW,C,L), leaf (L), L<k.
addWeights0fCharacters(CW,C,L+1) :- not valuedLeaf(L+1,C),

addWeights0fCharacters(CW,C,L), leaf(L), L<k.

valuedLeaf(L,C) :- sibling(L,Y), £(L,C,S), g(Y¥,C,S), vertex(Y), leaf(L),

ic(C), state(S), L!=Y.

In the second part, we define the weight of the phylogeny as the sum of the

weights of informative characters compatible with it:

weight0fThePhylogeny (PW) :- totalWeightOfCharacters(PW,c).

totalWeightOfCharacters(CW,0) :- weightOfCharacter(0,CW).

totalWeightOfCharacters (CW+PW,C+1) :- totalWeightOfCharacters(PW,C),
weightOfCharacter(C+1,CW), ic(C+1).

totalWeightOfCharacters(PW,C+1) :- totalWeightOfCharacters(PW,C),

weightOfCharacter(C+1,CW), not ic(C+1).

3.5 Computational Methods: Representation-Based vs.
Search-Based

We have studied two different methods for reconstructing weighted phylogenies:

Representation-based method and search-based method.
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3.5.1 Representation-Based Method

In the representation-based method, we modify the representation of the problem
to compute weighted phylogenies. In order to do that, we formulate the phylogeny
reconstruction as an ASP program P as described in Subsection Then we
formulate the weight function as an ASP program W as described in the Subsection
[3.4.2] Finally, we compute weighted phylogenies by computing the solutions of the
ASP program P U W.

3.5.2 Search-Based Method

In the search-based method, in order to compute weighted phylogenies, instead
of modifying the representation of the problem, we implement the weight measure
externally as a C++ program and we modify the search algorithm of the answer set
solver cLASP. The modified version of CLASP is called cLASP-w(Subsection [2.4)).
In order to compute phylogenies with the search-based method, we have de-
fined a heuristic function to estimate an upper bound for each weight function in

Subsection

Upper Bound for W1 Let A be a partially constructed phylogeny of P. Let
I be the set of characters for P. Let NI4 be the set of uninformative characters
for A. Let NCy4 be the set of incompatible characters for A.

Then, we can define the heuristic function with respect to A and a set I of

characters as follows:

UB1(A,T) =Y w(i)— > w(i)— Y w().

el 1€ENIy iENCy

With this heuristic function (implemented as a C++ program) and the phylogeny

reconstruction program of [I12], CLASP-w can compute all correct solutions (i.e.,
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phylogenies whose weight is at least w). In other words, this heuristic function

ensures that the following holds for every phylogeny P computed in the end:
w < weight,(P) < UB1(A,I).

This result follows from weight,(P) < UB1(A, I) (admissibility), and w < UB;(A,I)

iff w < weight,(P) (correctness).
Proposition 3. UB; is admissible.

Proof. Let A be a partially constructed phylogeny of P. Let I be the set of char-
acters for P. Let NI4 be the set of uninformative characters for A. Let NCy
be the set of incompatible characters for A. Let NIp be the set of uninformative
characters for P. Let NC'p be the set of incompatible characters for P. Let Cp be

the set of compatible characters for P. Then we want to show that,

dw(@) <D wli)— Y w(i) = Y wli). (3.9)

ieIC il IENC 4 iENI4

Since by definition, > ;c;w(i) = X icne, wW(E) + Dico, w(E) + X ieny, w(i), we

can rewrite [3.9] as:

Sw() < Y wli)+ D> wl)— Y w@)+ Y wli)— Y w(i)

i€elC i€Cp iENCp 1ENC 4 i€ENIp IENIT»

Since IC' C Cp, then i, w(i) — D cc, w(i) > 0. Since NCy C NCp,

then i nve, w(i) = D ieno, w(i) > 0. Since NIy C Nlip, then Y, np, w(i) —
> ieni, w(i) = 0. Therefore, UB1 (A, I) > weighty (P).
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Upper Bound for W2 Let A be a partially constructed phylogeny of P. Let
I be the set of characters for P. Let NI4 be the set of uninformative characters
for A. Let NCy4 be the set of incompatible characters for A.

Then, we can define the heuristic function with respect to A and a set I of

characters as follows:

UB2(A, 1) =Y w(i)— > w(i)— Y w().

i€l iENT4 iENC4
This result follows from weighty(P) < UB2(A, I) (admissibility(Propositionfd))),
and w < UB2(A,I) iff w < weighty(P) (correctness).

Proposition 4. UBy is admissible.

Proof. Let A be a partially constructed phylogeny of P. Let I be the set of char-
acters for P. Let NI4 be the set of uninformative characters for A. Let NCy
be the set of incompatible characters for A. Let NIp be the set of uninformative
characters for P. Let NC'p be the set of incompatible characters for P. Let Cp be

the set of compatible characters for P. We want to show that

dw(@) <Y w@) = Y wi)— > wli), (3.10)

1€IC i€l 1ENC 4 1ENT 7

Since by definition, Y ;e w(i) = Y icne, (i) + Dicc, w(E) + X ienr, w(i), we

can rewrite [3.10]as:

Sw()< Y wli)+ D> wli)— Y w@)+ Y w(i)— Y w(i)

ielC i€Cp iENCp IENC 4 iENIp iENT4

Since IC C Cp, then >, o, w(i) — > ;crc, w(i) = 0. Since NCy C NCp,

then >, nve, w(i) — D ene, w(i) > 0. Since NIy C Np, then } ,np, w(i) —
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> ient, w(i) = 0. Therefore, UB2(A, I) > weights(P).
O

Upper Bound for W3 Let A be a partially constructed phylogeny of P. Let
sibling(v) denote the sibling v € V' and label(v) denote the label of v € V. We

define the heuristic function as follows with respect to the set of vertices V' of P:

UB,(A,V) =) ¢'(v) (3.11)

veV

where ¢/ (v) is defined as follows:

2

1 if label(v) =0 or v &€ Vp,

1 if sibling(v) is not yet defined,

¢'(v) = (3.12)
in A or label(sibling(v)) =10,

minC(v) otherwise

\
and minC (v) is defined as follows:
minC (v) = min(mazContr(v), mazContr(sibling(v))). (3.13)

This result follows from weight;(P) < UB,(A,V) (admissibility), and w <
UB,(A,V) iff w < weights(P) (correctness).

Proposition 5. UB, is admissible.

To prove Proposition p| we need the following lemmas, definitions and notation.
Let P be a phylogeny (V, E,L,I,S, f). We say that a phylogeny

X = (Vx,Ex,Lx,Ix,Sx, fx) is contained in P (denoted X C P) if Vx C V|,

Ex CE, Lx CL IxCI, Sx CS, flox = fx-

39



Let X = (Vx,Ex,Lx,Ix,Sx, fx) and Y = (Vy, Ey, Ly, Iy, Sy, fy) be two
partial phylogenies contained in P. Let us denote by labelx (v) (resp. labely (v) )
for a vertex v € V, the set of the labels of v in X (resp. Y). We say that X is
label-contained in Y (denoted X C; Y) if

e XCY,
o for every v € V, label x (v) C labely (v),
s |EP2 \EP1| <1

In the following, for each function h defined over partial phylogenies above, let
us denote by hz the function h defined for a partial phylogeny Z.
Then, for these lemmas, let Py = (Vp,, Ep,, Lp,,Ip,,Sp,, fp,) and

P, = (Vp,,Ep,, Lp,,Ip,, Sp,, fp,) be two partial phylogenies of P, where P; C;, Ps.
Lemma 1. For every vertez v € V, if labelp, (v) = 0 or v is not in Vp,, then
¢p, (v) 2 p, (v).

Proof. Take any v € V. Assume that labelp, (v) =0 or v is not in Vp,. Under this

assumption, we want to show ¢'p (v) > ¢p, (v) for v. Because of the assumption,
from the definition of ¢ , ¢p (v) = 1. Since 1 is the maximum value of ¢ and
Py Py (V) 2 Py (V).

O

Lemma 2. For every vertexv € V, if siblingp, (v) € Vp, or label p, (siblingp, (v)) =
0, then &, (v) = @, ().
Proof. Take any v € V. Assume that siblingp, (v) € Vp, or labelp, (siblingp, (v)) =

(. Under this assumption, we want to show ¢ (v) > ¢p, (v) for v. Because of the

assumption, from the definition of ¢ , ¢’ (v) = 1. Since 1 is the maximum value

of ¢, and @p,, Pp, (v) 2 @, (v).
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Lemma 3. For a partial phylogeny P1 of P and for every vertex v € V, if the

following conditions hold:

(i) labelp, (v) # 0,
(1) labelp, (siblingp, (v)) # 0,
(iii) labelp, (v) N labelp, (siblingp, (v)) = 0,
then ¢’ (v) = 0.
Proof. Take any v € V. Assume that (i), (ii) and (iii) hold for v. Under these
assumptions, we want to show, ¢, (v) = 0. Due to (i) and (ii),

©p, (v) = minCp, (v) = min(mazContrp, (v), maxContrp, (siblingp, (v))).

Due to (iii), since v and siblingp, (v) do not share a label in P, VI € labelp, (v),
sp (1,v) = 0 and Vi € labelp, (siblingp, (v)), <(I, siblingp, (v)) = 0. That is
mazContrp, (v) = 0 and mazContrp, (siblingp, (v)) = 0. Therefore, ¢ (v) =

0. O
Lemma 4. For every vertex v € V, if the following conditions hold:
(i) labelp, (v) # 0,
(1) labelp, (siblingp, (v)) # 0,
(iii) labelp,(v) N labelp,(siblingp,(v)) = 0.
then ¢’p (v) = ¢p, (v).
Proof. Take any v € V. Assume that (i), (ii), and (iii) hold for v. Under this

assumption, we want to show ¢’ (v) > ¢'p (v) for v.
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Since (i), (ii), (iii) and Py C; P», then by Lemma , ©p, (v) = 0. Since (i), (ii),
(iii) and Py C; P», then by Lemma ©p, (v) = 0. Therefore, ¢ (v) = ¢p, (v).
O

Lemma 5. For every vertez v € V, if
(1) labelp, (v) # 0,
(11) labelp, (siblingp, (v)) # 0,
(ii1) labelp, (v) Nlabelp, (siblingp, (v)) # 0.
P, (v) = @, (v).

Proof. Take any v € V. Assume that (i), (ii) and (iii) hold for v. Under this
assumption, we want to show ¢’ (v) > @' (v) for v.

Consider two cases:

Case 1: |labelpy(v)| = the total number of classes

— Due to (i) and (ii) and the propagation of labels described in the defi-

nition of label,

¥, (v) = minCp,(v)

= min(maxContrp,(v), maxContrp,(siblingp,(v))).

Due to propagation of labels described in the definition of label, |label p2(v)| =
the total number of classes and since |labelps(v)| = the total number
of classes, due to the definition of ¢, ¢ (v) = mazContrp, = 0. Since

0 is the minimum value of ¢} and ¢ , ¥p (v) > @p, (v).

Case 2: |labelpy(v)| < the total number of classes
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Due to (i) and (ii),

Py (v) = minCp, (v)

= min(maxContrp, (v), maxContrp, (siblingp, (v))).

s 1 1
= min( label p, (0)]* [label p, (siblingp, (0))] )

Due to (i) and (ii) and the propagation of labels described in the definition
of label,

¢, (v) = minCp,(v)

= min(maxContrp,(v), maxContrp,(siblingp,(v))).

i 1 1
= min( [label p, (v)]* Tlabelp, (siblingpy (0))] )

Due to Py C; Ps, since |labelp, (v)| < |labelp,(v)| and |labelp, (siblingp, (v))| <

|labelp, (siblingp, ()], ¢p, (v) = @p, (v).

Lemma 6. If the following conditions hold for every vertex v € V :

(i) labelp, (v) # 0,

(1) labelp, (siblingp, (v)) # 0,

(iii) labelp, (v) N labelp, (siblingp, (v)) = 0,

(iv) labelp,(v) N label p, (siblingp, (v)) # 0.

(’U) EP2 = EPl

then there exists a label Z € labelp,(siblingp,(v)) such that,

(a) Z € (labelp,(v) N labelp,(siblingp,(v)),
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(b) Z & labelp, (v),
(c) Z € labelp, (siblingp, (v)),

(d) for some leaf child v. of v, Z € labelp,(v.).

Proof. Take any v € V. Assume that (i), (ii), (iii),(iv) and (v) hold for v. Due
to (iv), (a) holds. Due to (iii) and P; C; P, (b) holds. Due to P C; Ps, (c)
holds. Due to (iv) and propagation of labels described in the definition of label,
(d) holds. O

Lemma 7. If the following conditions hold for every vertex v € V:
(i) labelp, (v) # 0,
(i1) labelp, (siblingp, (v)) # 0,
(1) labelp, (v) Nlabelp, (siblingp, (v)) = 0,
(iv) labelp,(v) Nlabelp,(siblingp,(v)) # 0,
(v) Ep, # Ep,.

then

(a) there exists an edge (v,v.) € Ep, but not in Ep, and,
(b) there exists a label Z € labelp,(siblingp,(v)) such that,

(b1) Z € (labelp,(v) Nlabelp,(siblingp,(v))
(b2) Z € labelp, (siblingp, (v)),
(b3) Z ¢ labelp, (v)

(b4) for some child v. of v, Z € labelp,(v.).
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AZ

S/bI/ngm(v) b/
i Inng(V)

Vc Slbllnng(Vc) ve SIbl/ngm(Vc)A A
A

P1

Figure 3: Case 1: The boxes next to the vertices denote their labels.

Proof. Take any v € V. Assume that (i), (ii), (iii),(iv) and (v) hold for v. Due
to (v), (a) holds. Due to (iv), (b1) holds. Due to P; C; P», (b2) holds. Due to
Py C; Py, (iii) and (iv), (b3) holds. Due to (iv) and the propagation of labels
described in the definition of label, (b4) holds.

Lemma 8. If the following conditions hold for every vertex v € V:
(i) labelp, (v) # 0,
(1) labelp, (siblingp, (v)) # 0,
(iii) labelp, (v) N label p, (siblingp, (v)) = 0,
(i) labelp,(v) N label p, (siblingp, (v)) # 0.

then
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siblinges(ve) siblinges(v)

sib ngm(x s1bllngp1(v)

AL A

Figure 4: Case 2: The boxes next to the vertices denote their labels.

