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Abstract—The need for general-purpose algorithms for studying biological properties in phylogenetics motivates research into
formal verification frameworks. Researchers can focus their efforts exclusively on evolution trees and property specifications. To
this end, model checking, a mature automated verification technique originating in computer science, is applied to phylogenetic
analysis. Our approach is based on three cornerstones: a logical modeling of the evolution with transition systems; the
specification of both phylogenetic properties and trees using flexible temporal logic formulas; and the verification of the latter
by means of automated computer tools. The most conspicuous result is the inception of a formal framework which allows for a
symbolic manipulation of biological data (based on the codification of the taxa). Additionally, different logical models of evolution
can be considered, complex properties can be specified in terms of the logical composition of others, and the refinement of
unfulfilled properties as well as the discovery of new properties can be undertaken by exploiting the verification results. Some
experimental results using a Symbolic Model Verifier support the feasibility of the approach.
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1 INTRODUCTION

DURING the last century, taxonomy and system-
atics have provided a wide range of methodolo-

gies which have contributed to a better understanding
of the tree of life. Both disciplines make heavy use
of empirical data, with proposition, verification and
generalization of hypotheses over the reconstructed
tree playing a central role in their application [1].
Phylogenetic trees continue to be useful abstractions
for modeling evolution over time [2]. Computer sci-
ence tools have upgraded the capabilities of biologists
for their construction as well as for extracting and
analyzing the implicit biological messages embedded
on them [3], [4], [5]. To this day, one of the most
relevant challenges that remains to be resolved is
guaranteeing the validity of the inferred tree itself.

The wide range of heterogeneous methods and
tools used by biologists in phylogenetic analysis tasks
suggests the possibility of researching in a generic
framework for heterogeneous hypothesis verification
over trees. In this paper we explore the features of
model checking, a paradigm stemming from com-
puter science based on temporal logics which has been
successfully applied in industry for system modeling
and verification [6]. Model checking is an automated
generic verification technique that, given a finite state
model of a system and a formal property, systemati-
cally checks whether this property holds for (a given
state in) that model. The model checking process con-
sists of three phases: modeling both the system and
properties with appropriate description languages,
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running the verification (checking the property valid-
ity with a model checking software) and analyzing the
results (studying counterexamples to the property).

The application of model checking techniques in
this paper assumes that a system is abstracted by
a set of discrete reachable states and the transitions
that allow the movement from one state to another.
Therefore the model checking approach which we
propose in the context of phylogeny assumes that a
phylogenetic tree can be considered as a model of a
particular system endowing an evolutionary process
in which biological properties expressed with formal
logics can be verified. That is, a property is considered
as a claim over the tree and then the verification
determines the truth value for this claim.

The model checking technique introduced in this
paper should not be confused (or be identified) with
the classic phylogenetic procedures focused on guar-
anteeing the validity of the inferred tree. In this last
context, the validation of a phylogeny determines the
goodness of fit of mutation models under different bi-
ological hypothesis. These biological models are based
on the concept of evolutionary distance, allowing
to explore tangible numerical relationships between
sets of populations or individuals characterized by
biological features such as DNA. This has led to
tree-building through distance and character based
methods so as to infer structural properties of interest
to biologists [3], [4]. We will show how this validation
can also be carried out by means of the proposed
model checking techniques.

In computational biology, model checking has been
applied to other related fields in which (mostly) quan-
titative properties over temporal data are analyzed [7],
[8], [9], [10]. Notice that temporal logics embedding
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the concept of evolutionary distance under the notion
of time have already been proposed in biological sys-
tem modeling [11]. This fact highlights the flexibility
of formal logics for modeling biological processes by
defining a suitable logic for each specific problem
domain. To our best knowledge, the application of
model checking techniques with qualitative temporal
logics for phylogenetic analysis was firstly proposed
in [12], [13].

Bearing in mind that “any verification using model-
based techniques is only as good as the model of
the system”, one of the most interesting strengths of
model checking is the fact that “it is a potential push-
button technology” because its use “requires neither
a high degree of user interaction nor a high degree
of expertise” [14] and there already exists a big pool
of software tools for automated verification [6]. At
first sight, the intrinsic complexity of the tasks under
consideration is the main limitation of our approach.

This paper sets up the basis for introducing model
checking as an unifying formalism that permits the
phylogeneticist to focus on phylogenies and biological
specifications using propositions of temporal logic, in-
stead of focusing on implementation issues concerned
with particular algorithms. The formalism is flexible
enough to consider different kind of data structures
and evolutionary models. It represents an opportunity
to handle the increasing complexity of the structural
properties required by biologists (e.g. the detection
of potentially back mutations). Moreover, the idea of
hypothesis verification in our approach works in a
closed-loop helping the phylogeneticist to refine or
discover properties using counterexamples obtained
from unfulfilled properties.

The paper is arranged in six sections. Following this
introduction, Section 2 explains the roots which bridge
model checking and phylogenetic analysis: phylo-
genies as logical models, phylogenetic specifications
as temporal logic formulas, and automated system
verification via model checking. Section 3 describes
the logical specification of non-trivial structural pro-
perties of cladistic classification and sequence com-
position. The logic presented in this section can be
extended for quantitative purposes. Section 4 details
the key steps for implementing phylogenetic trees and
biological properties within the scope of a Symbolic
Model Verifier (SMV) tool in order to obtain both
feasibility and performance criteria for our approach.
Alternative representations of evolution and future
work are explained in Section 5. Finally, Section 6
gathers the conclusions drawn from this research.

2 BRIDGING WORLDS:
PHYLOGENETICS AND MODEL CHECKING

Transition systems are considered powerful formal
models for the study of concurrent systems [14,
Def. 2.1]. Given a model of a system and a suitable

logic to reason about its behavior over time, it is
possible to achieve automated, exhaustive verification
of properties of interest. In this section we show that
phylogenies can be understood and represented by
such models. We begin by identifying the foundations
of evolution with those of transition systems and con-
tinue with the study of their temporal nature and their
logical formulation. We conclude with an overview of
verification under the model checking paradigm.

2.1 Evolution as a Transition System
At the highest level of abstraction, phylogenies repre-
sent partial models of the evolution of sets of living or-
ganisms. They can be represented as directed graphs,
though phylogenetic trees suffice for most common
purposes and will be adopted in this paper.

Trees offer a realistic model of aggregated evolution,
in which each vertex represents an inferred state of the
evolution characterized by biological sequences (e.g.,
DNA) or other information. Transformative events
that modify heritable information give rise to new
states which are reflected in oriented parent-child
edges in the graph. Note that neither time nor the
ordering of child states are part of the model, which
is consistent with the descent semantics of the tree.
In this context, time indicates the direction of the
evolution drift caused by the speciation events.

Definition 1 (Rooted Labeled Tree): Let Σ be a finite
alphabet and l a natural number. A phylogenetic tree
over Σl is a tuple P = (T, r,D), where:
• T = (V,E) is a tree graph,
• r ∈ V is its root, and
• D : V → Σl is a dictionary function that labels

each vertex with its associated taxon sequence.
Trees are typically built from finite sets of words of

uniform length resulting from alignment algorithms.
These words, which represent present-time taxa, are
required to be in bijective correspondence with the set
of leaves of the trees.

