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Preface

Algebraic tools have been used in statistical research since the very begin-
ning of the field. In recent years, the interaction between statistics and pure
mathematics has intensified and many new directions are now explored. One
instance of that is a growing interest in algebraic statistics, an emerging field
aimed at solving statistical inference problems using concepts from algebraic
geometry as well as related computational and combinatorial techniques. As a
result, algebraic statistics provides a dictionary that enables mathematicians
and statisticians to work together on statistically relevant problems.

There is a natural question: Is algebraic statistics useful or is it just a way
to redefine statistical objects in a more algebraic language with no real benefit
to the field? More concretely, are there some real statistical problems which
were previously unsolved before applying the algebraic machinery? There are
many such problems that have been solved only after translating them into
algebraic geometry. There are even more problems that are naturally formu-
lated in terms of algebraic geometry but statisticians did not have the tools
to solve them from that perspective. Some examples of both types include de-
signing procedures to sample exactly from a given conditional distribution for
discrete exponential families (see Diaconis and Sturmfels [1998]), using com-
mutative algebra to study the structure of conditional independence models
(see [Drton et al., 2009, Chapter 4]), and identifiability of statistical mod-
els with or without hidden variables (see Allman et al. [2009], Drton et al.
[2011]).

Algebro-geometric methods are very important in the study of statistical
models with hidden variables, which are generally poorly understood within
statistics. Lazarsfeld and Henry [1968] studied algebraic constraints on prob-
ability distributions in the mixture model. More recently, algebraic geometry
has been used to establish the identifiability of many models with hidden
variables, which amounts to studying the parameterization of those models.
In addition to that, the work of Watanabe [2009] uses algebraic geometry to
study the asymptotic behavior of empirical processes arising in the context
of hidden data, where the classical asymptotic theory does not apply.

The focus of this book is on statistical models with hidden variables. The
first part is a general introduction to some important concepts in algebraic
statistics with an emphasis on methods that are helpful in the study of models
with hidden variables. The three main ideas behind this approach are

xiii
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xiv PREFACE

(i) Using tensor geometry as a natural language to deal with multivariate
probability distributions,

(ii) Developing new combinatorial tools that can be used to study models
with hidden data, and

(iii) Focusing on the semialgebraic structure of statistical models.

The last item is the most important here. In algebraic statistics the geome-
try of statistical models is typically studied over the complex numbers. This
approach is based on the fact that many statistical models correspond, from
the parameterization point of view, to geometric objects described by poly-
nomial equations. This is useful in a wide variety of contexts, but it gives
unsatisfactory results in the case of models with hidden variables where the
geometry over the real numbers is always much richer and it admits addi-
tional polynomial inequalities.

An important example of models with hidden variables is given by the
latent tree models studied in the second part of this book. Models of this type
are widely used in biology and they generalize various popular models used
in machine learning like the hidden Markov model, the naive Bayes model,
and various state-space models. A general statistical understanding of these
models is very limited and typically estimation is done using fragile numerical
procedures with no guarantees of convergence to the global maximum. This
book shows how combinatorics and algebraic geometry can give a better
understanding of these models. It contains many results on the geometry of
these models, which includes a very detailed analysis of identifiability and
the defining polynomial constraints.

I would like to thank all of the collaborators who worked with me
on the material presented in this book. I am grateful to Jan Draisma,
Mathias Drton, Diane Maclagan, Mateusz Michalek, John Rhodes, and
Jim Q. Smith for many helpful discussions. This book also benefited from
the comments of Elizabeth Allman, Steffen Klaere, and anonymous referees.
I am especially thankful to Bernd Sturmfels for being a great mentor, col-
laborator, and for reading an early version of this book. Kaie Kubjas helped
me to get rid of many typos. This book was written partly during my Marie
Sklodowska-Curie Fellowship at the University of California, Berkeley and
Universita degli Studi di Genova. I thank Eva Riccomagno and both institu-
tions for hosting me, and the European Commission for funding my research.

Genoa, Italy
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Chapter 1

Introduction

1.1 A statistical model as a geometric object

Let X be a discrete random variable with values in a finite set X. If X has m
elements, then without loss of generality, we assume that X = {1,...,m} and
we identify the probability distribution of X with a point p = (p1,...,pm) €
R™ such that p, > 0 for every € X and ) ., p, = 1. The probability
simplex is the set of all such points

Ar = {peR™: p, >0, Y p, =1} (1.1)
rEX

Any statistical model for X is by definition a family of probability distribu-
tions and hence a family of points in Ay. This gives a basic identification
of discrete statistical models with geometric objects. In this book we study
only parametric models and hence we are always given a parameter space
© C R? and a map p: © — Ay such that the model is equal to the image
of © under p. The coordinates of this map are typically denoted by p,(6) or
p(z;0) for x € X and 0 € O.

For most interesting models, possibly after some reparameterization, we
can assume that all p,(f) are polynomials in § = (6y,...,04). Important
examples are the discrete exponential families and their mixtures.
Example 1.1. Let X € X = {0, 1,2}, then the probability distribution for
X lies in Ay, which is a triangle in R? with vertices given by (1,0, 0), (0, 1,0),
and (0,0, 1). Assume that X follows the binomial Bin(2, ) distribution for
some 6 € [0,1]. Then p,(0) = (3)(1 — )26 and hence

p(8) = (po(8), p1(8). p2(0)) = ((1 — 6)*,20(1 — 6),6%).
The model is part of a curve contained in the probability simplex depicted
in Figure 1.1, which is parameterized by 6 € [0,1]. For example, p(0) =
(1,0,0), p(0.3) = (0.49,0.42,0.09), p(0.6) = (0.16,0.48,0.36), and p(1) =
(0,0,1). Alternatively, the model is given as a subset of Ay defined by a
single equation p? — 4pgps = 0, namely,
Bin(2,0) = {p€Ax:p?—4pop; =0}

The curve containing this model is the intersection of two hypersurfaces in
R3 given by po + p1 +p2 — 1 = 0 and p? — 4pgpz = 0 presented in Figure 1.2.
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2 INTRODUCTION

(0,1,0)

(1,0,0) (0,0,1)

Figure 1.1 Graphical representation of Bin(2,0) model in Ax projected on a plane.

Figure 1.2: Graphical representation of Bin(2,0) model in R®.

1.2 Algebraic statistics

The geometric representation of statistical models has been known for a long
time. The most classical example is the linear model; see Herr [1980] for
the historical sketch of how geometric ideas developed in this context. There
are, however, many other examples of how geometric representation of models
became important in understanding their statistical properties. These include
probability (see Diaconis [1977]), graphical models (see Geiger et al. [2001],
Mond et al. [2003]), contingency tables (see Fienberg and Gilbert [1970]),
phylogenetics (see Chor et al. [2000], Kim [2000]), information theory (see
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ALGEBRAIC STATISTICS 3

Amari [1985]), and asymptotic theory (see Kass and Vos [1997], Watanabe
[2009]).

In this book, we focus on geometric aspects of statistical models that
can be systematically studied from the algebraic geometry point of view. A
seminal paper by Diaconis and Sturmfels [1998] began intensified research on
applying computational algebraic geometry in various parts of statistics (see
also Drton et al. [2009], Pachter and Sturmfels [2005], Pistone et al. [2001]).
A historical sketch of these developments was given by Riccomagno [2009].
The geometric analysis of statistical models is focused on understanding the
structure of the model in order to understand and improve existing inference
procedures. This involves three closely related concepts:

1. understanding the geometry of the parameterization defining the
model,

2. providing explicit description of all probability distributions in the
model, and

3. understanding the geometry of the likelihood function and various
pseudo-likelihoods.

Understanding the geometry of the parameterization defining the model
is necessary to address the issue of model identifiability and multimodality
of the likelihood function. A statistical model is identifiable if and only if
the parameterization is injective, that is p(6) = p(@’) implies § = 6’. For
many interesting classes of models, identifiability does not hold, and then for
a given 0 it is important to understand the structure of all ¢’ € © such that
p(6) = p(€). A typical question is whether this set is finite. If it is finite, then
one may ask if there is a natural group acting on this set so that modulo this
group action, the model is identifiable; see Allman et al. [2009].

Providing explicit description of all probability distributions in the model
is important for a number of reasons. The most basic is in the construction
of simple diagnostic tests. Suppose that we are given two models M, M’
and sample proportions p for a random variable X € X = {1,...,m}. Since
both models and p lie in the probability simplex Ay, then we can compare
minye s d(p, p) and min, e d(p, p) for a suitable distance d in Ay and pick
the model with the minimum distance.

The complete description of a model as a subset of the probability simplex
gives also a potentially better understanding of the behavior of the likelihood
function and other inference procedures. In case of the likelihood function we
may, for example, want to understand how many local maxima it has, how
many of them are critical points, and how many lie on the boundary of the
model. An example of such an analysis will be given later in Section 7.4.

A typical approach to address all three aspects above is to pass to the
geometry over complex numbers, possibly in the projective space. In this set-
ting, algebraic problems are typically much easier to study. However, none of
the three aspects above can be studied in full detail from this purely algebraic
point of view, which is why recently more researchers become interested in
semialgebraic statistics.
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4 INTRODUCTION
1.3 Toward semialgebraic statistics

The algebraic structure of a statistical model typically involves providing all
polynomial equations defining the model inside the simplex A y. For instance
in Example 1.1 there is only one equation given by p? — 4pops = 0. However,
for many interesting statistical models, the defining equations make only part
of the whole story. Geometric analysis typically becomes harder when some
of the variables in the system are not observed.

Example 1.2. Let X € {0,1,2} be a random variable with a distribution
described as follows. Consider two biased coins, a #;1-coin and a f2-coin. We
pick one of the coins so that P(C =1) =7 =1 —P(C = 2), where 7 € [0, 1].
After we pick a coin, we toss it twice and record the number of heads X. The
distribution of X is a mixture of Bin(2, #;) and Bin(2, #2). For each x = 0, 1,2
we have

P(X =12) =P(C =1)P(X = 2|C = 1) + P(C = 2) P(X = 2|C = 2)

and hence the possible points in the model are parameterized by 6 =
(m,01,02) as

p(0) =7 ((1—61)%201(1 = 61),07) + (1 —7) - (1= 02)%,205(1 — 62),63),

where 61,02 € [0,1]. The image of this map is a mixture model denoted
by Mnix. Every point in My, can be described (non-uniquely!) as a
convex combination of two points from Bin(2,6) as described in Example
1.1. The model is depicted in Figure 1.3. For example p((0.2,0.3,0.6)) =
(0.226,0.468,0.306). The model has dimension two and hence there are no

Figure 1.3: The mizture of two Bin(2,0) distributions.
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LATENT TREE MODELS 5

non-trivial equations defining it as a subset of Ay. In fact the model is given
by a single non-trivial inequality p? — 4pops < 0.

What is not illustrated by the above example is that the likelihood func-
tion for models with hidden variables is usually multimodal and the inference
has to be supported with fragile numerical algorithms. This has been pointed
out in many places; see for example the discussion of Dempster et al. [1977],
Lindsay [1995], Chickering and Heckerman [1997], Bartholomew et al. [2011].
The resulting optima will often lie on the boundary of the parameter space
and they will not be critical points of the likelihood function, which gives
another example of why inequality constraints are relevant.

Classical algebraic geometry is usually studied over the complex numbers
which makes the analysis much easier due to the Fundamental Theorem of
Algebra. In this case, we usually embed the original problem into the complex
domain by neglecting the inequality constraints on © C R? and Ay C R™.
Thus we consider the map pc : C* — C™ given by exactly the same poly-
nomials. In this case we have some efficient algorithms to obtain equations
defining the image of pc. However, as illustrated by Example 1.2, in general,
there is no hope to obtain in this way the full description of the model.
Example 1.3. Let pc : C — C3 given by 0 — ((1 — 0)2,20(1 — 0),6?) as in
Example 1.1, then the image of pc is

pc(C) = {p € C*: p} —dpop> =0, po +p1 +p2 = 1}.

In this case, pc(C) N Ax = Mgin(2,9) and hence considering the complex
parameterization still allows us to recover the original model by constraining
to the probability simplex Ax. However, for the map pc : C3 — C? given in
Example 1.2, we have

pc(C*) ={peC*: py+p1 +p2=1}.

For example, the point (0,1,0), which is in Ay but not in My, can be
obtained as an image of a point in R? given by 7 = 2, §; = 2%4\/5 and
0y = H_Tﬁ Therefore, pc(C3) N Ay = Ax # Mpix and hence the equations

fail to provide the complete description of the model.

Semialgebraic statistics is a new approach within algebraic statistics that
aims at studying models in their natural habitat of real numbers. The focus
is on understanding the full structure of models under consideration. Such a
description can be used to better understand the statistical inference in non-
regular settings — for example, where the only tractable way to do inference
is by the EM algorithm and the likelihood function is highly complicated
with a lot of local maxima.

1.4 Latent tree models

Latent tree models are graphical models defined as Bayesian networks on
rooted trees such that each inner vertex of the tree is assumed to represent a
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6 INTRODUCTION

hidden random variable; for a formal definition see Section 5.2. They seem to
have been first defined by Pearl [1986, 1988], Pearl and Dechter [1989)] as tree-
decomposable distributions. Latent tree models or their submodels are widely
used in phylogenetic analysis (see Semple and Steel [2003], Yang [2006]), in
causal modeling (see Pearl and Tarsi [1986]) and in machine learning (see
Choi et al. [2011], Zhang [2003/04]). They also contain other well-known
classes of models like hidden Markov models, naive Bayes models, and many
popular models used in phylogenetics. For example, the models of Cavender
[1978, 1979], Jukes and Cantor [1969], Kimura [1980], among others, are all
latent tree models with some additional constraints on the parameters. Latent
tree models for continuous data were also considered Pearl and Xu [1987],
Choi et al. [2011].

The algebraic structure of latent tree models has been studied extensively
over the last two decades. This focused on the study of phylogenetic invari-
ants; see for example Cavender and Felsenstein [1987], Allman and Rhodes
[2003], Sturmfels and Sullivant [2005], Casanellas and Ferndndez-Sénchez
[2007], Allman and Rhodes [2007]. However, the semialgebraic structure of
the model has been largely neglected. The main reason is that this prob-
lem is generally considered to be hard, which was pointed out, for example,
by Drton and Sullivant [2007], Garcia et al. [2005], and Settimi and Smith
[2000]. Only very recently more work has been done to understand the full
geometric structure of these models; see Matsen [2009], Zwiernik and Smith
[2011], Allman et al. [2014], Klaere and Liebscher [2012], Allman et al. [2015].

To realize how important it may be to include inequalities in the model
description, consider a simple model of three binary random variables, which
are conditionally independent given a hidden binary variable; for details, see
Section 6.1.1. The algebraic structure of this model is trivial because there
are no equations on the probability distributions. Consequently, every proba-
bility distribution on three binary variables satisfies the equality constraints.
However, basic Monte Carlo simulation reveals that the model covers only
about 8% of the total volume of the probability simplex. This shows that
using only the algebraic description may lead to invalid conclusions.

The complicated structure of models with hidden variables usually leads
to difficulties in establishing the identifiability of their parameters; see e.g.
Allman et al. [2009]. The models are not regular in the classical statistical
sense, which in certain cases requires the singular learning theory of Watan-
abe [2009]. Consequently, the behavior of inferential procedures for models
with hidden variables is often unexpected and hard to handle. In particular,
the likelihood function typically has many maxima, which lie on the bound-
ary of the parameter space and thus need not correspond to the critical
points. This book gives a geometric perspective that allows us to study these
questions in a more systematic way.

One of the main concepts developed in this book is the link between
latent tree models and various tree spaces like the space of tree metrics or
the space of phylogenetic oranges. This link is underlying most of the learning
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STRUCTURE OF THE BOOK 7

algorithms created for this model class. We believe that developing a good
intuition behind how these algorithms are constructed is more important that
a detailed analysis of any of them.

1.5 Structure of the book

The book is divided in two parts. The first part contains preliminaries for
the second part and some standard results in algebraic statistics. Chapter 2
introduces basic concepts in algebraic geometry, real algebraic geometry, and
other closely related notions. We introduce there also the tensor notation,
which is going to be used throughout the book. In Chapter 3 we introduce
results that allow us to study discrete statistical models from the geometric
viewpoint. In Chapter 4 we discuss some less standard results on tensors in
statistics. The concepts of L-cumulants is one of the most important devel-
opments of this book.

The second part of this book focuses on latent tree models. In Chapter 5
we present some standard results defining trees, their underlying models and
various related combinatorial concepts. In Chapter 6 we introduce a change
of coordinates in which the latent tree models are easily studied and then use
it to analyze in detail their local geometry. Chapter 7 extends these results to
the global geometry. In particular, we provide the complete semialgebraic de-
scription of latent tree models. In Chapter 8 we extend the results of previous
chapters to Gaussian latent tree models.
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Semialgebraic statistics

© 2016by Taylor & FrancisGroup,LLC



© 2016by Taylor & FrancisGroup,LLC



Chapter 2

Algebraic and analytic geometry

Even very basic algebraic geometry provides a powerful set of tools to study
discrete statistical models. In this chapter we provide some elementary in-
troduction to polynomial algebra and algebraic and analytic geometry. This
material is by no means complete, but may help to focus on the study of
more specialized textbooks like Cox et al. [2007] and Smith et al. [2000]. In
addition, we provide a basic account of real algebraic geometry and tensor
algebra. See the bibliographical notes at the end of this chapter for further
references.

In this book we typically work with the field of real numbers R. However,
sometimes we may also consider other fields of numbers: the field of complex
numbers C and the field of rational numbers Q. Whenever we do not want to
specify the field, we let k denote any of R, C, or Q. The choice of the field plays
an important role in this book. An applied statistician works over the rational
numbers and a theoretical statistician works over the real numbers. On the
other hand, an algebraic statistician often works with complex numbers, in
which case the geometric analysis is typically much simpler.

2.1 Basic concepts
2.1.1 Polynomials and varieties

Let f(x) be a function in n indeterminates x = (x1, ..., ,) such that x € R™,
where R™ denotes the real n-dimensional space. If n < 3, the indeterminates
are often denoted by x,y,z. Also in the statistical context we frequently
denote unknowns with other letters like p, p, .

Polynomials A monomial in indeterminates x = (x1,...,x,) is a product
of the form

x* = zftag?-ooxon, (2.1)
where oo = (o, ..., ) € N§. The degree of monomial x* is the sum || :=

ay + -+ + a,. For example, 22yz* is a monomial in z,y, z of degree 7. A
polynomial is any sum of the form:

oo oo
— o ap
fx) = E e E Cor-an®y *  Tp", Cayoan €R,

a1=0 a,=0

such that only a finite number of ¢, = cq,...q,, is non-zero. This is written
in a shorter way as f(x) = > cox® We call ¢, the coefficient of x“. If

11
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12 ALGEBRAIC AND ANALYTIC GEOMETRY

co # 0, then we call ¢,x® a term of f. The degree of f, denoted deg(f),
is the maximum || such that the coefficient ¢, is non-zero. We denote the
set of all polynomials in 21, ..., 2, with coefficients in the field k by k[x] or
k[x1,...,2,]. This set forms a commutative ring with standard addition and
multiplication of polynomials, with 0 denoting the zero polynomial.

Algebraic sets Every polynomial f = 3 cox®* defines a function
f:R™ — R, which is called a polynomial function. We distinguish between
polynomials and the maps they define. Thus f = 0 will mean that f is a
zero polynomial, and f(x1,...,2,) = 0 denotes that a polynomial function
takes value zero. Whenever we say that a polynomial vanishes at some point,
we implicitly mean that the corresponding polynomial function evaluated to
zero at this point. The distinction between a polynomial and the correspond-
ing polynomial function allows us to link algebra and geometry by relating a
polynomial f with the set of zeros of the function it defines.

Definition 2.1. Let fy,..., fs be polynomials in k[zq,...,2,]. The affine
algebraic variety defined by fi1,..., fs is

Vilfr,-. o, fs) :={(a1,...,a,) € E": fi(a1,...,a,) =0 forall 1 <i < s}.

Thus an affine algebraic variety Vi (f1,. .., fs) is the set of all solutions in
k™ to the system of equations

filxy,...;zn) = -+ = felx1,...,zy) = 0. (2.2)

For example, the variety Vg (22 + y? — 1) is the circle of radius 1 in R? and
Vr (2% + 32 + 1) gives the empty set. In Example 1.1 the affine algebraic vari-
ety Vr(po + p1 + p2 — 1,p? — 4pop1 ) is the smallest (with respect to inclusion)
affine algebraic variety in R3 containing the binomial model.

Remark 2.2. Over the real numbers, every affine algebraic variety can be
represented by vanishing of a single polynomial. In particular, the set of
equations (2.2) is equivalent to

fl(l‘l,...,.Z’n)2+'~~+fs(171,...,In)z = 0.

For example, 27 + 23 = 0 defined a point in R? and a curve in C2. This
curve contains the real point (0,0) but also the point (1,4), whose second
coordinate is imaginary.

An affine algebraic variety is irreducible if it cannot be written as a union
of two proper algebraic varieties. For example, the set Vg (z122) is reducible
because in R? it forms a union of two coordinate lines Vg (z1) and Vg(z2).
Note that irreducibility depends on the field; for example, the polynomial

f@)=a2* -2+ —-1=(@-1)(2*+1)

defines an irreducible variety over R and a reducible variety over the complex
numbers.
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Zariski closure and Zariski topology Another important concept is that of
Zariski closure. The simplest way to define the Zariski closure S of a set
S C k™ is as the smallest (with respect to inclusion) algebraic variety in k™
containing S. We now present a more elegant way to obtain this definition
by introducing the concept of the Zariski topology.

Definition 2.3. A topological space is a set M together with a collection of
subsets of M called the closed sets satisfying the following:

(i) Both M and the empty set () are closed.
(ii) Any intersection of a collection of closed sets is closed.
(iii) Any union of finitely many closed sets is closed.

An open set is a complement of a closed set. A topology is any collection of
open sets such that their complements are closed sets satisfying (i)—(iit).

We now show that k™ forms a topological space with closed sets given
by affine algebraic varieties. Indeed, the empty set is the set of zeros of
a constant non-zero polynomial function and therefore it forms an affine
algebraic variety. Similarly, the whole space k™ is given as the set of zeros
of the zero polynomial function. The intersection of any number of affine
algebraic varieties in k" is an algebraic variety, because it is defined by the
union of the sets of polynomials defining the given varieties. The union of
two affine algebraic varieties in k™ is an affine algebraic variety. This union
is defined by the set of all pairwise products of the polynomials defining the
original varieties:

Vi{fitier) U Ve({gities) = Vilfigitaerxs)

This implies by induction that the union of a finite number of affine algebraic
varieties is an affine algebraic variety.

We have verified that the empty set, the whole k™, the intersection of
arbitrarily many affine algebraic varieties, and the union of finitely many
affine algebraic varieties are all affine algebraic varieties. It follows that the
set of all affine algebraic varieties satisfies the three axioms in Definition 2.3.
The corresponding topology is called the Zariski topology on k™.