(a) (10332 (/U) Z 90%’1 (U)J
(b) There ezists a child v. of v, ¢p, (ve) < @lp, (Ve),
(¢) (#p,(ve) = Pp,(ve)) = (¢p, (v) — @, (v) = 0.
Proof. Take any v € V. Assume that (i), (ii), (iii) and (iv) hold for v.
(&) ¢p,(v) = @, (v).

Due to Lemma ¢'p, (v) = 0. Since 0 is the minimum value of ¢, and ¢,

©p,(v) = p, (v).

(b) There exists a child v, of v, ¢p, (ve) < ¢p, (ve)-
Consider two cases:
Case 1: [Ep, = Ep, | Due to Lemmalf] there exist a label Z ¢ labelp, (v) and

Z € labelp,(v) and there is a leaf-child v. of v such that Z € label(v,)
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due to propagation of labels described in the definition of label. Since
Z & labelp, (v), there is no child vy of v such that Z € labelp, (vg);
therefore, Z & labelp, (v:). Since v, is a leaf, then labelp, (v.) = 0.
Then by Lemma ©P;(ve) = 1. Since 1 is the maximum value of ¢ P;
and 9P, ¢’p, (ve) < ¢lp, (ve)-

Case 2: |Ep, # Ep, | Due to Lemmal[7] since edge (v,v.) € Ep,, ve € Vp,. Then
by Lemma , ¢p, (ve) = 1. Since 1 is the maximum value of ¢} and

Py Py (Ve) < @, (ve)-

(€) (@, (ve) = @p, (ve)) = (Pp, (v) = ¢p, (v)) 2 0.

Consider two cases:

Case 1: [Ep, = Ep, | Since (i), (i) and (iii) hold, then by Lemma 3] ¢/, (v) = 0.
Let us consider the case when Vv € V, (¢, (v) — ¢'p, (v)) is maximum.
Since (i) and (ii) hold, then labelp,(v) # 0, labelp,(siblingp,(v)) # 0

and

¢, (v) = minCp, (v)

= min(maxContrp, (v), maxContrp, (siblingp, (v))).

Since (i), (iii) and (iv) hold, we know that one of v or siblingp,(v) has
at least 2 labels in P, and the other one has at least 1 label in P;.
(Note that Z € labelp, (v) N label p, (siblingp, (v)).) Since by Lemma [6]
Z ¢ labelp, (v), Z € labelp,(v.), Z is also in labelp,(v); then we know
that v has at least 2 labels and siblingp,(v) has at least 1 label in Ps.

Therefore,

/ _ ; 1 1
Yp, (U) - mzn( [label p, (v)] |label p, (sibling py (v))] )

=min(3,1) = 1.
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Case 2:

(Observe that if the number of labels of v or sibling(v) is greater than
2, ¢'p,(v) is smaller). Since the maximum value of ¢l is % and the
value of ¢y, is 0, @p, (v) — @lp, (v) < 3.

Let us consider the case when ¢/ (vc) — ¢p,(ve) is minimum. Since
Z € labelp,(v), there should be a leaf [ € Vp, such that Z € label(l).
Let v. = [. Since Z ¢ labelp, (v), There is no child vg of v such that
Z € labelp, (vg); therefore, Z ¢ labelp,(v.). Since v is a leaf, then
either v. ¢ V or labelp, (v;) = 0. Then by Lemma [1} pPi(v.) = 1.
Since Z & labelp, (v), and 3C € labelp, (v); C € labelp, (sibling(v.))(
Because C' should be propagated from its child sibling(v.) to v.). Since
Z # C, and the condition (iii), by Lemma |3} ¢p, (v.) = 0. Since the

value of p, (ve) is 1 and the value of pp, (ve) is 0, ¢p, (ve) —¢p, (ve) = 1.
Since @, (1) — @, (1) < & and @ (1) — @loy (ve) = 1, (&, (ve) —
¢, (ve)) = (@, (v) = lp, (v)) > 0.

|Ep, # Ep, | Since (i), (ii) and (iii) hold, then by Lemma3] ¢, (v) = 0.
Let us consider the case when (¢, (v) — ¢’ (v)) is maximum. Due to

(i),(ii), and P C; P», labelp,(v) # 0, label p,(siblingp,(v)) # 0 and

¥, (v) = minCp, (v)

= min(maxContrp, (v), maxContrp, (siblingp, (v))).

Due to (i) and P C; P, v has at least one label A in P». Due to
Lemmal[7} v has another label Z in P». Due to Lemma[7]and P, C; P,
Z is also a label of siblingp,(v). We know that v has at least 2 labels

and siblingp,(v) has at least 1 label in P». Therefore,

1 1 ) = min(5,1) = 5
llabelp, ()| |labelp, (siblingp, (v)]) 27/ T

lp, (v) = min

48



Since the maximum value of ¢, is 3 and the value of ©'p, (v) is 0,

P, (v) = p, (v) < 3.

Let us now consider the case when Vv € V, ¢/ (ve) — ¢'p, (vc) is min-
imum. Due to Lemma [7] since edge (v,v.) & Ep,, ve ¢ Vp,. Then by
Lemma ©'p, (ve) = 1.

Due to (i), v has at least one label A in Vj. Due to Lemma [7| there
exist a label Z in labelp,(v), that is not in labelp, (v); thus Z # A.
Due to Lemma |7, v. € Vp,. On the other hand, due to the definition
of label, there exist a child vs of v in Pj, such that A € labelp, (vs).
Since (v,v.) € Py, vs is the sibling of v, in Pa. So, siblingp, (v.) and
siblingp,(v.) has at least 1 label which is A. So far we know that
labelp, (v.) has at least one label Z, and labelp, (v.) has at least one label
A. The function 90}32 gets the maximum value for v, for instance under
the following condition: labelp, (siblingp,(v.)) = {A} and labelp,(v.) =
{Z,A}. If v, and siblingp,(v.) have more than 2 labels, due to the

definition of <, ¢, decreases. Then

¢, (ve) = minCp, (v)

= min(maxContrp,(v.), maxContrp,(siblingp,(v.)))

o 1 1
= mm( [labelp, (ve)]* [label p, (siblingp, (vc))] )

=min(3,1) = 3.

Since the minimum value of ¢'P; is 1 and the maximum value of ¢'P;
1 1
18 3, 90931 (ve) — 80332 (ve) > 3-

Since @, (v) — @, (v) < & and Py(v,) is 3, @l (v0) — @, (v0) = L,
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(@p, (ve) = ©p, (ve)) — (£p, (V) — @p, (v)) > 0.

Lemma 9. UB,(FP»,V) <UBy(P,V).
Proof. Consider two cases:

e Case 1:(See Figure [3)) Assume that one of the following holds:

(i) labelp, (v) =0,
(ii) labelp, (siblingp, (v)) =0,
(iii) labelp, (v) N labelp, (siblingp, (v)) # 0,
(iv) labelp,(v) Nlabelp,(siblingp,(v)) = 0.
If (i), by Lemma , ©'p, (V) > ¢p, (v). By definition of UB, UB,(P,V) <
UB,(PL,V).

If (i), by Lemma |2, ¢ (v) > ¢/, (v). By definition of UB, UB, (P, V) <
UB, (P, V).

If neither (i) nor (ii) holds, and (iii) holds, by Lemma |5, ¢ (v) > ¢/, (v).
By definition of UB,, UB,(Ps, V) < UB,(P1,V).

If neither (i) nor (ii) holds, and (iv) holds, by Lemma , ©p, (V) > @p (V).
By definition of UB,,, UB,(Ps, V) < UB,(P1,V).

e Case 2:(See Figure [4]) Assume that all of the following hold:

(i) labelp, (v) # 0,

(ii) labelp, (siblingp, (v)) # 0,
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(ili) labelp, (v) N labelp, (siblingp, (v)) = 0,

(iv) labelp,(v) Nlabelp,(siblingp,(v)) # 0.

In other words, although ¢, (v) > ¢, (v) by Lemma (a), there is a child v,
of v such that ¢’ (ve) < ¢p (ve) by Lemma (b) Moreover, the difference
between (p'p, (V) — ¢'p, (vc)) is greater than the difference between (¢'p, (v) —

©p, (v)) by Lemma (c) Therefore, Y i @P2(v) < > oy @Pi(v); and
UBy,(P>,V) <UB,(P1,V).

Lemma 10. weight(P) = UB,(P,V).

Proof. Since P is a complete phylogeny, all of its vertices and labels of each vertex is
complete. Then, for every v € V, by definition of ¢/, ¢’»(v) = minCp(v) = pp(v).
Therefore, by the definitions of weight and UB,, weight(P) = UB,(P,V). O

Proof of Proposition[5 For any partial phylogeny Py of P, there exists a sequence
Py, Py, ..., P, = P of partial phylogenies such that Py <, P <y, ... Sy Py, = P.
Since for every ¢, P;+1 C; F;, by Lemma@ for all partial phylogenies P;, where (0 <
i < k), UB,(P;,V) < UBy(Piy1,V). By Lemma [10} weight(Py) = UBy (P, V).
Then UB,(Fy, V) > weight(P, V). Therefore, UB,, is admissible.

O

Upper Bound for W4 Let A be the partially constructed phylogeny of P.
Let IC denote the set of compatible and informative characters for P, and Ix
denote the set of informative and compatible characters for A. Let maxW denote
the maximum weight that a character can have (i.e. mazW = |{l : 1 € L}|). Then,

we can define the heuristic function with respect to A and a set I of characters as
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follows:

UBy(AT) =Y w(i)+ Y mazW (3.14)
i€y i€IC\I4

With this heuristic function (implemented as a C++ program) and the phylogeny
reconstruction program of [I12], CLASP-w can compute all correct solutions (i.e.,
phylogenies whose weight is at least w). In other words, this heuristic function

ensures that the following holds for every phylogeny P computed in the end:
w < weight,(P) < UB4(A,I). (3.15)

This result follows from weight,(P) < UB4(A, I) (admissibility), and w < UBp(A, )
iff w < weight,(P) (correctness).
Proposition 6. UB,4 is admissible.

We need the following lemma to prove Proposition [6]

Lemma 11. w(i) < mazW for every i € I.

Proof.

w(i) =[{l:1 €L, f(l,i) = g(sibling(l), i) }|.mazW = |{l : | € L}|.
Therefore, w(i) < maxW for every i € I. O
Proof of Proposition |6 We want to show that, weight,(P) < UB4(A,I).

weight (P) = Z w(i) = Z w(i) + Z w(i)

ieIC i€l i€IC\I4

UB4(A,I) = Z w(i) + Z maxW

icls i€IC\I 4
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Since by Lemma 3.5.2] w(i) < maxW for every 1,

dDw@+ Y w@) <> w@)+ Y maxW.

i€ly 1€IC\I 4 1€l 1€IC\I 4

Therefore, weight,(P) < UB4(A,I).

3.6 PHYLO-ASP

PHYLO-ASP is a tool for analyzing and reconstructing phylogenies with a character-
based approach based on the compatibility criterion. It is designed and imple-
mented to solve all the problems given in Subsection using the methods de-
scribed in with a divide-and-conquer approach. There is no such phyloge-
netic system which can help experts to order phylogenies with respect to a weight
measure that characterize their plausibiliy with respect to some domain-specific
information.

There are four modules in PHYLO-ASP : PHYLO-ANALYZE-ASP, PHYLO-
RECONSTRUCT-ASP, PHYLOCOMPARE-ASP and PHYLO-RECONSTRUCTN-ASP.
PuyLOCOMPARE-ASP and PHYLO-RECONSTRUCTN-ASP are studied in [I5] and

[29]. The other two modules are introduced in this thesis.

3.6.1 PHYLO-ANALYZE-ASP

PuYLO-ANALYZE-ASP is for analyzing input (leaf-labeling function) and output
(phylogenies). It analyzes the leaf-labeling function and finds uninformative and
non-unique characters. Additionally, it finds the incompatible characters with a

given phylogeny. The input and the output of this module is as follows:
Input: PHYLO-ANALYZE-ASP takes two kinds of input:
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e Character states of taxonomic units for every character as a matrix

e A phylogenetic tree in Newick format (Optional)

Output: PHYLO-ANALYZE-ASP outputs the uninformative and the non-unique
characters. If a phylogenetic tree in Newick format is given as an input, then the

program additionally outputs the incompatible characters for that tree.

3.6.2 PHYLO-RECONSTRUCT-ASP

PaYLO-RECONSTRUCT-ASP is for reconstructing (weighted) phylogenies for a
given input. It can solve different decision and optimization problems, which are
stated in Subsection [3.3l

Moreover, it can process domain specific information such as how to group
taxonomic units, or sibling information and considers this information while re-
constructing phylogenies. In addition, if domain specific information about how
to group taxonomic units exists, then PHYLO-RECONSTRUCT-ASP reconstructs
phylogenies with a divide-and-conquer approach. This approach is very important,
because computing a phylogeny with a large number of taxanomic units and char-
acters is very time consuming and yet sometimes it is not possible to reconstruct
phylogenies for large datasets with existing methods.

In the divide-and-conquer approach, the phylogeny reconstruction problem is
divided into smaller phylogeny reconstruction problems. For example, consider
a set of species, with a large number of characters (Figure ph). Experts usually
provide domain-specific information about how to group these species based on
biological or morphological data (Figure pp). With this grouping information, first
we build a phylogeny for all groups (Figure ) Then with the labels of the groups
extracted from this phylogeny, we build phylogenies for each group (Figure [5d).
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Finally, we combine the main phylogeny for all groups and a phylogeny for each
group, and obtain a complete phylogeny (Figure [5f).