Restrictions can be added or removed to adjust
the phylogeny as needed (i.e., including horizontal
transference, sexual reproduction or multiple roots for
phylogenetic networks), but in any case the nature of
trees as reactive systems should become clear by now.
They are composed of independent states of evolution
that interact indefinitely with their environment. One
of the most prominent features is their state, i.e., their
hereditary information or a suitable portion thereof.
Consequently, it is possible to naturally effect mod-
eling and verification of evolutionary systems, and
to this end data structures for the representation of
transition systems become a very attractive solution.

Definition 2 (Kripke Structure): Let AP be a set of
atomic propositions, i.e., boolean predicates that de-
scribe the observable properties of a state. A Kripke
structure over AP is a finite transition system repre-
sented by a tuple M = (S, S0, R, L), where:
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• S is a finite set of states,
• S0 ⊆ S is the set of initial states,
• R ⊆ S × S is a total transition relation between

states, i.e., for every state s ∈ S, there exists t ∈ S
such that (s, t) ∈ R, and

• L : S → 2AP is the labeling function that
associates each state with the subset of atomic
propositions that are true of it.

A Kripke structure models a system that is capable
of an infinite number of behaviors or paths, infinite
sequences of successive states π = s0s1s2 . . . such that
s0 ∈ S0 and (si, si+1) ∈ R, i ∈ N. The set of possible
executions (paths) in a structure can be unfolded into
its computation tree.

Here we focus on Kripke structures that represent
a certain tree as a (hopefully real) computation of
the evolutionary process, or rather the set of com-
putations that result in the hypothesized patterns
of evolution. Relations between states and atomic
propositions, and between tree branches and state
transitions, are of utmost in importance, and raise
some interesting issues that need to be addressed:
• Ideally, the state of an evolution process is uni-

quely identified by its biological information. Se-
quences also determine the atomic propositions
that form the basis of logical properties: the
presence of a certain alphabet symbol at a given
position. If separate vertices of the tree must
share a sequence, their states can be enriched
with auxiliary properties to preserve the unique
identity of each.

• Once a one-to-one correspondence between tree
vertices and states has been established, it re-
mains to resolve the identification of branches
as state transitions. Transitions are comparable to
“instantaneous” speciation events.

• In sum, trees are essentially a present-time, local,
tentative snapshot in the execution of a poten-
tially infinite evolution system. In order to trans-
late trees to the infinite-path semantics of Kripke
structures, we need to add self-loops to terminal
vertices so as to deadlock their states.

At this point, we can define a suitable branching-
time structure for phylogenetic trees for the inter-
pretation of temporal logic formulas which express
properties in them. The most common state formula
determines whether the present state is associated
with a sequence seq = σ1σ2 . . . σl ∈ Σl (or possibly
a partial sequence or a set of sequences). Sequences
will be manipulated symbolically, as will sets, as the
aggregation of their parts. In logical terms:

seq ≡
∧l
i=1seq [i] = σi (1)

Definition 3 (Branching-time Phylogeny): A tree (per
Def. 1) P = (T, r,D) is univocally defined by the
Kripke structure M = (V, {r} , R, L), where:

Fig. 1. Translation from a tree to a Kripke structure.

• R is the transition relation composed of the set of
tree edges (directed from r) plus self-loops on the
leaves: R = E ∪ {(v, v) : @ (v, w) ∈ E ∧ v, w ∈ V }.

• L is the standard labeling function defined by
AP , under which a state v mapped to D (v) = seq
with seq = σ1σ2 . . . σl satisfies the family of
properties seq [i] = σi, 1 ≤ i ≤ l, plus a unique
state identifier in the case of several states sharing
the same atomic propositions.

Roughly speaking, we can say that the Kripke struc-
ture reflects the parent-child relations in the original
phylogenetic tree representing the evolution process.
Self-loops in terminal nodes allow for infinite com-
putation paths in the original phylogenetic tree. The
labeling of states with atomic propositions helps in the
identification of nodes during the verification process.
Thanks to the codification explained, the detection of
a particular instance of a DNA sequence is translated
to the selection of states satisfying a set of logical
equalities with the form seq [i] = σi, 1 ≤ i ≤ l. In
this way, we can manipulate sequences symbolically.
In case of collision, a explicit definition of unique state
identifiers ensures uniqueness.

Fig. 1 illustrates this translation process from a
(phylogenetic) rooted labeled tree (Def. 1) to a Kripke
structure (Def. 2). It should be emphasized that our
proposal can be used for other phylogenetic struc-
tures such as phylogenetic networks by reformulating
Defs. 1–3 as required.

2.2 Temporal Logic as a Specification Language
Temporal logics are formal systems that allow the
representation and manipulation of logical proposi-
tions qualified in terms of time [14]. In the context of
transition systems, they are used to define properties
on sequences of transitions between states of a system
through a convenient abstraction of it (in the present
case, a specific kind of Kripke structure). For example,
properties may express whether it is possible that one
particular type of state may be reached at a particular
point or whether a certain property will always hold.

Temporal logics can be classified according to how
they treat sequences of events: whereas linear-time
logics (LTL) deal with individual paths π = s0s1s2 . . .,
branching-time logics take into account the set of pos-
sible progressions from each state, hence reasoning
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Fig. 2. Evaluation of temporal logic operators.

globally about the computation tree. Computational
Tree Logic (CTL), a versatile exponent of the latter,
has been widely adopted by the model checking
community [15]. As phylogenies represent evolution-
ary processes that are mainly branching in nature,
branching-time logics in general, and CTL in particu-
lar, are remarkably well suited to their description. We
propose Phylogenetic Tree Logic (PTL) as a temporal
logic close to CTL for the specification of evolutionary
processes.

PTL reinterprets the quantifiers of first-order lo-
gic as path quantifiers, expressing the fulfillment of a
property throughout all computation paths (A), or at
least one computation path (E). These two must be
immediately qualified by one of five temporal operators,
of which three express the satisfaction of a property
eventually in time (F), at all times (G), or in the
next state (X); and two are conditional constructs in
which a precedent is verified until a consequent comes
into force (U), or until and including the moment
when it does, if it does (R). A complete grammar
and semantics of PTL formulas can be defined from
a minimal subset of logical operators (see Fig. 2).

Definition 4 (Phylogenetic Tree Logic): A temporal lo-
gic formula φ is defined by the following minimal
grammar, where p ∈ AP :

φ ::= p | ¬φ | φ ∨ φ |EX (φ) |EG (φ) |E [φUφ] (2)

The formulas are checked against a structure M con-
sidering all paths π from a certain state s0. Notice that
M, s0 � φ means that s0 satisfies φ. The semantics of
well-formed formulas is as follows (let π = s0s1s2 . . .):
• M, s0 � p⇔ p ∈ L (s0),
• M, s0 � ¬φ⇔M, s0 2 φ,
• M, s0 � φ ∨ ψ ⇔M, s0 � φ or M, s0 � ψ,
• M, s0 � EX (φ)⇔ ∃π : M, s1 � φ,
• M, s0 � EG (φ)⇔ ∃π : M, si � φ, ∀i ∈ N, i ≥ 0,
• M, s0 � E [φUψ]⇔ ∃π, i ∈ N : M, si � ψ and
M, sj � φ, 0 ≤ j < i.