Similarly, as in the classical (Euclidean) topology, we define the closure
S of the set S C k™ as an intersection of all closed sets in k™ containing
S. In the Zariski topology this procedure gives that the Zariski closure of
S is the smallest algebraic variety containing S, so it is consistent with the
definition given earlier. For instance, the model in Example 1.2 is not an affine
algebraic variety. Its closure M in R? is the whole affine subspace given by
po+p1+p2=1

2.1.2 Ideals and morphisms

Ideals Consider the set of all polynomials vanishing at a point a € k™. For
any two such polynomials, their sum is a polynomial which also vanishes at
a. Moreover, every such polynomial multiplied by an arbitrary polynomial
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14 ALGEBRAIC AND ANALYTIC GEOMETRY

also vanishes at a. In addition, the zero polynomial 0 € k[z1,...,x,], which
vanishes everywhere, vanishes at a as well. This motivates the following def-
inition.
Definition 2.4. A subset I C k[z1,...,z,] is an ideal if it satisfies:

(i) 0 eI

(ii) If f,g € I, then f+ge€l.
(ii) If f € I and h € k[z1,...,2,)], then hf € I.

The first very important example of an ideal is the ideal generated by a
finite number of polynomials.

Definition 2.5. Let f1,..., fs be polynomials in k[x1, ..., 2,]. Then we set

<f1,...,f5> = {Zhifi:hl;-~~ahs€k[xla~~-a$n]}~
i=1

In other words, (fi,...,fs) is the set of all polynomial combinations of
fi,---, fs. Tt is easily checked that (fi,..., fs) is an ideal. We call it the
ideal generated by f1,..., fs.

Example 2.6. Let [ = (22 — z9, 20w3) C k[21, 22, x3]. The monomial x2x3
lies in I. To see this, we write 2?23 as a polynomial combination of the

generators of I:

x%m = ng((E% — T2) + Tax3.

We say that I is finitely generated if there exist fi,..., fs € klx1,..., 2]
such that I = (fy,..., fs). When this is so, we say that fi,..., fs form a basis
of I. By the following important theorem, finitely generated polynomials as
in Definition 2.5 are the only ones we need to consider.

Theorem 2.7 (Hilbert Basis Theorem). FEwvery ideal in kl[zi,...,z,] is
finitely generated.

There is a close relation between affine algebraic varieties and ideals. More
specifically, a variety depends only on the ideal generated by its defining
equations.

Lemma 2.8. If fi,...,fs and g1,...,9; are two bases of the same ideal

in k[z1,...,2,), so that {fi,...,fs) = (g1,-..,9¢), then Vi(f1,...,fs) =
Vk(gl7"'7gt)'
This Lemma allows us to define Vj(I) for any ideal I in k[xq, ..., z,].

Definition 2.9. Let S C k" be any subset. Define the ideal of S by
Z(S)={f €klz1,...,xn): fla1,...,a,) =0 for all (ay,...,a,) € S}.

We leave it as an exercise to check that Z(.S) is an ideal.

Proposition 2.10. If S C k", the affine algebraic variety Vi,(Z(S)) is the
Zariski closure S.
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Morphisms The definition of a polynomial function can be generalized to
maps between arbitrary affine or projective algebraic varieties.

Definition 2.11. We say that a function ¢ : V. — W is a polynomial
mapping from V' C k™ to W C k™ if there exist polynomials fi,..., fn
in klz1,...,2m,] such that

(filar, ..y am)s. -y fular,...,am)) €W

for all (aq,...,a,) € V. Moreover, a polynomial mapping ¢ : V. — W is a
polynomial isomorphism if there exists a polynomial mapping v : W — V
such that ¥ o ¢ = idy and ¢ o ¢ = idy,, where idy denotes the identity map
on V defined by

idy(a,...,am) = (a1,...,am) for all (a1,...,am) € V.

The identity map idy is defined in the same way.

If¢: V — W is a polynomial mapping, then for any subset U C V the
set

p(U) :=={¢(a): a € U}

is a subset of W called the image of U under ). We say that 1 is surjective
(or onto) if Y(V) = W, and we say that 1 is injective if for any a,a’ € V we
have ¢(a) = ¢(a’) only if @ = a’. For example, the identity map idy : V =V
is both surjective and injective. Note that every polynomial isomorphism is
necessarily both surjective and injective.

An important case of a polynomial mapping is when W = k, in which
case ¢ simply becomes a polynomial function on V. We usually specify a
polynomial function by giving an explicit polynomial representative which
is rarely uniquely defined. For example, consider the variety V' = Vr(po +
p1 +p2 — 1,p? — 4popa) C R? in Example 1.1. The polynomial f = p} + p}
represents a polynomial function on V. However, for instance,

g=ps+ 03+ (po+p1+p2—1)*+ (p? — 4pop2)

defines the same polynomial function on V. Indeed, we have po+p1+p2—1 =0
and p? — 49pa = 0 on V and hence f — g is zero on V.

In general let V' C k™ be an affine algebraic variety. Then f and g
in k[x1,...,2m,] define the same polynomial function on V if and only if
f—g€Z(V). We denote by k[V] the collection of polynomial functions
¢V — k. It is easy to check that k[V] forms a commutative ring with
the usual pointwise operations on functions. We sometimes call k[V] the co-
ordinate ring of V.

To study coordinate rings we need to understand the quotient of
Elx1,...,2m] by an ideal I, which is a partition of k[x1, ..., 2] into equiv-
alence classes of polynomials which define the same polynomial functions on
V(I). Let I C k[x1,...,x,] be an ideal, and let f, g € k[z1,...,z,]. We say
that f and g are congruent modulo I, written f = g mod I, if f —g € I. The
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16 ALGEBRAIC AND ANALYTIC GEOMETRY

congruence modulo [ is an equivalence relation on k[z1,...,z,,]. Hence it
partitions k[z1,...,x,,] into equivalence classes. For any f € k[x1,...,Zm],
the class of f is the set
[fl = {g€klr,....,zm]: g= f mod I}.
Definition 2.12. The quotient of k[z1,...,2,] modulo I, written
klx1,...,2m]/I, is the set of equivalence classes for congruence modulo I:
klx1,...,zm]/I = A{[f]: f€klz,...,zm]}.

It is a standard result in algebra (see for example [Cox et al., 2007, The-
orem 6, Section 5.2]) that k[z1,..., %]/ is a commutative ring, where the
algebraic operations are defined in a natural way

1419 = [f+4d]
2.3
711l = [f gl 23
Moreover there is a one-to-one correspondence between k[z1,...,2m,]/Z(V)
and k[V].

2.1.3 Projective space and projective varieties

The projective line, denoted by P!, is the set of all lines in k? through the
origin. Formally, we form an equivalence class in k% \ (0,0) such that (z,y) ~
(2',y') if there exists A € k such that (z,y) = A(2’,y’) and hence when (z,y)
and (2/,y’) lie on the same line through the origin in R%. We denote this
equivalence class by (z : y). In the same way, we define the projective space
P for m > 1 as a set of lines through the origin in k™*!. The equivalence
class in k™*1\ {0} is constructed in the same way as for P! and we write
(zo:...: ) to denote a point in P™.

An important fact is that P™ can be covered by m + 1 copies of k™.
Indeed, let U; for i = 0,...,m be a subset of P defined by x; # 0. Note
that in U,L'

Ty Ly

(x0:~~-:a:i:~-~:xm)~(m0:~-~:1:-~:Im).

Thus, if we denote y; = 2—’ we can identify U; with k™. Moreover, every point
x € P™ lies in at least one of U; so that these sets really cover P™.

Definition 2.13. We say that a polynomial f € k[xo,...,zn] is homoge-
neous of degree d if all its terms have degree d or equivalently f(Ax) = A% f(x)
for any A € k.

Note that the notion of a polynomial mapping P — k is not well defined
because for an arbitrary function typically f(x) # f(Ax) even though x and
Az define the same point in P™. However, if f € k[zo,...,Zm] is homoge-
neous, then at least the condition f(zg, ...,z ) = 0 is well defined. Moreover,
if f,g are homogeneous of the same degree, then f/g forms a well-defined
function on P™.
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Definition 2.14 (Projective variety). An ideal is said to be homogeneous
if it is generated by homogeneous polynomials. Let I C k[zg,...,z,] be a
homogeneous ideal. We define a projective variety as the set of zeros of the
elements of I.

If f € k[xy,...,2m], then f(x) = 0 describes an affine algebraic variety
V in Uy = k™. By multiplying each term of f by an appropriate power of
xg, we obtain a homogeneous polynomial, which defines a projective variety.
This process is called homogenization. For example, take

f(9517$2) = 33?.%‘2 — CC% + 1;
this can be extended to a homogeneous polynomial given by
f(@o, 21, 22) = 2320 — 2323 + 2.

The equation f(z,z1,22) = 0 defines a projective variety in P2, which on
the open subset Uy is equal to the original affine algebraic variety.

2.1.4 Parametric representation and toric varieties

Both in statistics and in algebraic geometry it is often convenient to define
a variety as a family of points parameterized by a simpler set. A typical
example is when a single parameter § € k describes a curve in the affine
space k™ as in Example 1.1.

Definition 2.15. Let V' = Vi(f1,...,fs) C k™. Then a polynomial para-
metric representation v : k% — k™ of V consists of polynomial functions
1, ...,y € k[t1,...,t4) such that the points given by

x; =;i(ty,...,tq) foralli=1,....n

lie in V. We also require that V' = 1(k?). The original defining equations
fi=---=fs=00f V are called the implicit representation of V.

For instance, in Example 1.1 we considered V = Vg (p? — 4pop2, po + p1 +

p2 — 1). The polynomial parametric representation of this affine algebraic
variety is given precisely by 6 +— ((1 — 0)2,20(1 — 6),0?), where 6 € R. Note,
however, that not every affine algebraic variety has a polynomial parametric
representation.
Example 2.16. Let n = 4 and index the indeterminates with the set {0, 1}2.
Consider the affine algebraic variety defined by x11z00 — g1210 = 0 and
Too + To1 + 10 + 11 — 1 = 0. It is an exercise to verify that this variety is
parameterized by

oo = (1 — t1)(1 — tz) o1 = (1 — tl)tg
z1o =t1(1 —t2) 211 = tits.

Statisticians refer to this example as the independence model of two binary
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18 ALGEBRAIC AND ANALYTIC GEOMETRY

random variables. In this probabilistic setting we additionally assume that
z;; > 0foralli,j € {0,1}, or equivalently, ¢1,t2 € [0,1] and z;; is interpreted
as the probability that the first random variable takes value ¢ and the second
random variable takes value j.

Definition 2.17. With any parameterization, we associate the Jacobian ma-
triz, which is the following matrix of partial derivatives

A A
- G (t) Fir (t)
a(t) = )
OYn OYn
o) e G ()
where t = (t1,...,tq). If d = n, we define the Jacobian of g as the determinant

of the Jacobian matrix %—‘f(t).

An important notion related to affine algebraic varieties is the dimension,
denoted by dim(V'). In full generality, the definition of the dimension of an
affine algebraic variety is subtle and can be defined in many ways usually
related to some invariants of the coordinate ring. In this book we focus on
real algebraic varieties that are given in a parametric form. In this case, the
dimension can be defined by studying the rank of the Jacobian matrix of
the corresponding parameterization. It turns out that this rank is constant
outside of a measure zero set and the dimension of V' is equal to that constant.
The codimension of an affine algebraic variety V' C k™ is equal to n—dim(V').

The main distinction between the complex and the real numbers is that
over the complex numbers we have the Fundamental Theorem of Algebra
which states that every non-constant polynomial f € C[z] has a root in
C. Of course, over the real numbers, it is usually not true as, for example,
22 + 1 = 0 has no real solutions. An important consequence is that over the
complex numbers, parameterization always very closely approximates the
Zariski closure of its image.

Theorem 2.18. Let ¢ : C* — C" be a polynomial parametric representation
of V.=1(C%). Then

dim(V\9(C%) < dim(y(C%).

This theorem does not hold over the real numbers. For example, if 9 :
R — R is given by ¢(x) = 22, then ¥(R) = [0, 00) but Vr(Z(x/(R%))) = R and
hence the difference has full dimension. The real case is discussed in more
detail in Section 2.2.

Ideals and parameterizations Given a parametric representation ¢ : k% —
k™ of a variety V given by

= 1(t1, .- ta), ., Un(te, ... ta)),

we may be interested in its implicit representation in the form of the
ideal Z(V). In order to obtain this, we define the ring homomorphism
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* o k[ry, .. xn] — K[t ... ta] given by ¥*(x;) = ;(t1,...,tq). Hence
1* is a map such that

) =1, ¢*(fg) =¥ ()Y (g) and ¢*(f+g) =4 (f) +¢"(9)

for every f,g € k[zi,...,z,]. Note that in particular ¥*(cz®) =
Tl iy, ... ta)™ for every ¢ € k and a € Nj. The kernel of ¢* is
defined as

ker(y™) = {f € klz1,...,zn] : ¥7(f) = 0}.
A polynomial f € k[zy,...,x,] lies in the kernel of ¢* if and only if it
evaluates to zero for every fixed value of t1, ..., t4. This observation gives the
following result.

Proposition 2.19. The kernel ker(1*) forms an ideal in k[z1,. .., x,]). More-
over, Vi (ker(v*)) defines the Zariski closure of the image of 1 : k% — k™.

The computations of the kernel of a polynomial ring map are done typ-

ically with computer algebra software like CoCoA, Macaulay2, Singular;
see CoCoATeam, Grayson and Stillman, Decker et al. [2011]. In Exam-
ple 2.16, the corresponding kernel is generated by x11x90 — 01210 = 0 and
Too + To1 +x10 + 11 — 1 =0.
Toric varieties One of the simplest instances of a parametric family is when
its parameterization is given by monomials. Toric varieties form an important
part of algebraic geometry and statistics. We define toric varieties as subsets
of the complex projective space P™, that is, always with a concrete embedding
into the projective space.

Definition 2.20. Let A = {my,...,m,} C Z%. A projective toric variety Y4
is given as the Zariski closure of the image of a monomial parameterization

Ya: (CHT — P (2.4)
t=(t1,...,ta) — [T, t""], (2.5)
where my, ..., m, € N% are some non-negative exponents and C* = C \ 0.

To describe the set parameterized by 1 4, we need to compute the Zariski
closure of its image. Equivalently, we need to describe the ideal of polynomials
in Clzo,...,z,] vanishing on the image of ¢ 4.

Definition 2.21. The toric ideal I 4 is the homogeneous ideal of polynomials
whose vanishing defines the projective toric variety Y 4. Equivalently, I 4 is
the ideal of all the homogeneous polynomials vanishing on 1.4 ((C*)9).

Denote by A the d x (n 4 1)-matrix obtained by putting elements of A
as columns. Here we assume that the vector (1,...,1) lies in the rowspan of
A. For a vector u € Z"', we write u = ut — u™, where ut,u~ € Ny and
they have disjoint supports. We have the following result.

Theorem 2.22. The toric ideal 14 is the linear span of all homogeneous
binomials x* — x with Au = Av. Even more,

Ig=(z" —a“ : u€ ker(A)).
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20 ALGEBRAIC AND ANALYTIC GEOMETRY

The fact that this ideal is homogeneous follows from the fact that the vector
of ones lies in the rowspan of A.

2.2 Real algebraic and analytic geometry

The geometry of algebraic varieties and their relation to ideals is substantially
different in the complex than in the real case. For example, the equation
22 +12+1 = 0 defines a curve in the complex plane and the empty set in R?.
Moreover, a projection of a real affine algebraic variety on one of the axes
need not be an affine algebraic variety anymore.

Example 2.23. Consider the parabola Vg(y — 2?) C R2. Its projection on
the y axis is the half-line R>o. This is not an affine algebraic variety. The
smallest affine algebraic variety containing a half-line is the whole real line
R.

Another difference between the complex and the real algebraic varieties is
that every real affine algebraic variety is given by a single polynomial equation
since Vr(f1,---,fs) = Vr(f2 + -+ + f2). There are also rational functions

which are defined everywhere but they are not polynomial. An example is
(1+2%)7L.

2.2.1 Real analytic manifolds

A power series is any sum of the form:

F) = S S Carean (@1 = b)) - (g — by)

a1=0 an,=0

where cq;..0,, € R, b; € R; this is written in a shorter way as f(x) =
Yo Cal(x — b)*. If there exists an open set U C R™, which contains b such

that for every x € U
Z|ca||x—b|°‘ < o
«@

then f(x) is called an absolutely convergent power series. If f(x) is an abso-
lutely convergent power series then it uniquely defines a function f : U — R.
This function is called a real analytic function.

If f(x) is a real analytic function, then the coefficient of the Taylor series
expansion around b satisfies

104f
a = b ’
¢ al Ox« ()
where a! = aq!--- ;! and
o~ 0™ o4
o S oxar’

The concept of a polynomial ideal can be extended to ideals in the ring of
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analytic functions. Although, we will not use this fact explicitly in this book,
in statistics the concept of an analytic ideal helps in singular learning theory
to understand the asymptotic behavior of some empirical processes ; see for
example Watanabe [2009], Lin [2011].

Definition 2.24 (Function of class C"). Let U C R™ be an open set. A map
f:+ U — R™ is said to be of class C™ in U, which we denote by f € C"(U),
if partial derivatives

o f

Pxa )

are well defined and continuous for all & € Nj} such that |o| < r. If f € C"(U)
for all r > 0, we say it is C*°(U). If a function f is real analytic in U, we say
it is C¥(U).

The following definition generalizes the polynomial isomorphism.

Definition 2.25 (C" isomorphism). Let U,V be two open subsets of R?.
If there exists a one-to-one map f : U — V such that f € C"(U) and
f~1 e C™(V), then U is said to be C" isomorphic to V, and f is called a C"
isomorphism. If both f and f~! are analytic functions, then U is said to be
analytically isomorphic to V and f is called an analytic isomorphism.

A topological space M with the topology of open sets U is called a Haus-
dorff space if, for arbitrary x,y € M (x # y), there exist open sets U,V € U
such that x e U,y € Vand UNV = 0.

Definition 2.26 (System of local coordinates). Let M be a Hausdorff space
with topology U = (U,) such that the open sets in U cover M (every point
x € M lies in some element of U). Suppose that for each U, there exists a
map ¢q : Uy — R The pair {Uy, ¢} is called a system of local coordinates
if for every a and any open set U in Uy, ¢, is a continuous and one-to-one
map from U to ¢, (U), whose inverse is also continuous.

Definition 2.27 (Manifold). A Hausdorff space that has a system of local
coordinates is called a manifold. For each r = 0,1, ...,00,w, a manifold M
is said to be of class C" if it has a system of local coordinates such that, if
U* = Uy NUs # (), both of the maps

1 (U*) 3z do(dy ' (2)) € $2(U*),
$2(U*) 3z ¢1(; ' (x)) € 91 (U*)

are of class C". If M is a manifold of class C“, it is called a real analytic
manifold.

The concepts of the affine algebraic variety and the real analytic manifold
are related. Roughly speaking, M is a real analytic manifold if one can cover
M with small sets (charts) such that M constrained to each of the charts
looks like a set of zeros of a real analytic map.
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2.2.2 Semialgebraic sets

Real affine algebraic varieties and real analytic manifolds cannot be studied
without also considering inequality constraints. In this section we provide a
very basic introduction to semialgebraic geometry.

Definition 2.28. A basic semialgebraic set is a subset of R™ given by poly-
nomial equations and inequalities. More formally, it is a set of the form

r

[z eR": f; i 0},

i=1
where f; € R[zq,...,z,] and *; is either < or =, for i = 1,...,7. A semial-
gebraic subset of R™ is a finite union of basic semialgebraic sets.

Remark 2.29. Semialgebraic subsets of R™ form the smallest family of subsets
containing all sets of the form

{x e R": f(x) >0}, where f € Rlxy,...,z,],

and closed under taking finite intersections, finite unions, and complements.

The following result shows that the family of semialgebraic sets is stable
under certain transformations (c.f. Example 2.23).

Theorem 2.30. If S is a semialgebraic subset of R™, and w : R — R™ is
the projection on the first m coordinates, then w(S) is a semialgebraic subset
of R™. Moreover, the closure and the interior of S are semialgebraic subsets
of R™.

Note that the closure of a basic semialgebraic set is not always obtained
just by relaxing the strict inequalities describing it. Consider the following
example.

Example 2.31. The closure of the set
A={(zr,y) eR?: 2® — 2% —y* > 0}

is not the set
B={(z,y) eR*: 2% —2* —y* > 0}.

The closure of A is obtained by removing the point (0,0) from B, and can
be described as

c(A) = {(z,y) e R?: 2® —2® — > >0, 2 > 1}.

This situation is depicted in Figure 2.1.

Let y = f(x) be a function in n indeterminates x = (z1,...,x,) € R™.
The graph of this function is the set in R™*! defined by

{6 f(x) : xeR"} ={(x,y) : y - f(2) = O}.

In the same way we define a graph of any polynomial map f: R™ — R™.
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Figure 2.1 The closure of a semialgebraic set given by x® —a® —y* > 0 (left) is not
equal to the set given by x® — 2* — y* > 0 (right).

Definition 2.32. Let A C R™ and B C R" be two semialgebraic sets. A
mapping f : A — B is semialgebraic if its graph is a semialgebraic set in
Rm+™,

Semialgebraic sets are stabilized by semialgebraic maps in the following
sense.

Proposition 2.33. Let f : A — B be a semialgebraic mapping. If S C A
is semialgebraic, then its image f(S) is semialgebraic. If T C B is semialge-
braic, then the inverse image f~(T) is semialgebraic.

Checking if a map is semialgebraic may be complicated. In our case,
however, we work with polynomial maps which are semialgebraic by the
following proposition.

Proposition 2.34. The composition of two semialgebraic mappings is semi-
algebraic. Moreover, any polynomial mapping is semialgebraic.

The importance of this result follows from the fact that in statistics many
interesting discrete models are parameterized by polynomials with the param-
eter space being a semialgebraic subset of R?. In this case, the resulting model
can be identified with a set of points that forms a semialgebraic subset. All
statistical models considered in this book will correspond to semialgebraic
sets. In particular, since polynomial maps are semialgebraic, both Bin(2, 6)
in Example 1.1 and M ,;x in Example 1.2 are semialgebraic.

To understand the structure of a semialgebraic set S C R™, in algebraic
statistics we often first want to find the Zariski closureS. This already gives
us some insight into the geometry of S. For example, the dimension of S is
equal to the dimension of S. The following definition lists some aspects of
the geometry of S that cannot be studied without taking into account the
underlying inequalities of S.

Definition 2.35. The relative interior of S, denoted by int(S), is the set of
points a in S such that a sufficiently small neighborhood of a in S is contained
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in S. Moreover, the boundary of S is bd(S) = S \ int(S) and the algebraic
boundary is the Zariski closure of bd(S).

If S has the full dimension (codimension zero), then the relative interior

and the interior of S coincide. We now illustrate these concepts in a basic
example.
Example 2.36. Consider the set S described in R by z = 224+y? and z < 1;
see Figure 2.2. Its Zariski closure is given by z = 22 + y2. The boundary is
given by the circle 22 + 3?2 = z = 1 and the relative interior is given by
z = 2% + 9% and z < 1. The dimension of S is 2, and S is isomorphic to the
disc 22 + 32 < 1 in R?, which can be realized by projecting down onto the
z = 0 plane.

Figure 2.2: The semialgebraic set given by z = x> + y? and z < 1.

2.2.8 Real toric varieties, toric cubes, and the moment map

Real toric varieties Denote the real projective space by RP™ and by RPZ,
denote its nonnegative part, that is, the set of points (x¢ : ... : x,,) € RP™
such that x; > 0 for all 7. The following Lemma shows that the probability
simplex can be identified with RPZ, and hence every discrete statistical model
lies naturally in RP, for some m € N; see Definition 3.1.

Lemma 2.37. Let A, be the probability simplex defined in (1.1). Then
Ay = RPY,.