Note that, another alternative to divide-and-conquer approach is to reconstruct
phylogenies for each group first, and then with the labeling information of the
roots of these phylogenies, to reconstruct a main phylogeny. However, with this
alternative, since labeling of the groups are picked before the computation of a
main phylogeny, the main phylogeny may not be optimal (i.e., the main phylogeny
may have a minimum number of incompatible characters with a different possible
labeling). For example, consider the phylogeny in Figure @] and suppose that the
species A and B are grouped together, and C, D, and E are grouped together. With
this approach, a phylogeny for the species A and B, and a phylogeny for the species
C, D, and E are computed in the first step. The root of the former can be labeled
with 0 or 1 with the same priority with respect to the compatibility criterion, so that
one of them will be picked and propagated to the mail phylogeny, as the labeling
of the group. If it is labeled with 0, then this character will be incompatible in the
main phylogeny. Therefore, the minimum number of incompatible characters for
the complete phylogeny will be 1, even though it is possible to label the internal
vertices in a way to make it 0.

The input and the output of this module is as follows:

Input: PHYLO-RECONSTRUCT-ASP takes six kinds of input:
e Character states of taxonomic units for every character

e Strict grouping information, which specifies how to group species exactly

(Optional)

e Preferred grouping information, which specifies how to group species prefer-

ably (Optional)
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Figure 5: The divide-and-conquer technique used in PHYLORECONSTRUCT-
ASP
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e Weight measures (Optional)

e A nonnegative integer n, which is the maximum number of incompatible

characters that a phylogeny can have (Optional)

e A nonnegative integer w, which is the minimum weight that a phylogeny can

have (Optional)

Output: PHYLO-RECONSTRUCT-ASP outputs the computed phylogenetic
trees in Newick format as well as the uninformative, non-unique and incompat-
ible characters with the tree.

The input, other than character states, are optional. Depending on the given

input, PHYLO-RECONSTRUCT-ASP can solve different kinds of problems:

e If n is given as an input, PHYLO-RECONSTRUCT-ASP solves n-CP prob-
lem: It reconstructs all (or a desired number of) phylogenies with at most n

incompatible characters with respect to the character states.
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e If w is given as an input, PHYLO-RECONSTRUCT-ASP solves k-WCP prob-
lem: Tt reconstructs all (or a desired number of ) phylogenies with at least w

weight with respect to the character states and the desired weight measure.

e If both n and w are given as an input, PHYLO-RECONSTRUCT-ASP solves
wn-WCP problem: It reconstructs all (or a desired number of) phylogenies
with at most n incompatible characters and at least w weight with respect

to the character states and the desired weight measure.

e If both n and w are not given as an input, PHYLO-RECONSTRUCT-ASP
solves either MCP or MWCP, depending on the existence of the weight mea-

sure as input.

Overall Structure: The overall structure of PHYLO-ASP can be seen in Fig-

ure [T

1 Extra Preprocessing: In this step, the aim is to reduce the dataset by

finding some incompatible characters before the phylogeny reconstruction.

2 Preprocessing: In this step, the aim is again to reduce the dataset by
finding uninformative and nonunique characters before the phylogeny recon-

struction.
3 Reconstruction: In this step,
3.1 PHYLO-RECONSTRUCT-ASP first computes phylogenetic trees for all
groups with respect to given grouping information.

3.2 Then the labels of the groups are extracted from these phylogenies

(constructed in Step 3.1).

3.3 After that, with the labels of the groups extracted, PHYLO-RECONSTRUCT-

ASP computes phylogenetic trees for each group.
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4 Combination: In this step, PHYLO-RECONSTRUCT-ASP combines the
phylogenies computed in Step 3.1 with the phylogenies computed in Step
3.3, outputs the combined phylogenies.

Extra Preprocessing: In order to reduce the dataset, we identify the char-
acters that are incompatible for any possible phylogeny for that dataset. We have

two different methods to identify such characters:

E1l We find some incompatible characters by enumerating all phylogenies for
each group. We say that a character is incompatible for any phylogeny, if
it is incompatible for all phylogenies computed for a group. Such characters

are guaranteed to be incompatible in any phylogeny (Proposition (7] ).

E2 We find some incompatible characters for a phylogeny (V, E,L,I,S, f) by
analyzing the input matrix. For each set G of taxonomic units of P, we define
Sgi = {s € S|s € f(v,i),v € G}. Then a character i € I is incompatible if
the following holds:

For a set G of taxonomic units and a set G of taxonomic units,
1) ‘SGZ' N SG’i’ > 2.
ii) For at least two states s,s’ € Sg; N Sy -

« JveGst. se f(vi) and At # ss.t. t € f(v,1)

*

Jove G st. se f(v,i)and At # ss.t. t € f(v,1)

x JveGst. s € f(v,i)and At # s st. t € f(v,i)

*

JveG st. s € f(vi)and At # ¢ s.t. t € f(v,9)

Note that, when f is a function, any character satisfying (i) is guaranteed to be

incompatible for any phylogeny (Proposition [3.6.2). When f is a relation, any
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Figure 7: The Overall System Architecture of PHYLORECONSTRUCT-ASP
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character satisfying (i) and (ii) is guaranteed to be incompatible for any phylogeny.

(Proposition [3.6.2)

Proposition 7. Let G C L be a set of tazonomic units. Let P be a phylogeny
(V,E,L,I1,S, f), that contains a phylogeny for G. Let i be a character in I. If i is
imcompatible with respect to every possible phylogeny for G, then i is incompatible

with respect to P.

Proof. Let G C L be aset of taxonomic units. Let P be a phylogeny (V, E, L, I, S, f),
that contains a phylogeny Pg for G. Let ¢ be a character in 1.

Take any i € I. Assume that i is incompatible with respect to every possible
phylogeny for G. We want to show ¢ is incompatible with respect to P.

Since 4 is incompatible with a phylogeny for G, then there exists no function

gc : G x i — S that satisfies the following conditions:
|G1 | for every leaf v € G, g(v,i) = f(v,1)

[G2 | for every s € S, if the set V¢ = {z € G : gp(x,i) = s} is non empty,
then the digraph (G, E') has a subgraph with the set VZSG of vertices that is

a rooted tree.

Suppose i is compatible with P.Since i is compatible with P, there exists a

function gp : V x i — S that satisfies the following conditions:
[P1 | for every leaf v € V', g(v,i) = f(v,1)

[P2 ] for every s € S, if the set V. = {& € V : gp(z,i) = s} is non empty,
then the digraph (V, E') has a subgraph with the set Vf: of vertices that is a

rooted tree.

From the definition of gp above, we can extract a function gg : G x i — S such

that the following holds:
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e Since P C P, then gg(G,i) = f(v,i) = gp(v,i). Therefore, gg satisfies
[G1].

e If the set V¢ = {x € G : g,(z,4) = s} is non empty, then VL' is non empty.
Then there exists a subgraph of P, with the set sz of vertices, that is a
rooted tree. Since Vg cvP

", then Pg also has such a tree. Therefore, gg
satisfies |G2].

Since g¢ satisfies [G1]| and [G2], i is compatible with G. This contradicts with
1 is compatible with a phylogeny for P.
O

Proposition 8. Let G € L and G' € L be a set of tazonomic units. Let P be a
phylogeny (V, E, L, 1, S, f) that contains a phylogeny for G and a phylogeny for G'.
Let i be a character in I and let f be a function V. x I — S. For G and G', if

|Sci N Sqri| > 2, then a character i € I is incompatible.

Proof. Let G € V and G’ € V be a set of taxonomic units. Let P be a phylogeny
(V,E,L,1,S, f) that contains a phylogeny Pg for G and a phylogeny P, for G'.
Let @ be a character in I and let f be a function V x I —.

For any character i € I, assume |Sg; N Sgri| > 2. We want to show that ¢ is
incompatible for P.

Take any 7 in I. Due to |Sg; N Sgri| > 2, there should be at least 2 different
states s,t such that, s,t € Sg; and s,t € Sg;. Note that since fp, is defined from
Vpy X Ip, to Sp,, if there exists two different states in Sg; then there should be at
least 2 different leaves, l1g, lag € G. Similarly, since f Pl is defined from Vpé x I P,
to S Pl if there exists two different states in Sgs; then there should be at least 2
different leaves, l1qr, lacy € G. Suppose that for character i, the leaves l1¢ € G and
licr € G’ are labeled with s and lsg € G and lar € G’ are labeled with ¢ in P.

Due to the definition of compatibility, if ¢ is compatible, then
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(a) for the state s, there is a subgraph SGs of P, with the set Vis = {v € V :

g(v,7) = s} of vertices that is a rooted tree.

(b) for the state ¢, there is a subgraph SG; of P, with the set Vit = {v € V :

g(v,1) =t} of vertices that is a rooted tree.
Note that, if ¢ is compatible, then

e due to (a), the root rg of the phylogeny for G and the root ry, of the phy-

logeny for G’ should be in SGg, in order to connect Iy and ly¢r.

e due to (b), the root 7 of the phylogeny for G and the root r¢, of the phy-

logeny for G’ should be in SGY, in order to connect log and lagr.

Since all the vertices in SG4 should be labeled with s, and all the vertices in
SGy should be labeled with ¢ and since s # ¢, [a] and [b] can not hold. Therefore,

1 is incompatible. O

Proposition 9. Let G € V and G' € V be a set of tazonomic units. Let P be a
phylogeny (V, E, L, 1, S, f) that contains a phylogeny for G and a phylogeny for G'.
Let i be a character in I and let f be a relation V x I — S. Then a characteri € I
is tncompatible if the following holds:

For G and G,

i) [Sci N Saril > 2.
ii) For at least two states s,s’ € Sq; N Sqri -

— JveG st se f(ui) and Bt # s s.t. t € f(v,i)
— Jv el st se f(v,i) and At # s s.t. t € f(v,1)

— JveGst € f(vi)and At #5 st te f(u,i)
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— Jve@ st e f(ui)and At # 5 st te f(v,i)

Proof. Let G € P and G’ € P be a set of taxonomic units. Let P be a phylogeny
(V,E,L,1,S, f) that contains a phylogeny for G and a phylogeny for G’. Let i be
a character in I and let f be a relation V' x I — S.

For any character ¢ € I, assume (i) and (ii). We want to show that 7 is
incompatible for P.

Due to condition (ii), for the character i to be incompatible, for at least two
states s and t, there should exist two vertices in GG, such that one of vertices should
map only to one state s, and the other vertex should map only to another state,
t. Similarly, there should exist two vertices in G’, such that one of them should
map only to one state s, and the other one should map only to another state, .
Then, the proof of this claim is very similar to Proposition [3.6.2} Take any ¢ in I.
Due to |Sgi N Sgri| > 2, there should be at least 2 different states s,¢ such that,
s,t € Sgi and s,t € Sg;. Note that since fp, is defined from Vp, x Ip, to Sp,,
if there exists two different states in Sg; then there should be at least 2 different
leaves, l1g, lag € G. Similarly, since fpé is defined from Vpé; X Ipé to Spé, if there
exists two different states in S¢v; then there should be at least 2 different leaves,
ligr, lagr € G. Suppose that for character i, the leaves l1¢ € G and li» € G’ are
labeled with s and log € G and lygr € G’ are labeled with ¢ in P. Due to the

definition of compatibility, if ¢ is compatible, then

(a) for the state s, there is a subgraph SG; of P, with the set Vis = {v € V :

g(v,7) = s} of vertices that is a rooted tree.

(b) for the state ¢, there is a subgraph SG; of P, with the set Vit = {v € V :

g(v,1) =t} of vertices that is a rooted tree.

Note that, if ¢ is compatible, then
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e due to (a), the root rg of the phylogeny for G and the root r¢, of the phy-

logeny for G’ should be in SGj, in order to connect Iy and ly¢.

e due to (b), the root 7 of the phylogeny for G and the root r¢; of the phy-

logeny for G’ should be in SGy, in order to connect log and lagyr.

Since all the vertices in SG; should be labeled with s, and all the vertices in
SG; should be labeled with ¢ and since s # ¢, [a] and [b| can not hold. Therefore,

1 is incompatible. O

Preprocessing: In order to reduce the dataset, we identify characters that
are uninformative and nonunique for any possible phylogeny for that dataset as in

2.

Phylogeny Reconstruction: In phylogeny reconstruction, PHYLO-RECONSTRUCT-
ASP first computes main phylogenetic trees for all groups with respect to given

grouping information (Algorithm [I1)):
e First, we minimize the number n of incompatible characters.
e Then, we maximize the weight w of the phylogeny with respect to n.
e Then we compute all phylogenies with n and w values.

Then the labels of the groups are extracted from these phylogenies and with the la-
bels of the groups extracted, PHYLO-RECONSTRUCT-ASP computes phylogenetic

trees for each group:
e First, we minimize the number ny of incompatible characters.
e Then, we maximize the weight w, of the phylogeny with respect to n.
e Then we compute all phylogenies with ngy and w, values.
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If the input is a a leaf-labeling relation rather than a leaf-labeling function, PHYLO-
RECONSTRUCT-ASP first minimizes the number of essential states, in order to
reduce the number of incompatible characters of the complete phylogeny and re-
construct phylogenies as explained before, with the minimum number of essential

states.

3.7 Experimental Results

We have applied our methods and tested our system with two different datasets:
Indo-European languages and Quercus species. For both datasets, in addition to
solving an optimization problem to find phylogenies with the minimum number of
incompatible characters and maximum weight, we are interested in solving a deci-
sion problem to find phylogenies with a small number of incompatible characters
and a large weight.

We are interested in decision problems because some computed phylogenies can
be identified as plausible by the experts even though they do not have minimum
number of incompatible characters or maximum weight. For example, in [12], for
Indo-European languages, some phylogenies computed with 17 or 18 incompatible
characters are identified as plausible, even though the minimum number of incom-
patible characters for the dataset is 16. In addition, in [14], the phylogenies with
the weights over 45 are identified as plausible, even though the maximum weight
of the computed phylogenies is 65.

Based on this motivation, we can decide for the thresholds as follows: first we
compute a phylogeny with the minimum number of compatible characters (since
our approach to phylogenetics is based on the compatibility criterion) by increasing
the number of incompatible characters one by one starting from 0 until a phylogeny

is computed.
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Algorithm 10 RECONSTRUCTMAXWEIGHTEDPHYLOGENIES

Require: a leaf-labeling function f : L x I — S or a leaf-labeling rela-
tion f: L x I x S, Grouping information GROUPINFO, a weight measure
WEIGHTMEASURE that maps a phylogeny to a number.