A CTL formula φ represents a property that may
be verified at certain states in the computation tree.
A logic thus defined permits the formal expression of
generic properties on evolving biological sequences
and their eventual automated verification.

2.3 Model Checking as an Inference Framework
The operating principle behind model checking is
simple: it is the execution of verification software

in a computer to check the correctness of a system,
given a model of the system and a specification of
its requirements, both provided by the user. In the
event of failure to comply with the specification, the
software outputs the scenarios which invalidate the
property as counterexamples. Nevertheless, the state
space explosion problem prevents verification even
for small systems, for which symbolic manipulation
of systems and formulas are required [16]. The model
checking technique is thus only limited by the com-
plexity and expressiveness of the selected logic.

Most importantly, the use of model checking tech-
niques is completely transparent to the system un-
der verification, as they are domain and interpreta-
tion independent. This means that phylogeneticists
can shift their efforts from implementation issues to
logical modeling (establishing required or desirable
properties before model checking) and results analysis
(observing the success or failure of the process and
ascertaining its significance after model checking).
The feedback provided by the model checking process
helps us to discriminate between several phylogenetic
structures expressed as a set of logical properties.

Going into greater detail, the key step of the veri-
fication process consists of the generation of a satisfi-
able set. Starting with a set of states characterized by
a formula in temporal logic and a reachability relation
provided by the Kripke structure, the model checking
algorithm computes reachable states from/to that set
in an iterative and symbolic way until a greatest
(least) fixed-point is reached. The verification of a
PTL formula consists of checking a simple property
in the set generated by the fixed-point algorithm. For
example, we can test if the initial state of the Kripke
structure belongs to the result set. Counterexamples
can be obtained by tracing back the appropriate path
over the complementary set.

Summarizing, the variable assignments that make
a logical formula true characterize the set of states
satisfying the logical specification: the states are coded
with the same variables used in the logical formulas.
We are symbolically characterizing and manipulating
sets of states by means of the properties satisfied by
their components.

3 PHYLOGENETIC PROPERTIES

This section describes a methodology to specify bio-
logical properties of phylogenies employing the pre-
vious logical framework. By abstraction, a non-trivial
property can be broken down into simpler, meaning-
ful ones, and synthesized from these. The benefits of
such logical decompositions are twofold: firstly, they
simplify formalization and favor readability; secondly,
modular properties can be reused in complex con-
structs, and variations on a formula can be produced
by local adjustments.
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The main idea is to apply formulas in temporal
logic to the detection of common ancestors or mono-
phyletic clades (“ape” [17]), speciation rates (extinc-
tion and diversification, Mesquite [18]) and the defi-
nition of mutation rates in DNA substitution models
(Pycogent [19]).

Four classes of queries can be identified: global or
tree properties, in which the structure of the phylogeny
itself is placed under scrutiny and relations between
taxa inspected; local or sequence properties, where com-
positional sequence features take center stage, pos-
sibly aided by placement constraints; a combination
of both, where the tree topology and the sequence
alignment are simultaneously required; and quantita-
tive properties, where phylogenetic trees obtained from
common inference methods (NJ, MLE or Bayesian)
are analyzed under structural metrics. Table 1 sum-
marizes relevant phylogenetic properties according to
the classification introduced.

3.1 Tree Properties
Many typical tree properties are of a cladistic nature.
One of the most frequent basic queries is whether a
set of extant organisms S under study constitutes a
monophyletic group or clade in a phylogeny. That is,
does the phylogenetic tree contain a subtree whose
leaves form a clade? Formally, the PTL formula over
the Kripke structure will be true if there exists a
reachable state (EF) which is the root of the group
S, and thus: a) everything that has to be in, is in; and
b) everything that has to be out, is out.

clade (S) ≡ EF (in (S) ∧ out (S)) (3)

The inclusion rule states that for each unique se-
quence s of the set S (and-logic

∧
) there is a path

that finds it as its leaf; the exclusion rule demands
that all paths end in a leaf from the same set. Within
infinite computations, leaves are found either through
a terminal boolean variable or through the pattern
FAG (s), since by construction whole uniform com-
putation subtrees can only be found precisely as a
consequence of leaf states.

in (S) ≡
∧
s∈SEFAG (s) (4)

out (S) ≡ AFAG
(∨

s∈Ss
)

(5)

As noted, individual properties in isolation have
useful semantics in their own right. Here, in (S) is
satisfied by all containing clades, and out (S) by all
strict subclades. In particular, the roots (non-terminal
nodes) satisfying in (S) define the group of common
ancestors (CA).

CA(S) ≡ ¬terminal ∧ in(S) (6)

Moreover, if the clade property is extended to both
ancestral and leaf sequences, the structure of the
formula remains unaltered, and only the inclusion and

exclusion rules need to be tuned, so that target se-
quences must be found anywhere in the subtree, and
the whole subtree is free from intruders, respectively.

in′ (S) ≡
∧
s∈SEF (s) (7)

out′ (S) ≡ AG
(∨

s∈Ss
)

(8)

In this example, the temporal formula in (S) ∧
out (S) also describes a characteristic function that
symbolically defines the set of organisms belonging
to the clade by the intersection of states satisfying
the inclusion and exclusion properties. In contrast, the
evaluation clade(S) returns a boolean value that tells
whether the initial state of the Kripke structure sat-
isfies the phylogenetic property. Thus, we emphasize
the two aspects of temporal logics: symbolic represen-
tation for manipulating sets, and boolean functions.

A more challenging question in phylogenetics is
whether, given a phylogenetic tree and a partition
of its leaves (which arises from the application of a
sequence classification scheme), the latter constitutes
a haplogroup classification in the tree. Haplogroups
are aggregations of related haplotypes identifiable
by characteristic polymorphisms; thus, they define
genetic populations and usually mark these geograph-
ically as well. Their study is focused on the non-
recombining regions of the genome, in particular mi-
tochondrial DNA, where the original cladistic nota-
tion for haplogroups originated [20].