Proof. TIf (zg : ... : xm) € RPZy, then Y7 x; > 0, and hence we have
1 / /
(xo,...,xm)w—zm xl(xo,...,xm):(xo,...,xm),
i—=0 Li
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where 2} > 0 and Y7 ) 2 = 1. Tt follows that every point in RPZ corresponds
to a unique point in A,,. O

By definition the toric variety Y4 (see Section 2.1.4) is obtained as the
Zariski closure of the image of the parameterization (C*)¢ — P™ defined by
t— (t%,...,t%), where A = {a1,...,an}. The real part Y4(R) of the toric
variety Y4 is the intersection of Y4 with the real projective space RP™. The
following result can be found, for example, in [Sottile, 2003, Section 6].

Proposition 2.38. The real part Y 4(R) of the toric variety Y 4 can be defined
by the three equivalent conditions:

e the intersection of Y4 with the real projective space RP™,
e the variety of points in RP™ described by the toric ideal I 4

e the closure in RP™ of the parameterization (R*)? — R™ given by
t— (6%, ... t%m).

The non-negative part (Y4)> of a toric variety Y4 is the intersection
of Y4 with RPZ. Consider the torus (R*)¢, which forms a dense subset of
Y 4(R). This torus has 2¢ components called orthants, each identified by the
sign vector € € {#+1}? recording the signs of coordinates of points in that
component. The nonnegative component is the orthant containing identity
and it has sign vector (1,...,1). Denote this component by RZ. For the
following result we again refer to [Sottile, 2003, Section 6].

Proposition 2.39. The non-negative part (YA)> of a toric variety Y4 can
be defined by any of the three equivalent conditions:

e the intersection of Y4 with RPY,
e the variety of points in RPY described by the toric ideal 14,

e the closure in YA(R) of the parameterization (Rs)? — R™ given by
t o (£91,.. . t9m).

By the isomorphism between RPZ, and the probability simplex A, the
points in the non-negative part of Y4 are exactly the points on Y4 corre-
sponding to probability distributions.

Remark 2.40. By the equivalence of the three conditions in Proposition 2.39
it follows that to understand the semialgebraic description of (Y.4)> it suffices
to understand the algebraic description of Y4 and then add the inequalities
x; > 0 defining RPZ".

We could also consider the closures of other components of the torus
(R*)?, obtaining 2¢—1 other pieces analogous to the non-negative part (Y,4)>.
Since the component of (R*)? having sign vector ¢ is simply eRi, these other
pieces are transformations of (Y4)> by the appropriate sign vector, and hence
are all isomorphic. Since Y4(R) is the closure of (R*)? and each piece € - X>
is the closure of the orthant e - R‘i, we obtain a concrete picture of Y4 (R): it
is pieced together from 2% copies of its non-negative part.
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The moment map The analysis of the boundary of (Y4)> plays an impor-
tant role in statistics in the study of discrete exponential families; see Sec-
tion 3.2. For this study it is important to note that the non-negative part of
any projective toric variety Y4 admits an identification with the convex hull
P4 of A, which enables us to use tools from combinatorics and polyhedral
geometry.

Proposition 2.41. Let Y4 C P" be a projective toric variety given by a col-
lection of exponent vectors A C R with convex hull P4. Define the algebraic
moment map as:

as: (Yq)s — R (2.6)
T quu
ucA

Then a4 is a homeomorphism onto P 4.

Example 2.42. Let A = {(1,0,1,0),(1,0,0,1),(0,1,1,0),(0,1,0,1)}. The
convex hull of this set forms a square P4 C R*. This square lies in a plane
given y1 +y2 = ys +ya = 1.

Let P? have coordinates xqo, Zo1, 10, Z11. Then A induces a parameteriza-
tion 14 : (C*)* — P3 given by x;; = s;t; for i, j = 0, 1. The Zariski closure of
its image gives a real toric variety Y 4. Its intersection with RIP2 ; is isomorphic
to the independence model of two binary random variables; see Example 2.16.
Note that this model lies in the hyperplane given by xog+ o1 +x10+211 = 1.
This enables us to draw it as a two-dimensional object in a three-dimensional
probability simplex; see Figure 3.1 in the next chapter. The vertices of this
simplex correspond to setting one of the x;;’s to one and the rest to zero.
The algebraic moment map constitutes a homeomorphism between the inde-
pendence model and a square.

Toric cubes In applications we are often interested in a set which is strictly
smaller than the nonnegative part of a toric variety. An important case is
the semialgebraic set obtained as the image of the hypercube [0,1]¢ under
the toric map t — (t%,...,t%™).

Definition 2.43. A toric cube in [0,1]™ is an image of a hypercube [0,1]¢,
for any positive integer d, under a monomial map. By Proposition 2.33 it is
a semialgebraic set.

An interesting example of toric cubes is given by the space of phylogenetic
oranges described in Chapter 7; see also Kim [2000], Moulton and Steel [2004].
Here we give the easiest example.

Example 2.44. Consider a map f: [0,1]3 — R3 given by
Tig = tite, x13 =titz, Taz = lats,

where 12, 713, T23 are coordinates of R3. Let M = f([0,1]*). A point z =
(212,213, ¥23) € R? lies in M if and only if z € [0, 1] and either

(a) min{z12, 713,223} > 0 and max{#2"a, #1283 L1283} <] or
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(b) min{x12,x13, 23} = 0 and the minimum is attained at least twice.

We leave it as an exercise to show that this set can be more compactly
described as the set of points in [0, 1]® satisfying

T12 2 T13T23, 13 = T12%23, T23 = T12T13.

In particular, the points in (b) lie in the closure of (a). This toric cube is
depicted in Figure 2.3.

0.5

0.5

Figure 2.3: The phylogenetic orange space defined in Example 2.44.

In the above example the considered toric cube had a nice description in
terms of binomial inequalities. Define a toric precube as any subset of [0, 1]™
defined by some binomial inequalities and hence constraints of the form

u

x x? where u,v € N¢. (2.7

IN

By definition, toric precubes are basic semialgebraic sets. We say that a set
V C RP? is equal to the closure of its strictly positive part V* := V N RPZ
if the closure of VT is equal to V. Here we mean the closure in the classical
topology. The following has been proved in Engstrom et al. [2012].

Theorem 2.45. Toric cubes correspond to toric precubes which are equal to
the closure of its strictly positive points. In particular, toric cubes are basic
semialgebraic sets.

To see why toric cubes are toric precubes, let C be a toric cube given
by monomial parameterization induced by A = {ai,...,am,} like in Sec-
tion 2.1.4. Denote by A € NYX™ the matrix with the a;’s as columns. The
set CT of strictly positive points of C has an extremely nice structure. Let
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log CT denote the transformation of C* by taking minus logarithm on each
of the coordinates. For example, the transformed toric cube in Example 2.44
is depicted in Figure 2.4. Denote y; = — log x;. The cone logC™ is the image
of the positive orthant log((0, 1]¢) = R under the linear map A : R? — R™.
By the Weyl-Minkowski Theorem (see for example Ziegler [1995]), every such
cone can be written as a solution set of a finite system of linear inequalities
of the form
uryr + -+ UnYn = VY1t UnYn.

By applying the exponential map, conclude that CT is defined as a subset of
(0,1]™ by a finite set of binomial inequalities. Since C is equal to the closure
of CT, then also C is given by those inequalities. For details, see Engstrom
et al. [2012].

—

10

Figure 2.4 The cone obtained from the strictly positive part of the toric cube in
Figure 2.3 by taking minus logarithms.

As we mentioned when discussing semialgebraic sets in Section 2.2.2; in
applications, researchers are often interested in a very detailed description of
a given semialgebraic set. For toric cubes, this structure is remarkably beau-
tiful. It turns out that every toric cube can be subsequently decomposed into
smaller toric cubes. To introduce this result we need the following definition.

Definition 2.46. An n-dimensional CW-complez is a topological subspace
X™ of R™ that is constructed recursively in the following way:

(1) If n = 0, then X is a discrete set of points.
(2) If n > 1, then X™ is given by:
(i) an (n — 1)-dimensional CW-complex X"~ ! in R™,

(ii) a partition Il4ero™ of X™\ X"~ ! into open n-cells,
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(iii) for every index « € I, there is a characteristic map ®, : D™ — X"
such that ®,(0D™) C X"~! and the restriction of @, to the open cell
D™ is a homeomorphism with image o7.

The simplest case is when the image of each D™ is homeomorphic to a
sphere. Such a CW-complex is called regular. For example, the toric cube in
Example 2.44 forms a regular CW-complex. It turns out that all toric cubes
are regular CW-complexes.

Theorem 2.47. FEvery toric cube can be realized as a CW-complex whose
open cells are interiors of toric cubes. This CW-complex has the further prop-
erty that the boundary of each open cell is a subcomplex.

Manifold with corners The concept if a toric cube can be extended in many
ways. For example, the manifold with corners can be informally obtained
by gluing in a smooth way nonnegative parts of toric varieties; see Kottke
and Melrose [2013]. Formally a manifold with corners is a manifold (see Def-
inition 2.27) which locally is diffeomorphic to R% x R™~* for some m and
k<m. B

In this book we consider a very concrete example which directly general-
izes toric cubes (c.f. Section 6.3.3). In this case we consider the image in R™
of the hypercube [—1, 1]¢ under the toric map t ~ (t,...,t%). Modulo the
sign this image is a toric cube. Thus it suffices to analyze which sign patterns
are possible in the image and how these toric cubes are glued together.

Example 2.48. Consider the map f defined as in Example 2.44. The image
M’ of [—1,1]3 satisfies x12m93713 > 0. In particular, M’ consists of four copies
of the toric cube M = £(]0,1]®) as given in Figure 2.5. In particular, each
toric cube in M has dimension 3, and any two cubes are glued along an
interval. The intersection of all four cubes is the origin (0,0, 0).

2.3 Tensors and flattenings

In this section we define tensors, multilinear transformations on tensors, and
we set up the basic notation that will be used throughout the book.

2.83.1 Basic definitions

For every vector space in this section we fix a basis. With this, we can think
about tensors as generalizations of matrices to higher dimensions and hence
as n-dimensional arrays of numbers, functions, or polynomials.

Definition 2.49 (Tensor product v @ w). Let V ~ R™! and W ~ Rs*+!
be two linear spaces. The tensor product v ® w of vectors v = [v;] € V and
w = [w;] € W is the array

a = [ay] = [vi - wy]

of products of the coordinates of v and w. Any tensor product of two vectors
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Figure 2.5: The set M = f([—1,1]%) defined in Ezample 2.48.

is called a rank-one matriz. By definition ® is a bilinear operation, i.e.,

v+ )Quw=vw+v Quw
v (w+w)=vwt+vew
() @w=v® (cw) = c(vw)

for all v,v' € V, w,w’ € W and ¢ € R.

Definition 2.50 (Tensor product V ® W). Let eg,...,e, and e, ..., €. be
the standard basis vectors for V' and W. Then the tensor product V@ W of
V and W is the space of all linear combinations ), ;i € ®e;». In particular,
VoW ~ R(T+1)X(S+1).

Both definitions generalize to a bigger number of components. Thus a
tensor product of tensors vy € Vi,..., v, € Vj, is the tensor

a =[] = V15, - Ui ]

called a rank-one tensor. Similarly, the tensor product V3 ® --- ® V,, is the
space of all linear combinations of rank-one tensors. If V; ~ R™*! then
Ve -V, ~ Rr1+1)x X (rm+1)

The order of a tensor is the dimension of its array of coordinates. For
instance, vectors are tensors of order one while matrices have order two. We
say that a tensor « has (real) rank k if k is the minimal number such that «
can be written as a sum of k rank-one tensors.
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If V is a vector space, then its dual V* is the vector space of linear maps
V = R. If ey, ...,e, is the basis of V, then the basis of V* is €°,...,¢e" such
that e’(e;) = d;;, where §;; is the Kronecker delta

5 = {1 if i = 7,

0 otherwise.

When working in a tensor product of vector spaces and their duals, we
denote the coordinates by

v=(NT) € V@0V, Ve eV,

i1 im

where the superscripts and subscripts indicate the vector spaces involved.
Thus the indices of dual bases are written as superscripts.
Given a tensor a € V @ W of order two, we define its inverse

aleVvieaw”
to be the unique (if exists) tensor that satisfies
X aiila™) =8y and 3, aii(a”h)E = 4y
Given a tensor
o= (ail“'in,) cVven = Ve -V,

we say « is symmetric if a;,..., = Qi (1) () for all permutations o on
{1,...,n}. If v € V, then for a fixed k > 1, the diagonal diag, is a tensor in
V®F given by

diag,(v) = Z vie; @ R e (2.8)

and it is symmetric by definition. If £ = 2 we often omit k in the notation.

2.8.2 Multilinear transformations and contractions

A linear transformation A : V. — W is represented by a matrix, which is
a tensor in W V*. If v € V, then A-v € W. Linear transformations are
generalized to tensor products of vector spaces.

Definition 2.51. Consider tensor products V1 ® --- @ Vyand W1 ® - - - @ Wy
and linear transformations A; : V; — W, on each of the components. Then
the multilinear transformation

(A17"'7Ad): V1®®Vd—>W1®®Wd
a = a = (A1,...,A) «

is defined for every tensor a € V1 ® --- ® V; by

Giyig = (ADT - (A2,

J1s--57d
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Example 2.52. Let d = 2, V; = W; = R2. In this case, A;, A5 and « are
represented by 2 x 2 matrices and we have

(Al,AQ) e = AlaAQT.

Lastly, we come to an important class of linear transformations known
as contractions. Contraction is an operation on tensors that comes from the
natural pairing of a vector space and its dual. In its simplest form, a contrac-
tion V ® V* — R corresponds to the bilinear form u ® v — (u,v) = >, u;v’
defined for all rank-one tensors, which is then extended to all other elements
of V.® V* by bilinearity of the tensor product.

Scalar products and matrix traces are instances of contractions. Matrix

multiplication can also be expressed as a contraction. Given matrices (o) €
U®V*and (8F) € V@ W*, the contraction

(@) ® (B)) = (7). AF =3, o] B) (2.9)

of the tensor product a ® f gives us the matrix product .

2.3.3 Multivariate notation and the operators vec and mat

In this section, we introduce convenient index notation, which we are going
to use throughout the book. Motivated by computer implementations, we
also introduce two operations that map tensors to vectors and matrices.

Fix integers r1,...,7., > 1 and consider the set
X = {0,...,m} x - x {0,...,rm} (2.10)
For every subset A = {i1,...,iq} C [m] such that 41 < --- < g4, define

Xa ::{0,...,Ti1}x"'X{O7"')Tid}'

In particular, X; = {0,...,r;} for every ¢ € [m]. Consider the vector space
RY = R"*+! with the standard basis ey, .. .,e,, for every i = 1,...,m and a
tensor space

RY = RY"@...@R™
with the basis (e;)zex, where x = (z1,...,2p) and e; =€, @ - Qe . If

v € RY, then its coordinates are denoted by v,. In a similar way we define
RY4 for every A C [m]. By C* we denote the complex tensor space and by
P¥ its projectivization.

There is a canonical total ordering < of the basis elements of R, which

comes from the lexicographic ordering of X'. For example, if X = {0, 1}3, the
elements of X are ordered by

(0,0,0) < (0,0,1) < (0,1,0) < (0,1,1) < (1,0,0) < (1,0,1) < (1,1,0) < (1,1,1).
The vec operator acts on a tensor space and returns a vector. Thus
vec : RY — RI*I takes a tensor v = [v,] € RY and stacks its elements in
a vector in the order given by the total ordering <. The resulting vector is
denoted by vec(v). We have the same definition on the tensor space R4 for
any A C [m)].
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Definition 2.53. For two matrices A = [a;;] € R¥*!, B = [b;;] € R™*" we

define their Kronecker product as the matrix C' € RF™>!" given in a block
form by

allB e auB

ale ce ale

The Kronecker product of an m-tuple of matrices is also well defined because
taking a Kronecker product is associative.

In the literature, the Kronecker product is typically denoted by the tensor
product ®. Here, to avoid confusion, we refrain from doing that. Instead, we
realize the Kronecker product of matrices as a special instance of the mat
operator, which we now define. The vec and mat operators help to translate
tensor operations to operations on vectors and matrices, which can then be
used in concrete computations.

Definition 2.54. Let V4 := R*4. For any disjoint A, B C [m], the mat oper-
ator takes a tensor in V4 ® V} and returns a matrix in RI¥4l¥I1¥2] whose rows
and columns are ordered by the total ordering < on X4 and X5, respectively.

Let A e Vi @ Wi, B € Vo ® Wy then their tensor product is
ABe (Vi@aW) @ (Voo Ws) = (V1® V)@ (W, @ Ws)*.

Now mat(4A ® B) is exactly the Kronecker product of A and B. Similarly
mat(4; ® --- ® A,,) for matrices A; € V; @ W/ is their Kronecker product.

K3
Now a multilinear transformation can be written in linear algebra terms as

vec(@) = mat(4;® - ® A,) - vec(a). (2.11)

Definition 2.55. Let A C [m]; then we split [m] into two sets: A and its
complement B := [m]\ A. This split induces a map

Fap: RY¥ ViV

0 = (V3] > [01].
The matrix

vap = mat(Fyp(v)) (2.12)

is called the (matriz) flattening map of the tensor v.

Example 2.56. Let m = 4 and X = {0,1}*. Consider the flattening map
induced by A = {1, 3}. Every element v = [v;x;] is mapped to the matrix

Vo000  Yooo1 Vo100 Vo101
Voo10 Vooi1 Vo110 Vo111
V1000 v1001 V1100 V1101
V1010 Y1011 V1110 V1111

V12;34 =
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2.4 Classical examples

In this section we present some classical algebraic varieties, which have some
interesting links to statistics that will be developed in later chapters.

Segre variety Let X1 = Xy = {0,1} for i = 1,2, X = X} x X, and consider
two copies of the projective line PY¥ ~ P! with coordinates (so : s1) and
(to : t1). Their Cartesian product P x P*2 is a two-dimensional variety. To
realize it as a projective variety, we need to embed P x P*2 into a projective
space. We now show that such an embedding is possible into P¥ ~ P3. The
map P¥1 x P* — P is given by (s,t) = y = s ®t, or in coordinates
yi; = sit; for i,j = 0,1. Denote this variety by Seg(1,1). To show that this
map is well defined, we need to show that at least one y;; is nonzero for any
choice of s = (s : s1) and t = (o : t1). This follows from the fact that at
least one coordinate of both points (sg : 1) and (%o : t1) needs to be nonzero.
For example, if s; and ty are nonzero, then y,g is nonzero in the image.

To show that (s,t) — s®t is an embedding, we need to show that for every
point in the image we can uniquely identify the points (so : s1) and (tg : t1)
mapping to it. Consider a point y € P¥ which lies in Seg(1,1) N Uyg, where
Uspo = {y € PY : yoo # 0}. Then sotg # 0, and hence we can assume sq =
to = 1in P* and P2, respectively. In this case y = (1 : 51 : t; : s1t;) for some
s1,t1 € C, which identifies s; and t;. We easily check that the same holds for
every open subset U, covering P* and hence for every point on Seg(1,1).

The Segre variety Seg(1,1) C P¥ is given by a single equation

Yooy11 — Yo1y1o = 0,

which is the determinant of the flattening V' +— Vi ® V5. In other words, the
points y € P which lie in the Segre embedding of P** x P¥2, correspond to
rank-one matrices.

More generally, let r1,...,7, > 1 and consider m projective spaces
P . P where X; = {0,...,7}. By t; = (tio : -+ : tir,), denote the
coordinates on P for i = 1,...,m. The Segre variety Seg(r1,...,rmy) is the

embedding of the product P* x ... x P*» into PY with coordinates (y.),
where x € X. This embedding is defined by

Yo = lizy - tma, for every x € X,
which in tensor notation can be written by

This map is well defined by exactly the same argument as for Seg(1,1). It
describes the set of all rank-one tensors of P* denoted by Seg(ry,...,7m)-
Remark 2.57. Consider the parameterization of the Segre variety constrained
to Ax, X -+ X Ay — Ay. The image is given by all rank-one tensors y in
Ay, where Ay,, Ay are probability simplices in R and R, respectively.
In particular, by Lemma 2.37, it is isomorphic to the real non-negative part
of the Segre variety.
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Veronese embedding Let r1,...,7y,,n > 1 and let X be as before. Consider
the set U of all tensors in RY with integer entries whose sum is equal to n

U = UXn) = {u=(u)eNy: Zux—n} (2.14)
zeEX

Consider the projective space P¥ with coordinates t = (tz)zex and PY with
coordinates vy, for u € U.

Definition 2.58. The Veronese embedding of P¥ into PY is defined by

=[]t foruci(X,n).
reX

The multinomial embedding is given by

|
Yu = Hnu'}x!t“ for u e U(X,n).

The fact that both maps are embeddings is easy to verify.

For example, if n = 2, m = 1, r; = 1, then the Veronese embedding is
defined by
Y20 = 13,y = tol1, Yo2 = ti.

The multinomial embedding is ya0 = 3, y11 = 2tot1, Yo2 = t3 and it corre-
sponds to the model defined in Example 1.1 by setting ¢t =1 — tg = 6.

Secants and miztures Consider the Segre embedding Seg(r1, ..., 7,) C P¥.
For any two points in Seg(ri,...,7,), consider the line in P through
them. Take the union of all such lines obtained for all pairs of points on
Seg(r1,...,7m). The first secant variety Sec(ry,...,ry,) is defined as the
Zariski closure in PY of this union. This variety is parameterized by two
copies of each of P* ... P*= that give us two points on Seg(ry,...,7m),
and by P!, with coordinates si, so, which tells us where on the line between
these two points we are. The parameterization is

((317 82)’ (tgl,)Oa s at%l)?:p - (tﬁn)m s 7t7(121),km)12:1) =
= (Yo = Zz 151H] 1 Jg;J)xeXa

where (¢ 5()), . t(l) )€ cPY.
Recall the deﬁnltlon of the flattening map in Definition 2.55. The following

was conjectured in Garcia et al. [2005] and proved by Raicu [2012].

Theorem 2.59. Let rq,...,ry = 1. The ideal defining the secant variety
Sec(1,...,1) is generated by all 3 x 3 minors of all the (matriz) flattenings.
Example 2.60. If m = 3, then all flattenings are 2 x 4 matrices and hence
there are no 3 x 3 minors so in this case Sec(1, 1, 1) is equal to P*. If m = 4,

then there are three non-trivial flattenings corresponding to splits 12|34, 13|24
and 14/23.
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The concept of the first secant variety can be generalized. The r-th secant
variety Sec,.(ki,...,ky) C PY¥ = Pit+D(FntD)=1 j5 parameterized by P"
and r+1 copies of P*t, ..., P*» via the map, which is a direct generalization
of the r = 1 case above. Using tensor notation, this variety consists of points
of the form

r+1 )
Sosit e @t). (2.15)
=1

In the applications, we are often interested in another related variety,
when the parameterization in (2.15) is constrained to RPL and r + 1 copies
of IR]P’/;Q7 ceey RP);’". In this case, the variety is called the mizture model.
The difference between the image of this parameterization and its Zariski
closure is of a major interest in algebraic statistics. The description of the
image of this parameterization is not very complicated if r = 1 but it requires
developing some theory; see Section 7.3.4.

2.5 Birational geometry

In this section we present some classical constructions of algebraic geometry
which are used in statistical learning theory.

2.5.1 Rational functions on a variety

The polynomial ring k[xi,...,x,] is included as a subring in the field of
rational functions

k(xy,...,zm) = {g:f,gek[xl,...,xn],g;«éO}.