Ensure: A set Py of main phylogenies, a set Po of complete phylogenies,
a set Pg of phylogenies for each group, the minimum number ny; (resp.
ne)of incompatible characters of the phylogenies in Py, (resp. Pc), the
maximum weight wy, (resp. we) of the phylogenies in Py (resp. Po).
{find the set Ij; of characters which are incompatible with every main
phylogeny. }

Iy < EXTRAPREPROCESS(f,GROUPINFO);

{find the set I); of informative characters and the list Sy, of (informative
character-essential state) pairs for all groups; the set I of informative
characters and the list Sg of (informative character-essential state) pairs
for each group}

L, Iy, Sy, Ia, Sg <+ PREPROCESS(f, GROUPINFO);

{reconstruct the set Py, of max-weighted main phylogenies, find the min-
imum number ny; of incompatible characters, the maximum weight wj,
for the main phylogenies, the labeling gy, of vertices and the list 1N, of
incompatible characters of the phylogenies in Py}

nar, Wi, Py gy, INy < RECONSTRUCTMAINPHYLOGENIES(L, Iy,
Sy, WEIGHTMEASURE);

{propagate the labels of the leaves of the main phylogeny to the to-be-
reconstructed phylogenies for each group}

S¢ + EXTRACTGROUPLABELS(L, Py, gus Sa)

{reconstruct all max-weighted phylogenies for each group}

P; <+ RECONSTRUCTPHYLOGENIESFOREACHGROUP(L, Sg, Ig,
GROUPINFO, WEIGHTMEASURE);

{combine the main phylogenies with the phylogenies for each group}

Pe, ne, we <+ COMBINEPHYLOGENIES(L, Py, Pg, GROUPINFO, I, S)
return P]W, Pg, Pc, Nyr, Wpr, No, W
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Algorithm 11 RECONSTRUCTMAINPHYLOGENIES

Require: A set L of leaves, a set I); of characters, a list Sy; of character-
state pairs, a weight measure WEIGHTMEASURE that maps a phylogeny
to a number.

Ensure: A list Py, of main phylogenies, a set I;y of incompatible characters.
min_n < FINDMINIMUMNUMBEROFINCOMPATIBLECHARACTERS(L,
Ing, Smr)i
max_w < FINDMAXIMUMWEIGHT(L, I, Sy, WEIGHTMEASURE,
min_n );

j := 0; {computed phylogeny count }
previousPhylogenies := (); {current reconstructed phylogenies which are
given as constraints for the next computation }
repeat
Pylil, gumlil, Iin[j] + RECONSTRUCTPHYLOGENY(L, I, Su,
WEIGHTMEASURE, min_n, max_w, previousPhylogenies);
previous Phylogenies := previous Phylogenies U { Py[j]};
J++
until P]y[[]] = @;
return min_n, maxr_w, Py, gy, LN
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Algorithm 12 RECONSTRUCTPHYLOGENIESFOREACHGROUP
Require: A set L of leaves, a list S¢ where Sglj] is a set of character-state
pairs for each group, a set I where Ig[i] is a set of informative characters
for each group, GROUPINFO, WEIGHTMEASURE.
Ensure: A list Py of phylogenies where Pg[j] is a set of phylogenies for each
group.
for each group j in GROUPINFO do
min_n < FINDMINIMUMNUMBEROFINCOMPATIBLECHARACTERS(L,
Ia, Salil);
max_w < FINDMAXIMUMWEIGHT(L, I, S¢[j], WEIGHTMEASURE,
min_mn );
previousPhylogenies := () ; {current reconstructed phylogenies which
are given as constraints for the next computation }
repeat
Pgs[j] < RECONSTRUCTPHYLOGENY(L, Ig, Sglj], WEIGHTMEA-
SURE, min_n, mazx_w, previousPhylogenies);
previous Phylogenies := previousPhylogenies U { Pg[j]};
J++
until Pglj] =0
end for
return Fg
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Algorithm 13 COMBINEPHYLOGENIES: COMBINE ONE PHYLOGENY FOR

EACH MAIN PHYLOGENY
Require: The set L of leaves, the set Py, of main phylogenies, the list Py of

phylogenies where Pg[j] is a set of phylogenies for each group, GROUPINFO,
a set [ of characters, a list S of (informative character-essential state)
pairs, a weight measure WEIGHTMEASURE that maps every phylogeny to
a number.

Ensure: The set of combined phylogenies P, the minimum number min_n
of incompatible characters of Po and the maximum weight max _w of Pe.
Po :— 0
k := 0; { Main phylogeny counter}
for each phylogeny p in P, do

Polk] - Pel[k] U {p};
for each group 7 in GROUPINFO do
Po = Po U{Fg[j][0]};
end for
k4 +;
min_n < FINDMINIMUMNUMBEROFINCOMPATIBLECHARACTERS( L,
Pc, [, S );
max_w < FINDMAXIMUMWEIGHT(L, Pg, I, S, WEIGHTMEASURE,
min_n );
Po = ()
end for
return Po, maxr _w, min_n

Algorithm 14 FINDMINIMUMNUMBEROFINCOMPATIBLECHARACTERS
Require: The set L of leaves, the set I of characters, a list S of (informative
character-essential state) pairs.
Ensure: The minimum number of incompatible characters min_n.
min_n = 0;
p=0;
while p is empty do
p = RECONSTRUCTPHYLOGENY(L, I, S, min_n);
min_n —+ +;
end while
return min_n —1
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Algorithm 15 FINDMAXIMUMWEIGHT
Require: The set L of leaves, the set I of characters,the list S of (infor-
mative character-essential state) pairs, WEIGHTMEASURE, the number of
incompatible characters n.
Ensure: The maximum weight max_w.
max_w = 0;
p =0
repeat
p < RECONSTRUCTPHYLOGENY(L, I, S, WEIGHTMEASURE, n,
maxr_w);
mar_w + +;
until p is empty
return mar w —1

Algorithm 16 PREPROCESS

Require: a leaf-labeling function f : L x I — S or a leaf-labeling relation
f:LxIxS, GROUPINFO.

Ensure: The set of leaves L, the set I); of informative characters for the
main phylogeny, the list Sy, of (informative character-essential state) pairs
for the main phylogeny, the list I of informative characters where I5[i] is
the set of informative characters for each group, the list Sg where Sg|i] is
the (informative character-essential state) pairs for each group.

L, I, S <+ EXTRACTINFORMATION(f);

Iy, Sy <+ FINDINFORMATIVECHARACTERSANDESSENTIALSTATES(L, I,

S);

for each group ¢ in GROUPINFO do
I¢[i], Sli] <~ FINDINFORMATIVECHARACTERSANDESSENTIALSTATES(L;,
I, S;);

end for

return L, Iy, Sy, Ig, Sa
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Algorithm 17 FINDINFORMATIVECHARACTERSANDESSENTIALSTATES
Require: The set L of leaves, the set I of characters, the list S of (informa-
tive character-essential state) pairs.
Ensure: The set I; of informative characters, the list Sg of (informative
character-essential state) pairs.
Iy = (;
Sg = 0;
for each character ¢ in [ do
intersectionO f States = ();
for each leaf [ in L do
for each leaf u in L s.t. u # [ do
if g(1,7) = g(u,i) = s € S then
intersectionO f States := intersectionO f States U {s};
end if
end for
end for
if |intersectionO fStates| > 2 then
]] = [[ U {Z},
Sg := Sg UintersectionO f States;
end if
end for
return I;, Sg

Algorithm 18 EXTRAPREPROCESS

Require: a leaf-labeling function f : L x I — S or a leaf-labeling relation
f:LxIxS, GROUPINFO.

Ensure: The set I of characters which can not be identified as incompati-
ble.
I;1 < FINDINCOMPATIBLECHARACTERSBYCHECKINGCOMMONCHARACTERS( f,
GROUPINFO);
12 +— FINDINCOMPATIBLECHARACTERSBYANALYZINGSTATES( f,
GROUPINFO);
[C’ = I\ (][1 U [[2),
return I
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Algorithm 19 FINDINCOMPATIBLECHARACTERSBYCHECKINGCOMMON-

CHARACTERS
Require: a leaf-labeling function f : L x I — S or a leaf-labeling relation

f:LxIxS, GROUPINFO.
Ensure: The set I; of characters which are incompatible for every possible
phylogeny.
IntersectionO fCharacters := I;
for each group g in GROUPINFO do
I;¢ <+ RECONSTRUCTPHYLOGENY(L, I, S);
IntersectionO fCharacters := IntersectionO fCharacters N I;q;
end for
return IntersectionO fCharacters

Since there may be plausible phylogenies “close” to the optimal one in terms
of the number of incompatible characters, we also compute phylogenies with a
“small” number of incompatible characters by further increasing the value of ¢ by
some units depending on the number of phylogenies computed so far. Similarly,
we can decide for the value of the threshold for weight.

All experiments are done on a workstation with two 1.60 GHz Intel Xeon E5310
Quad-Core Processor,and 16 GB RAM, running Centos 64bit(Version 5.3); in these
experiments LPARSE v.1.1.2 and GRINGO v.2.0.3 is used as grounders and CLASP

v.1.3.1 is used as the answer set solver.

3.7.1 Indo-European Languages

The first data set we have used in our experiments is the Indo-Furopean languages,
prepared by Don Ringe and Ann Taylor [69]. The dataset consists of 282 characters
and each character is mapped to 1 to 24 states. We also have some domain-
specific information on the simple groupings of these languages; the languages can
be grouped into 8 groups which are presented in Table 2]

We have constructed weighted phylogenies with PHYLO-ASP with a divide-
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Algorithm 20 FINDINCOMPATIBLECHARACTERSBYANALYZINGSTATES
Require: a leaf-labeling function f : L x I — S or a leaf-labeling relation
f:LxIx.S, avertex-labeling function g : V x I — SGROUPINFO.
Ensure: The set I; of characters which are incompatible for every possible
phylogeny.
Iy = (;
for each character 7 in [ do
for each group r in GROUPINFO do
for each group h in GROUPINFO s.t. r # h do
statesO f FirstGroup := (;
statesO f SecondGroup = ();
for each element ¢ of group r in GROUPINFO do
for each element u of group h in GROUPINFO do
statesO f FirstGroup := statesO f FirstGroup U g(t,i);
statesO f SecondGroup := statesO fSecondGroup U g(u,i);
end for
end for
intersectionSet = statesO f FirstGroup N statesO f SecondGroup;
uniquelntersection = (;
for each state s in intersectionSet do
for each element ¢ of group r in GROUPINFO do
for each element u of group h in GROUPINFO do
if s € g(t,i) AND s € g(u,i) then
for all states t in intersectionSet s.t. t # s do
if t & g(t,7) AND ¢ & g(u, i) then
uniquelntersection := uniquelntersection U {s};
end if
end for
end if
end for
end for
if |uniquelntersection| > 2 then
[] = [[ U {Z},
end if
end for
end for
end for
end for
return I;
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Table 2: Eight Indo-European language groups

Abbreviation Language groups Languages
AN proto-Anatolian Hittite, Luvian, Lycian
TO proto-Tocharian Tocharian A, Tocharian B
IC proto-Italo-Celtic Oscan, Umbrian, Latin,
Old TIrish, Welsh
GE proto-Germanic Old English, Old High German,
Old Norse, Gothic
GA proto-Greco-Armenian  Ancient Greek, Classical Armenian
BS proto-Balto-Slavic Lithuanian, Latvian,
Old Prussian, Old Church Slavonic
ITR proto-Indo-Iranian Old Persian, Avestan, Vedic
AL Albanian Albanian

and-conquer approach. The result of our experiments can be summarized as follows:

We have reconstructed main phylogenies for all groups using the weight mea-
sure W4 and found max-weighted phylogenies with 0 incompatible characters
and a maximum weight of 42. We have also computed w-weighted phyloge-
nies whose weight is at least 32. All main phylogenies found for all groups

are identified as plausible by experts. Results are presented in Table [3]

We have reconstructed phylogenies for each group using the weight measure
W4 and with respect to a main phylogeny. For example, in Table [7| the
phylogenies are computed with respect to the Phylogeny 7 in Table 3} we
consider the labels of roots of these phylogenies as same as the labels of these
vertices in Phylogeny 7. The maximum weights and the minimum number

of incompatible characters of each phylogeny is given in Table [7]

We have computed complete phylogenies by combining the main phylogenies

for all groups and the phylogeny for each group. Results are presented in
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Table Rl

The results have fulfilled our expectations: The phylogeny with the minimum
number of incompatible characters and the maximum weight is the most plausible
one from the point of view of Don Ringe.

Computing phylogenies for all groups is essential, since experts are usually in-
terested in deep evolution of languages: They have more information on the “newer”
languages compared to the “older"" languages. In that sense, the phylogenies in
Table [3| are important for historical linguists.

As a result of the interaction between “newer” languages, there may be sev-
eral possible phylogenies for each group as in seen in Table [7] These results are
acceptable. However, one can find more accurate solutions for the groups of Indo-
European languages than the solutions represented in Table [7] by taking into ac-

count the domain-specific information on groupings of languages in these groups.

3.7.2 Quercus Species

The second dataset we have experimented with is for the genus Quercus (oak trees)
prepared by Yasin Bakis [3]. The dataset consists of 47 Quercus populations in dif-
ferent parts of Turkey. There are 37 characters for these populations; each character
is mapped to 1 to 8 states. In addition, we have some domain-specific information
about the expected groupings of the species and subgroupings: the populations can
be grouped into 14 subgroups, and these subgroups can be grouped into 3 classes.
According to this information, a phylogeny is preferable if these species are closer
to each other with respect to this hierarchical grouping information.