Essentially, a haplogroup together with the set of
populations (child haplogroups) that have sprung
from it over time must form a clade. In other words,
a haplogroup is a nested clade: its members occupy all
the leaves of a subtree, except possibly a number of
sub-subtrees, which are completely devoid of mem-
bers and themselves have a nested clade structure. A
phylogeny is an acceptable classification if every part
has a haplogroup-like structure.

classifier (S1, S2, . . . , Sh) ≡
∧h
i=1haplogroup (Si) (9)

Checking this property is trivial if the relations
between parent and child haplogroups are known,
symbolically by means not of a formula, but of a
function children (S). The function children (S) may
be extended to determine whether a suitable set of
child haplogroups exists.

haplogroup′ (S) ≡ clade (S ∪ children (S)) (10)

However, it is often interesting to allow for flexi-
bility in haplogroup placement in the ongoing study
and refinement of coarse haplogroups and the explo-
ration of alternative hypotheses. Whereas (10) may
be extended to determine whether a suitable set of
child haplogroups exists, it suffices to check the local
haplogroup-like quality of each individual part with-
out resort to any additional information beyond the
composition of the target part.
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Formally, haplogroup-likeness is a relaxation of
clade (S) through its local structure. While the in-
clusion rule is preserved, as is the general search
for the root of the haplogroup, the exclusion rule is
replaced by the nested clade property. Thus, all paths
eventually reach a point (AU) where they either arrive
at a member subclade or at the root of a foreign
clade, always through ancestral nodes ascribed to
the haplogroup in question (for this, a membership
function hi must be provided for each Si).

haplogroup (S, h) ≡ EF (in (S) ∧ nested (S, h)) (11)

nested (S, h) ≡ A [hU out (S) ∨ nesting (S)] (12)

nesting (S) ≡ AFAG
(
¬
∨
s∈Ss

)
(13)

Notice that nesting (S) is the opposite of out (S).
Obviously, terminal haplogroups (i.e., clades) are ac-
cepted by the formula. In cladistic terms, a local
haplogroup-like structure corresponds to the concept
of polyphyletic group. In this case, ancestral member-
ship information becomes necessary because the leaf
content of the polyphyletic group is indistinguishable
from the paraphyletic group.

Nevertheless, the assumption that ancestral mem-
bers of a haplogroup satisfy its defining properties is
certainly reasonable. As before, the incorporation of
ancestral taxa derives a related family of properties
which allow a more comprehensive evaluation of the
process of evolution.

Thus, the concept of clade, paraphyly and poly-
phyly, can be redefined using ancestral membership
information by means of the most recent common an-
cestor (MRCA), which is a restriction of the common
ancestor set:

MRCA(S) ≡ CA(S) ∧ ¬EX(CA(S)) (14)

For example, the new reformulation of the clade
property means that all the members of the mono-
phyletic group share the same closest common ances-
tor and the resulting set is free of intruders.

clade(S) ≡ MRCA(S) ∧ out′ (S) (15)

In addition, a polyphyletic group is a “group whose
members’ last common ancestor is not a member of
the group” [21]. The set nodes of the phylogenetic
tree that validate the following formula form a poly-
phyletic group.

polyphyletic(S) ≡ MRCA(S) /∈ S (16)

The paraphyletic group is a recursive specializa-
tion of the clade property. It consists of “all the de-
scendants of a hypothetical closest common ancestor
minus one or more monophyletic groups” [21]. The
detection of nested clades must be done explicitly
with a previous declaration of the internal clades that
we want to exclude from the paraphyletic group.

That is, all the elements of S should be arranged
into subgroups that define up to h disjoint clades
and every node of the set S must belong to one of
them. Thus, a paraphyletic group is formed from the
closest common ancestor plus a selection of clades.
The verification of the following formula gives the
paraphyletic root:

paraphyletic(S, S1, . . . , Sh) ≡ MRCA(S)

∧ disjoint(S, S1, . . . , Sh) ∧AG(
∨h
i=1clade(Si))

Further topological-related properties of phyloge-
netic trees are described in [21]. In particular, synapo-
morphies, symplesiomorphies and autopomorphies
focus on the length of paths with derived traits
while apomorphies, plesimorphies and homomor-
phisms (non homology) are interested in the point
of divergence of derived and ancestral traits in the
hierarchy of evolution.

A taxonomy of important biological properties is
summarized in Table 1, together with their temporal
logic formulas. The notation seqs is a compact rep-
resentation for specifying the sequence associated to
the node s, denoted as M, s � seq. In some cases
(i.e., apomorphies or synapomorphies) we need to
expand the PTL logic to include the past operator
X−1, that means the previous (parent) node of the
current state. The extension of temporal logics with
past operators has already been described in the
literature [22]. The CTL path quantifier of X−1 is
not necessary because the phylogenetic trees has a
unique ancestor. In the case of phylogenetic networks,
A and E path quantifiers shall be considered. Finally,
distance(S) is a distance metric that estimates the
evolution divergence of a set of species.

3.2 Sequence Properties

In general, sequence properties are based on state for-
mulas, i.e., those that are evaluated within a node and
without resort to temporal operators. Usually, they are
composed of simple PTL patterns whose application
scope is restricted to the surrounding nodes or the
entire phylogeny. Such types of state formulas will be
called patterns(p). They offer a powerful descriptive
formalism for formulating general restrictions without
the limitations of ad hoc approaches. Often, these pro-
perties may be used not necessarily to forbid patterns,
but as queries and alerts to signal unusual, possibly
anomalous behavior, and mark it for further study.

A first group of patterns represents global correct-
ness constraints that are supposed to hold across the
whole phylogeny. They can be categorized as follows:
• Conservation is modeled as a restriction on the

symbols that can occur at a given position in a
sequence. Commonly, the pattern will codify a
unidimensional boolean table that classifies each
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Type Name Ref PTL Formula
T CA Sect. 3.1 CA(S) ≡ ¬terminal ∧ in(S)
T MRCA Sect. 3.1 MRCA(S) ≡ CA(S) ∧ ¬EX(CA(S))
T Monophyly [21] clade(S) ≡ MRCA(S) ∧ out′ (S)
T Polyphyly [21] polyphyletic(S) ≡ MRCA(S) /∈ S
T Paraphyly [21]

paraphyletic(S, S1, . . . , Sh) ≡ MRCA(S) ∧AG(
∨h

i=1clade(Si))

∧ disjoint(S, S1, . . . , Sh)

T Homology [21] homology(S, col) ≡ ∃σ ∈ Σ, ∀s ∈ S (seqs[col] = σ) ∧
(
seqMRCA(S)[col] = σ

)
T Homoplasy [21] homoplasy(S, col) ≡ ¬homology(S, col)
T Parallel Evolution [21] parallel(S, col) ≡ homoplasy(S, col) ∧ distance(S) ≤ threshold
T Convergent Evolution [21] convergent(S, col) ≡ homoplasy(S, col) ∧ distance(S) > threshold
T Apomorphy [21] apomorphy(S, col) ≡ ∃σ ∈ Σ, ∀s ∈ S (seqs[col] = σ) ∧ (seqX−1s[col] 6= σ)
T Plesiomorphy [21] plesiomorphy(S, col) ≡ ¬apomorphy(S, col)

T Synapomorphy [21] synapomorphy(S, col) ≡ homology(S, col) ∧
(
seqX−1MRCA(S)[col] 6= σ

)
T Symplesiomorphy [21] symplesiomorphy(S, col) ≡ homology(S, col) ∧ ¬synapomorphy(S, col)
T Autapomorphy [21] autapomorphy(s, col) ≡ ∃σ ∈ Σ, (seqs[col] = σ) ∧ (seqX−1s[col] 6= σ) ∧

terminal(s)
S Covariation [12] covariation(i, j) ≡ EFAG (seq[i] = σi → seq[j] = σj)
S Conservation [12] conservation(i, j) ≡ EFAG (seq[i, . . . , j] = σi . . . σj)
T & S Back Mutation Sect. 3.4 detectBM ≡ ∀j ∈ {1, l}, AG (¬hasBM (j))

hasBM (col) ≡ ∃σ ∈ Σ, (seq[col ] = σ)