The word “rational” refers to the fact that in the definition we consider
quotients of polynomials.

Let V C k™ and W C k" be irreducible affine varieties. A rational map-
ping from V to W is a function ¢ represented by

filzr, .., zm) fn(acl,...,xm)>

91(3317~-~,33m)’”.’gn@h---ﬂ%n)

o(z1,...,xn) = (

where
(i) ¢ is defined at some point of V.
(ii) For every (a1,...,an) € V where ¢ is defined, ¢(aq,...,a,,) € W.

Note that a rational mapping ¢ from V' to W may fail to be a function from
V to W in the usual sense because ¢ may not be defined everywhere on V.
For this reason we write a rational map with a dashed line ¢ : V --» W.

Definition 2.61. Let ¢,% : V --» W be rational mappings represented by
/ !/
¢ = <fl,...,fn> and ¢ = (f,l,,ff>
g1 9n g1 9n
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Then we say that ¢ = ¢, if for each 7, 1 <i < mn,

figi — figi € Z(V).

We say that two irreducible varieties V' C k™ and W C k™ are birationally
equivalent if there exist rational mappings ¢ : V --» W and ¢ : W --» V
such that ¢ o ¢ is defined (i.e., there exists a point p in W such that ® is
defined at p and ¢ is defined at 1(p)) and equal to the identity map idy (as
in Definition 2.61), and similarly for ¢ o ¢. Less formally, we say that V" and
W are birationally equivalent if they are isomorphic everywhere outside of
the subsets where ¢ o ¢ and ¢ o ¢ are not defined.

2.5.2 Blow-up and resolution of singularities

An important example of birational equivalence is the blow-up of a Fuclidean
space at a point p. The idea is to leave k™ unaltered except at a point p, which
is then replaced by the set of all lines through p and hence by P*~!. To make
this precise, choose a suitable coordinate system for k™ so that p can be
assumed to be the origin.

Definition 2.62. Let B be the set of all pairs (x,[), where z € k™ and
1 € P*! is a line through the origin containing z, so

B={(z,]) ek"xP" 'z ecl} Cck® xP" L
The blow-up of k™ at p is by definition the projection to the affine factor
B 5 k",
(x,) — =

Let x = (z1,...,25) € k" and I = (y1 : ... : Yn). Then z lies on [ if and
only if the matrix
|: €1 [P T :|
Yyr 0 Yn

has rank less than or equal to 1. This is precisely when all the 2 x 2 minors
vanish and hence

B = Vi(vy —zjy;: 0<i<j<n)CEk"xPr L (2.16)

Recall that P™ is covered by n copies of k™. It is instructive to see how the
blow-up looks on one of the copies of k™ x k™ covering k™ x P™. For example,
on U; (c.f. Section 2.1) where y; # 0, we can assume y; = 1 and hence from
(2.16) we see that, in particular,

(xlv"'vxn) - (x17x1y27"'7x1yn)~ (217)

The operation of blowing-up is closely related to the resolution of singular-
ities. Its importance is due to the fundamental theorem of Heisuke Hironaka
on the resolution of singularities.
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Theorem 2.63 (Hironaka’s Theorem). Let f:R? =R be a real analytic
function in the neighborhood of the origin such that f(0) = 0. Then there
exists a neighborhood of the origin W and a proper real analytic map 7 :
U — W where U is a d-dimensional real analytic manifold such that the
following holds:

1. The map 7 is an isomorphism between U \ Uy and W\ Wy, where Wy =
{zeW: f(x) =0} and Up ={u e U: f(r(u)) = 0}.

2. For an arbitrary point P € Uy, there is a local coordinate system u =
(u1,...,uq) of U in which P is the origin and

flr(w) = alwyur®---uy?, (2.18)
where a(u) is a nowhere vanishing function on this local chart and
r1,...,Tq4 are nonnegative integers, and the Jacobian of v = w(u) is

' (u) = blu)u" g,

where, again, b(u) # 0 and hq,..., hq are nonnegative integers.
Moreover, T can be always obtained as a composition of blow-ups along smooth
centers.

Example 2.64. Let f(z1,...,74) = 22+ -+ 22 for some ¢ < d. The blow-
up of R¢ with coordinates given by x1,...,x., at the origin satisfies all the
properties of Theorem 2.63. Let W be an e-ball around the origin in R¢. We
have 7 : U — W, where U C R x RP*~1. Over R¢ x U; by (2.17) we have

fr() =ui+uius + -+ ujul =ui(l +uj + -+ ug)

and a1 (u) = 1+u3+- - -+u? never vanishes if € is sufficiently small. Similarly

over each of the charts R x U; fori = 1, ..., c the function f(7(u)) = uZa;(u),

where a;(u) never vanishes. The Jacobian of m on each R¢ x U; is equal to
c—1

u; .

Example 2.65. Let f(z,y,2) = 22y* + 2222 +y%2%. Then f(n(u)) = uf(ud+
u3 + u3u3) with the Jacobian of 7 equal to u?. We make another blow-up
along R?, which gives f(7(v)) = ufv3(1+v3+v2v3). Here again 1+ v3 +v3v3
never vanishes in a small neighborhood of the origin and hence f(7(v)) is of
the form in (2.18).

2.6 Bibliographical notes

The basic reference for algebraic geometry is Cox et al. [2007] and Smith et al.
[2000]. The first book is written on the undergraduate level and it has an
algebraic flavor. The second book elegantly introduces some main geometric
concepts of algebraic geometry. Section 2.1 is almost entirely based on these
two books. A good idea is also to read introductory chapters of other books
on algebraic statistics such as those written by Pachter and Sturmfels [2005],
Pistone et al. [2001], Watanabe [2009]. For a more detailed discussion on
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Zariski topology; see for example Chapter 1 in Smith et al. [2000] or Chapter
1 in Shafarevich [1994]. We presented only a very informal discussion of
real analytic manifolds. A more detailed treatment is given in [Krantz and
Parks, 2002, Section 2.7] and Spivak [1965]. Our presentation of the basics
of the real algebraic geometry is based on Basu et al. [2006], Bochnak et al.
[1998]. The section on real toric varieties is based on Sottile [2003]. Standard
references on toric varieties are Cox et al. [2011], Fulton [1993], Sturmfels
[1996]. Toric cubes are introduced and discussed in Engstrom et al. [2012];
see also Basu et al. [2012], Basu et al. [2010]. There are several good references
on tensors. For statisticians, McCullagh [1987] is a natural choice. A more
algebraic introduction is given in [Roman, 2008, Chapter 14] and [Eisenbud,
1995, Appendix 2]. The most complete reference is Landsberg [2012]. Most
of the classical examples in Section 2.4 can be looked up in any of the books
cited above. A good introduction to secant varieties in the statistical context
is given in Drton et al. [2009]. A good introduction to birational geometry is
given, for example, in Shafarevich [1994]. Basic constructions are described in
Smith et al. [2000]. Following Watanabe [2009], we formulated the resolution
of singularities theorem of Hironaka in the analytic form given by Atiyah
[1970].

In this introduction we completely ignored the concept of Grobner bases,
which forms an essential tool of computational algebraic geometry. Another
algebro-geometric notion which was almost entirely ignored here was the
theory of toric varieties. Together with Grobner bases, toric geometry lies
behind the great success of algebraic statistics over the last years, which
started with the seminal paper by Diaconis and Sturmfels [1998]. The reason
why we decided to skip these two important topics in this book is mainly
because they are used here only implicitly. A well-written introduction to
Grobner bases is provided for example in Cox et al. [2007], Sturmfels [1996].
Also, Pistone et al. [2001] is a good place to start for a statistician. Standard
references on toric varieties are Cox et al. [2011] and Fulton [1993]. However,
Sturmfels [1996] may be more suitable for purposes of algebraic statistics.
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Chapter 3

Algebraic statistical models

In this chapter we define the algebraic statistical model. Our focus is on
models of conditional independence and in particular on graphical models.
In this context we discuss some standard notions in statistics like maximum
likelihood estimation and model identifiability.

3.1 Discrete measures
8.1.1 Discrete statistical models

Let X = (X4,...,X,,) be a random vector such that each X; takes r; + 1
possible values, where each r; > 1 is finite. Thus X takes values in a finite
discrete set X = [[;~, X; C R™ such that |X;| = r; +1for i = 1,...,m.
Without loss of generality X; = {0,...,r;} and thus

X = {0,...,m} x - x {0,...,rn}. (3.1)

Any probability distribution of X can be written as a point (or tensor)
P = [p(x)] € R* such that p(z) > 0 for all z € X and Y} .y p(z) = L.
The set of all such points is called the probability simplex and it is denoted
by Ax. By Lemma 2.37,

Ay =~ RPZ,

where R}P’g is the nonnegative part of the projective space P¥ as defined in
Section 2.2.3.

Definition 3.1 (Statistical model). A statistical model of a random vector
X € X is any subset M C Ay. We say that a discrete statistical model is
parametric if there exists © C R¢ for some d > 1 called the parameter space
and a map p : © — RY, called the parameterization, such that M = p(0).
We indicate this by writing M = [p(x;6)]zex-

In this book we are interested in a special type of parametric statistical
model where the parameterization is given by polynomial maps.

Definition 3.2 (Algebraic statistical model). An algebraic statistical model
is a statistical model M that forms a semialgebraic set. An algebraic sta-
tistical model is said to be parametric if © is a basic semialgebraic set and
there exist polynomials g, € R[] for x € X such that the parameterization
p satisfies:

p(z;0) = Z(0) 'g.(0) forall z € X,

41
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where Z(0) is the normalizing constant, that is, Z(0) = " g(#). The fact
that a parametric algebraic statistical model also forms a semialgebraic set
follows directly from Propositions 2.33 and 2.34.

Example 3.3 (Multinomial model). By U = U(X,n), denote the space of all
(r1+1) x -+ X (ry +1) tensors with nonnegative integer entries all summing
to n. We have u € U if u € Ny and Y .y u(z) = n (see also (2.14)).
Define the multinomial model as the set of the probability distributions on
U parameterized by Ay. Thus, for every ¢ € Ay we have

n!
p(u;q) = =————— q(z)"® for every u € U.
HrEX U(ZL')' xg(
By Section 2.4 it follows that, modulo the constant terms, the multinomial
model is the Veronese embedding of Ay in Ay.

The algebraic constraints on statistical models may look restrictive. How-
ever, as we see later in this chapter, many known discrete statistical models
are algebraic. In particular, discrete exponential families and their mixtures
are algebraic.

Given an algebraic statistical model M that forms a basic semialgebraic
set, its semialgebraic description is a set of polynomial equations and in-
equalities

filp)=-=Ff() =0, gi(p)=0,...,9:(p) >0

such that p € M if and only if p satisfies these constraints. Because the
equation ) ., p(x) =1 and the inequalities p(x) > 0 for x € &' hold for all
statistical models, they are called trivial constraints.

Remark 3.4. In many interesting cases a full description of algebraic statisti-
cal models is hard to obtain. In the algebraic statistics literature, a common
approach is to replace the parameterization g : © — Ay with g : C? — P¥
and so assuming that parameters can take any complex values. The focus is
then on the set M¢ = g(C%) N Ay of all probability distributions in g(C?).
The analysis of this map follows the standard algebraic procedures. Although
M = ¢g(©) C Mg, typically the inclusion is strict; see Example 1.3.
Example 3.5. Let m = 2 and 71 = 72 = 1 so that X = {0,1}2. Define
pi(z1) = p(z1,0) + p(z1,1) and pa(22) = p(0,22) + p(1,22). The model of
independence is given by all probability distributions satisfying

p(x1,72) = p1(z1)p2(22)
forall z = (z1,z2) € X. This is a parametric model given by parameterization
¥ :[0,1]* = Ax, 0= (61,62) = Ax,

which is defined by p(0,0) = (1 — 61)(1 — 62), p(0,1) = (1 — 61)02, p(1,0) =
01(1 — 02) and p(1,1) = 01605. Thus, two free parameters 61, 05 correspond
to p1(1) and p2(1), respectively. The model of independence is equal to the
subset of all rank-one matrices in Ay, which is equal to the nonnegative part
of the Segre variety Seg(1,1). This set is depicted in Figure 3.1.
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(0.0.1)

(0.1.0)

Figure 3.1: The model of independence of two binary random variables.

3.1.2 Independence and conditional independence

Let A C [m], then the marginal distribution of X4 = (X;)ica € X4 is a
tensor p4 € R¥4 defined by

pa(Z) = Z p(x) for all T € X4. (3.2)

rEX:xA=T

Note in particular that py = 1. Here, by writing that p4 is a tensor we mean
only that it is an element of the vector space R*4. We exploit tensor algebra
more in Chapter 4.

For any two disjoint subsets A, B C [m], we say that X4 and Xp are
independent, which we denote by AL B (or X4 1 Xg), if and only if

pauB(zauB) = pa(ra)pp(rp)  forallw e X.

This can be generalized to By 1l --- I B,

In statistical modeling a more important concept is that of conditional
independence. We often adopt another notational convention writing AB for
AU B and a for the singleton {a}. Let A, B be two disjoint subsets of [m].
We define the conditional distribution of X 4 given Xg = xp as a tensor PAIB
such that ( )

PAB(TA,TB
pas(Talzp) = —————, 3.3
5(wales) pe(zp) (33)
for every x4 € X4 and xp € X such that pg(xp) # 0.

Definition 3.6. Given disjoint subsets A, B,C C [m] we say that A, B are
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conditionally independent given C' if

PAB|C(~’CA,IB|$C) = pA|C($A\$C)pB\C(1?B|$C)
for each x4 € X4, x5 € X, zc € X(. O]
For many interesting statistical models the vector on which we condition

is assumed to be hidden. In this case we are interested only in the marginal
distribution over the observed variables. Let, for example, A1l B|C, then

pa(ra,zp) = > polxe)pac(@alro)psic(zslec). (34)
zc€Xo

The following result is easy to prove.
Lemma 3.7. If AILB, then pap(zalzp) = pa(xa) for every xa € Xa,
rp € Xp.
Definition 3.8. The chain rule states that the joint distribution of X

can be written as a product of successive conditional distributions. Define
A; = {j < i}, then

p(a) = [ pia, (@ilza,).
i=1

Any other total ordering on [m] will lead to a different valid formula.

Example 3.9. Let m = 3 and r; = ro = r3 = 1. The model of marginal
independence X7 1l X5 is now given by all probability distributions satisfying
p12(21,22) = p1(x1)pe(xs) for all 1 € Xy, g € Xy. There is a canonical
parameterization of this model. Write the joint distribution of (X7, X5, X3)
using the chain rule

p(z1, T2, 73) = p1(w1)p2)1 (z2]|21)p3j2(z3] 21, 22).

Since X 1L X5, by Lemma 3.7, pyj1(22]|21) = p2(22), and the model is pa-
rameterized by p : [0,1]° — Ay, where the six free parameters correspond
to p1(1), p2(1) and ps12(1]7, 5) for 4,5 =0, 1.

Note that we do not develop the theory of the conditional independence
(CI) in its full generality. For a complete introduction to the topic we suggest
the monograph of Studeny [2004]. For an exposition of the importance of this
concept in the statistical theory; see Dawid [1979].

Define a conditional independence model (or CI model) as a statistical
model defined by a collection of conditional independence statements. The
following result shows that any conditional independence model is an alge-
braic statistical model.

Lemma 3.10. The probability distribution p = [p(x)] satisfies AL B|C for
some disjoint A, B,C C [m] if and only if

papc(xa, v, x0)pape (T, vg,00) —
papc(Th,vp,20)papc(xa, v, 2c) = 0

holds for every xc € Xc, xa,2'y € X4 and xp, 2’y € Xp.
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Note that if AU BUC = [m], then Al B|C is described by a quadratic
equation

p(:E/th»:CC)p(mfA?x/Ba xC) - p($%a$B7$C)p($A7$IB,$C> =0.

Therefore, every conditional independence model described only by condi-
tional independencies of that form is toric, that is, defined by binomial equa-
tions; see Section 2.2.3. An important example is given in Section 3.4 by
undirected graphical models.

3.1.3 Moments and moment aliasing

Let X be given as in (3.1) and let (-,-) be a scalar product on R*. For
any function f: & — R and any random variable X € X with probability
distribution p, the expectation of f(X) is

Ef(X)] = (f) = > p@f)

rzeX

In search of a convenient notation for dealing with moments, we first define
a multiset as a set with multiplicities. More precisely, let A’ be a set, called
a ground set, and f : A’ — Ny be a function counting multiplicity of each
element. Then the pair A = (A4, f) is a multiset. We typically write elements
of a multiset as af(® ignoring the elements of multiplicity zero, so, for ex-
ample, {13,2° 31} = {13 3!} is a multiset that we also sometimes write as
{1,1,1,3}. A submultiset of a multiset A = (A’, f) is a multiset B = (B’, g)
such that B’ is a subset of A" and ¢(b) < f(b) for every b € B’. So, for
example, {12,3'} is a submultiset of {13,3'} but {12, 32} is not.

Fix the ground set to be [m]. Then any multiset A = {4{"*,... 9"} can
be identified with a vector (uq,...,u,,) of multiplicities. Given A we define
the corresponding moment

wa = EJ[x)
i=1
and the central moment
Wy = B[] — )™
i=1

In particular, u; = E(X;) is the mean of X;, u}; = var(X;) is the variance of
X; and ugj = cov(X;, X;) is the covariance between X; and X;. We always
have ul = 0.

Example 3.11. Let X;, X5 be two binary random variables with the joint
distribution p = [p(i, 7)]. Then the covariance satisfies

cov(X1, X2) =p(1,1) — p1(1)p2(1) = detp.
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In our geometric approach we can switch between probabilities and mo-
ments. To make it more formal, for each u = (uq,...,u,,) € X, denote the
corresponding multiset as A(u), that is,

Aw) = {1%,....om*} = {1,...,1,...,m,...,m} (3.5)
N—— N——
U1 times Uy, times
and let
AX) = {A(u): ue X}
In particular, if 4 = -+ = r,, = 1, then A(X) is equal to the set of all

subsets of [m].
Let u € NJ* and A = A(u). A traditional way to compute the moment
[ta is using the moment generating function

Mx(t) = Elexp((t,X))) = Y plz)exp((t,z)),
reX
where ¢ = (t1,...,ty) and (t,z) = >.i°, t;x;. We first compute the u-
derivatives of Mx

lul

DEMx(t) = g
1 n

Mx (t) = E[X" exp((t, X))].
If the moment generating function is analytic in the neighborhood of 0, then

EX" = paw = D“Mx(t)‘tzo-

In this case we have
Mx(t) = > =D"Mx()|_t"= Y —pawt”
ueNg ueNT

where u! = uq!---u,!.
In the setting of Example 3.11, the moment generating function is

Mx (t) = p(oa O) + p(oa l)etz + p(]-a O)etl + p(]-v 1)etl+t2'

We have
iMx(t) = p(1,0)e" + p(1,1)efr T2 > Mx (t) = p(1,1)etr+2
Oty ’ ’ T Ot 0ty ’

and hence 1 = p(1,0) + p(1,1) and p12 = p(1,1).

The cardinality of the set A(X) is (r1 +1)--- (r, + 1), which is equal to
the cardinality of X and hence RAM) ~ R, Consider two tensors in RA)
given by moments p = [(4(z)]zcx and by central moments p’ = [N;\(;@)]xeé\-’-

Proposition 3.12 (The moment aliasing principle). There exists a polyno-
mial isomorphism between p = [p(x)]zcx and p. The equation ) . p(x) =1
becomes pg = 1.
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Figure 3.2 The image of the probability simplex in the space of p1, p2 and the
central moment p'o.

In particular, every model M C Ay, after a change of coordinates, can
be equivalently expressed in terms of u. As we will see later in Section 4.2.1,
the list of other helpful coordinate systems includes cumulants and their
generalizations.

Example 3.13. Let m = 2, 1 = 75 = 1 and hence X; = {0,1} for i = 1,2
and A(X) = {0,{1},{2},{1,2}}. Consider the model of independence in
Example 3.9. We leave it as an exercise to check that the determinant of
the joint distribution matrix p = [p(z)]zcx is equal to the covariance pf,.
This determinant vanishes if and only if X; 1l X5. Hence the independence
model is linearized by the transformation to the central moments because it
is described by a single equation ), = 0; see Figure 3.2.

The moment aliasing principle (see Pistone et al. [2001], Pistone and
Wynn [2006]) implies that every moment p4, where A is any multiset of
elements of [m], can be written as a function of p. This is particularly easy
to see in the binary case when ry = -+ = r,,, = 1. In this case, X} = X; for
every i and for every k > 1 because X; € {0,1}. Thus every monomial X is
equal to X4 where the indicator function 3 = ind(a) such that 3; = 1
if a; # 0 and is zero otherwise. In particular, pa = pz(ay, where I(A) is a
subset of [m] with the same elements as A (counted with multiplicity one).

We formulate the following alternative definition of independence; see
Feller [1971], page 136.

Lemma 3.14. Let X and X be as usual. For any two disjoint subsets A, B C
[m] we have AILB, if and only if for every two functions f : R¥4 — R,
g: RY2 5 R we have

E[f(Xa)9(XB)] = E[f(Xa)|E[g(Xp)].

The following formulation of independence in terms of moments will be
helpful.
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Lemma 3.15. We have AL B for some disjoint sets A, B C [m] if and only
if
HIuJ = PIfbg forall I € A(Xa),J € A(XB).

Proof. The “if” direction of the lemma is immediate by Lemma 3.14.
The “only if” direction uses the fact that the set of values of X is discrete
and finite. In this case any function on X is a polynomial function (can be
represented as a polynomial in the entries of X), where the terms of these
polynomials are [ [, ; X; for all I € A(X). Thus, to check if AL B, it remains
to check if

Elf(Xa)g(XB)] = E[f(Xa)E[g(X5)]
for all polynomials f,g such that each f has only terms [],., X; for all
I € A(X4) and g has only terms [[,.; X; for all J € A(Xp). By expanding
the terms of f and g and using linearity of the expectation, it suffices to check
that this property holds for each monomial, which is true by assumption. [

Example 3.16. Suppose X; = {0,1} and X> = {0,1,2}. The distribution of
X = (X1, X2) is uniquely identified by the value of u; = E[X1], p2 = E[X3],
oz = E[X2], p12 = E[X1X5] and py22 = E[X;X3]. We have 1112 if and only
if 112 — pipte = 0 and pi22 — pp22 = 0.

Lemma 3.15 easily generalizes.
Lemma 3.17. We have Byl Boll --- 1L B, for some disjoint sets
By, ..., B, C[m] if and only if

BAU-UA, = HﬂAm forall A; € A(XB,),i=1,...,r (3.6)
i=1

One of the central concept of this book will be the conditional expectation.
From the probabilistic point of view the conditional expectation should be
thought of as the expectation with respect to the conditional distribution.
Let X; and X5 be two discrete random variables and f : X3 — R. Then the
conditional expectation of f(X1) given Xo = o is defined as

Elf(X1)| X2 =22] = Z f(@1) prja(z1]z2). (3.7)

1 €EX]

For each xo € X5 such that pa(xo) > 0 the right-hand side is a well-defined
number. We should think of the conditional expectation as a function on X,
which we denote by E[X;|X5]. Since X5 is a random variable, E[X;|X5] is
also a random variable with its own distribution. There are some immediate
consequences of (3.7).