We have constructed weighted phylogenies with PHYLO-ASP with a divide-

and-conquer approach for Quercus:

e We have reconstructed main phylogenies for all groups using the weight mea-
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Table 3: Main phylogenies for all Indo-European language groups

Phylogeny n w
1 (AN,((((GA,((ITR,BS),GE)),AL),IC),TO))
2 (AN,(((GA,(AL,((IIR,BS),GE))),IC),TO)) 0 43
3 (AN,(((((GA,(IIR,BS)),GE),IC),AL),TO)) 0 43
4 (AN,(((((GA(IIR,BS)),GE),AL),IC),TO)) 0 43
5  (AN,((((GA,((IIR,BS),GE)),IC),AL),TO)) 0 43
6 (AN,(((GA,((AL,(ITR,BS)),GE)),IC),TO)) 0 43
7 (AN,((((GA,(AL,(ITR,BS))),GE),IC),TO)) 0 43
8 (AN,(((((GA,(IIR,BS)),AL),GE),IC),TO)) 0 43
9 (AN,((((GA,(IIR,(BS,GE))),IC),AL),TO)) 0 43
10 (AN,((((GA,(IIR,(BS,GE))),AL),IC),TO)) 0 42
11 (AN,(((GA,(AL,(IIR,(BS,GE)))),IC),TO)) 0 42
12 (AN,(((((GA,(BS,GE)),IIR),IC),AL),TO)) 0 42
13 (AN,(((((GA,(BS,GE)),ITIR),AL),IC),TO)) 0 42
14 (AN,(((GA,((AL,(BS,GE)),ITIR)),IC),TO)) 0 42
15 (AN,((((GA,(AL,(BS,GE))),IIR),IC),TO)) 0 42
16  (AN,(((((GA,(BS,GE)),AL),ITIR),IC),TO)) 0 42
17 (AN,((((GA,(IIR,BS)),(AL,GE)),IC),TO)) 0 42
18 (AN,(((GA,((AL,GE),(IIR,BS))),IC),TO)) 0 41
19 (AN,((((GAIIR),(AL,(BS,GE))),IC),TO)) 0 41
21 (AN,((((GA,AL),((TTR,BS),GE)),IC),TO)) 0 39
22 (AN,(((((GA,AL),GE),(ITR,BS)),IC),TO)) 0 39
23 (AN,(((((GA,AL),(IIR,BS)),GE),IC),TO)) 0 39
24 (AN,(((((GA,IIR),AL),(BS,GE)),IC),TO)) 0 39
25 (AN,(((((GA,IIR),(BS,GE)),IC),AL),TO)) 0 39
26 (AN,(((((GA,IIR),(BS,GE)),AL),IC),TO)) 0 39
27  (AN,((((GA,AL),(ITR,(BS,GE))),IC),TO)) 0 39
28 (AN,(((((GA,AL),(BS,GE)),ITIR),IC),TO)) 0 38
29 (AN,(((((GA,AL),ITR),(BS,GE)),IC),TO)) 0 38
30 (AN,((((GA,(IIR,BS)),GE),(AL,IC)),TO)) 0 38
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Table 4: Main phylogenies for all Indo-European language groups

Phylogeny

0 36
0 36
0 35
0 35
0 34
0 34

(AN,(((GA,((TIR,BS),GE)),(AL,IC)),TO))

31

(AN, (((GA,(IIR,(BS,GE))),(AL,IC)),T0))
(AN,((((GA,(BS,GE)).IIR),(AL,IC)),T0))

32

33
34

35

(AN, (((GA,(((AL,GE),BS),1IR)).IC),T0))

(AN,((((GA,((AL,GE).IIR)},BS).IC),T0))

(AN, (((GA,((AL,GE).IIR),B9)),IC),T0))

36

— || —

0 33
0 33
0 33
0 33
0 33
0 33
0 33
0 32
0 32
0 32
0 32
0 32
0 32
0 32

(AN, (((GA,(AL,((IIR,GE},BS))),IC),T0))

47
48

(AN, (((((GA,(IIR,GE)),BS),IC),AL),T0))

(AN, (((GA,((AL,(IIR,GE}),B9)).IC),T0))

49

(AN,(((((GA,(TIR,GE)),BS),AL),IC),TO))

50
o1

(AN, ((((GA,(AL,(ITR,GE))),BS),IC),T0))

(AN, (((((GA,(TIR,GE)),AL),BS),IC),T0))

92

(AN,((((GA,IIR),(BS,GE)),(AL,IC)),T0))

93
o4
95
26

(AN,((((GA,AL),BS),GE),IIR),IC),T0))

(AN,((((GA,AL),BS),lIR),GE).IC),T0))

(AN,((((GA,AL),GE).IIR),BS),IC),T0))

(AN,(((((GA,AL),ITR),GE),BS),IC),T0))
(AN,((((((GA,AL),ITR),BS),GE),IC),T0))

(AN,(((((GA,AL),GE),BS),IIR),IC),T0))

a7
o8
99

(AN,((((GA,IIR),BS),(AL,GE)),IC),T0))

60
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Table 5: Main phylogenies for all Indo-European language groups

Phylogeny

0 31
0 31
0 31
0 29
0 29
0 29
0 26
0 26
0 26
0 26
0 21
0 19
0 19
0 19
0 16
0 14
0 14
0 14
0 12
0 12
0 12
0 12
0 12
0 12
0 12
0 12
0 12

0
0
0

(AN,((((GA,TIR),((AL,GE),BS)),IC),T0))

61

(AN,((((GAIIR),(AL,GE)),BS),IC),T0))

62

(AN,((((GA,AL),((IIR,GE),BS)),IC),T0))
(AN, (((((GA,AL),BS),(IIR,GE)),IC),T0))

63

64
65

(AN,((((GA,AL),(IIR,GE)},BS).IC),T0))
(AN,((((GAIIR),GE),BS),(AL,IC)),T0))

66

(AN,(((((GA,TIR),BS),GE),(AL,IC)),T0))

67
68
69
70

(AN,(((GA,((TIR,GE),BS)),(AL,IC)),TO))

(AN,((((GA,(IIR,GE)),BS),(AL,IC)),TO))

(AN,((((GA,(AL,GE)),(IIR,BS)),IC),T0))

(AN,((((GA,GE),(AL,(IIR,BS))).IC),T0))

71

(AN, ((((GA,GE),(IIR,BS)),IC),AL),T0))

72

(AN,((((GA,GE),(IIR,BS)),AL),IC),T0))

73

(AN,(((((GA,GE),AL),(TTR,BS)),IC),T0))

74

(AN,((((GA,((AL,GE),BS)),IIR),IC),TO))

75

(AN,(((((GA,(AL,GE)),ITR),BS),IC),T0))

76

(AN,(((GA,(AL,GE)),BS).IIR),IC),T0))

7
78

(AN, ((((GA,GE),(IIR,BS)),(AL,IC)),T0))

(AN, (((((GA,GE),BS),IIR),IC),AL),T0))

79

(AN,((((((GA,GE),BS),ITR),AL),IC),TO))

80
81

(AN,(((((GA,GE),BS),AL),ITR),IC),TO))

(AN,(((((GA,GE),IIR),AL),BS),IC),T0))

82

(AN,((((GA,GE),IIR),BS),IC),AL),T0))

83
84

85

(AN,((((GA,GE),IIR),BS),AL).IC),T0))

(AN,((((GA,GE),AL).IIR),BS).IC),T0))

(AN,((((GA,GE),AL),BS),IIR),IC),T0))

86

(AN,(((((GA,GE),IIR),BS),(AL,IC)),T0))

87
88

3
3
2

(AN,(((((GA,GE),BS),IIR),(AL,IC)),T0))

(AN,((((((GA,BS),AL),GE),[IR),IC),T0))
(AN,(((((GA,BS),GE),IIR),AL),IC),T0))

89
90

79



Table 6: Main phylogenies for all Indo-FEuropean language groups

Phylogeny

2
2
2
2
2
2
2

0
0
0
0
0
0
0
0
0
0
0
0
0
0

(AN,((((((GA,BS),GE),AL),ITIR),IC),TO))
(AN,((((((GA,BS),IIR),GE),IC),AL),TO))
(AN,((((((GA,BS),AL),IIR),GE),IC),TO))
(AN,((((((GA,BS),1IR),GE),AL),IC),TO))

91

92

93
94

95

(AN,((((((GA,BS).IIR),AL),GE),IC),TO))
(AN,((((((GA,BS),GE).IIR),IC),AL),TO))
(AN, ((((GA,BS),(TIR,GE)),(AL,IC)),TO))

96
97
98
99

0
0
0
0
0
0
0
0
0

(AN, ((((GA,BS),(AL,(TIR,GE))),IC),T0))

(AN,(((((GA,BS) ITR),(AL,GE)),IC),T0))

(AN,(((((GA,BS) IIR),GE),(AL,IC)),T0))

100
101
102
103
104

(AN,((((GA,BS),GE) IIR),(AL,IC)),T0))

(AN,((((GA,BS),((AL,GE),IlIR)),IC),T0))
(AN, (((((GA,BS),(AL,GE)),I[R),IC),TO))
(AN, (((((GA,BS),(IIR,GE)),IC),AL),TO))

0
0

(AN,(((((GA,BS),(TTR,GE)),AL),IC),T0))
(AN,(((((GA,BS),AL),(IIR,GE)),IC),T0))

105
106
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sure W3 and found max-weighted phylogenies with 9 incompatible characters
and a weight of 18. The reason behind using W3 is to reflect the hierarchical
grouping information, to compute more preferable phylogenies. We have also
computed w-weighted phylogenies whose minimum number of incompatible
characters is 14 and whose weight is at least 11. All phylogenies found for
all groups are identified as plausible by Yasin Bakig. Results are presented
in Table [I0] and Table [l

e Then we have reconstructed phylogenies for each group for each phylogeny
for all groups, by using the weight measure W4. For example, in Table[12]and
Table [13] the phylogenies are computed based on the main phylogeny 2 in
Table [10] The maximum weights and the minimum number of incompatible

characters of phylogenies are given in Tables and

e We have computed complete phylogenies by combining the main phylogenies
for all groups and the phylogenies for each group. Results are presented in

Table [[4] and Table [[3

The results are fulfilled our expectations: The first two phylogenies with the
minimum number of incompatible characters and the maximum weight is the most
plausible ones from the point of view of Yasin Bakig. Also the eighth phylogeny in
Table [10] is among the one of the three most plausible phylogenies.
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Table 7: Phylogenies for each group for Indo-European languages

GroupName Phylogeny

n

w

AN

«HnnqLU
(HILU)
@ULY)

0

0

BS

\_/\_/\_/\_/

(OC,(LLLT
,(LLLT),PR)
OCPR)@JDD
(OC,PR),LT),LI
(OC,PR),LI),LT)

), PR

\_/\_/
PPN N

36

IC

(

E
((OLWE),LA),(OS,UM)
((OLWE),(0S,UM)),LA
( 0S
(
(

\_/\_/

)

)
((OI,WE),LA),UM),08)
OIL,WE),(LA,(OS,UM)))
«orWE) M)
1(( ,(0S,UM)),WE))
,(0S,UM E)

S
S,UM))),W

73

GE

A),U
A),08),U
U
(OL(LA,(OS,U
((OE,0G),GO),0N)
((OE,0G),0N),GO)
(OEOG)KH)ON»
«GOON) G))
,(GO,0ON)),0G)

18

IIR

(OE

(VE,PE),AV)
(VE,AV),PE)
VE,(AV,PE))

GA

AR,GK)

TO

(
(HI
(
(OC
(
(
(
(
(
(
(
(
(O
(
(
(
(
(OE
(
(
(
(
(
(

TB,TA)
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Table 8: Complete Phylogenies for Indo-European languages. All complete
phylogenies in the table is formed by combining a large phylogeny (The
column "CP" in this table indicates the index of that large phylogeny in
Table |3) from Table 3| and the small phylogenies which are computed for
that large phylogeny.

Phylogeny n w CpP
1 (((HLLY),LU),(((((((OC,(LLLT)),PR),((VE,PE),AV)),(AR,GK)), 30 2813 1
((((OE,0G),GO),0N),AL)),(((OLLWE),LA),(0OS,UM))),(TB,TA)))
2 ((FLLY).LU),((((((((OC,(LLLT)),PR),((VE.PE),AV)),(AR,GK)), 31 2827 2
(((OE,0G),G0O),0N)),(((OL,WE),LA),(OS,UM))),AL),(TB,TA)))
3 (((HLLY),LU),((((((((OC,(LLLT)),PR),((VE,PE),AV)),(AR,GK)), 31 2827 3
(((OE,0G),G0O),0N)),AL),(((OL,WE),LA),(OS,UM))),(TB,TA)))
4 (((HI LY),LU),((((((((OC,(LI,LT)),PR), ((VE PE),AV)),(AR,GK)), 31 2827 5
AL),(((OE,0G),GO),0N)),(((OL,WE),LA),(OS,UM))),(TB,TA)))
5  (((HL,LY),LU),((((((((OC,(LLLT)),PR),((VE,PE),AV)),AL),(AR,GK)), 31 2824 4
(((OE,0G),G0O),0N)),(((OL,WE),LA),(OS,UM))),(TB,TA)))
6  (((HLLY),LU),((((((((OC,(LLLT)),PR),((VE,PE),AV)),(((OE,0G),GO) 34 2807 6
,ON)),(AR,GK)),AL),(((OI,WE),LA),(OS,UM))),(TB,TA)))
7 (((HI,LY) LU),((((((((OC,(L1,LT)),PR),((VE,PE),AV)), (((O 34 2807 8
0G),GO).0N)).(AR,GK)).(((OLWE),LA),(0S,UM))),AL),(TB,TA)))
8 (((HI LY),LU),((((((((OC,(LL,LT)),PR),((VE,PE),AV)),(((OE, 34 2806 7
0G),GO).0N)).AL),(AR,GK)),(((OLWE),LA),(0S,UM))).(TB,TA)))
9 (((HLLY),LU),((((((((OC,(LLLT)),PR), ((\’E PE),AV)),AL), 34 2804 9
(((OE,0G),GO),0N)),(AR,GK)),(((OL,WE),LA),(OS,UM))),(TB,TA)))
10 (((HLLY),LU),((((((((OC,(LI,LT)),PR),(((OE,0G),GO),0N)), 34 2780 10
((VE,PE),AV)),(AR,GK)),(((OI,WE),LA),(OS,UM))),AL),(TB,TA)))
11 (((HLLY),LU),((((((((OC,(LL,LT)),PR),(((OE,0G),GO),0N)), 34 2780 11
((VE,PE),AV)),(AR,GK)),AL),(((OLWE).LA),(OS,UM))),(TB,TA)))
12 (((HLLY),LU),((((((((OC,(LI,LT)),PR), (((OE 0G),GO),0N)),(AR,GK)), 34 2780 13
((VE.PE),AV),(((OLWE),LA),(0S,UM))).AL),(TB,TA)))
13 (((HLLY),LU),((((((((OC,(LLLT)),PR),(((OE,0G),GO),0ON)),(AR,GK)), 34 2780 14
((VE,PE),AV)),AL),(((OL,WE),LA),(OS,UM))),(TB,TA)))
14 (((HLLY),LU),((((((((OC,(LLLT)),PR),(((OE,0G),GO),0N)),(AR,GK)), 34 2780 15
((VE,PE),AV)),AL),(((OI,WE),LA),(OS,UM))),(TB,TA)))
15 (((HI, LY) LU),((((((((OC,(L1,LT)),PR),(((OE,0G),GO),0ON)),(AR,GK)), 34 2780 17
AL),((VE,PE),AV)),(((OI,WE),LA),(0OS,UM))),(TB,TA)))
16 (((HLLY),LU),((((((((OC,(LLLT)),PR),(((OE,0G),GO),0ON)),((VE, 34 2779 12
PE),AV)),AL),(AR,GK)),(((OL,WE),LA),(OS,UM))),(TB,TA)))
17 (((HLLY),LU),((((((((OC,(LL,LT)),PR),(((OE,0G),GO),0N)),AL), 34 2778 16
(AR,GK)),((VE,PE),AV)),(((OI,WE),LA),(OS,UM))),(TB,TA)))
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Table 9: Quercus Species