∧ EF (seq[col ] 6= σ ∧EF (seq[col ] = σ))

T & S Multiple
Nucleotide
Polymorphism

Sect. 3.4 detectMNP ≡ ∀j ∈ {1, l − 1}, AG (¬startsMNP (j))

startsMNP (col) ≡ ∃σ, τ, υ ∈ Σ, (seq[col − 1] = σ) ∧ (seq[col ] = τ)

∧ (seq[col + 1] = υ) ∧EX[(seq[col − 1] 6= σ)

∧ (seq[col ] 6= τ) ∧ (seq[col + 1] 6= υ)]

Q Distance 3.4 distance(d, event) ≡ AF≤devent

TABLE 1
Summary of the most important phylogenetic properties (Type T: tree; S: sequence; Q: quantitative)

symbol as permissible or impermissible. How-
ever, it is possible to define general families of
compatible elements, not bounded to specific po-
sitions, and restrict their usage to exactly one of
these positions, among other extensions.

• Covariation imposes a relation of dependence be-
tween two (or more) positions in a sequence. It
can be represented as a bidimensional boolean
table which states, for each symbol in the first
column, the set of symbols that may appear in
the second column. Typically, for the property to
be meaningful, associations between symbols will
be sparse.

• A combination of both.
A global pattern thus defined is easily verified by

extending it over the computation tree.

global (p) ≡ AG (p) (17)

Exceptions to the aforementioned properties may
in fact indicate suspicious or potentially deleterious
mutations, which are of great interest in applied
phylogenetic studies [23]. Furthermore, known or
suspected mutations of this kind can be explicitly
modeled as patterns and their positioning in a phy-
logeny assessed. In particular, those affecting impor-
tant metabolic functions are expected to prevent or
hinder the reproduction of the organism, and conse-
quently should be confined in or near terminal leaves.

Just as some mutations may ordinarily be forbidden
altogether as global patterns, observed and feasible

deleterious mutations may be permitted subject to cer-
tain restrictions. Specifically, it may be demanded that,
if a hazardous pattern appears, it has no offspring,
i.e., it is a leaf in the phylogeny; or, to provide some
flexibility, it may be allowed that all descendants, if
any, are reached in at most k steps (AXk).

terminal (p) ≡ AG (p→ leaf) (18)

terminal (p, k) ≡ AG
(
p→ AXk (leaf)

)
(19)

In this case, leaves (self-loops in the Kripke struc-
ture) must be detected without reference to any partic-
ular sequence. This is easily achieved by performing
an equality comparison between the valuations of AP
of the target state and all its successors.

leaf ≡
∧
p∈AP p↔ AX (p) (20)

This last example is representative of properties
that perform conditional explorations of the phylogeny.
Lineage-specific verification represents a further step
forward, where patterns would be used to define the
sets of states of interest, though their study is beyond
the scope of this paper. Notice that pattern-based
checking of haplogroup classifications falls within this
category.

3.3 A Combination of Both
Some properties do not fit exclusively into one of the
previous classification groups but are a mix of se-
quence and tree properties. At first sight, it is reason-
able to consider relatively simple properties based on
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a tree topology and an associated sequence alignment,
exemplified by the following real properties. Suppose
for now that the alignment comprises a number of
cladistic characters indexed 1 through l, sequences
seq are words of length l over an alphabet Σ, and
seq[i] = σ (seq[i] 6= σ) signifies that σ ∈ Σ appears
(not) in position i in a state sequence (recall the AP
definition in Def. 3).

For legibility and compactness in these examples,
we will refer to the atomic propositions seq[i] = σ
(seq[i] 6= σ) of a state sequence as σi (σi). In the case
of finite domains, such as the set of DNA sequences,
the evaluation of logical quantifiers ∀ and ∃ can be
substituted by multiple instances of boolean formulas
connected by the

∧
and

∨
operators.

Consider the following example. It determines whe-
ther a given tree is free of back mutations, which we
abbreviate BM (equivalently, it detects those points in
the tree where back mutations occur, if any).

detectBM ≡
∧l
j=1AG (¬hasBM (j)) (21)

hasBM (col) ≡
∨
σ∈Σ

σcol ∧EF (σcol ∧EF (σcol))(22)

In these two formulas we present a non-trivial mod-
eling example of a cladistic property with a heavy use
of sequence data. The goal is to detect back mutations
in the tree. To this end, we need to formalize the
concept of back mutation: given a node in the tree
(which itself defines a subtree) and an alphabet Σ,
there is a back mutation in that subtree involving a
position of the alignment (j) if at some point in some
descending path from the node we find in position j
a different symbol (σj ) than that found in the root of
the subtree (σj ), and if at some point in the subtree
hanging from that intermediate the symbol from the
root reoccurs. The formula hasBM (col) models this
condition by nesting EF operators (a node satisfies
a property which eventually some other descendant
does not satisfy, but is fulfilled once again at some
point in the future) and repeating the check for every
symbol that may occur in the node. Finally, the global
formula detectBM iterates the check over the positions
of the alignment and extends it to all tree nodes.

The second example detects a different family of
complex mutations: those which affect groups of con-
secutive positions, a pattern of particular relevance to
protein-coding regions. We dub this multiple nucleotide
polymorphism (MNP), as opposed to (SNP).

detectMNP ≡
∧l−1
j=1 AG (¬startsMNP (j)) (23)

startsMNP (col) ≡
∨

σ,τ,υ∈Σ

(σcol−1 ∧ τcol ∧ υcol+1∧ (24)

EX (σcol−1 ∧ τcol ∧ υcol+1))

where for brevity the special treatment required when
col = 1 has been omitted. In this case, σ, τ and υ

are characters of the state sequence seq in positions
col , col − 1 and col + 1 respectively. The property
startsMNP can be extended to accept these characters
as input parameters. It is clear that any verification of
properties from the alignment (e.g., covariation) can
be fulfilled in the phylogeny.

Generally speaking, haplogroups are defined as
clades whose members share a common mutation
denoted by a SNP or MNP. The parametrization
startsMNP (col , σ, τ, υ) will work as the membership
function hi defined in Eq. 11–13 as it will label the
clade root (MRCA) which has the nucleotides σ, τ ,
υ around the position col . Given a set of clades
and a known MNP, the detection of the most likely
haplogroup will consist of the selection of the root
with the greatest subtree satisfying the detectMNP
property. Next, we must check the conservation of the
MNP for all the populations inside the clade so that no
spurious or external haplogroups (startsMNP ) corrupt
the current subtree. Using model checking packages,
a fixed-point algorithm will symbolically compute the
haplogroup fitness of each candidate and select the
ancestor with the maximum group of descendants.
Other related biological properties would have dif-
ferent maximization (minimization) purposes.