Proposition 3.18. For any two functions f : X1 — R, g: Ao — R and
a €R,

1. EE[f(X1)|X2]] = E[f(X1)],
2. E[f(X1) — a|Xs] = E[f(X1)|X>] — a, and
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3. E[f(X1)g(X2)|X2] = g(X2)E[f(X1)|Xa].
Moreover, if X1 1 X5, then

E[f(X1)[X2] = E[f(X1)].
Proof. Left as an exercise. O

Since E[X7|X5] is a function on Ab, it has a polynomial representation
and this polynomial has degree ro. It is instructive to write the conditional
expectation in the binary case, which we then generalize in Chapter 4. Be-
cause X» is binary, the conditional expectation E(X7|X3) is a linear function
of X5, which without loss of generality can be written for some a,b € R as

E[X1|X2] = a+b(X2 —E[Xs]). (3.8)

Using the first formulas in Proposition 3.18 we find that « = E[X]. This can
be further rewritten as

EX: —E[Xp]|Xo] = b(X2 - E[Xy]).

Now multiply both sides by X5 — E[X5] and use the third formula in Propo-
sition 3.18 to obtain

E[(X: — E[X:])(X2 — E[X2])|X2] = b(Xz —E[X2])%

Taking expectations yields

E[(X: —E[X1])(X2 —E[X2])] = bE(X; —E[X;])?,
which gives ( )
Cov Xl,XQ

whenever X5 is not a degenerate random variable, that is, if var(Xs) > 0. In
this way we have obtained the formula for the conditional expectation when
X5 is a binary random variable:

E[XllXQ] = E[X]] + COV(X],XQ)V&I‘(XQ)_l(XQ - E[XQD (310)

A general discrete random variable is non-degenerate if its distribution
has no zeros. Suppose that X; is degenerate. This means that X; can never
take at least one of its r; + 1 possible values. In that case we can consider a
copy of X; with a reduced state space. Hence, without loss of generality, we
always assume that X is a random vector such that all X; are non-degenerate
and in particular var(X;) > 0. Now we can define X = (Xi,...,X,,), where
X, = %)({X)l) Let p;; = corr(X;, X;) = E()_(Z-)_(j) denote the correlation
between X; and X;. In the binary case (3.10) can be rewritten as

E[X1|X2] = p12X2. (311)
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Let X3, X5, X3 be binary random variables. If they are non-degenerate,
then X1 JJ_X3|X2 implies
P13 = P12pP23.
This can be further generalized. For a multiset A of elements of {1,...,m},
define the standardized moment p4 by

pa = E[J[ X
€A
For example, p;; = 1 and p;; = IE)_(Z?’ is the skewness of the distribution of
X;.
Lemma 3.19. Let Xq,...,X,, be binary random variables. If they are non-
degenerate, then X1 AL -+ L X, 1| X, implies

PA = Pmm H pim for every AC{1,...,m},
€A

where m - --m is a sequence of length |A|.

8.1.4 Identifiability of statistical models

Let p(8) = (p(z;0))zex and let M = {p(d) : § € O} be a parametric
statistical model. We say that M is identifiable if and only if p(6y) = p(61)
implies that 6y = 6.

Example 3.20. Let X = {0,...,n} and consider the binomial model
Bin(n, #) parameterized by

p(x;0) = (Z) (1-6)"""0" forze X, 6€|0,1].

The fact that this model is identifiable follows from the fact that p(n;6) = 6™
and hence p(n;6y) = p(n; 01) already implies that 0y = 6;.

Remark 3.21. Establishing identifiability is important since it informs, for
example, how the maximum likelihood method or Bayes estimation might
behave; see e.g., Rothenberg [1971]. For instance, in Bayesian statistics iden-
tifiability affects the asymptotics for the posterior distribution of parameters;
see e.g., Gustafson [2009], Kadane [1974], Poirier [1998], Sahu and Gelfand
[1999]. Moreover, if the model is not identified, the posterior analysis may
strongly depend on the prior specification even for small sample sizes.

In our algebraic setting, identifiability can be formulated as follows. Let
M be an algebraic discrete parametric model given by the map p: © — Ax.
Then M is identifiable if and only if the map p is one-to-one onto its image. In
other words, if 61 # 65, then p(x;01) # p(x;02) for some x € X. In practice,
there is another useful concept related to identifiability.

Definition 3.22. A model M is locally identifiable if for each 6, there exists
a neighborhood W of 6y in © such that for every § € W we have Py = Py, if
and only if 8 = 6.
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A necessary condition for local identifiability is that
p i) = {0€0:p(0)=q}

is a finite set for each ¢ € M. This motivates the following definition.
Definition 3.23. Let ¢ € M = p(©). The preimage O, := p~1(q) C O, that
is, the set of values of the parameters which are consistent with the known
probability model g, is called the g-fiber.

Although for many parametric statistical models used in practice identi-
fiability does not hold, the following milder version may still hold.

Definition 3.24. We say that a model is generically identifiable if the set
of points ¢ whose g¢-fiber is not finite forms a lower dimensional subvariety of
the model.

The g-fiber is always a semialgebraic set by Proposition 2.33 and the fact
that p : ® — Ay is a polynomial map. The geometry of g-fibers affects
statistical inference. In particular, we are often interested when ¢-fibers are
finite, when they are smooth subsets of ©, and when they are singular. These
ideas link to the singular learning theory. We refer to Watanabe [2009] for
details and to Drton and Plummer [2013] for more recent ideas.

Example 3.25. Consider again the binomial model in Example 3.20. Be-
cause the model is identifiable, the preimage of every [p(z;6)] in the model
has exactly one point. Consider now the mixture of this model like in Exam-
ple 1.2. This model is not (locally, generically) identifiable. Geometrically,
it can be seen in Figure 1.3 that every point in the interior of the shaded
area can be written as a convex combination of many pairs of points in the
binomial model.

An example of a model that is generically identifiable but not identifiable
is given by latent tree models, which we analyze in the second part of the
book. Establishing generic identifiability for various models with latent data
became an important part of tensor decomposition methods; see for example
Allman et al. [2009)].

3.2 Exponential families and their mixtures

Discrete exponential families form a very important family of discrete statis-
tical models. Discrete exponential families are usually described by a param-
eterization of the form

d
pa:0) = q(x)exp(d_fiai(x) —log Z(9)), 0€RY, (3.12)
i=1

where x € X, Z(0) is a normalizing constant, ¢ is a base measure, and A =
[a;(x)] is called the sufficient statistic. For given A, the corresponding discrete
exponential family is denoted by £4. The discrete exponential family €4 is

© 2016by Taylor & FrancisGroup,LLC



52 ALGEBRAIC STATISTICAL MODELS

unchanged under the row operations on A. Also, because of the normalization,
we can without loss assume that the vector (1,...,1) is one of the rows of A.

The name and representation in (3.12) suggests that these discrete models
are not algebraic. However, it turns out that the model can be reformulated
so that its description is given by polynomials. Let A = [a;(z)] be a matrix
with |X| columns such that all a;(x) are integers and a(z) = [a;(z)] is the
column of A related to x € X. Define the set of probability distributions
given as the image of the following map

ba: RL Ay, t=(t,... ta) > Z(t)"" (q(x)ta(I)) L (313
TE

where t¢(®) = Hle t?i(z). To see that classes of models in (3.12) and (3.13)
are identical, apply the transformation ¢; = exp(6;).
Remark 3.26. The representation of closures of discrete exponential families
is induced from (3.13) by considering ¢4 : RS, — Ax. In this case we
adopt the convention that t° = 1 for t > 0. By Proposition 2.39 these
families of probability distributions correspond to the nonnegative parts of
toric varieties. This enables us to investigate the boundary of the closure of
exponential families using the moment map introduced in Section 2.2; see
[Kéhle, 2010, Theorem 1.2.11].

By Remark 2.40, the semialgebraic description of discrete exponential
families is obtained from the algebraic description of their Zariski closure by
adding the nonnegativity constraints defining the probability simplex.

Proposition 3.27. Let M be a discrete exponential family defined by ¢4 as
in (3.13) and let M be the Zariski closure of M. Then

M = MnAY%.

In particular, the only inequalities describing M as a semialgebraic set are
trivial inequalities.

Proof. Since M C M and M ' C A%, one inclusion is immediate. For
the opposite inclusion, note that M C P¥ is an image of a toric variety
Y4 obtained by scaling each coordinate by ¢(x) > 0. This toric variety is
parameterized by t — (ta(‘”))we x- By Proposition 2.39, the nonnegative part
(Ya)> of this variety is the Euclidean closure of the image of ¢ : RS — RPZ,
or equivalently it is equal to Y4 N RIF’;O. Each of the points in (Ya)> \
é(Ri) has at least one coordinate zero. Therefore, all points in Y4 NRPZ lie
necessarily in ¢(R%). Scaling again by g(x) gives us that M NRPZ, is given
by ¢4 (R%). Finally, by Lemma 2.37, RP% ~ AY. O

In this context it is easy to explain the name of the moment map in (2.6).
The sufficient statistics A is a random variable with values a(z) for j € X
obtained with probability p(z;t) = Z~1(t)t*(®). Its mean EA is

EA = Y platha@) = Y plat)a

TEX acA
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where A = {a(x) : x € X} and p(a(x);t) := p(z;t). This expectation map is
precisely the algebraic moment map defined in (2.6). In the theory of expo-
nential families, the parameterization in terms of the moment of A is called
the mean parameterization. From the general properties of the exponential
families it follows that for the cumulant function K(0) = log Z(#) we have

EA = VoK) =Z1(0)VeZ(6).

By Proposition 2.19, to obtain the implicit description of a discrete expo-
nential family, it suffices to identify the defining ideal ker(¢% ). In the statis-
tical context, when the input data is given by the A matrix, this can be done
efficiently using the computer software 4ti2; see Hemmecke et al. [2005].
Example 3.28. Let X = (X1, Xo, X3, X4) be a vector of four binary random
variables, so that X; = {0,1} for all ¢. Consider an exponential family with
the parameterization ¢4 : R1? — Ay defined by

(1 01 01 01 00O0O0O0O0O0TO0 0]
06010101010O0O0O0O0O0TQO0TGO0
0 000OO0O0OO0OO0ODT1TO01O0T1O0T1TO0
0 000O0O0OO0OO0OO0OT11IO0T1O0T1O01
101000O0O0O1O0T1O0O0O0TO0T®
A = 061010O0O0OO0OO0ODT1ITTO0T1O0O0TQO0T®O0
0 0001O01O0O0O0O0O0O0T11IO0T1TO0
0 000O01O01O0O0O0O0OO0OT1TQO01
100010O0O0O1O0OO0OO0OT1TTGO0TGO0F®
010001600O0T1O0O0OO0CT1O0T®O0
001 00OO0O1O0OO0OO0OT1TO0OO0OO0OT1IT®O0
10001 0O0O0T1O0O0O0T1IO0TO0O0 1]

This model is a special graphical model that plays an important role in this
book; see also Example 5.40. Here the columns correspond to elements of X
ordered lexicographically so that (0,0,0,0) corresponds to the first column,
(0,0,0,1) to the second, (0,0,1,0) to the third, and finally (1,1,1,1) to the
last column. The first block of rows corresponds to parameters sgg, So1, S10,
and s11, respectively. The second block of rows corresponds to parameters
too, to1,t10, and t11. The last block corresponds to parameters ugg, uo1, U109,
and u11. The first column is the vector of exponents of the parameter vector
in the expression for p((0,0,0,0);t). The other columns are obtained in the
same way. The Zariski closure of the model can be described by quadratic
equations of the form

p(0,0,1,1)p(1,1,0,1) — p(0,1,0,1)p(1,0,1,1) = 0.

The complete list can be easily obtained using 4ti2.

Miztures of exponential families A powerful approach to probabilistic mod-
eling involves supplementing a set of observed variables with additional hid-
den variables. By defining a joint distribution over visible and latent variables,
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the corresponding distribution of the observed variables is then obtained by
marginalization. This allows relatively complex distributions to be expressed
in terms of more tractable joint distributions over the expanded variable
space. One well-known example of a hidden variable model is the mixture
distribution in which the hidden variable is the discrete component label.

Note that mixtures of discrete exponential families are also algebraic
models. Suppose that the system under consideration consists of both the
observed variables X and the hidden variables H. Let (X,H) € X x H,
where

H={0,...,51} x---x{0,...,8,}.

Suppose that the model p(x, h;0) for (X, H) is a discrete exponential family.
We call it a fully observed model. In practice we never observe H and there-
fore we are interested in the family p(x;#) of possible marginal probability
distributions of X, where

p(z;0) = Z p(z,h;0) forall z € X.
heH

Geometrically, the model for X is a projection of a toric variety defining
the model for (X, H). It is significantly harder to describe than a discrete
exponential family, and in particular, there is no equivalent of Proposition
3.27. A simple example is given in Example 1.2. A more general example
is given by latent tree models, which are studied in the second part of this
book.

Example 3.29 (X; 1L X5|H). Consider a simple model with X = {0,1}2,
H = {0,1} given by

p(z1,29,h) :pH(h)pl\H(Il|h)p2|H(1'2|h)a

where py denotes the marginal distribution of H and p; g for i = 1,2 denotes
the conditional distribution of X; given H. Since H is hidden, we are inter-
ested in the marginal distribution of (X7, X5). Thus the parameterization is
given by a polynomial map, p : [0,1]°> — Ax given for each x1, 22 € {0,1} by

p12(w1,22) = pH(O)puH(xl|0)p2|H(952|0) +pH(l)puH(ﬂh|1)p2|H(332\1),

where the five free parameters are py (1), p1g(1|h) and py g (1|h) for h €
{0,1}. As it is shown by Gilula [1979], every possible probability distribution
for (X7,X2) can be obtained in this way for some parameters or in other
words p([0,1]%) = Ax. Using a more statistical language we say that the
model is saturated.

3.3 Maximum likelihood of algebraic models
3.8.1 The likelihood function

Let X Dbe a finite discrete random variable with values in X and probability
distribution ¢ € M C Ay, where M is a parametric algebraic statistical
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model with parameterization p(z;6). In particular, there exists 8* € © such
that
q(z) = p(z;0%)

for every * € X. Suppose that we observe a random sample X1 =
M X™ = 2" of n independent copies of X from ¢ € M. The aim
of statistical inference is to obtain valid estimates of the “true” distribution
q or equivalently a “true” parameter 8* based on the observed data. In this
section we focus on the maximum likelihood inference.

Because observations X1 = 2 . X = 2™ are independent and
identically distributed, the probability of observing this sample can be rewrit-
ten as

n

[[p"0) = ] pla;o) ), (3.14)

i=1 TEX
where _

uw(z) = #{i:z" =z}

are entries of the contingency table u = [u(z)]. By construction u(z) > 0 and
Y wex u(z) =n and hence u € U = U(X,n) as defined in (2.14).
Remark 3.30. The assumption that our data are collected in this way is just a
convention called the multinomial sampling assumption. It is, however, often
done in statistics and we are not going to consider other sampling schemes.

The most popular method to make inference about ¢ or 6* is the mazimum
likelihood method. The idea is to estimate 8* by the parameter maximizing the
probability of observing random sample 2(1), ... 2™ By (3.14) this means
maximizing the likelihood function L : © — R given by

L(O;u) = H p(a; 0)4@), (3.15)
TEX

The global maximum of L(;u), if it exists, is called the mazimum likelihood
estimator (or the MLE) and is denoted by 0.

To maximize L(;u) it is convenient to take the logarithm of (3.15), which
does not change the optima. The resulting log-likelihood function is

LO0;u) = Z u(z) log p(z; 6) for all § € © C RY,
reX

and hence it is a linear function in A(z;0) := logp(x;0). Define the sample
proportions p by

p(z) = @ for all z € X.

For a fixed sample size n, there is a one-to-one correspondence between p
and u. We then can write

00;p) = n(\0),p) forall® €O CRY
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where (A, p) = >, A(@)p(z) denotes the usual scalar product in R*. To

maximize, we compute the derivatives
o00:) -~ i) Op(:0)
00,

fori=1,...,d, (3.16)

and if the global maximum lies in the interior of ©, then it is given by the
solution of
oL(6;p)
00;
The maximum likelihood estimate can be alternatively obtained by min-
imizing the Kullback—Leibler divergence. For two discrete probability distri-
butions over X’ that are strictly positive we define the Kullback—Leibler di-
vergence K (pl||q) as

Kl = X 1og (45 ) oo

zeX

=0 for all 7.

It is well known that K(p||¢) > 0 and is zero precisely when p(x) = ¢(z) for
all x € X. The following proposition links the Kullback—Leibler divergence
to maximum likelihood estimation.

Proposition 3.31. Let M = {p(d) : 6 € O} be a discrete model over
X parameterized by the set ©. Let p be sample proportions obtained from a
random sample from some true distribution. Then 8* mazimizes £(0;p) if and
only if it minimizes K (p||p(9)).

Proof. Directly from the definition

K(pllp(9)) = D log(p(«))p(x) — > log(q(w;0))p(x).

reX zeX
The first term does not depend on 6 and the second term is —14(6;p). O

A special case of (3.15) is when M is equal to the interior of Ay, which we
denote by A%. Then © = A% and we chose the parameters to be A = [\(x)],
where A\(z) = A\(z) — A(0). In this case the log-likelihood function, called the
multinomial log-likelihood, is given by

(Nsp) = nhp) = n((\p)—KQN)), (3.17)

where K(A) = —\(0) = log[l + (1,exp()\))] is the cumulant function and
hence it is convex.

Proposition 3.32. Given p(x) > 0 for all x € X, the multinomial log-
likelihood is a concave function with the unique maximum p* given by the
sample proportions, that is, p* = p.

Proof. Since K () is convex, £()\;p) is concave in A. Therefore it has at
most one maximum. The form of the maximum can be obtained by differen-
tiation. O
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3.8.2 MLE for exponential families

An important feature of discrete exponential families is that they admit a
unique MLE. In this case the likelihood can be written as

L(tiu) = Z(t)" 't

where u : X — Ny is the tensor of sample counts and t; = e’i. A concept
closely related to the maximum likelihood estimation for exponentlal families
is that of the mazimum entropy principle. For every probability distribution
p, define its Shannon entropy, as

H(p) = =Y plx)logpx

reX

The following result is the central result of the theory of exponential families.

Theorem 3.33 (Maximum entropy principle). Let p be the sample propor-
tions such that p(x) > 0 for all x € X. If M is a discrete exponential family,
then the likelihood function always has a unique maximum. It is given by the
unique point p* in the model satisfying Ap = Ap*.

Proof. See, for example, Wainwright and Jordan [2008], Theorem 3.4. [

Note that in Theorem 3.33 we do not require p* to lie in M. The fact
that indeed p* € M is part of the theorem. This also shows that we obtain
two equivalent ways to describe the MLE for discrete exponential families.
Remark 3.34. Theorem 3.33 is true also if we extend M by adding its limiting
distributions.

In many interesting situations there exist closed form formulas for the
unique MLE in Theorem 3.33. In the case when such a formula is not available
a popular way to find the maximum likelihood estimate is to use the Iterative
Scaling algorithm; see Darroch and Ratcliff [1972].

3.3.3 Constrained multinomial likelihood

There are two alternative ways of thinking about the likelihood function of
a parametric algebraic statistical model M. The first is to define it as a
function on © like in (3.15). The second uses that fact that the model M is
parameterized by © — M C Ay. Write the multinomial likelihood

Lo(piu) = ] p(a)".

zeX

Comparing this with (3.15) shows that alternatively the maximum likelihood
estimate 6* can be obtained by finding a constrained maximum p* of the
multinomial likelihood constrained to the image of © in the probability sim-
plex and then mapping p* back to ©. In this case we call the likelihood
function the constrained multinomial likelihood.
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These two ways of thinking about the multinomial likelihood can be use-
ful when we toggle between the parametric and implicit representation of the
model. It gives a good framework for understanding the model selection prob-
lems. Thinking about the likelihood function as a constrained multinomial
likelihood function also gives intuition about how intrinsic multimodality
arises in certain type of models. For example, even if the constrained multi-
nomial likelihood is unimodal but the parameterization of the model is not
one-to-one, the likelihood function of the model will not be unimodal; see
Example 3.39 below. In that case the best solution is to reparameterize the
model to get rid of this non-uniqueness.

The following proposition follows immediately from the observation that

M is a subset of Ay.
Proposition 3.35. Let M be given by p : © — Ax be an algebraic para-
metric model. If p € M such that all entries of p are strictly positive, then
any point in the p-fiber ©p (c.f. Definition 3.23) is the mazimum likelihood
estimator for the unknown true parameter 6*.

Typically, M has a much smaller dimension than the ambient probability
simplex Ay. In this case, p ¢ M almost surely and consequently we cannot
use the above proposition. However, this insight will be useful anyway for our
understanding of the likelihood geometry. An example is the following basic
result.

Proposition 3.36. Let M be a statistical model whose intersection with
AY is non-empty. If p > 0, then the mazimum of the multinomial likelihood
constrained to M lies in the interior of the probability simplex.

Proof. By Proposition 3.32 the multinomial likelihood is concave and
has a unique maximum at p. Its value goes to —oo at the boundary of the
probability simplex. Therefore, the constrained maximum must be attained
in A O

We now discuss a number of examples in which we give a brief overview
of possible obstacles in the maximum likelihood estimation.

Example 3.37. Consider the Bin(2,6) model from Example 1.1. Suppose
that the experiment was repeated n times out of which ug times no success
was observed, u; times exactly one success was observed, and us times two
successes were observed. The multinomial likelihood in this case is given by
Lin(p;u) = po°py"' pa*.
The model is given in Ay by the single equation p? — 4pgp; = 0. Project ev-
erything on R? by using the fact that pg = 1—p; —ps. The probability simplex
Ay becomes a triangle p1,p2 > 0, p1 + p2 < 1. Consider three situations:
u = [8,6,5], u = [6,3,5], and u = [6,10,6]. The multinomial likelihood and
the corresponding constrained multinomial likelihood are depicted in Figure
3.3. In the last case, the MLE under the constrained model lies very close
to the multinomial MLE. In the second case, both estimators lie far apart.
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Observe also that both unconstrained and constrained likelihood functions
have unique maxima; see Theorem 3.33.

Figure 3.3 The multinomial likelihood and the constrained multinomial likelihood
on the Bin(2,6) model (given by the solid black).

Remark 3.38. The ratio between the multinomial (unconstrained) likelihood
at the maximum p and the constrained likelihood at its maximum 6 gives
some evidence of how likely our model is to hold. A formal treatment of this
idea is given by the likelihood ratio statistics. For a geometric insight into
this notion; see Fan et al. [2000].

For more general models with non-trivial inequality constraints, the situ-
ation may of course get more complicated even in this low-dimensional case.

Example 3.39. Consider the mixture model from Example 1.2. The model
is given in Az by a single inequality p? —4pops < 0. Consider three situations:
u=[8,6,5], u = [3,9,5], and u = [4, 20, 8]. The multinomial likelihood and
the corresponding constrained multinomial likelihood are depicted in Figure
3.4. In the first situation, the multinomial likelihood and the constraint multi-
nomial likelihood share the maximum. In the second situation, the global and
the constraint maxima are different but close to each other. In the last sit-
uation, the multinomial likelihood has its unique maximum far outside the
constrained model space. In the last two cases, the constrained maximum
lies on the boundary of the model space. Thus, we have two possible sit-
uations; either the global and the constrained optima of the multinomial
likelihood function coincide or not. In the second situation, the constrained
optimum lies always on the boundary of the constrained model space, which
is given by p? — 4pop1 = 0 and hence corresponds to the binomial model.
The maximum of the constrained multinomial likelihood function is always
uniquely defined, however, the likelihood function of the model is more com-
plicated.
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Figure 3.4 The multinomial likelihood and the constrained multinomial likelihood
on the mizture model of the binomial model Bin(2,0).