Abbreviation Species

Populations

AUC
ILX
COC
TRO
CER
LIB
BRA
ITH
PET
INF
ROB
MAC
FRA
PUB

aucheri
lex
coccifera
trojana
CETTIS
libans
brantii
ithaburensis
Q. petraea

Q. infectoria
Q. roburl]

(). macranthera
Q. frainetto

Q). pubescens

LOLOLOLLOLOL

AUC114, AUC117, AUCL18

X113, TLX206

COC128, COC166, COC176, COC209
TRO163, TRO185, TRO193, TRO220
BRA 156, BRA158, BRA0S1, BRA172
LIB151, LIB159

CER137, CER181, CER210, CER200
ITH216, TTH186, ITTH169, TTH124
PET115, PET087, PET204

INF145, INF163, INF199, INF183
ROB084, ROB208, ROB189, ROB140
MAC150, MAC140

FRA191, FRA208, FRA187

PUBI133, PUB102, PUB182
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Table 10: Main phylogenies for all Quercus groups - Part 1

Phylogeny n w

1 (((((AUC,(ILX,(FRA,PUB))),COC),PET), 9 18
(INF,(ROB,MACQ))),(((TRO,(BRA,ITH)),LIB),CER))

2 (((((AUC,(ILX,(FRA,PUB))),COC),PET), 9 18
(INF,(ROB,MAC))),(((TRO,(LIB,ITH)),BRA),CER))

3 ((((((AUC,ILX),COC),(ROB,MAC)),PET), 9 18
(((TRO,((LIB,ITH),CER)),BRA),FRA)),(INF,PUB))

4 ((((((AUC,ILX),MAC),PET),COC),(INF,ROB)), 9 18
((((TRO,LIB),(CER,ITH)),BRA),(FRA,PUB)))

5  ((((((AUC,COC),MAC),PET),ILX),(INF,ROB)), 9 18
((((TRO,LIB),(CER,ITH)),BRA),(FRA,PUB)))

6 ((((AUC,ILX),(COC,(FRA,PUB))),(((TRO,(BRA,LIB)),CER),ITH)), 9 18
(((INF,PET),ROB),MAC))

7 (((((AUC,ILX),COC),(FRA,PUB)),(((TRO,CER),(BRA,(LIB,ITH))), 9 18
(INF,PET))),(ROB,MAC))

8 ((AUC,PUB),((((ILX,COC),(INF,FRA)),((ROB,PET),MAC)), 9 17
(TRO,((BRA,LIB),(CER,ITH)))))

9  ((((((AUC,ROB),(INF,PET)),(ILX,MAC)),(COC,PUB)), 10 13
(((TRO,BRA),(LIB,CER)),ITH)),FRA)

10 ((((AUC,ROB),INF),((COC,PUB),(MAC,FRA))),((ILX,PET), 12 13
((TRO,LIB),((BRA,ITH),CER))))

11 ((((((AUC,ROB),FRA),COC),(TRO,((BRA,LIB),CER))), 13 13
((ILX,((INF,PUB),PET)),MAC)),ITH)

12 ((((((AUC,ROB),FRA),COC),(TRO,((BRA,LIB),CER))), 13 13
((TLX,((INF,PET),PUB)),MAC)),ITH)

13 ((((((AUC,INF),(ROB,FRA)),(MAC,PUB)),(COC,PET)), 14 13
((ILX,CER),BRA)),((TRO,ITH),LIB))

14 ((((AUC,((BRA,CER),ROB)),(INF,(MAC,FRA))), 14 11
(TRO,(LIB,ITH))),((ILX,PUB),(COC,PET)))

15 (((((((AUC,ROB),FRA),COC),(TRO,((BRA,LIB),CER))),MAC), 14 12
(ILX,((INF,PUB),PET))),ITH)

16  ((((AUC,((BRA,CER),ROB)),((ILX,PUB),(COC,PET))), 14 11

(TRO,(LIB,ITH))),(INF,(MAC,FRA) )5
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Table 11: Main phylogenies for all Quercus groups - Part 11

Phylogeny n w

17 ((((AUC,ILX),(LIB,CER)),((((COC,FRA),(ROB,PET)),PUB), 15 16
(INF,MAC))),(TRO,(BRA,ITH)))

18 (AUC,((((((ILX,ITH),(BRA,CER)),(TRO,LIB)), 15 14
((ROB,PET),PUB)),(INF,(MAC,FRA))),COC))

19 (AUC,((((((ILX,(CER,ITH)),LIB),TRO), 15 12
(INF,(ROB,(PET,(MAC,PUB))))),FRA),BRA),COC))

20 ((AUC,(ROB,FRA)),((((ILX,MAC),PUB), 16 11
((((TRO,ITH),(LIB,CER)),INF),BRA)),(COC,PET)))

21 ((((((AUC,LIB),CER),TRO),BRA), 16 9
(((((ILX,INF),FRA),ROB),MAC),PUB),PET)),(COC,ITH))

22 (((((LL(LAUC, TRO),(ILX,ITH)),COC),LIB),CER),BRA), 17 15
((ROB,PET),FRA)),PUB),MAC),INF)

23 (((({AUC,CER),(TRO,LIB)),(((ILX,((COC,INF), 17 10
FRA)),ROB),PUB)),BRA),(ITH,(PET,MAC)))

24 ((((LLLLAUC,TRO),(ILX,ITH)),COC),LIB),CER),BRA), 17 9
((ROB,PET),FRA)),PUB),MAC),INF)
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Table 12: Phylogenies for each group for Quercus - Part 1

GroupName Phylogeny n w

((AUC114,AUC118),AUCI17)
(AUC114,AUC117),AUC118) 0 0
AUC114,(AUC117,AUC118))

AUC

ILX I1L.X113,IL.X206) 0 0

((COC128,C0C209),C0C166),COCI76)

(COC128,C0C209),(COC166,COCIT6))

coC (COC128,(COC166,COC1T76)),COC209) 2 5
COC128,((COC166,COC176),COC209))
)

((COC128,C0C209),COCL76),COCLE6

(TRO163,(TRO193,TRO220)),TRO185
TRO ((TRO163,TRO185),TRO193), TRO220

(TRO163,TRO185),(TRO193, TRO220)

BRA156,(BRA158,(BRA0OST, BRA172))
(BRA156,(BRA158,BRA172)),BRA08]
(BRA156,(BRA081,BRA172)),BRA158
(LIB151,LIB087),LIB159)
(LIB151,LIB159),LIB087) 0 0
LIB151,(LIB159,LIB08T))

)

|

((TRO163,TRO185), TRO220), TRO193)

)

)

BRA )
)

(
(
(
(
(
(
(
E
(TRO163,(TRO185,(TRO193, TRO220))
(
(
(
(
(
(
(
LIB (
(
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Table 13: Phylogenies for each group for Quercus - Part 11

GroupName Phylogeny n w
CER ((CER137,CER181),(CER210,CER200)) 0 4
((ITH216,ITH169),(ITH186,1TH124))

ITH ((ITH216,ITH124),(ITH186,ITH169)) 2 4
((ITH216,ITH186),(ITH169,ITH124))
(INF145,(INF163,(INF199,INF183)))

INF ((INF145,(INF199,INF183)),INF163) 10
(((INF145,INF163),INF199),INF183)

((ROB084,(ROB208,ROB140)),ROB189)

ROB ((ROB084,ROB189),(ROB208,ROB140)) 0 2
(ROB084,((ROB208,ROB140),ROB189))
(((ROB084,ROB189),ROB208),ROB140)

PET ((PET115,PET204),PET087) 0 0
((PET115,PET087),PET204)

MAC (MAC150,MAC140) 0 0
((FRA208,FRA187),FRA191)

FRA ((FRA208,FRA191),FRA187) 0 0
(FRA208,(FRA191,FRA187))
((PUB133,PUB182),PUB102)

PUB ((PUB133,PUB102),PUB182) 0 0
( )

PUBI133,(PUB102,PUB182)
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Table 14: Complete Phylogenies for genus Quercus - Part 1. All complete
phylogenies in the table is formed by combining a main phylogeny (The
column "CP" in this table indicates the index of that main phylogeny in

Table (10| and Table [10] ) and the small phylogenies which are computed for
each subgroup.

Phylogeny n w CP
((AUCT14,AUC118),AUCL17),((ILX113,ILX206),
(((FRA208,FRA187),FRA191),((PUB133,PUB182),PUB102)))),
(((COC128,C0C209),COC166),COCIT6)), ((PET115,PET204),

1 PETO087)),(((INF145,INF163),(INF199,INF183)), 31 282 2
(((ROB084,ROB189),(ROB208,ROB140)),(MAC150,MAC140)))),
(((TRO163,TRO185),(TRO193, TRO220)),(((LIB151,LIB087),
LIB159),((ITH216,ITH169),(ITH186,ITH124)))),((BRA156, BRAOS1),
(BRA158,BRA172))),((CER137,CER181),(CER210,CER200))))
((({{{AUC114,AUC118),AUC117),(ILX 113,ILX206)),(MAC150,MAC140)),
((PET115,PET204),PET087)),(((COC128,C0C209),COC166),COCLT6)),

2 (((INF145,INF163),(INF199,INF183)),((ROB084,ROB189),(ROB208, 31 282 4
ROB140)))),((((((TRO163,TRO185),(TRO193,TR0O220)),((LIB151,
LIB087),LIB159)),(((CER137,CER181),(CER210,CER200)),(ITH216
JITH169),(ITH186,1TH124)))),((BRA156,BRA081),(BRA158,BRA172))),
(((FRA208,FRA187),FRA191),((PUB133,PUB182),PUB102))))
(((((((AUC114,AUC118),AUC117),(ILX113,ILX206)),(((COC128,COC209),
COC166),COC176)),(((FRA208,FRA187),FRA191),((PUB133,PUB182),

3 PUBI102))),(((((TRO163,TRO185),(TRO193,TRO220)),((CER137,CER181), 31 282 7
(CER210,CER200))),(((BRA156,BRA081),(BRA158,BRA172)),(((LIB151,
LIB087),LIB159),((ITH216,ITH169),(ITH186,1TH124))))),(((INF145,INF163)
(INF199,INF183)),((PET115,PET204),PET087)))),(((ROB084,ROB189),
(ROB208,ROB140)),(MAC150,MAC140)))
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Table 15: Complete Phylogenies for genus Quercus - Part II. All complete
phylogenies in the table is formed by combining a main phylogeny (The
column "CP" in this table indicates the index of that main phylogeny in
Table (10| and Table [10] ) and the small phylogenies which are computed for
each subgroup.

Phylogeny n w CP
((AUC114,AUC118),AUC117),((TLX113,ILX206), (((FRA208,
FRA187),FRA191),((PUB133,PUB182),PUB102)))),(((COC128,COC209),

4 COC166),COC176)),((PET115,PET204),PET087)),(((INF145,INF163), 31 282 1
(INF199,INF183)),(((ROB084,ROB189),(ROB208,ROB140)),(MAC150,
MAC140)))),(((((TRO163,TRO185),(TRO193,TR0O220)),(((BRA156,

BRA0S1),(BRA158 BRA172)),(ITH216,ITH169),(ITH186,ITH124)))),
((LIB151,LIB087),LIB159)),((CER137,CER181),(CER210,CER200))))
((((((((AUC114,AUC118),AUC117),(((COC128,COC209),COC166),COC1T6)),
(MAC150,MAC140)),((PET115,PET204),PET087)),(ILX113,ILX206)),

5 (((INF145,INF163),(INF199,INF183)),((ROB084,ROB189),(ROB208, 31 282 5
ROB140)))),((((((TRO163,TRO185),(TRO193, TRO220)),((LIB151,LIB08T),
LIB159)),(((CER137,CER181),(CER210,CER200)),((ITH216,ITH169),
(ITH186,1TH124)))),((BRA156,BRA081),(BRA158 BRA172))),(((FRA208,
FRA187),FRA191),((PUB133,PUB182), PUB102))))
(((((AUC114,AUC118),AUC117),(ILX113,ILX206)),((((COC128,COC209),
COC166),COC176),(((FRA208,FRA187),FRA191),((PUB133,PUB182),

6 PUB102)))),(((((TRO163,TRO185),(TRO193,TRO220)),(((BRA156, 31 282 6
BRAO081),(BRA158, BRA172)),((LIB151,LIB087),LIB159))),((CER137,
CER181),(CER210,CER200))),((ITH216,1TH169),(ITH186 ITH124)))),
((((INF145,INF163),(INF199,INF183)),((PET115,PET204),PET087)),
((ROB084,ROB189),(ROB208,ROB140))),(MAC150,MAC140)))
((((AUC114,AUCI118),AUCI117),(ILX113,ILX206)),(((COC128
,COC209),COC166),COCI76)),(((ROB084,ROB189),(ROB208,ROB140)),

7 (MAC150,MAC140))),((PET115,PET204),PET087)),(((((TRO163, TRO185), 32 235 3
(TRO193,TRO220)),((((LIB151,LIB087),LIB159),((ITH216 ITH169),
(ITH186,1TH124))),((CER137,CER181),(CER210,CER200)))),((BRA156,
BRAO081),(BRA158 BRA172))),((FRA208 FRA187) FRA191))),
(((INF145,INF163),(INF199,INF183)),((PUB133, PUB182),PUB102)))
((((AUC114,AUC118),AUC117),((PUB133,PUB182),PUB102)),
((((ILX113,ILX206),(((COC128,C0C209),COC166),COCITE)),

8 (((INF145,INF163),(INF199,INF183)),((FRA208 FRA187),FRA191))), 32 235 8
((

(

((ROB084,ROB189),(ROB208,ROB140)),((PET115,PET204), PET087)),
MAC150,MAC140))),(((TRO163,TRO185),(TRO193, TRO220)),((((BRA156,
BRAO081),(BRA158 BRA172)),((LIB151,LIB087),LIB159)),(((CER137,CER181),

(CER210,CER200)),((ITH216,ITH169),(ITH186 ITH124)))))))
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4 Reconstructing Weighted Phylogenetic Networks us-
ing ASP

In the previous chapter, we studied phylogenetic trees. However, phylogenetic trees
are not fully adequate in the study of evolutionary relations between taxonomic
units because they do not represent borrowings. For example, consider languages
as taxonomic units. They do not only inherit characteristics from their ancestors
(such relations can be represented by phylogenetic trees), but also they may borrow
characteristics from other languages. We can represent these borrowings by adding
a small number of edges to a phylogenetic tree. Hence, we can construct a phyloge-
netic network in 2 steps: (1) Build a phylogenetic tree. (2) Obtain a phylogenetic
network from the phylogenetic tree by adding a small number of edges.