3.4 Quantitative Properties

The result of some phylogenetic properties might not
necessarily be constrained to a boolean result. As well
as checking the validity of a formula with qualitative
model checking, biologists often need quantitative
information such as the number of species in which
two positions covariate, the number of mutations
along a tree path or the percentage of conservation
of a sequence fragment in the phylogenetic tree. We
may even wish to measure the fitness of a set of
trees according to different parameters. The ratio of
descendants per taxon (tree balance) and the analysis
of branch lengths help to study, compare and refine
the tree structure [1], [33], [34]. These supplementary
metrics are of particular interest in the case of several
phylogenies sharing identical scores under the same
inference method [35]. Quantitative, parametric and
stochastic temporal logics contribute to the definition
and verification of such properties.

Real-time [36] and quantitative temporal logics [37]
cater for the expression of quantitative bounds such as
the maximum or minimum number of steps between
events, considered as sets of states characterized by
a logical formula. Such logics allow operators of the
form AF≤5p meaning that inevitably event p will
occur within five time steps. This feature provides an
explicit way for the computation of branch lengths
and the definition of mutation and evolution clocks.
Distance-based inference methods can also take ad-
vantage of this particularity for the construction of
a phylogenetic tree [4]. An extension of quantitative
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Name Main feature Property Language Platform
NuSMV [24] OpenSource LTL, CTL, PSL Win, Unix, MacOS
PROD [25] On-the-fly Model Checker CTL Linux
SPIN [26] Generic Model Checker LTL Win, Unix related

DiViNe Tool [27] Distributed Multi-Core Model Checker LTL Unix
Eddy Murphi [28] Distributed Multi-Core Model Checker Assertions Unix

PVeSta [29] Statistical Parallel and Multi-Core Model Checker PCTL Win, Linux, MacOS
PRISM [30] Probabilistic and Quantitative Logics PCTL, CSLTA, LTL, PCTL* Win, Linux, MacOS

UPPAAL [31] Commercial Software for Real-Time Systems TCTL Win, Linux
TLQSolver [32] Temporal Logic Query Checker for Mining Properties Query CTL Linux

TABLE 2
List of some available Model Checkers.

model checking where integer values are replaced by
parametric variables is detailed in [38].

Next, Bayesian model checking methods allow for
analyzing stochastic systems [39]. Probabilistic CTL
(PCTL) [14], [40] and CSLTA [41] help to formulate
conditions on a state of a Markov chain. PCTL allows
enriched queries of temporal formulas such as PJ (φ).
Given an initial state s and a bound J ∈ [0, 1],
PJ (φ) returns the probability for a set of paths sat-
isfying φ. Mutations seem to act in this stochastic
way. Thus, models of DNA substitution such as Jukes-
Cantor, Kimura or GTR can be tested with this logic
[42] (Section 5.2). The definition of transitions and
transversions, as well as the branching (mutation) rate
J must be explicitly provided by the user. Further
questions such as the cumulative probability of reach-
ing a specific leaf can be queried by the biologist using
these logics over trees modeled as Markov chains.

Occasionally, biologists do not want to verify a
specific hypothesis but let the computer automat-
ically discover new ones. Ultimately, we want to
mine genome-wide, high-resolution phylogenies. In
the examples presented in the previous sections, it can
be appreciated that mining for knowledge without
prior information requires a more or less thorough
exploration of the structure, which can be combinato-
rial in some or all of its dimensions. The exhaustive
inspection of potential solutions involves the checking
of large sets of formulas and an intensive use of the
topology and the information of each state. Some
theoretical approaches for CTL bridge the transition
between verification and mining [43], [44]. Basically,
they define a kind of CTL query with a hole, called
the placeholder, that acts as a free variable. If the
system verifies the query pattern for any combination
of values, the model checking algorithm returns the
set of subformulas that satisfy the placeholder.

4 IMPLEMENTATION ISSUES
The use of model checking techniques is domain-
independent: given a phylogenetic tree and a specifi-
cation of its biological properties, the verification soft-
ware automatically checks the correctness of the sys-
tem. In the event of failure to comply with the spec-
ification, the software outputs the scenarios which
infringe the property as counterexamples.

4.1 Model Checking Tools

A consideration of the different types of temporal
logics involves the implementation of a pool of model
checker packages for supporting them (see Table 2).
With respect to stochastic and quantitative temporal
logics, PRISM is a model checker adapted for “formal
modeling and analysis of systems that exhibit random
or probabilistic behavior” [30]. In addition, PRISM
has been successfully applied in a nearby applica-
tion domain such as biological pathway regulation. It
seems suitable for statistical analysis and quantitative
evaluation of properties (e.g., mutations).

UPPAAL is a commercial software package that
offers “an integrated tool environment for model-
ing, validation and verification of real-time systems
modeled as networks of timed automata” [31]. This
feature can be exploited in biology so as to provide
an explicit definition of evolution clocks. Furthermore,
NuSMV [24] includes quantitative extensions related
with the computation of paths with maximum (mini-
mum) lengths that satisfy a property. It also includes
a simple database manager for reusing the results
of previous properties. In addition, the classic open-
source model checker SPIN offers a framework that
can be tuned as desired [26]. Sliced model checking
can be coded over these two packages [45], [46].

In conjunction with the previous logics, on-the-fly
model checking improves performance by exploring
the state space on demand [47]. One of the best
model checkers in this field is PROD [25]. Moreover,
multicore and network-oriented tools such as DiViNe
[27] (for LTL), Murphi [28] or PVeStA [29] (stochastic)
are available in order to speed up efficiency.

Finally, TLQSolver [32] is a model checker that man-
ages CTL queries and allows the mining of properties
that match a specific pattern. The definition of pat-
terns helps to select sets of nodes of the phylogenetic
tree satisfying an abstract relation in a similar way to
a SQL query. These sets can then be postprocessed in
order to extract the differences among them.

4.2 Codification of Branching-time Phylogenies

We have used NuSMV, a well-known model check-
ing software tool [24], for the implementation of the
branching-time phylogenetic tree [13]. A description
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of the Kripke structure and the atomic propositions
in NuSMV syntax must be provided by the user as
the input for the model checker. To this end, we
preprocess the sequence alignment and the phyloge-
netic tree. Translation from the phylogenetic tree to
the SMV Kripke structure syntax has been performed
automatically by a Bioperl script [48]. The inclusion
of arrays, sets and macros in the NuSMV syntax
facilitates a compact characterization of DNA and
protein sequences as strings of characters.

Fig. 3 shows the implementation of the branching-
time phylogenetic tree from Fig. 1 in SMV code. The
main module describes the topology of the evolution-
ary tree, where the names of the tree nodes (taxa) are
defined as N1, . . . , N5, and variables label the states.
The init and next clauses are used to mark the root
of the tree and the successors of a given state. The
second part of the description consists of the function
returning the DNA string associated to each node.