In Example 3.39 the situation is still relatively simple. The constrained
model forms a convex set. In this case the maximum of the constrained
multinomial likelihood is always unique by the following result.

Proposition 3.40. Let L be the multinomial likelihood L, : Ax — R con-
strained to a conver set M C Ayx. If p > 0, then L has a unique mazimum.
If M is full dimensional, then this mazximum lies in the interior of M if L,
has a global maximum in M or on the boundary of M otherwise.

Proof. Since L,, is strictly concave over A%, it remains strictly concave
over any convex subset. For details; see for example [Davis—Stober, 2009,
Theorem 1] or [Boyd and Vandenberghe, 2004, Section 4.2.2]. O

In this book we are interested in models for which finding the maximum
likelihood estimator is far more challenging than in the above examples. The
two main reasons are that these models are non-convex subsets of Ay and
their dimension is typically much smaller than the dimension of the ambient
space. The problem is not only that the likelihood function is multimodal but
also that we can have many distant maxima that give similar value of the
likelihood function. A similar problem will arise in Bayesian statistics when
studying the maximum aposteriori estimator.
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3.8.4 Hidden variables and the EM algorithm

Let (X, H) € X x H be a random vector, where X is its observed part and
H is hidden. For simplicity, assume that the model p(x, h; ) for (X, H) is a
discrete exponential family. Our task is to maximize the likelihood function
L(#;u) in (3.15) for the marginal model of X. In the presence of hidden data,
even in simple cases the numerical maximization can be hard, as explained
in the previous section. On the other hand, maximizing the fully observed
likelihood

L(O;z,h)= [ px h;0) ", (3.18)

(2,h)EXXH

is relatively simple because it always has a unique solution by Theorem 3.33.
The maximum can be found using a closed form formula if such a formula is
available, or numerically by the Iterative Scaling algorithm.

Of course, in practice, h is never known. The idea of the EM algorithm
is as follows. First, make an initial guess on the parameter vector 6. For
this fixed § we compute the expectation of u(z, H = h) given the observed
data. This is called the expectation step (E-step). Now we maximize the
fully observed likelihood this estimation of the complete data table u(z,h).
This step is called the mazimization step (or M-step). Let 6* be the optimal
solution found at the M-step. We now replace this value for 6 and repeat the
E-step. We repeat this procedure until we reach some optimality criterion,
typically, when changes in the estimated value of 6 in subsequent M-steps
are very small.

Algorithm 3.41 (EM Algorithm).

Input: A tensorp(zx, h; 0) of polynomials in 6 for (z,h) € X x H representing
the fully observed model and the observed data u(x) for z € X.

Output: A local maximum 6 € © of the likelihood function L(6;u).

Step 0: Select a threshold ¢ > 0 and select starting parameters 6, € ©
satisfying p(x, h; 0g) > 0 for all (x,h) € X x H.

E-step: Define the expected hidden data by

u(x)

u(z,h) = wu(@)p(hlz;0) = mp

('Ta ha 00)
for all (z,h) € X x H.
M-step: Find the unique maximum 6* € © of the fully observed likelihood
function in (3.18).
Step 3: If L(0*;x) — L(O;u) > 0, then set 6y := 6* and go back to the
FE-step. .
Step 4: Output the parameter ¢ := 6* and the corresponding probability
distribution p(z;0) for z € X.

What is less obvious is that in every iteration, the likelihood increases.

Theorem 3.42 (Dempster et al. [1977]). The value of the likelihood function
L(0;u) strictly increases with each iteration of the EM-algorithm until a local
maximum 1is attained.
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This result has good and bad implications. On one hand, we are guaran-
teed to always find a local optimum. On the other hand, we often get stuck
in a local minimum, and to find the global maximum we need to repeat the
procedure many times from different starting points. For this reason it is
important to study fixed points of the EM algorithm for interesting model
classes and develop procedures to obtain good starting points.

3.4 Graphical models

Graphical models form a popular family of statistical models, which enable
us to efficiently encode large sets of conditional independence statements in
terms of graphs. The aim of this chapter is to introduce only very basic models
and elementary related concepts. We focus on two model classes: undirected
graphical models, also known as Markov random fields, and directed graphical
models, also known as Bayesian networks. To study the latter we also briefly
discuss the chain graph models. Most of this section is based on Lauritzen
[1996]. We refer there for the proofs and a more detailed discussion.

8.4.1 Basic graphical notions

Let G = (V, E) be a graph with set of vertices V and set of edges E C V x V.
We always assume there are no loops and no multiple edges. A directed edge
from ¢ to j is denoted by ¢ — j and an undirected edge between i and j is
denoted by i—j. We write ¢ - - - j, and say that ¢ and j are linked, whenever we
mean that either ¢ — j, or i < j, or i—j. A hybrid graph is a graph with both
directed and undirected edges; see for example Figure 3.5. We exclude also
a situation when two vertices are connected by an undirected and a directed
edge.

1@ *—>0

3
Figure 3.5: An example of a hybrid graph with both directed and undirected edges.

A path between i and j in a hybrid graph G is any sequence ky, ..., k, of
vertices such that ky =i, k, = jand k; - - - k;31 in G foreveryi = 1,...,n—1.
We say that a path is undirected if k; — ki1 in G for every i =1,...,n — 1.
It is said to be directed if k; — k;11 in G for every i =1,...,n — 1. A semi-
directed path between ¢ and j is any sequence k1, ..., k, of vertices such that
ki =1, k, = j and either k; —k;41 or k; — k;11in Gforeveryi =1,...,n—1
and k; — k;1q for at least one i. A semi-directed cycle in a hybrid graph G
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is a sequence ki,...,knp+1 = k1, n > 3 of vertices in G such that ki,...,k,
are distinct, and this sequence forms a semi-directed path. In a similar way
we define a undirected cycle and directed cycle.

Definition 3.43. We say that G is undirected if it contains only undirected
edges. A graph is directed if it contains only directed edges. A chain graph
is a hybrid graph without semi-directed cycles. A directed acyclic graph (or
DAG) is a directed graph without directed cycles.

For example, the hybrid graph in Figure 3.5 is not a chain graph because
2 — 3 —1—2 forms a semi-directed cycle. An example of a DAG and a chain
graph is given in Figure 3.6. Of course, every DAG and every undirected
graph are also chain graphs.

o "

A NS

Figure 3.6: An example of a DAG and a chain graph.

—_
w
w

We say that two vertices i, j are neighbors if i — j. In this case we say that
the edge (i, 7) is incident with ¢ and j. If G is a directed graph and ¢ — j in
G (and hence when (7, j) € F), then we call ¢ a parent of j and j a child of i.
Let ¢ € V, the degree of i is denoted by deg(i), and is the number of vertices
j such that i---j in G.

Let A C V, then G 4 denotes the induced subgraph with vertices A and
edges EN(Ax A). A skeleton of a directed graph G is the undirected graph
with all arrows of G replaced with undirected edges. By a moral graph G™
of G we mean an undirected graph obtained from G by first joining by an
undirected edge any two vertices sharing a child, and then replacing all arrows
with undirected edges.

3.4.2 Undirected models and decomposable graphs

Consider a random vector X = (X;);ev together with a graph G = (V, E)
whose vertices index the components of X. Lack of an edge between X; and
X, indicates some form of conditional independence between X; and Xj.
These constraints are known as the Markov properties of the graph G. The
graphical model associated with G is a family of multivariate probability
distributions for which these Markov properties hold.

Undirected graphical models. Let G be an undirected graph and let X €
X = (X,)vev be a discrete random vector. The undirected pairwise Markov
property associates the following conditional independence constraints with
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the non-edges of G:

A more general concept is that of the undirected global Markov property. For
any three disjoint subsets A, B, C' of V' we define a relation L4 and we write
A 1g B|C if and only C separates A and B in G, i.e., every path from a
vertex in A to a vertex in B necessarily crosses C. The undirected global
Markov properties (UG) are given by

XAJ.LXB|X0, for all A J_G B|C (320)

Obviously (3.20) implies (3.19) but the opposite implication in general does
not hold.

Definition 3.44. Let X = (X, ),cv be a random vector and let G = (V, E)
be an undirected graph. The undirected graphical model of G is the CI model
satisfying all global Markov properties in (3.20).

By Lemma 3.10, every discrete graphical model is an algebraic statistical
model. Equations in Lemma 3.10 together with the trivial constraint defining
Ay give the implicit description of the model. Undirected graphical models
also have their parametric version.

Definition 3.45. Let G be an undirected graph. A cligue C' C V in an
undirected graph is a collection of vertices such that (i, ) € E for every pair
i,j € C. The set of maximal cliques of G is denoted by C(G).

The probability distribution p on X factorizes according to G, which we
denote by (UF), if there exist a parameter vector [0c(c)]scexe € RYS for
all C' € C(G) such that -

p(z) = 1 H Oc(zc) forall x € X, (3.21)

() cec(G)

where Z(6) is the normalizing constant. This class of models, when restricted
to positive distributions, lies in the class of discrete exponential families.
However, it is important to note that in general the family of distributions
induced by this parameterization need not exactly coincide with the undi-
rected graphical model. One inclusion follows from the following proposition.

Proposition 3.46. For any undirected graph G and any probability distri-
bution on X it holds that

(UF) = (UG) = (UP).

These three families of probability distributions coincide on the subset
AY of positive probability distributions by the following important result.
Theorem 3.47 (Hammersley-Clifford Theorem). Let p € AY, then p sat-
isfies (UP) with respect to an undirected graph G if and only if it satisfies
(UF).
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This shows that the difference between the undirected graphical model (as
given in Definition 3.44) and the models defined by (UF) and (UP) can occur
only on the boundary of the probability simplex Ax. For distributions with
zeros, this characterization in general is not clear and the reason is precisely
that X 4 1l Xp| X is not well defined for z € Xo such that pe(z) = 0.

Decomposable models Decomposable models form an important family of
undirected graphical models.
Definition 3.48. An undirected graph is said to be decomposable (or trian-
gulated) if it contains no induced cycle of length greater than 3.

Note that if G is decomposable and A C V, then G4 is decomposable.
For decomposable graphs we mention the following important result.
Proposition 3.49. Let G be decomposable. Then

(UF) = (UG).

Decomposable graphs admit a useful decomposition of its set of vertices.
Let By,..., By be a sequence of subsets of the vertex set V' of an undirected
graph G. Let

Hj:Blu-“UBj Rj:Bj\ijla Sj:ijlﬂBj.

The sequence is said to be perfect if the following conditions are fulfilled:

(i) for all ¢ > 1 there is a j < ¢ such that S; C Bj,

(ii) the sets S; are complete for all 4.
Call the sets H; histories, R; the residuals, and S; the separators of the
sequence.

Lemma 3.50. Let By,..., By be a perfect sequence of sets which contains
all cliques of an undirected graph G. Then for every j, S; separates H;_1\ S;
from R; in GHJ,.

The aim of this section is to show why decomposable graphs are im-

portant especially from the inferential point of view. We have the following
proposition.
Proposition 3.51. Assume A, B, S are three disjoint subsets of V' such that
S separates A from B and S forms a clique. Then a probability distribution
P factorizes with respect to G if and only if both marginal distributions Pays
and Ppys factorize with respect to G aus and Gpus, respectively, and the
probability mass functions satisfy

p(x)ps(zs) = pas(zas)pps(rps) (3.22)

for every x € X.

In Proposition 3.51 we described how the factorization (and hence the
global Markov property) behaves across decompositions of the graph. Using
the factorization, an especially simple expression for the vector of means can
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be obtained. Consider a graphical model with a decomposable graph. By
[Lauritzen, 1996, Proposition 2.17] the cliques of G' can be numbered to form
a perfect sequence exactly when G is decomposable. The repeated use of
(3.22) gives the formula

k
Hj:l bc; (xcj )
k )
[[j—2ps;(zs;)

where S; = H;_; N C}; is the sequence of separators. Alternatively, we can
collect the terms in the denominator in groups and obtain the formula

p(z) =

- HcecpC(xc)
ple) = [Isesps(zs) )’

where C is the set of maximal cliques of G, S is the set of separators, and
v(S) is an index that counts the number of times a given separator S occurs
in a perfect sequence. The main application of this formula is the following
proposition.

(3.23)

Proposition 3.52. Let u be the data tensor. In a decomposable graphical
model with graph G, the maximum likelihood estimate of the mean vector is
given as
u(x
a(z) = —HCEC ( C)s ;
HSeS u(zg) 9
where u(x 4) is the number of times the event {X a4 = x4} was observed.

Suppose that X = (X,) € X has distribution in M(G), the graphical

model of G. Consider the multinomial likelihood L,,(g; u) on Ay as in (3.17).
The likelihood function L(6;u) of M(G) can be treated as a constrained
version of L,, on Ay as explained in Section 3.3.3. Then L,, is maximized in
sample frequencies and its constrained version is maximized in %ﬁ(x), where
4 is given in Proposition 3.52.
Corollary 3.53. Let G be a decomposable graph. Suppose that some of the
vertices represent observed variables and some of them are hidden. Then the
M step in Algorithm 3.41 can be effectively implemented using Proposition
3.52.

3.4.8 DAGS, chain graphs, and DAG equivalence

Bayesian networks Let G = (V,E) be a directed acyclic graph (DAG).
For each v € V|, the set pa(v) denotes the set {u € V : (u,v) € E} of
parents of v. The set de(v) of descendants is the set of vertices w such that
there is a directed path from v to w in G. The non-descendants of v are
nd(v) = V'\ (vUde(v)). For a subset C C V, we define an(C) to be the set
of vertices w that are ancestors of some vertex v € C. Here, w is an ancestor
of v if there is a directed path from w to v.

The conditional independence statements defining a Bayesian network are
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derived from the graph in a different way than in the undirected case. The
directed local Markov property (DL) associates the conditional independence
constraints

X, J-I—Xnd(v)\pa(v)|Xpa('u)a veV (324)

with the directed acyclic graph G. For every triple A, B, C of pairwise disjoint
subsets of V, consider the set an(A U B U C) and the induced moral graph
GZ;(AUBuc). The directed global Markov properties (DG) are given by

XallXp[Xe forall ALy B|C, H =G aupuc) (3.25)
and hence by all A, B, C such that C separates A and B in the moral graph
GZ;(AUBUC)'

2
1 > ;
3

Figure 3.7: This DAG encodes: 11.4|{2,3} and 211 3|1.

Remark 3.54. To check if AL B|C in a given DAG model we study the moral
graph G;’;(AUBUC). In particular, it is not enough to check if C' separates A
and B in G™. As an example, consider the graph in Figure 3.7. We have
211 3|1 even though 2 — 3 in the moral graph G™.

We say that a probability distribution satisfies the recursive factorization
property (DF) if there exists a parameter vector [0} pa(j)(2j]Zpa(j))]z,ex; €
x; .
R3S for all z,,(;) € Apagj) and j € V such that ij 01 pa(i) (T5|Tpaci)) = 1
and
m
p(z) = H 0ipas) (5| Tpacs))s for all z € X. (3.26)
j=1
For example, factorization in Example 3.9 corresponds to the parameteriza-

. . . 13 2
tion of a simple Bayesian network of the form e — e < e.

In the case of directed acyclic graphs, all three characterizations of
Bayesian networks are equivalent.

Theorem 3.55. Let G be a directed acyclic graph. For a probability distri-
bution p on X the following conditions are equivalent:

(DF) p admits a recursive factorization according to G,
(DG) p obeys the directed global Markov property relative to G,
(DL) p obeys the directed local Markov property relative to G.
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DAG equivalence Theorem 3.55 shows that at least in the case of various
Markov properties the DAG model seems to be easier to work with than
models of undirected graphs. However, this model class has a drawback not
present in the undirected case, namely, two different DAGs may define the
same statistical model. For example, the three DAGs in Figure 3.8 all lead
to the same statistical model defined by a single conditional independence

statement X7 Il X3|Xo. This is equivalent to the undirected graphical model

1 2 3
e — 0 — 0,

1 2 3 1 2 3 1 2 3
*—r0—>0 o+—0—>0 O+—O0<+—0

Figure 3.8: Three equivalent DAGS.

Let G be a DAG. Write [G] for the equivalence class of all DAGs defining
the same statistical model as G. It turns out that this equivalence class
has a very simple description. Define an immorality as an induced subgraph

SRR A (there is no arrow between i and k in G). We have the result,
which has been discovered independently by Frydenberg [1990] and Verma
and Pearl [1991].

Theorem 3.56. Two DAGs with the same set of vertices are equivalent if
and only if they have the same skeleton and the same immoralities.

From the point of view of model selection, this non-uniqueness of DAGs
was worrying. For that reason, researchers often work with a special chain
graph that represents the equivalence class [G]. This graph is called the es-
sential graph and is denoted by G*.

To understand equivalence classes of DAGs, we need to introduce chain
graph models. Recall that a chain graph is a hybrid graph without semi-
directed cycles. Chain graph models form a family of graphical models which
generalize both the undirected models and Bayesian networks. In this section
we only very briefly introduce this important model class.

Two non-equivalent definitions of chain graph models can be found in
the literature and they are referred to as LWF or AMP chain graph models
in Andersson et al. [2001], which refers to: Lauritzen-Wermuth-Frydenberg
Frydenberg [1990], Lauritzen and Wermuth [1989] and Andersson-Madigan-
Perlman Andersson et al. [2001]. These two definitions differ in how exactly
a graph encodes the defining set of conditional independence statements.
Define a flag as an induced subgraph of the form ¢ — j — k. In this book we
consider only chain graphs without flags (NF-CG). This subfamily is sufficient
for our purposes of discussing the equivalence of DAGs. Moreover, it has the
important property that for NF-CGs both the LWF and AMP chain graph
models coincide; see [Andersson et al., 2001, Theorem 1, Theorem 4].

For every A C V, denote by An(A) the set of vertices containing A
together with all vertices ¢ in V such that there exists either a directed,
undirected, or semi-directed path from i to some a € A. The set of global
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Markov properties (CG) induced by a chain graph G is given by Al B|C
whenever C separates A from B in the moral graph an( AUBUC)*
Theorem 3.57. Let G be a DAG. The essential graph G* is the unique
chain graph with no flags, with the same skeleton and immoralities as G and
with the maximal number of undirected edges. Moreover, the statistical models
defined by the DG properties on G and CG properties on G* are equal.

By definition, G* has the same skeleton as G, and i — j in G* if and
only if ¢ — j in every H € [G], all other edges are undirected. For example,
the essential graph for any of the graphs in Figure 3.8 is the undirected
graphi —e- i, whereas the essential graph of G = oo ois G itself.
Another example is given in Figure 3.9. By Theorem 3.56, every arrow that
participates in an immorality in G is essential, but G* may contain other
arrows. For example, in the DAG in Figure 3.10 is equal to its essential
graph G* even though not all arrows participate in immoralities.

2 2
1 >o4 1 e 4
3 3

Figure 3.9: A DAG and its essential graph.

Figure 3.10 A NF-CG whose edges are all essential but not all part of immoralities.

Note that if a chain graph is an undirected graph, then the global undi-
rected Markov properties coincide with chain graph Markov properties.

Corollary 3.58. Let G be a DAG such that the essential graph G* is an
undirected graph. Then

(DF) < (UG).

3.5 Bibliographical notes

All basic definitions like marginal distribution and conditional are completely
classical. Good textbooks on basic probability and statistics are, for example,
Casella and Berger [1990], Grimmett and Stirzaker [2001], Young and Smith
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[2005]. Discrete statistical models are discussed in detail, for example, in
Agresti [1996, 2002]. The notion of an algebraic statistical model was defined
in Drton et al. [2009], Pachter and Sturmfels [2005]. Its most refined version
can be found in Drton and Sullivant [2007]. The moment structures in the al-
gebraic setting are discussed for example in Pistone et al. [2001]. The moment
aliasing principle was formulated in [Pistone and Wynn, 2006, Lemma 3]. The
notion of identifiability and its importance in statistics was discussed for ex-
ample by Rothenberg [1971]. It turns out that identifiability is also a problem
in the Bayesian setting, which was raised by Gustafson [2009], Kadane [1974],
Poirier [1998], Sahu and Gelfand [1999]. Recently a more mathematical, gen-
eral treatment of identifiability for models with hidden data has been given by
Allman et al. [2009]. The best reference for conditional independence models
is Dawid [1979], Studeny [2004]. A general reference on exponential families
is Barndorff-Nielsen [1978], Brown [1986], Efron [1978]. Discrete exponential
families are linked to toric geometry in Geiger et al. [2006], Diaconis and
Sturmfels [1998]. More general links between exponential families and alge-
braic geometry has been recently developed by Michalek et al. [2014]. The
moment map can then be used to analyze possible supports of a model Kéhle
[2010], Rauh et al. [2009]. Mixture models are treated in detail for example
in Bartholomew et al. [2011], Lindsay [1995]. The algebraic geometry of the
mixture model is discussed in Garcia et al. [2005], Drton et al. [2009], Lindsay
[1995]. Also here the analysis of possible supports is possible; see Montifar
[2013]. The maximum likelihood method is described in any textbook on
statistics like Casella and Berger [1990], Young and Smith [2005]. A more al-
gebraic treatment is given in Catanese et al. [2006], which led to unexpected
links in algebraic geometry by Huh [2012], Huh and Sturmfels [2014]. The
constrained multinomial likelihood theory is summarized in Davis—Stober
[2009]. The EM algorithm was proposed by Dempster et al. [1977]. We use
its special version, explicitly written in the most convenient form, which can
be also found in Pachter and Sturmfels [2005]. The use of graphs to represent
statistical models dates back to Wright [1921]. The books Whittaker [1990],
Pearl [2000], Neapolitan [1990], Lauritzen [1996], Koller and Friedman [2009]
summarize these developments. Recently the variational approach to graph-
ical models has become popular; see Wainwright and Jordan [2008]. Most of
the results of Section 3.4 are based on Lauritzen [1996]; see also references
therein. The analysis of the equivalence classes of DAGs and the correspond-
ing link to chain graph models is given in Andersson et al. [1997], Frydenberg
[1990], Roverato [2005], Studeny [2004], Verma and Pearl [1991].
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Chapter 4

Tensors, moments, and combinatorics

[

In this chapter we develop techniques to work efficiently with arbitrary
discrete distributions. We create deep links between statistics and geometry,
which provide a set of tools for symbolic computations useful in the analysis
of various algebraic varieties. The final aim, however, is to construct a coor-
dinate system suitable for the study of hidden tree models in the second part
of this book.

4.1 Posets and Mé&bius functions
4.1.1 Basic concepts
A partially ordered set P (or poset) is a set, together with a binary relation
denoted <, satisfying the following three axioms:
1. For all z € P, z < x (reflexivity).
2. f z <y and y < z, then z = y (antisymmetry).
3. If x <y and y < z, then z < z (transitivity).

We use the obvious notation x > y to mean y < z, x < y to mean z < y,

and x # y. We consider only finite posets.

Example 4.1. The following two examples are very important.

a. Let m € Ny. We can make the set of all subsets of [m] into a poset B,,.
For any two subsets A, B C [m] we say that A < Bin B,,, if A C B.

b. Let m € N. We say that # = By|---|B, is a set partition (or partition)
of [m], if the blocks B; # () are disjoint sets whose union is [m)].
The set II,, of all set partitions of [m] becomes a poset by defining
7w < v in II,, whenever every block of 7 is contained in a block of v.
For instance, if n = 9, 7 = 137|2|46|58|9 and v = 13467|2589, then
7w < v. It follows that [m] (the one-block partition) is always the
maximal element of IT,, and the partition 1|2|---|m into singletons
is the minimal element of IT,,.