Similar to phylogenetic trees, some phylogenetic networks can also be more
plausible than the others from the point of view of experts. In order to automat-
ically pick more plausible phylogenetic networks, we define some weight functions
to reflect the plausibility of networks and introduce methods to compute weighted

phylogenetic networks whose weight is among a given threshold.

4.1 Preliminaries

Before describing the computational problems related to weighted phylogenetic

network reconstruction, we need to introduce some definitions as in [12].

4.1.1 Temporal Networks

A temporal phylogeny is a phylogeny along with a function 7 from vertices of
the phylogeny to real numbers such that for every edge (u,v) of the phylogeny

7(u) < 7(v) (See Figure [8). Intuitively, 7(v) is the time when language v was
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spoken. We will graphically represent the values of 7 by placing a vertical time
line to the right of the tree.

A contact between two linguistic communities can be represented by a hori-
zontal edge added to a pictorial representation of a temporal phylogeny. The two
endpoints of the edge are a simultaneous “event” in the histories of these commu-
nities. An event can be represented by a pair v T t, where v is a vertex of the
phylogeny and t is a real number.

Consider a temporal phylogeny T'; let V' be the set of its vertices, R its root,
and 7 its time function. For every v € V\{R}, let par(v) be the parent of v. An
event is any pair v T ¢ such that v € V\{R} and ¢ is a real number satisfying the

inequalities

T(par(v)) <t < 7(v). (4.1)

Events v 1t and v’ 1t/ are concurrent if ¢ = t/. A contact is a set consisting of
two different concurrent events, denoted by {B 1 ¢1,D 1 t1}.

Any finite set C' of contacts defines a temporal (phylogenetic) network (see
Figure 1) - a digraph obtained from T by inserting the elements v 1 t of the
contacts from C' as intermediate vertices and then adding every contact in C' as a

bidirectional edge.
4.1.2 k-Simple Contacts
A set C of contacts is k-simple if

e for every event v 1t that belongs to a contact from C, ¢ < 7(v) and

e for every vertex v of T' there exist at most & distinct number ¢, ..,¢; such

that ¢; belongs to some contact from C.
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Figure 8: A temporal phylogeny (a), and a perfect temporal network (b)
with a lateral edge connecting B 1 1750 with D 1 1750.

For a vertex v € V, let us denote by V,(v) of events v 1 ¢ in V.

If C is k-simple, then the corresponding network (see Figure @ can be described
as follows. The set of its vertices is the union of the set V of vertices of T with the
union V¢ of the contacts from C. Its set E¢ of edges is obtained from the set E of
edges of T in two steps. First, for every edge (par(v),v) in E, if V.(v) # 0, then
we replace the edge (par(v),v) by |V.(v)|+1 edges.

(par(v), v T t1>, <2} T tl,v T t2>, veay <1) T t|Vc(v)|7 U)

such that v 1 ¢; € Vo(v) and for all 4,7 (i < j)iff (¢; < t;).
Second, for every contact (u 1 t;,v 1 ¢;) in C we add a “bidirectional lateral

edge” — the pair of edges

(ut;,v 1 t;)and (v 1t u T t;).
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Figure 9: A perfect temporal network with k-simple contacts with 2 lateral
edges connecting D 1 1200 with C' 1 1200 and D 1 1750 with B 1 1750.

A k-simple set C' of contacts (and the corresponding network (V U Vg, E¢)) is

perfect if there exists a function g : (V U V) x I — S such that
(i) for every leaf v of T" and every i € I, g(v,i) = f(v,1);
(ii) for every i € I and every s € S, if the set

Vis={zx e VUV :g(z,i) = s}
is nonempty then the digraph (V U Vi, E¢) has a subgraph with the set V;s of
vertices that is a rooted tree.

Note that if £ = 1, then a k-simple set of contacts is also a simple set of contacts
as described in [35], since in the simple set of contacts, there is at most one t such
that v T ¢ belongs to some contact from C. Therefore, our definition generalizes

simple set of contacts.
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4.1.3 Summaries of k-Simple Contacts

The information included in a temporal phylogeny is insufficient for determining
the exact dates of the contacts that turn it into a perfect network. To make this
idea precise, let us first select for each v € V' \ {R}, |[Vo(v)| symbols v 1, where
(1 <z < |Ve(v)]), and let us denote the set of new symbols by Vg(v). For each
vertex v € V\{R} we define a function s that maps each element v 1 ¢ in Viz(v) to

an element of Vg(v) satisfying the following condition:

e For every v 1t and v Tt in Vi (v), let v T,= s(v T t) and v 1= s(v 1 t').

Then t < t' iff 2z < 2.

Then we define the “summary” of a k-simple set C of contacts to be the result
of replacing each element v Tt of every contact in C' with v T, with respect to the

function s. Thus summaries consist of 2-element subset of the set

Vhi={vtsveV\{R},1 <z<Ek}

Intuitively, v 1, is a language intermediate between v T,_1 ( v T,—1= par(v) if
z=1)and v 1,41 (v T,41=v if z = |V,(v)|) that was spoken at some unspecified

time between 7(v 1,-1) and 7(v T.41).

4.2 'Weighted Networks

The motivation behind computing weighted networks is similar to computing weighted

phylgenetic trees: There may be many possible phylogenetic networks as solutions
for a problem and some solutions may be more desirable from the experts’ point
of view. Therefore, we formulate weight measures to reflect the plausibility of the

networks, and we pick distinct solutions over a weight threshold.
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The weight function we have formulated for phylogenetic networks is as follows:
We define the weight measure of a phylogenetic network in such a way that the
bilateral edges are added as close to the root as possible.

Consider a phylogenetic network N with the set Vg of summaries and with the
set L of leaves. The weight of the network IV is defined as the sum of the weights

of all summaries:

> w(s) (4.2)

s€Vs
The weight w(s) of a summary s = (u 1,,v T,) is defined as the minimum of two
values : the number of vertices in the shortest path of the paths from u to a leaf
| € L (including v and /) and the number of vertices in the shortest path of the

paths from v to a leaf [ € L(including v and [):

w(s) = min(height(u 1), height(v 1;)) (4.3)

where height(v 1,) is the number of vertices in the shortest path of the paths

from v to any leaf [ € L (including v and ).

4.3 Problem Definitions

We study the following computational problems related to reconstruction of net-

works:

INCREMENT TO PERFECT k-SIMPLE TEMPORAL NETWORK PROBLEM (k-

IPSTN)

E-IPSTN is defined by a phylogeny (V, E, L, 1, S, f), a function

v = (Tmin (), Timaz (v))
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from the vertices of the phylogeny to open intervals (in other words, for every
v € V), Tiin(v) is a real number or —o0, and Ty,.,(v) is a real number or +o0,
such that 7, (V) < Timaee(v)) and an integer k. A solution to the problem is
a set of 2-element subsets of V' 1 that is the summary of a perfect k-simple
set of contacts for a temporal phylogeny (V, E, L, I, S, f, T) such that, for all

veV,

Tmin(V) < T(v) < Timag (V). (4.4)

n-WEIGHTED INCREMENT TO PERFECT k-SIMPLE TEMPORAL NETWORK

PROBLEM (nk-IPSTN)

Given a k-IPSTN problem @ with a phylogeny (V, E, L, 1, S, f), two nonneg-
ative integers [ and n and a weight function w : V 14— N; we want to find
solutions X to @ such that the cardinality of X is at most [ and the weight

of the corresponding phylogenetic network (i.e. Y- .y w(x)) is at least n.

Note that nk-IPSTN generalizes IPSTN: Consider a weight function that maps
every summary to 1, and take k=1.

nk-IPSTN problem can be expressed as a decision problem as follows: Given a
k-IPSTN problem @ with a phylogeny (V, E, L, 1, S, f), two nonnegative integers [
and n and a weight function w : V 14— N; decide the existence of a solution X to
@ such that the cardinality of X is at most [ and the weight of the corresponding

phylogenetic network (i.e. > _y w(x)) is at least n.

Proposition 10. nk-IPSTN problem is NP-hard.

Proof. Perfect Phylogeny Problemm is a special kind of nk-IPSTN problem, if we

OPerfect Phylogeny Problem (PP) is NP-complete as proved in [§]: PP is polynomially
equivalent with Triangulating Colored Graph problem and Triangulating Colored Graph
Problem is NP-complete.
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take the weight function as a function that maps every summary to 1, £ = 0 and
I = 0. Therefore, nk-IPSTN problem is NP-hard.
O

Solutions as admissible sets Consider a phylogeny (V, E, L, I, S, f) with a
root R and a set X of 2-element subsets of V 1. By Vx we denote the union
of all elements of X. By Ex we denote the set obtained from E by replacing, if
Vs(v) # 0, the edge (par(v),v) with |[Vg(v)[+1 edges:

<pa7"(v)7 v TZ1>7 <U TZNU TZ2>7 ey <'U Tz\Vs(v)\ ) ’U>

such that v 1, and for all 4,5 (¢ < j)iff (2; < z;) and adding, for every element
{utj,v 715} of X, the edges

(uTj,v1j)and (v Tj,u T5).

We say that X is admissible if there exists a function g : (VU Vx) x I — S
such that

(i) for every leaf v of the phylogeny and every i € I, g(v,i) = f(v,i);

(ii) for every i € I and every s € S, if the set

Vis={zx e VUVx:g(z,i) = s}
is non empty, then the digraph (V U Vx, Ex) has a subgraph with the set
Vis of vertices that is a rooted tree.

In the following proposition, @) is an nk-IPSTN problem defined by a phylogeny
(V,E,L,I,S, f) with a root R, a function v — (Tpnin(v), Tmaz(v)), an integer k and

a weight function w : V 15— N.
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Proposition 11. A set X of 2-element subsets of V 11 is a solution to Q iff
(i) X is admissible, and
(i) there exists a real valued function 7 on V U Vx such that

(a) for everyv eV,

Tmin(V) < T(V) < Tmaz(V),

(b) for every v € V\{R},

7(par(v)) < 7(v),

(c) for every element v 1; of Vx,

7(par(v)) < 7(v 1;) < 7(v),

(d) for every element v 1; of Vx,

T(v 1) < 7(v Tj41),

(e) for every element {u T;,v 1T} of X,

T(uty) = 7(v 1)

Proof. Left-to-right. Assume that X is a solution to @, so that there exist a real-
valued function 7 on V satisfying (2) and a perfect k-simple set C' of contacts for
the temporal phylogeny (V, E,I,S, f,7) such that X is the summary of C. The
function from Vi to Vx that maps every event v T ¢ to v T, is a 1-1 correspondence
between two sets. If we agree to identify every event v 1 t with its image v 1,

under this correspondence then FE¢ becomes identical to Ex, and the conditions
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on ¢ in the definition of a perfect set of k-simple contacts turn into the conditions
on g in the definition of an admissible set. Consequently, (i) follows from the fact

that C is perfect. To prove (ii), extend 7 from V to V U Vy:
T(v 1) =tifv Tt e Ve

Part (a) follows from (2); part (b) follows from the definition of a temporal phy-
logeny: part (c) follows from (1); part (d) follows from the definition of summaries
of k-simple contacts; part (e) follows from the definition of a contact.

right-to-left. Assume that X satisfies conditions (i) and (ii). Consider the
temporal phylogeny T' that consists of the phylogeny (V, E, I, S, f) and the function
T restricted to V. By (a), T satisfies (2). Let C' be the set obtained from X by
replacing the symbols v 15 in every element of X with the event v T ¢ where
t = 7(v Tk). From (e), we conclude that the elements of C' are contacts; by (¢) and
(d), Cis k-simple. It is clear that X is the summary of C. The same reasoning as

in the first half of the proof shows that, in view of (i), C' is perfect. O

4.4 ASP Formulation

4.4.1 Phylogenetic Network Reconstruction

ASP formulation of phylogenetic network reconstruction is done in two parts as
in [35]: In the first part, admissible sets are computed; and in the second part, for
each of these admissible sets, whether the equations or inequalities from part (ii)
of the statement Proposition [L1{ have a solution in real numbers 7(v), v € V U Vx.

In phylogenetic networks, due to lateral edges, there may be loops in the graph;
that we need to check reachability in such a graph prevents us to use SAT solver

or a Constraint Programming system because of the necessity of enumerating all
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variables.