Usually, model checking packages store the previ-
ous description of the transition system in a BDD
structure [16]. Internally, each state is composed of
a set of boolean variables that are true for the DNA
sequence that it represents. This feature provides an
easy scheme for the manipulation of sets in a symbolic
way because a DNA string can be identified by means
of a logical expression. It should be noted that the
verification of a phylogenetic formula is intimately
related to the identification and manipulation of sets
satisfying a boolean function characterized in tempo-
ral logic. In the next section, we verify phylogenetic
properties using the description in Fig. 3 as input data.

Alignment Size
750 1000 1250 1500 1750 2000

ND4L (98) 13.5 27.6 46.0 67.4 89.6 124.7
ND3 (115) 7.0 31.4 53.6 78.1 105.7 142.8
ND6 (174) 18.1 26.3 71.6 123.2 160.8 205.9
ND1 (318) 8.8 13.2 84.2 203.3 246.7 371.6
ND2 (347) 10.8 13.9 75.8 217.5 322.5 420.0
ND4 (459) 14.2 22.4 29.4 191.3 417.4 499.0
ND5 (603) 19.0 92.1 106.8 314.9 518.5 728.8

TABLE 3
Seconds needed for the creation of the Kripke

structure and the storage of protein sequences.

Alignment Size
750 1000 1250 1500 1750 2000

ND4L (98) 102 123 146 170 194 211
ND3 (115) 111 135 161 193 218 244
ND6 (174) 161 199 233 267 300 351
ND1 (318) 275 349 409 472 533 595
ND2 (347) 307 388 454 520 586 679
ND4 (459) 423 512 598 712 798 890
ND5 (603) 568 682 823 940 1054 1168

TABLE 4
Megabytes needed for the creation of the Kripke
structure and the storage of protein sequences.

4.3 Performance Results

The performance evaluation of our system has been
measured with human protein alignments retrieved
from GenBank [49]. In particular, we selected genes of
respiratory complex I encoded in mitochondrial DNA
(mtDNA). We have chosen them because they are
biologically interesting and varied in length, which
makes them suitable for a complete performance anal-
ysis. This data set includes ND5, one of the biggest
genes in mtDNA. Thus, the experimental results will
define approximate upper bounds which can be used
as a sound reference for mtDNA experiments. All tests
have been run on a scientific workstation Intel Core
2 Duo E6750 @ 2.66 GHz, 8 GB RAM, O.S. Debian
Linux. Notice that NuSMV uses a single core.

We start analyzing the time and memory usage for
the construction of the phylogenetic Kripke structure
labeled with protein sequences. Table 3 and Table 4
show time and memory consumption with respect to
sequence length and alignment size.

The time increases quadratically with the number of
sequences and linearly with the gene length, except
for some erratic behavior due to the use of BDD
diagrams. On the other hand, the memory usage
increases sublinearly with the number of sequences
and the gene length, which is very encouraging from
a computational point of view. It is possible that
these moderate trends are partly due to the use of
highly conserved genes and closely related sequences.
Nevertheless, the huge amount of time and memory
required for the worst case indicates that the codifi-
cation of data should be optimized.

The time required for the verification of a single
temporal logic formula is extremely variable, as it
depends on the complexity, the model checker search
strategy (e.g., depth or breadth first search) and the
occurrence of interruptions caused by counterexam-
ples. In this example, we have tested the detection of
back mutations (Eq. 21) for the first 98 positions of
the protein alignment. We have verified the equation
for five different aminoacids, reaching a total of 490
evaluations. The time required for the initialization
and evaluation of the batch of properties in NuSMV
raises to 1729.33 seconds in ND5 (2000 tips).

The study and verification of structural properties
only requires the topological information of the tree
and then the DNA labels can be omitted from the
associated Kripke structure, which leads to a resource-
saving representation in the model checking tool. For
example, the initialization of a binary phylogenetic
tree with 2000 tips and no DNA consumes 19.2
megabytes and 4 seconds in NuSMV.

These last results are only particular examples of
verification, but they offer an insight into temporal
costs and memory requirements for future experi-
ments. It seems that sequence length will be the
main bottleneck if we straightforwardly apply our
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MODULE main
VAR n: {N1,N2,N3,N4,N5}; /* States (taxa) of the phylogenetic tree */

dna: process dna_sequence(n); /* DNA Labeling function */
ASSIGN
init(n) := N1; /* Tree root */
next(n) := case /* Definition of the successors of each node */

n=N1: {N2, N3}; /* Nodes N2 and N3 are the successors of N1 */
n=N2: {N4, N5}; /* Nodes N4 and N5 are the successors of N2 */
TRUE: n; /* Self-loops in leaf nodes */

esac;
MODULE dna_sequence(n)
/* Definition of the array of characters and the DNA alphabet */
VAR sequence: array 1..3 of {A,C,G,T};
ASSIGN

init(sequence[1]):= A; init(sequence[2]):= A; init(sequence[3]):= G;
next(sequence[1]):= case

n=N2: G; n=N3: A; n=N4: A; n=N5: A; TRUE: A;
esac; ...

Fig. 3. Mapping of the phylogenetic tree of Fig. 1 in SMV.

framework to bigger (e.g., nuclear) genes and phylo-
genies. Although these preliminary results might be
discouraging in terms of efficiency, some techniques
such as the exportation of DNA to external databases
[46], and sliced [45] or distributed model checking
[27], [28], [29] can be applied to relieve the memory
constriction, fade out the initialization time and scale
up the system. We emphasize that the implementation
of these solutions is not completely optimized yet for
this field, but the first performance tests suggest an
acceptable trend in efficiency and scalability for the
verification of boolean properties. Future optimiza-
tions will review all these aspects.

5 FUTURE WORK

Finally, the analysis of phylogenetic networks and the
evaluation of quantitative and stochastic properties
in DNA mutation models will be the subject of our
future work. We believe that model checking will be
competitive in this field for the analysis of cycles, the
computation of the maximum likelihood estimations
or distances between clusters of nodes. Model check-
ing techniques support the analysis and verification
of different systems in computational biology.

5.1 Phylogenetic Networks
As well as phylogenetic trees, other structures such as
phylogenetic networks are suitable for phylogenetic
analysis as they represent a generalization over trees
[50]. Principally, they exhibit an extra level of abstrac-
tion for modeling evolution based on the inclusion
of potential multiple roots, horizontal transferences,
sexual reproduction and the existence of cycles.

In fact, rootedness is an important factor in practice
and should not be taken for granted, even for phylo-
genetic trees. To this end, model checking is useful as
a method to locate the root. Given a set of properties,
model checking will consist of detecting the set of

potential roots that verify them. Each property in a
collection restricts the possible locations of the root to
a subset of the nodes of the tree. We may conclude
that a node is consistent with the rootedness of the
tree under all those properties if it is acceptable as a
root for each and every one of the properties. The
philosophy underlying this approach is similar to
bootstrapping, where the validity of a set of properties
over the tree is chosen as a fitness parameter for the
root under consideration.

Another useful idea would be the inclusion of
cycles in the phylogenetic network. This involves the
addition of new semantic information to the phy-
logeny and the matching of multiple phylogenetic
interpretations. For example, cycles in a phylogenetic
network can be understood as a compact representa-
tion of a set of phylogenetic trees where branches and
nodes overlap in the same structure. This feature is an
efficient way of processing several trees together.