Two posets Py, Po are isomorphic, which we denote by Py ~ Ps, if there
exists a bijection ¢ : Py — Po such that

z<yinP; <= ¢(z) < ¢(y) in Ps.

By a subposet of P, we mean a subset P’ of P together with a partial ordering
of P’ such that for ,y € P’ we have x < y in P’ if and only if z < y in P. A

71
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special type of a subposet of P is the (closed) interval [z,y] ={z € P: x <
z < y}, defined whenever x < y.

If x,y € P, then we say that y covers z if and only if x < y and [z, y] =
{z,y}. The Hasse diagram of a finite poset P is the graph whose vertices are
the elements of P, whose edges the cover relations, and such that if z < y,
then y is drawn above z.

Example 4.2. Consider the poset IT3 of all set partitions of {1,2,3}. The
poset has five elements 1]2|3, 1|23, 2|13, 12|3, and 123. The poset I14 has 15
elements. The Hasse diagrams of both posets are given in Figure 4.1.

123

N

1]23 132 12)3

~ 7

1|2\3

/\\

1]234 2|134 12|34 14[23 13\24 1243 1234

Rige =N

1)2[34 1)3)24 1/4/23 14)2[3 13)2]4 123]4

\\ //

1|2|3|4

Figure 4.1: The Hasse diagrams of 113 and Il4.

4.1.2  The Mobius function

Let P be a poset. We say that a function f : P x P — R is triangular if
f(z,y) # 0 only if (x,y) € P x P is such that < y. For any two triangular
functions f,g : P x P — R we define their product as another triangular
function given by

> fa,2)g(zy)  forallz,yeP.

e<z<y

The identity of this product is a function é(x,y) defined by §(z,x) = 1 and
0(z,y) = 0 for all z # 0. For every triangular function f we define its inverse
as the function satisfying ff~' = f~1f = 4.
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We say that a total order < of elements of P is consistent with the ordering
of P if for every x,y € P if x < y in P, then = < y in this total ordering.
For example, for IT3 the total ordering 1|2|3 < 1|23 < 2|13 < 3|12 < 123 is
consistent with the ordering of Il3. In the theory of partially ordered sets,
every such a total ordering is called a linear extension.

Given any linear extension of P every triangular function f can be rep-
resented uniquely by an upper triangular matrix F = [F,,] € R”*? such
that Fy, = f(z,y) and the rows and columns of F' are ordered according to
the given linear extension. For example, for the linear extension of Il3 given
above the possible triangular matrices are of the form

OO OO ¥
O O O *x ¥
O O ¥ O ¥
O ¥ O O ¥

L S S

where stars indicate entries that can take nonzero values.

For any two triangular functions f,g with corresponding matrices F, G,
the matrix of their product fg is given by the matrix product F'G. Moreover,
the matrix of the inverse f~! is given by the inverse matrix F~!. From now
on we are going to use the same notation for a triangular function and the
corresponding upper triangular matrix.

The zeta function ( is a triangular function defined by

1 ifxe<y

0 otherwise. (4.1)

C(%y):{

The matrix representing the zeta function ¢ of a finite poset P is invertible;
its inverse (7! is called the Mdbius function of P and denoted by m (or mp
if there is a possible ambiguity). We can define m inductively. The matrix
relation m = (! is equivalent to

m(z,z) =1, forallzeP

m(x’ y) = - Zw§z<y m(m, Z) for all x < y in P. (4'2)

Directly from (4.2), or equivalently from the fact that m¢ =, it follows that

mO@a) = Y mes)={ ] (43)

if z =u.
<2<y Y

Example 4.3. A chain poset is a totally ordered set C,, = {a1,...,am}
such that a; covers a;_1 for every i = 2,...,m. The Mobius function on C,,
satisfies m(a;, a;) = 1, m(a;,a;4+1) = —1 and is zero otherwise.

The importance of the Mobius function is due to the following basic result.
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Proposition 4.4 (Mobius inversion formula). Let P be a finite poset. Let
f,9: P —R. Then

g(z) = Z fy), for all x € P,

y<z

if and only if

f@) = > glymly,x)  forallzeP.

y<z

Proof. The Mobius inversion formula is nothing but the following state-
ment for upper triangular matrices

(f=g <= f=(C'g=my.
O

Example 4.5. For the posets in Example 4.1, the Md&bius functions are well
known.

(1) The Mobius function on B,, is defined by
m(A,B) = (-1)BM  forall AC B.
(ii) Let 7 € IL,, be a set partition of [m]. Then
m(r) = m(r[m) = (=D =D

where |7| denotes the number of blocks of .

Example 4.6. Consider the poset IT3 in Example 4.2. We order the elements
of II3 by 1/2|3 < 1|23 < 2|13 < 3|12 < 123. The zeta function is represented
by the following matrix

e
I

OO OO

eNeNel

OO = O

O = O O =

e

Its inverse is representing the Md&bius function

1 -1 -1 -1 2
0o 1 0 0 -1

m=[0 0 1 0 —1]. (4.4)
o 0 0 1 -1
o 0 0 0 1

We easily verify that this complies with the recursive formula in (4.2).
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For any two posets P1, P2 we define the poset P; X Ps as a set with the
ordering (z,y) < (2/,y) if z < 2’ and y < y'.
Proposition 4.7. Let P; X Py be a product of two finite posets P1,Pa. If
(xvy) S (xlayl) in Pl X PQ; then

mp; x Py ((937 y)a (Ila y/)) = mp, (Iv zl)m"PQ (yv y,)'
Proof. See [Stanley, 2002, Proposition 3.1.2]. O

This proposition gives a very efficient way of computing the Mobius func-
tion for certain posets.

Lemma 4.8. The Boolean lattice B, is isomorphic to the product (C3)™,
where Cy is the chain poset of length 2; see Example 4.5.

Recall that the Mobius function on Cy satisfies m(a1,a1) = m(ag, az) =1
and m(ay,az) = —1. Now Lemma 4.8 and Proposition 4.7 give another way
to confirm the form of the Mébius function on B, given in Example 4.5.
Remark 4.9. If <1, <o are total orderings consistent with the ordering of
Py and Ps, then there is a natural (lexicographic) total ordering of Py x Pa
given by (z,y) < (2,y') if either x <1 2’ or x = 2’ and y <5 y'. Given any
such ordering, Proposition 4.7 phrased in terms of matrix representations
of triangular functions states that the matrix of mp, «p, is the Kronecker
product of matrices mp, and mp,.

Example 4.10. To illustrate Remark 4.9, let P; = II3 and let Py be
I1({4,5}) ~ II,. The product P; X Py is isomorphic to the interval
[1|2]3]4|5, 123|45] in II5. The matrix mp, is given in (4.4). The Kronecker
product (we use notation of Section 2.3.3) of matrices mp, and mp, is

1 -1 -1 -1 2

0 1 0 0 -1 1 1
mat 0 0 1 0 -1 |® { 0 1 ]

0 0 0 1 -1

0 0 0 0 1

In particular,
mp, (112]3,123) - mp, (4]5,4]5) =21 = 2,
which is equal to mp, (1]2]3|4]5,123|4|5). Similarly,
mp, (1]23,123) - mp, (4]5,45) = 2+ (=1) = —2,

which is equal to myy, (1]|2|3]4/5, 123|45).
In the previous example we use the fact that the Mdbius function on an

interval in P is naturally induced from the Mobius function on P; see for
example [Rota, 1964, Proposition 4].

Proposition 4.11. The Mébius function of any interval [z,y] of a poset P
equals the restriction to [x,y] of the Mdbius function on P.
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4.1.8 Lattices and partition lattices

We say that poset P has a 0 if there exists an element 0 € P such that z > 0
for all z € P. Similarly, P has a 1 if there exists 1 € P such that 2 < 1 for
all z € P. If x and y belong to a poset P, then a least upper bound of x and
y is an element z such that z > z, 2 > y and z < w for any other w such
that w > x, w > y. If a least upper bound of z and y exists, then it is clearly
unique and it is denoted by x V y and called the join of x and y. Dually, one
can define the greatest lower bound x Ay, which is called the meet of z and
Y.

A lattice is a poset L such that for every x,y € L both z Vy and z Ay
exist. A sublattice of a lattice L is a nonempty subset of L which is a lattice
with the same meet and join operations as L. Clearly, all finite lattices have
a 0 and 1. We say that S is a meet-semilattice if S is a poset such that z Ay
exists for all z,y € S. The following result will be useful.

Lemma 4.12. If S is a finite meet-semilattice with 1, then S is a lattice.

Proof. Let x,y € S. A natural definition for z V y is as a meet of all the
elements of A :={z € S: z,y < z}. Since z,y < 1, A is always nonempty.
By constriction, w = A, 4 # is the smallest element satisfying w > x,y. [

Recall that m = By|...|By is called a set partition of [m], if the blocks
B; # () are disjoint sets, whose union is [m]. Equivalently, a partition of [m)]
corresponds to an equivalence relation ~, on [m] where ¢ ~, j if i and j lie
in the same block. Now let A be a multiset A = {i1,...,i4} of elements of
[m] such that 1 <47 <--- < iy < n. We can define a partition of A using a
partition of [d] by i; ~x iy if j ~x k in II;. The set of all partitions of A is
denoted by II(A). For example, if A = {1,1,1} = {13}, then II(A) contains
three different partitions of the form 1|11.

The poset II,, has the 0 given by the m-block partition 1|2| - - - |m and the
1 given by the one-block partition [m]. If 7 = By|---|B, and v = Bj|---|B.,
then m A v is a partition with blocks given by all the non-empty sets of the
form B; N B} for i = 1,...,7, j = 1,...,s. This shows that I, is a meet-
semilattice and by Lemma 4.12 it forms a lattice.

Any set partition with two blocks is called a split. Let S be a set of splits.
We say that © € I1,, is generated by S if 1 =711 A--- Ay, where m; € S. By
convention, the one-block partition [m] is generated by S as it can be written
as the empty meet of elements from S. The set of all partitions generated
by S is denoted by (S). By construction, (S) forms a finite meet-semilattice
and hence a lattice by Lemma 4.12. If S is the set of all splits in II,,, then
(S) = II,,. For special subsets S we obtain a useful generalization of the
lattice of all set partitions.

Definition 4.13. A partition lattice is the lattice (S), where S is any set of
splits in IL,, such that 0 € (S).

Note that a partition lattice need not be a sublattice of IT,,, in the sense
that the join operators need not coincide.
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Definition 4.14. We say that a split A|B is trivial if min{|A|, |B|} = 1. The
set of trivial splits is denoted by Sp.

Definition 4.15. The following is a list of interesting set partition lattices:

(1) An interval partition of [m] is a partition 7 such that if ¢ ~, j for ¢ < j,
then i ~; k for every i < k < j. This poset of all interval partitions is
denoted by Z,,. It is a partition lattice generated by splits of the form
1---k|(k+1)---mfor k =1,...,m—1. It is an easy exercise to show that
I is a sublattice of I1,,, isomorphic to the Boolean lattice of [m — 1].

(2) A partition 7 € IT,, is called a one-cluster partition if it contains at most
one block of size greater than one. In particular, the one-block partition
[m] and the minimal partition 1|2|--- |n are one-cluster partitions. The
poset of all one-cluster partitions forms a lattice C,,, which is not a sub-
lattice of II,,. It is isomorphic to the poset of all subsets of [m] excluding
singletons. We have C,,, = (Sp).

(3) A partition 7 € II,, is non-crossing if there is no quadruple of elements
1 < j <k <lsuch that ¢ ~; k, j ~; [, and 7 »~, j. The noncrossing
partitions of [m] form a lattice which we denote by NC,,. This lattice
is not a sublattice of IT,,. We have Sy C NC,,.

For every lattice, denote m(m) := m(m,1). Later we will see that it is
important to identify values of m(7) for various partition lattices. By Example
4.5, for I, we have

m(r) = (=) (ja| - 1)!

The lattice of interval partitions Z,, is isomorphic to the Boolean lattice of all
subsets of [m — 1] and hence m(7) = (—1)I7I=1. For the lattice of one-cluster
partitions we have

m(m)

{ (=) Yn—-1) ifr=1J2]---|n, and (4.5)

(—=1)lmI=1 otherwise.

For any two m < v € Il,,, the interval [7, v] can be written as the following
product

v =~ [[(B), B,

Bev

where 7(B) is the restriction of 7 to elements in B. For an arbitrary partition
lattice a weaker result holds.

Lemma 4.16. Let L be a partition lattice; see Definition 4.13. Then for any

mel .
0,7] ~ [ L®B).
Bem
In particular, by Proposition 4.7

m(0,7) = H mp(0, B) for any w € L,
Berm

where mp is the Mébius function on L(B).
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Proof. Let § € [0, ). Since §(B) € L(B) for all B € T, there is a canonical

order-preserving map from [0, 7] to [ e L(B). We now construct the inverse
of this map. Let S be the set of splits generating L. For every B € 7, define
SB)={veS: v(B)# B} and Sg = {v(B) : v € §(B)}. Then L(B) is a
partition lattice generated by splits in Sp and there is an obvious bijection
between Sp and S(B). In addition, define S = {v € § : v > 7} and note
that Sy = S\Upc, S(B). Suppose we are given a collection of partitions ép €
L(B) for B € m, which is an element of [[ 5. L(B). Each dp is generated by
some partitions in S(B). Now, for each B € 7, we are using the isomorphism
between Sp and S(B) to get the corresponding splits in S. The meet of all
these splits together with the splits in S, defines some partition § € [O, 7]. So
the defined map is the inverse of the first map and is also order preserving. [

4.1.4 Lattices and their Mobius rings

The aim of this section is to introduce the main technical lemma of this
chapter given by Lemma 4.19. A standard way of proving this result can be
derived from the proof of Theorem 4.27 in Aigner [1997]. Here, we present
an alternative proof extending ideas in Section 3.9 of Stanley [2002]. Let L
be a lattice and let R[L] be the polynomial ring over R with indeterminates
xz € L. By A(L) we denote the quotient (see Definition 2.12) R[L]/I, where
I is the ideal generated by -y —x Ay for z,y € L. We call A(L) the Mébius
ring of L.

For f € R[L] we denote by [f] the equivalence class of f in A(L). As in
(2.3) the operations in the Mobius ring are defined so that we have that for
all a,b € R and f,g € R[L]

[af +bg] = a[f]+ blg]
[f -9l = [f]-g]-
Also, by construction, for every =,y € L we have [z -y] = [z A y].

Example 4.17. Let L be the Boolean lattice Bs. Consider two linear poly-
nomials in R[Bj]:

prz ={1,2} —{1} = {2} +0 and  p1 ={1}-0.
Then
[o1] - [pr2] = [({1} =0)]- [({1,2} = {1} = {2} + 0)] =
{1} - {123 = [}y - {0 = {1} - {20 + {1} - 0)-
—[0- {12+ [0-{1}]+[0-{2}]-[0-0] =0,
where 0 is the zero of the ring A(L).

We generalize the above example in the following way. Define for z € L
the element p, € R[L] by

pe = y_m(y,z)y. (4.6)

y<z
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By the Mdbius inversion formula,

= py (4.7)

y<wz

Proposition 4.18. For every x € L, let p, be given by (4.6). Then [p,] -
[pe] = [pa] and for every = £

[pz] - [py] = 0.

Proof. From (4.7) and the definition of A(L) it follows that for every
z,y €L

-y = Ayl = > el (4.8)

z<xAy

On the other hand, we can expand separately z and y in terms of the p’s,
which implies that for every z,y € L

-y = > el lpwl- (4.9)

u<a, wy

First note that [pg] - [p5] = [pg). Taking y = 0 and comparing (4.8) and (4.9)
gives that

> lpul - [o5] = lpo] - [po)-

u<lx
If 2 covers 0 in L, then we obtain [p,] - [pg] = [pg] - [pz] = 0. Now by taking
y = x in (4.9) we obtain

[SC} = [pf)] ’ [P()] + [pf] : [pr]

Because [p] - [pg] = [pg] = [0] and [ps] = [2] — [0] we obtain [ps] - [pa] = [pz].

Let now z, y be arbitrary. By induction we may assume that [p,]-[pw] = 0
for all u < x and w < y or for all u < z and w < y. We can also assume that
[p2][p2] = [p-] for all z < xAy. If x = y, then equating (4.8) with (4.9) gives

Z[pz] = Z[pz] + [pa:] ’ [p:c]a

z<x z<x

which implies that [p,] = [pz] - [pz]. If & # y, then again equating (4.8) with
(4.9) gives

Sle:l = D (el [penyl - [pany] + [os] - [oy)-

z<z Ay z<xT Ay

Since, by induction, [pzay] - [Pzay] = [Pzay] (both if 2 Ay < z,y and if
Ay € {z,y}) we conclude that [p,] - [py] = 0. O

As an immediate corollary we get the following result.
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Lemma 4.19. Let L be a finite lattice with at least two elements, and let
1#a€ L. Then for any y # 1

Z m(z,1) = 0.

T:xNa=y

Proof. By (4.7) and by Proposition 4.18 we have

fal - [pi] = | Sloal | - Ipi] =0, since a # 1. (4.10)

z<a

On the other hand,
la] - [pi] = [a] - Y m(z, D] = Y m(z, D)[anal. (4.11)

€L z€L

Since a - p; is an element in R[L], it is of the form )’ ; ¢,y and hence
la-pi] =2, cr cyly]- From (4.10) we conclude that ¢, = 0 for all y € L and

from (4.11) that ¢, =) m(z,1). O

r:xNa=y

4.2 Cumulants and binary L-cumulants

In this section, we discuss the links between cumulants and combinatorics.
This will enable us to propose a generalization of cumulants, which in par-
ticular will give us a better understanding of tree models in the second part
of the book.

4.2.1  Cumulants

Cumulants, like moments, give an alternative way of storing information
about probability distributions. Their importance comes from the observa-
tion that many properties of random variables can be better represented by
cumulants than by moments. The key features of cumulants are:
(i) For independent random variables, the cumulant of a sum becomes the
sum of cumulants.

(ii) For random vectors with independent components, the joint cumulant
is zero.
(iii) Where approximate normality is involved, high-order cumulants can be
neglected.
Let X = (X1,...,Xm) be a finite discrete random vector with values in
X=X X+ XXy, where X; ={0,...,7;}. Let
Mx(t) = E(exp((t, X))),

where ¢t = (t1,...,t,) € R™, and (¢, X) = >, t;X; be the moment gen-
erating function of X as defined in Section 3.1.3. The cumulant generating
function is defined as

Kx(t) = log Mx(t).
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The moment generating function Mx and the cumulant generating function
Kx are convex and analytic. The cumulants of X are defined in a similar way
as the moments by derivatives of the cumulant generating function. Thus, for
every u € N7, denote by A(u) the multiset defined in (3.5). Then

lul
ki = DK t‘ - 9 K. 412
Au) x| _, P x(®)| _, (4.12)

is the corresponding cumulant of the vector X 4(,) = (Xi)ica(u)- Hence the
cumulant generating function can be written as

1 u
Kx(t) = Z akA(u)t :

weNg

Remark 4.20. Tt follows from Marcinkiewicz [1939], Lukacs [1958] that the
normal distribution is the only probability distribution such that all cumu-
lants of order greater than a certain number vanish. In a more algebraic
language, the normal distribution is the only distribution such that its cu-
mulant generating function Kx (t) is a polynomial function.

The relationship between cumulants and moments can be found by taking
the Taylor expansion of the both sides of the identity Kx(t) = log(Mx (t)).
For example, in the univariate case it is easily checked that

ki =1, kin=pin—pf, ki = pann — 3paipn + 248 (4.13)
We now explore this relationship in a more combinatorial context; see for

example [McCullagh, 1987, Section 2.3].
Theorem 4.21. The cumulant of the vector X is defined as

b = 30 O (= 0 T e (4.14)

well,, Ber

where the sum is over all set partitions of [m], the product is over all blocks
of a partition, and || denotes the number of blocks of .

For example, if m = 3, then there are five partitions in IT3: 123, 1|23,
2|13, 12|3, and 1|2|3 and (4.14) gives

kias = pi23 — pipes — popaz — Hiz2is + 2p0 pops. (4.15)

The formula for kp,,; in Theorem 4.21 can be easily extended to any ka
for A C [m] just by replacing II,, with II(A). What is less clear is
that the same procedure can be used to generalize (4.14) to any multiset
A={1",... ,m"} Let d =), u; and write A as {i,...,iq}. We use the
bijection between A and [d] to write

ka = > 0w = DT s (4.16)

reTI([d]) Ber
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where ig = {i; : j € B}. Hence, for instance, the formula for k117 in (4.13)
can be derived from the formula for kj23 in (4.15) by replacing {1,2,3} by
{1,1,1}. Similarly,

k2 = piie — 20112 — paipe + 245 pa. (4.17)

Formula (4.16) also shows that k4 depends only on up for which B is
a submultiset of A. Thus, in our computation, instead of working with the
generating function M (t), we can take the truncation of its power series up
to order u € NfJ*, where u is such that A = A(u). So, for example, to obtain
formulas in (4.13) it is enough to consider the polynomial

1 2, 1 3

T+t + §Nllt + 6#11175 .
We obtain k1, k11, and k111 by computing derivatives and evaluating them at
zero. Equation (4.13) can be verified using the following Mathematica code

M[t_]:=1+Sum[m[i]*t~i/Factorial[i],{i,1,3}]
List [D[LogM[t]],{t,1}],D[LogM[t]],{t,2}],
D[LogM[t]],{t,3}]]1 /. t-> 0
Similarly, to confirm (4.17) we run
Mls_,t_]:=Sum[m[i, jl*s"i*t"j/(Factorial [i]*
Factorialljl),{i,0,3},{j,0,3}] /. m[0,0]->1
D[LogMI[s,t]1]1,{s,2},{t,1}] /. {s—> 0,t-> 0}
In certain situations we may want to generalize the well-known formula

for the covariance in terms of conditional covariance

k’lg = COV(Xl, XQ) = COV(E[XHYLE[XQlYD + E[COV(Xl, X2|Y)]

It is not hard to provide a formula for general conditional cumulants; see
Brillinger [1969]. For any A C [m] denote the corresponding conditional cu-
mulant by k4jy. Each of these is a random variable itself and we have

ka = Z k((kpy)Benr),

T€eTI(A)

where k((kp|y)Ber) denotes the order |7| cumulant of random variables kpgy
for B € 7. In particular, if all X; are conditionally independent given Y, then
kpy = 0 unless |B| = 1, which simplifies the above sum to one term.

4.2.2  Binary L-cumulants

We assume in this section that X = {0,1}™, in which case A(X), defined
by (3.5), becomes the set of all subsets of [m]. Let L C II,, be a partition
lattice, c.f. Definition 4.13. For every A C [m], consider L(A) as the subposet
of TI(A) obtained from L by constraining each partition to the subset A.
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The Mobius function on L(A) is also denoted by m unless it may lead to
ambiguity, in which case we write explicitly m4.

A multiplicative function on a partition lattice L is any function such that
there exists a collection fp € R for B C [m], and for every m € L

fm = 1] fs

Ben

For every v € I1,,, define

k(v) = > wm(mv)u(r), (4.18)

where p(m) = [[gc, up is a multiplicative function and the sum is taken
over all 7 in the interval [0, v] in IL,,. The Mobius function on II,, satisfies
m(r) := m(m, [m]) = (=1)I"1=1(|7| — 1)! for all 7 € II,,,. Tt follows, by (4.16),
that the cumulant ki) is equal to k([m]) defined by (4.18) with v = [m]. The
formula for k4, A C [m], is obtained in the same way by replacing IT,, with
II(A).