4.4.2 Weight Functions

The weight measure we have formulated in ASP which is described in Subsection
is as follows:

We describe the weight of a phylogenetic network as an ASP program in four
parts. Suppose that the schematic variable W denotes the weight of a bilateral edge,
NW denotes the network weight and C1, €2, C, CC denote the contacts.

First, we give an order to each bilateral edge and we make sure that two different

bilateral edges can not have the same order:

1{order(U,C1,V,C2,02) :orderrange(02)}1 :- new(U,C1,V,C2).

:- order(U,C1,V,C2,0), order(Ui,CC,V1,C,0), new(U,C1,V,C2),
new(U1,CC,V1,C), U!=U1L.

:- order(U,C1,V,C2,0), order(U1,CC,V1,C,0), new(U,C1,V,C2),
new(U1,CC,V1,C), C1!=CC.

:- order(U,C1,Vv,C2,0), order(Ui,CC,V1,C,0), new(U,C1,V,C2),
new(U1,CC,V1,C), VI=V1.

:- order(U,C1,V,C2,0), order(Ui,CC,V1,C,0), new(U,C1,V,C2),
new(U1,CC,V1,C), C!=C2.

Second, we find the weight of an edge:

weightsO0fEdges(0,W) :- order(U,C1,V,C2,0), w(U,C1,V,C2,W).

weights0fEdges(0,0) :- not weightedEdges(0).

w(U,C1,V,C2,D) :- order(U,C1,V,C2,0),height(0,D).
weightedEdges(0) :- new(U,C1,V,C2), order(U,C1,v,C2,0), w(U,C1,V,C2,W).
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Third, we find the weight of the network by adding up the weights of edges:

weightOfTheNetwork (NW) :- totalWeightOfEdges(NW,k).

totalWeightOfEdges(NW,1) :- weightsOfEdges(1,NW).
totalWeightOfEdges (NW+W,0) :- weightsOfEdges(0,W),
totalWeight0fEdges (NW,0-1) .

Finally, we describe the weight constraint, to ensure that the weight of the
phylogenetic network is larger than maxW , as follows:

:- weightOfTheNetwork (NW), NW<maxW.

4.5 Computational Methods for Reconstructing Phylo-
genetic Networks

We have studied two methods for reconstructing weighted phylogenetic networks:

the representation-based method and search-based method.

4.5.1 Representation-Based Method

In the representation-based method, we modify the representation of the problem,
to compute weighted phylogenetic networks. In order to do that, we formulate
the phylogenetic network reconstruction as an ASP program P as described in
Subsection . Then we formulate the weight function as an ASP program W
as described in the Subsection Finally, we compute weighted phylogenetic
networks by computing the answer sets for the the ASP program P U W.
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4.5.2 Search-Based Method

Computing weighted phylogenetic networks with the search-based method is very
similar to computing weighted phylogenetic trees with the search-based method:
In order to compute weighted phylogenetic networks, we define a heuristic function
to estimate an upper bound for the weight of a network as we have proposed in
Subsection and we use the answer set solver CLASP-W to compute weighted
phylogenies.

We define the heuristic function to estimate an upper bound of the weight of a
network is as follows.

Let A be a partially constructed phylogenetic network of a subset of a complete
phylogenetic network N built over a phylogeny P. Let S be the set of summaries
of N, S4 be the set of summaries of A, and maxW be the maximum weight that

a summary can have. We define the heuristic function with respect to A and S4:

UB(A, S4) = > w(c) + > mazW  (4.5)

s€S 4, and height of SEZS 4, or height of the events
an event of s is defined of s is not defined

4.6 PHYLONET-ASP

PHYLONET-ASP is a tool for reconstructing phylogenetic networks. It is designed

and implemented to solve the problems given in Subsection

Input: PHYLONET-ASP takes three kinds of input:

e Character states of taxonomic units for every character

e A phylogenetic tree in Newick format
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e A nonnegative integer n, which is the maximum number of bilateral edges

that a network can have (Optional)

e A nonnegative integer w, which is the is the minimum weight that a phylo-

genetic network can have (Optional)

Output: PuaYLONET-ASP outputs the computed phylogenetic network in ex-
tended newick format as well as the uninformative, non-unique and incompatible
characters.

The input, other than character states, are optional. Depending on the given

input, PHYLONET-ASP can solve different kinds of problems:

e If n is given as an input, PHYLONET-ASP solves k-IPSTN problem: It
reconstructs all (or a desired number of ) phylogenetic networks with at most

k bilateral edges with respect to the character states.

e If w is given as an input, PHYLONET-ASP solves nk-IPSTN problem: It
reconstructs all (or a desired number of) phylogenetic networks with at least

n weight with respect to the character states and the weight measure.

4.7 Experimental Results

We have reconstructed weighted phylogenetic trees for Indo-European languages
and Quercus species with our system.

For Indo-European languages, we have picked the phylogeny with the minimum
number of incompatible characters and maximum weight from Table [§] and we have
constructed a weighted phylogenetic network by adding a contact between Balto-
Slavic and Germanic, and a contact between Germanic and Italo-Celtic. The weight

of this network is 9.
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For Quercus species, we have picked the phylogeny with the minimum num-
ber of incompatible characters and maximum weight from Table and we have

constructed a weighted phylogenetic network.
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5 Related Work

The published literature on phylogeny reconstruction can be classified into two
categories: phenetic methods based on distances and cladistics methods based on
characters.

The most popular phenetic methods are Unweighted Pair Group Method Using
Arithmetic Averages (UPGMA) [75] and Neighbour Joining (NJ) [63]. In UPGMA,
each species is considered as clusters and the closest two clusters with respect
to their distance are joined together and the distance of the joint pair is then
recalculated by taking their average. In [2], [2I]and [54], phylogenetic trees are
computed using this method and its modified versions. In NJ, each pair is checked
for being joined and the sum of all branches length is calculated of the resulting
tree. The pair with the smallest sum is taken as the closest neighbors and joined
together. Then the branch length is recalculated. In [63] 37, [74], this method is
used to compute phylogenetic trees.

The most popular cladistics methods are Maximum Parsimony (MP)[27], Max-
imum Likelihood(ML) and Maximum Compatibility (MC)[19], In MP, all possible
trees are evaluated and are assigned a score according to the number of evolution-
ary changes in the tree. The best tree is then the one that minimized the overall
number of mutations. Phylogeny reconstruction with MP is studied in [68]. In
Maximum Likelihood, all possible trees are evaluated as in MP, and then the one
with the maximum likelihood is picked as the best tree. For a given tree, the
likelihood is determined by the probability that a certain evolutionary model has
generated the observed data. Phylogeny reconstruction with ML is studied in [47],
[87]and [86].

We reconstruct phylogenies with maximum compatibility method. In [7], au-

thors compare two methods: weighted maximum parsimony and weighted maxi-
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mum compatibility. Weighted maximum parsimony is an extension of parsimony,
where the characters are assigned to some weight. The aim of this method is to find
a tree in which the total weighted number of character state changes is minimized.
Similarly, weighted maximum compatibility is derived from maximum compati-
bility, whose aim is to find the tree with the maximum weighted compatibility
score, which is computed by adding up all the weights of each character which is
compatible with the tree. Their experimental results indicate that phylogenies re-
constructed with character-based methods are more accurate than the phylogenies
reconstructed with distance-based methods for languages.

There exist several phylogeny reconstruction tools which uses these methods.
One of the most most widely-distributed phylogeny package is PHYLIPE (PHY-
Logeny Inference Package) which consists of 35 programs for inferring and compar-
ing phylogenies with different methods. Implemented methods for reconstructing
phylogenies includes maximum parsimony, maximum compatibility, distance ma-
trix and maximum likelihood methods. The tool (CLIQUE) that implements the
maximum compatibility problem considers datasets with binary states only. There-
fore, it can not be used for Indo-European languages.

PAUPﬂ(Phylogenetic Analysis Using Parsimony) is an another tool which
includes phylogeny reconstruction with parsimony, distance matrix, invariants, and
maximum likelihood methods.

Apart from reconstructing the phylogenies, there exist some tools to analyze
phylogenetic data. These systems can analyze the phylogenies and character evo-
lution. For example, MacClade[T_g] analyzes the evolution of a variety of character

types. Random Cladisticﬁ is also an analyzing tool, which uses bootstrapping,

Hhttp://evolution.gs.washington.edu/phylip.html
2http:/ /paup.csit.fsu.edu/software

Bhttp: //macclade.org/macclade.html

'http:/ /research.amnh.org/ siddall /rc.html
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jackknifing, and several kinds of permutation tests.
Our systems PHYLO-ASP and PHYLONET-ASP are different from the existing

reconstruction systems:

e They are based on the compatibility criterion.

e They can compute weighted phylogenetic trees and weighted phylogenetic

networks.

e They can integrate domain-specific information in the process of reconstruct-

ing weighted phylogenies and weighted phylogenetic networks.
e They can generate more than one weighted phylogenetic tree/network.

e They can be used to analyze the given data (e.g., identify its informative
parts) and/or the given phylogenies (e.g., to check the incompatibility of the

evolution of a trait with respect to a phylogeny).

On the other hand, since our systems are based on the compatibility criterion,
they can not be used with genomic data due to possible occurrences of backmuta-

tions.
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6 Conclusion

In this thesis, we have studied constructing weighted phylogenies and networks by
using answer set programming and generalized these results to weighted solutions

in ASP. Our contributions are as follows :

e We have defined various optimization and decision problems for computing
weighted phylogenies and phylogenetic networks and analyzed their compu-
tational complexity : Maximum Weighted Compatibility Problem(MWCP),w-
weighted compatibility problem(w-WCP) and w-weighted n-compatibility
problem(wn-WCP). We have proved that w-WCP and wn-WCP are NP-

complete (Proposition 2).

e We have introduced two sorts of computational methods to compute weighted
phylogenies and phylogenetic networks: the first class of methods suggests
modifying the ASP representation of the problem to compute weighted phy-
logenies using an existing ASP solver and the other class suggests modifying
the search algorithm of the answer set solver to compute weighted phyloge-
nies incrementally based on branch-and-bound. In the representation-based
method, weight measure is defined in ASP. In the search-based method,

weight measure is defined externally in C++.

e Based on these methods, in order to compute weighted phylogenies for large
datasets efficiently, we have introduced a novel divide-and-conquer approach
for computing weighted phylogenies by inferring its smaller subtrees. This
approach also makes use of domain-specific information provided by the ex-
perts. Considering that for instance the earlier ASP-based phylogenetics
systems [12],[35] could not compute the whole phylogeny for Indo-European

languages automatically (since the dataset is too large), our divide-and-
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conquer method is useful and effective in reconstructing large phylogenies

as also verified by experiments.

We have generalized the representation-based method and the search-based
method to compute weighted solutions in ASP so that other domains can
benefit from these mthods as well. For example, in a planning problem, we
can define the weight of a plan in terms of the costs of actions, and then

compute the distinct plans whose weights are less than a given value.

We have implemented the search-based method for computing weighted so-
lutions in ASP, by modifying the search algorithm of the answer set solver
CLASP (and called it CLASP-W) in the spirit of branch-and-bound. Since the
heuristic functions to estimate the weight of a solution are defined externally
in C++, we do not need to modify CLASP-W to compute weighted solutions
in other domains like planning; we just need to implement the heuristic func-

tion in a separate file.

Based on the divide-and-conquer approach based on computing weighted
phylogenies, we have implemented a fully automated system (called PHYLO-
ASP) to reconstruct and analyze phylogenies, utilizing cLASP-w. We have
also implemented a system called PHYLONET-ASP for reconstructing weighted
phylogenetic networks. There is no such phylogenetic system which can help
experts to order phylogenies with respect to a plausibility measure that in-

cludes also some domain-specific information.

We have shown the applicability of our methods on two different real datasets:
The first one is Indo-European languages, and the second one is the genus
Quercus (oak trees). In our experiments, we have computed weighted phylo-

genies with PHYLOASP and weighted phylogenetic networks with PHYLONET-
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ASP for these datasets. For Indo-European languages dataset, we have com-
puted 18 phylogenies, all of which are plausible from Don Ringe’s point of
view. In addition, the phylogeny with the minimum number of incompatible
characters and maximum weight is found to be the most plausible phylogeny.
For Quercus species, we have computed 30 phylogenies which are identified
as plausible by Yasin Bakig. In this dataset, multiple phylogenies are identi-
fied as the most plausible ones. These most plausible phylogenies also have
the minimum number of incompatible characters and maximum weight. All
the computed phylogenies being identified as plausible indicates the effec-
tiveness and correctness of our system and our methods. In addition, these
test results showed the efficiency and accuracy of the weight measures we
have formulated since the maximum weighted trees are the most plausible

ones among the others.

To apply our method to real datasets, we have defined new weight mea-
sures for phylogenies and phylogenetic networks. We have defined 2 domain-
dependent and 2 domain-independent new weight measures for phylogenetic
trees and one new domain-independent weight measure for phylogenetic net-
works. In order to use them with our second method above, we have defined
an admissible heuristic function for each of them, and we have proved their

admissibility (Propositions 3, 4, 5 and 6).

Some of our contributions are summarized in the following papers. [14], [15]

and [I6] introduce the representation-based methods and search-based methods

for computing weighted solutions in ASP and shows their applicability and effec-

tiveness on the weighted reconstruction problem for Indo European languages. [17]

presents PHYLO-ASP system and [I3] presents its underlying divide-and-conquer

mechanism.
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Future Work Recall that our methods for reconstructing phylogenies in this
thesis are based on the compatibility criterion. It may be interesting to extend our
methods by considering different criteria such as maximum parsimony. Computing
phylogenies with ASP using maximum parsimony criteria is reasonable, since the
problem still remains not tractable. This extension can be achieved by introducing
new ASP formulations and new weight measures, and by modifying the prepro-
cessing algorithms. This extension can be useful for comparing different criterion
and comparing the representation-based method with the search-based method.

Our experiments can be extended to different domains, such as Turkic lan-
guages. Moreover, such an extension may improve our weight functions. On the
other hand, these experiments can benefit the studies on Turkic languages.

Our search-based method for computing weighted solutions in ASP is based on
branch and bound. It may be useful to propagate some literals as the search is
“bounded”. Such a modification may lead to a more efficient solver for computing

weighted solutions in ASP.
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