Cycles in a phylogenetic network could also stand
for the horizontal transference of fragments of se-
quences (genes) between individuals of simple organ-
isms like bacteria, while they would represent sexual
reproduction for the rest of animals and plants. In this
case, there would be only one phylogeny under study
but the complexity of the verification process would
be increased due to the explosion of paths.

As the notion of cycles is already included in the
definition of Kripke structures, and both phylogenetic
interpretations of cycles are compatible with the se-
mantics of temporal logic, phylogenetic networks are
also feasible in the context of model checking.

5.2 Models of DNA Evolution
The evolution drift leading the substitution of nu-
cleotides in the DNA is usually modeled with a
Markov chain. Different models of DNA evolution
have been proposed in the literature, though the
simplest ones consider a four state Markov chain
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with variants in the probabilities of transitions and
transversions among nucleotides [42]. The existence
of adapted tools, data structures and probabilistic
temporal logics that capture the underlying random-
ness of these systems allows for inspecting stochastic
properties in probabilistic timed automates. Thus, our
framework based on formal methods techniques will
also accept the characterization of this kind of DNA
models as input. The analysis of these models opens
a new perspective that extends the work presented in
this paper to other phylogenetic fields.

Complementary, in the context of DNA evolution,
the phylogenetic tree would indicate the order of
occurrence of the mutations along the history in the
speciation process. Hence, a given phylogenetic tree
will reflect how the substitution model should act,
showing the trace of changes in a long-term run of
the model. In other words, the phylogeny specifies
the behavior of the system, understood as the hy-
pothetical drift of the DNA during the time. There-
fore, a phylogenetic tree, implicitly represented as a
succession of transitions and transversions by a set
of temporal logic properties, can be checked over a
particular DNA model.

The verification of the phylogenetic tree will re-
turn the agreement with respect to a DNA evolution
model. This can be done with probabilistic temporal
logics in order to obtain a confidence value between
[0, 1] for the tree under consideration. The score pro-
vided by the result of the verification process is useful
for guiding the refinement of the phylogenetic tree.
For example, our framework can play the role of
worker for computing the maximum likelihood or
evaluating the tree topology in current inference algo-
rithms and tools [51, Fig. 2]. The script presented in
Section 4.2 accepts extensions for generating multiple
bootstraps that feed the iterative refinement process.

Model checkers such as PRISM are suitable for the
computation of maximum likelihood in stochastic sys-
tems. Besides, PRISM is implemented in Java, which
ensures portability, but penalizes the performance
in large computations. Future optimizations should
be focused on the implementation of more efficient
libraries and dynamic programming techniques. The
translation of the MLE equations to the syntax of the
stochastic logic supported by PRISM, and the perfor-
mance tests are omitted due to space constraints.

To sum up, model checking can be placed as an
intermediate step in the iterative refinement process
of phylogenetic inference. The main advantages of our
approach are still valid for this new situation: gener-
ality, modularity, independence of the model (DNA
mutations) from the specifications (phylogenetic tree)
and the availability of powerful model checking tools.

6 CONCLUSIONS
The aim of this paper has been to build a bridge
between two such apparently removed worlds as

phylogenetics and formal verification using model
checking techniques. A formal framework for describ-
ing, verifying and manipulating causal relationships
of states irrespective of the structure (tree or network)
has been proposed. This is founded on three pillars:
• The interpretation of a phylogenetic tree as a tran-

sition system, where the structure of the tree is
transformed in order to assimilate it to the Kripke
structure used by model checking techniques.

• The definition of a suitable temporal logic for
the expression of phylogenetic properties, the
semantics of which is based on Kripke structures
derived from phylogenetic trees. Temporal pro-
perties inquire about logical or numerical rela-
tions in the tree.

• The use of standard model checking techniques
for the automated verification of phylogenetic
properties expressed as temporal logic formu-
las in phylogenetic trees interpreted as Kripke
structures. Nowadays, model checking is a ma-
ture field with well-founded theory supported by
generic and extensively used software tools.

We must emphasize that the notion of the phyloge-
netic tree as an evolution process is captured by the
states of a transition system, which reflect a specific
step of the speciation process, and the transitions
themselves, which describe mutations and reproduc-
tion events. Besides, the codification selected for the
DNA sequences as atomic propositions of the states in
the Kripke structure allows for the evaluation of phy-
logenetic properties and the symbolic manipulation of
sets using a suitable temporal logic.

Furthermore, phylogenetic model checking is not
limited to qualitative temporal logics nor to a spe-
cific phylogenetic representation. The existence of a
wide range of model checkers and compatible logics
(quantitative, statistical or parametric) enlarge the
expressiveness of biological properties. It also ensures
a substantial collection of tools that can be adapted for
any specific study of phylogenetic analysis.

Complementary, the definition of Kripke structures
and almost every type of temporal logic support the
generalization of a phylogenetic tree as a phylogenetic
network with multiple roots, cycles and horizontal
transferences. Models of DNA substitution defined by
more powerful data structures such as Markov chains
are also supported by specialized model checking
tools, which allow for a quantitative and probabilistic
analysis of the phylogenies.

In the second part of this paper, we have investi-
gated the feasibility of model checking techniques as
a framework for hypothesis testing and phylogenetic
analysis. We have shown how to translate phyloge-
netic trees into the syntax of NuSMV and described
the performance of the model checker when using
phylogenetic data. We have seen that the initialization
phase (creation of the associated Kripke structure)
is much costlier than the verification process of a
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single formula. The experimental results show that
the initialization time increases quadratically with the
alignment size and linearly with the sequence length.
Additionally, memory consumption is sublinear in
both cases. Despite the resources needed for model
checking, it is still competitive thanks to the symbolic
manipulation of huge amounts of data.

The data set used consists of proteins coded by
genes from the mtDNA genome, which are substan-
tially smaller than those from nuclear DNA. As the
temporal cost increases mostly with respect to the
sequence length, the phylogenetic analysis of large
genes and genomes could become the major bottle-
neck in the near future. Thus, scaling the model check-
ing verification process both in time and memory will
be one of our research priorities. We have already sug-
gested some possible solutions for these limitations,
such as sliced and distributed model checking or the
storage of temporal properties in databases.

The principal advantages stemming from the study
of phylogenetic properties with this approach are
that different phylogenies can be considered, complex
properties can be specified as the logical composition
of others, and the refinement of unfulfilled properties
(as well as the discovery of new ones) can be under-
taken by exploiting the verification results. The formal
methods presented here offer an integrated frame-
work for the verification of phylogenetic properties.

We can conclude that our first approach to phyloge-
netic analysis using model checking is innovative and
encouraging in terms of methodology and efficiency.
Although this framework cannot yet be applied di-
rectly to bigger systems, it is at least a powerful and
competitive approach for the analysis of mtDNA. The
optimization of our framework and the evaluation of
qualitative, quantitative and probabilistic properties
in larger phylogenies as well as integration with
statistical problems will be the subject of future work.
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