To get the inverse formula for moments in terms of cumulants we need
the following result.

Lemma 4.22. Let k(v) be given by (4.18). For every v € TI(A), we have
k(v) =1lpe, kb-

Proof. By Lemma 4.16, every interval [0, ] C TI(A) is isomorphic to the
product [] 5, TI(B). By Proposition 4.7, the Mdbius function on a product
of posets is equal to the product of Mobius functions for each individual
factor. Hence, (4.18) can be rewritten as

kv) = I { 22 ms@u@) ) =] ks

Bev \Sell(B) Bev
which finishes the proof. O

Now the inverse formula for moments in terms of cumulants follows di-
rectly by the Mobius inversion formula in Proposition 4.4 and Lemma 4.22.
For every A C [m] we have

pa = > k@ = > ]]*ks (4.19)

meII(A) nell(A) Benm

where the second equation follows by Lemma 4.22. By Proposition 3.12, the
probability distribution of a binary vector X is uniquely identified by the set
of moments p4 for all A C [m]. We call this set of moments binary moments.
Similarly, the set of cumulants k4 for A C [m] is called binary cumulants.

We now generalize the combinatorial definition of binary cumulants to
binary L-cumulants £4 for A C [m)].
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Definition 4.23 (Binary L-cumulants). Let X = (X;,..., X,,) be a binary
random vector and let L be a partition lattice of [m]. For any A C [m] and
v € L(A) define

Lv) = ZmA(w,V)u(ﬂ), (4.20)

w<v

where pu(7) = [[ g 3. Then £4 := £(A) is the L-cumulant of X 4 . In other
words,

by = Z my () H LB for every A C [m]. (4.21)

weL(A) Bem

The map in (4.20) is invertible with the inverse given by the Mobius
inversion formula. In particular, for every A C [m],

pa = Y ) = > ]t (4.22)

weL(A) weL(A) Bem

The fact that /() is equal to the product [[c, B is proved in a similar
way as in Lemma 4.22.

Suppose that we are given a statistical model M for a binary vector
X € X ={0,1}™. Binary L-cumulants offer a polynomial change of coordi-
nates from the raw probabilities. The map from p(x) for x € X to moments
pup for B C [m] is a simple linear map of the form

pp = > pla). (4.23)

z: A(z)DB

By definition, for every A C [m], the maximal and minimal element of
the lattice L(A) coincide with the minimal and maximal element of TI(A4). In
particular, for every L we have £; = u; for ¢ = 1,...,n; and £ = psj — paift;
for all 1 < i < j < n. However, already when m = 3 not all L-cumulants
coincide with cumulants.

Example 4.24. Let m = 3 and consider L-cumulants induced by the lattice
of interval partitions. The lattice Z5 has four elements: 123, 1|23, 12|3, and
1]2|3. The Mébius function satisfies m(7) = (—1)/"1=! and we have

Lio3 = p123 — Hifi23 — fiofi3 + [l fa i3

Compare this with the formula for kj23 in (4.15) to note that not only term
2413 1S missing now in the formula for ¢123, but also the coefficient of g popi3
is 1 not 2.

Unlike in the case of cumulants, for general L-cumulants no generating
function is known. It may be then useful to realize that L-cumulants can be
expressed in terms of classical cumulants in a rather simple manner.
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Proposition 4.25. Let L C IL,, be a partition lattice and let II* denote the
set of elements m € Il,, such that [r,[m]] N L = {[m]}, where the interval
[m, [m]] is taken in IL,,. We have

Uy = > k(m) = > ] *s
Tell* nell* Ben
The formula for €4 for A C [m] is obtained in the same way.

Proof. In this proof, § < m means that § < 7 and § € Il,,. Similarly,
w >1 6 denotes w > § and w € L. Expressing the L-cumulant in terms of
moments and then the moments in terms of classical cumulants gives

= > om@ [ Y I ke =

el Benm \é6p€ell(B) Cedp
- S Y [k
wel o<nm BES

For every § € II,,, let 6 denote the smallest element of L such that § <p

d. Then, by changing the order of summation, the above equation can be
rewritten as

f[m] = Z HkB Z m(7r)

S€Il,, BES >3

By (4.3), the sum in brackets vanishes whenever § # [m] and is equal to 1 if
0 = [m]. Therefore the whole expression is equal to Y 5. [ 5es kB- O

Example 4.26. Consider again L-cumulants defined by interval partitions in
Example 4.24. If m = 3, we have IT* = {123, 2|13} and hence, by Proposition
4.25, l193 = k123 + kok13, which we easily verify directly.

4.2.8 Basic properties of binary L-cumulants
Lemma 3.17 shows how, under marginal independences, joint moments fac-
torize. In the binary case this gives the following result.

Lemma 4.27. Let X = (Xy,...,X) be a binary random vector. If my =
By|---|B, is a partition of [m], then By 1L --- 1L B, if and only if

pa = wm(A) = @A [iB.NA for all A C [m],
where (1) = [[ge, B and w(A) is the partition T constrained to elements
in A.

The following result is well known for binary cumulants.

Proposition 4.28. Let X be a binary random vector. There ezists a partition
mo = B1| -+ | By of [m] such that By 1L --- 1L B, if and only if ka = 0 for all
A C [m] unless A C B; for some i.
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Proof. The proof will follow from Theorem 4.31. [

As an example consider the cumulant ko3 given in (4.15). If 11 {2, 3},
then, by Lemma 4.27, pi123 = p1pi23, pi2 = pap2, and piz = pyps. It follows
that (4.15) becomes

kies = papes — pafios — papiopis — pafiopis + 2papeps = 0.
It turns out that Proposition 4.28 is a special instance of a more general
result linking vanishing L-cumulants and the independence statements.

Definition 4.29. We say that a partition lattice L of [m] is saturated if the
set Sp of all trivial splits (see Definition 4.15) is contained in L.

Among the partition lattices in Definition 4.15, only the lattice of interval
partitions is not saturated. Note also that for every m < 3 there exists
precisely one saturated partition lattice.

Lemma 4.30. If L is saturated, then all one-cluster partitions lie in L.

Proof. By definition, every partition lattice shares the meet operator with
IT,,. Hence, So C L implies that (Sp) C L. The result follows because C,, =
(So)- O

Theorem 4.31. Let L C II,, be a partition lattice and consider the L-
cumulant of X = (X1,...,Xm) as in Definition 4.23. Let mo = By|---|B, be
a fixed partition in L. The following are equivalent:

(i) Byl --- 1 B,.
(ii) pa = p(mo(A)) for all A C [m].
(iii) €4 = 0 unless A is contained in a block of mp.

Moreover, if L is saturated, then the above three conditions are equivalent to
any of the following:

(iv) p(r) = p(m Amg) for every m € L.
(v) £(m) =0 for all m £ 7.

Proof. The equivalence of (i) and (ii) is given by Lemma 4.27. To show
that (ii)=-(iii), note that for every A C [m]

o= > mam [Tus @Y mam [T ulmo(B) =

rEL(A) Ber rEL(A) Ber

= 3 mamulrime(4) 2SS malm) | ),

weL(A) 6<a \weL(A),mrAa=4§

where, by Lemma 4.19, each summand in the last formula is zero whenever
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a = mo(A) # A or equivalently A is not contained in a block of 7y, which
proves (iii). To show that (iii) implies (ii), use (4.22) to write

pa= > M@ X TMew= 11 | X e

TE€L(A) Bem m<mo(A) BeT Bemg(A) \w€L(B) Cer

which implies (ii).
Now suppose that L is saturated. If (ii) holds, then

pm) L [Lue € [[ao®) = uwAm)

Bem Bem

and hence (iv) holds. To show (iv)=-(ii) we use the fact that L is saturated.
In this case, by Lemma 4.30, the one-cluster partition with the cluster given
by A lies in L. Fix 7 to be that partition. By (iv), u(m) = p(w Amp). Dividing
both sides of this equation by [];c(,\ 4 i vields (ii). Here, we could divide
by Hie[m]\A 1; because X is non-degenerate and hence p; # 0,1. We now
prove (iv)=(v). Using Definition 4.23 we obtain

() Y mim ) E S mir v)ur A ) =

T<v T<v

=z( > m(w,w) (o),

5<v \rAmo=6
where the inner sum in the last expression is over all # € L such that 7 < v
and T Amg =9 (or m A (mg Av) =9). If v £ mp, then

o Ty AV F U,

e I/ =[0,7] is a lattice with at least two elements, and

o T ATy = (m A (mg Av)) for every m € L' (m <v).

Denoting 71g = mp A v we use Lemma 4.19 for L’ to obtain that for every
6 #v (6 € L') the sum .- _sm(mv) is zero. Since 7 A mg = 7 A 7o,
> wnmo—s M(m, V) vanishes, which shows that ((v) = 0 unless v < m and
hence (v). To show (v)=-(iv), note that if £(6) = 0 for all 6 £ m, then for
every ™ € L

) = 260 = S U8) = plrAmo).
o<m d<mAmo

O

Remark 4.32. We want to stress that the equivalence in Theorem 4.31 breaks
down if mg ¢ L. More precisely, if mo(A) ¢ L(A), then ¢4 is generically
nonzero even if (i) and (ii) in Theorem 4.31 hold.
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Example 4.33. Consider the situation of Example 4.24, where m = 3 and
L-cumulants are defined by the lattice of interval partitions. If X; 1l (X5, X3),
then w193 = pipes, p12 = pipe, and pi3 = pyps. It follows that ¢ = f13 =
l123 = 0. On the other hand, the condition X» Il (X7, X3) does not imply
that #1235 = 0 because in this case

lia3 = popi13 — fL1fi2fi3,

which is zero only when in addition p13 = pips and hence when X 1L X3.
Here there is no contradiction with Theorem 4.31 because 2|13 ¢ Z;.

Theorem 4.31 shows one of the important applications of L-cumulants.
Because II,, contains all set partitions, all marginal independences imply
that kp,,; = 0. By Remark 4.32, in the case of L-cumulants, only some of
the independences imply vanishing. Hence, this new coordinate system can
be designed to better fit the model under consideration. This concept will be
explained in more detail for tree cumulants in the second part of the book.

An important property of central moments and cumulants is that they
are invariant with respect to translations of the random vector X. It turns
out that L-cumulants have the same feature whenever L is saturated.

Proposition 4.34. Suppose that L is a saturated partition lattice. For a
binary random vector X, let X = X + a, where a € R"™ and, for every
A C [m], by €4 denote the corresponding L-cumulant of the subvector X 4.
Thenzi =Yl +a; foralli=1,...,n andzA = /{4 for any A C [m] such that
|A| > 2.

Proof. Because ¢; = p; = E[X}], it is clear that E =E[X; + a;] = ; + a;.
Suppose that |A| > 2 and without loss of generality assume A = [m]. Since
a =Y a;e;, where the e;’s are the unit vectors in R™, it suffices to prove this
result only in the case when a is such that a; is the only non-zero entry. In
this case write X; = X7 + a1 as X1 — p1 + (a1 + p1), where p; = EX; and
a1+ p1 = EX;. Let mp = 11{2,...m} € L, then for every 7 € L,

() = p(m) — p(m Amo) + pa(m A mo).
It follows that
Z[m] = Zﬂe m(ﬂ')u(ﬂ')_
= rer m(ﬂ)/i(ﬂ ATO) + D rer, m(m)a(T A mo). (4.24)

Since L is a lattice and w9 # [m], by Lemma 4.19 we have that
Y wnmo—y M(m) = 0 for each v € L and hence the second and third sum-
mands in (4.24) are zero. The proof is completed because the first summand
is exactly £[,). O

4.2.4 Central cumulants

Define central binary L-cumulants by replacing moments pp in (4.21) by
central moments p’y. For every A C [m] the corresponding central binary
L-cumulant is denoted by ¢/,.
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Lemma 4.35. If L is saturated, then ¢y = {4 for every A C [m] such that
|A] > 2.

Proof. Central binary L-cumulants of X can be alternatively defined as
binary L-cumulants of X, where X; = X; — EX;. The lemma follows from
Proposition 4.34. O

We now show that central moments are L-cumulants induced by the lat-
tice of one-cluster partitions C,, = (Sp).

Proposition 4.36. Let X be a random vector with values in X = {0,1}™.
Then the central moment u'y for |A| > 2 is equal to the corresponding L-
cumulants induced by C(A).

Proof. Let A € A(X) be such that |A] > 2. Denote the L-cumulants
induced by C(A) by c4. Since C(A) is saturated, by Lemma 4.35, we can
write ¢4 in terms of the central moments

4 = Z m(m) H Wy forall |[A] > 2.

weC(A) Ber

However, u; = 0 for every ¢ € [m] and hence the only non-zero term of the
above sum is where T = A, which proves that ¢4 = 1. O

The correspondence between the lattice of one-cluster partitions and cen-
tral moments gives also the following explicit formula for central moments in
terms of moments.

Proposition 4.37. Let X be a random vector with values in X. For every
A € A(X) such that |A| > 2 we have:

pa = Y (=1)"Elug I wi= (4.25)

BCA iCA\B
= Y )Ml T m+ WA = D T e
BCA,|B|>2 iCA\B i=1

If L is saturated we sometimes use the following strategy to compute the
corresponding L-cumulants.

Proposition 4.38. Let L = (S), where S is a set of splits of [m] containing
the set Sy of all trivial splits. If K = (S') is such that ' USy = S, then

Smp(m) [[us = D me() [] v

wel Ber TeK Bern

In particular, the formula for L-cumulants in terms of moments can be writ-
ten as a composition of the change from moments to central moments and
then from central moments to K -cumulants.
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Proof. Since Sy C S, then by Lemma 4.35

Smpm) [[us = D mum [] us.

mel Ber wel Bern

Since p = 0 for every ¢ € [m], we can replace “m € L” with “r € K” in
the sum on the right. It now suffices to show that mp(7) = mg(7) for all
m € K C L such that m does not contain singleton blocks. It is enough to
show that the intervals [r,1] in K and L are equal (as sets). Let § € L
be such that 7 < § < 1. Since = has no singleton blocks, § also has no
singleton blocks and hence § is a meet of non-trivial splits in S. However,
by assumption, the set of non-trivial splits of S is contained in S’. It follows
that 6 € K. By Proposition 4.11 the Mbius functions my, and my are equal
when constrained to the interval [r, 1]. O

Proposition 4.38 is helpful in a situation, in which computing the M6bius
function for L is complicated and it is simple for K. We will see such an
example in Section 6.3.1.

4.3 Tensors and discrete measures

In this section we present how discrete probability distributions can be effi-
ciently represented by tensors. We use the basic theory of tensors introduced
in Section 2.3. The results presented below can be used in computations.

4.3.1 Tensor notation in statistics

Let X = X} x -+ X X, where X; = {0,...,7;} and let p € RY be the
probability distribution tensor of a random variable X € X. For A C [m], let
Va denote the tensor space R¥4. The marginal distribution p, is a tensor
in V4 defined in terms of coordinates by (3.2). The marginalization in (3.2)
can be defined in terms of multilinear transformations. We illustrate this first
with an example.

Example 4.39. Suppose that m = 3 and r; = ro = r3 = 1 so that X €
{0,1}3. The marginal distribution p12 is a 2 x 2 tensor obtained from the joint
distribution tensor p by pi12 = (I, I,12) - p, where I is the 2 x 2 identity
matrix and 15 is a vector of ones of length two. Using the vec-mat notation
defined in Section 2.3.3 we have vec(p12) = mat(lz ® I ® 13') - vec(p), where
mat(lo ® Is ® lg) is the Kronecker product of Iy, I and 1%:

p(0,0,0)
p(0,0,1)
p12(0,0) 1 1001 10 07] p0,1,0)
p20,) | {00 1 100 1 1/|][p01,1)
p2(1,0) | “ 0 000 1 1 0 0]] p1,00)
p1a(1,1) 0000O0GO0T11]]|p@101)
(1,1,0)
(1,1,1)
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More generally, p4 is computed from p by a multilinear transformation
(A1,..., Ap), where A; = 1,41 if i € A and A; = 1T | otherwise.
For pp € Vg we defined ppp = diag,(pg) € Vg ® Vi by

. pB<.’EB) if B = YB,
pBB(TB,YB) = { 0 otherwise.

The inverse of ppp is pg}g € Vi ® V5, where V} is the space dual to V. The
conditional distribution defined by (3.3) is a tensor psp € Va4 ® V3, which
in the tensor notation can be written as a contraction

(VA®VB)®(V§®V§) —- Va®Vg,
PAB @ Ppp — DA|B-

Indeed, by definition ppp(2,28) = 0zy2,pe(zp) and hence writing this
contraction explicitly in coordinates gives

pap =Y _pap(@a, 25)pps(es,2)"" = pap(za,zp)ps(zs) .

!
Tp

Recall from Section 2.3.3 the definition of a flattening pa.p of a tensor
p. In the probabilistic setting, pa.p is just the matrix representing the joint
distribution of vectors X 4 and Xpg, where their possible values are ordered
lexicographically. Using the vec-mat notation and flattenings we can rewrite
this as

mat(pA|B) = PA;B 'pg;le

where pa.p is defined by (2.12) and pp.p is the flattening of the tensor ppp.
Recall from Section 3.1.2 that for any two disjoint subsets A, B C [m] we
have AL B (or X4l Xp), if and only if

pAB(xAB) = pA(JSA)pB(Z‘B) for all z € X.
In tensor notation this means that pap € Vap can be written as
paB = pa®pp € Va®Vp.

Here V4 ® Vg is isomorphic to Vip and we identify both spaces. In the
vec-mat notation we have

pA;B = VeC(pA)'VeC(PB)T = (pa®pB)a;B-

The notion of independence can be generalized to the joint independence of
any set partition of [m]. Given a partition By|---|B, of B C [m] we have

Byl - 1B, if and only if P = pp, Q- QppB,. (4.26)

The full independence model is given by 11L.2 1L --- 1L m. In geometry the full
independence model corresponds to the Segre variety; see Section 2.4.
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Proposition 4.40. The nonnegative part of Seg(P™ x- - -xP™) is isomorphic
to the full independence model.

This follows directly from the parameterization in (2.13).
Definition 4.41. Given disjoint subsets B,C C [m] and a partition
By|---|B, of B we say that By, ..., B, are conditionally independent given
Cif
pBic(-lzc) = pB,c(-|lrc) @ @pp,c(-|rc)
for each z¢ € Xo. We write By AL --- 1L B,|C. O

Suppose that A1l B|C and X¢ is not observed. We are then interested
in the marginal distribution of (X4, Xp). In tensor notation (3.4) can be
written as a multilinear transformation

paB = (pajc,PB|c) " PoCs (4.27)

where poc = diagy(pe) € Ve ® Ve as defined in (2.8). Using (2.11) we can
equivalently rewrite it using the vec-mat notation as

vec(pap) = mat(pajc ® ppjc) vec(pec)-

This last representation admits a generalization to the case when
Byl --- 1l B,.|C. We have

vec(pp,...5,) = mat(pp,|c ® -+ @ pp,|c) vec(pc...c)- (4.28)

Note that vec(pe...c) is a sparse vector.

4.8.2  Alternative moment tensors

Let X € X, where X = A} x --- X, and &; = {0,...,r;}. By the mo-
ment aliasing principle of Proposition 3.12, the probability distribution p of
X can be uniquely represented by the moments M = [ 4(q)]cex Or central
moments M’ = [,U;\(I)]me x- The problem is that in general the representa-
tion in terms of moments is more complicated than in the binary case. In
particular, the conditional expectation does not have a linear form anymore
(c.f. (3.10)). In this section we present a simple alternative. We show how
appropriately organized marginal distributions can replace moments. This
alternative representation resembles moments, it is simple to compute us-
ing linear transformations, and it specializes to moments in the binary case.
Moreover, it enables us to work efficiently with conditional expectations.

Suppose temporarily that X = X; x Xa, where X; = {0, 1,...,r;}. Denote
pi+ = p1(2) and py; = p2(j). By adding all rows of p to its first row and all
its columns to the first column we obtain a new matrix

1 | py1 o pin

. Pi+ | P11 0 Plirg
Py = . . (4.29)

Pri+ | Pri1 "0 DPrirg
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We denote the top left corner of this matrix by py =1 € R, the bottom left
block by p; € R, the top right block by py € R™, and the remaining block
by pr1p € R,

To extend this construction in a notationally compact way to the gen-
eral case, we can represent the row and column operations with elementary
matrices that we will call M (r) for r» € N, defined as follows

M(r) = {%} . so M@= [ . _Ier } . (4.30)

Here 0,1 € R" denotes the vector of zeros and ones, respectively, and I, is the
r X r identity matrix. The matrix fi,5 in (4.29) is equal to (M (r1), M (r2)) - p
(c.f. Definition 2.51). For the case of general m where p is a higher-order
tensor, for each multiset A C [m] we let M(A) := ®;caM(r;), and define

fra = M(A)-pa. (4.31)

Note that pa = M(A)~! - 1y, where M(A)™ = ®;caM(r;)~t. Moreover,
W 4 is defined as the block of fi1 4 corresponding to entries with no 0 in their
index.

Example 4.42. Suppose m = 2, X; = {0,1,2}, and X> = {0,1}. Writing
pit+ for p1(i), p41 for pa(1), and p;; for p(i, j) we obtain

. 1] py . L 1
Hi2 = | P14+ | P11 | = Ly | B } o B = | P+ | T [ o ] , and
P2+ | P21 - Dot
o I | piy P2t B |: 1| oy ]
Bii=|p+ |+ O = , SO
por | 0 pos K1 | M1

P11 P14 p+ O
= , = and = .
Ha {pzl } H [p2+ } Hu { 0 poy }

Note that X1l X5 if and only if py5 = p; ® py. As in Example 4.39 we
can write the transformation from p to f1,5 using the vec-mat notation. We
obtain

vec(fuyz) = mat(M(2) @ M(1)) - vec(p).

By explicitly computing the Kronecker product mat(M(2) ® M (1)), this can
be written as

1 111111 p(0,0)
pa(1) 010101 p(0,1)
(1) oo 1 100 p(1,0)
p(1,1) ~ looo 100 p(1,1)
»(2) 000011 p(2,0)
p(2,1) 000001 p(2,1)
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Tensors f14 for A C [m] generalize regular moments in two ways. First, if
X ={0,1}™, then p, is a number that coincides with pa = E[J],c 4 X;] for
every A C [m]. Moreover, for any discrete data, p 4 is indeed a moment of a
multivariate random variable.

Definition 4.43. Let X; be a random variable with values in
{0,e1,...,e,,} C R™, where e; are unit vectors in R™. We fix the joint
distribution of all X; to be equal to the joint distribution of X, that is, the
event {Xy1 = z1,...,Xm = @y} corresponds to {X1 = x1,...,Xpm = X }s
where x; = 0 if ; = 0 and x; = e,, otherwise. Define X; = (1,X;), so that
X; € {eg,e0 +e1,...,e0+er} CRY and for every A C [m] let
X4 = ®Xi, X 4= ®Xi.
icA icA

The following result has a straightforward proof.
Proposition 4.44. The tensor moment [t is equal to E[XA]. Moreover,
pa=E[Xa]

Marginal independence implies factorization of joint moments.
Proposition 4.45. Let By|---|B, be a partition of A. Then

Bydl--- ALB, if and only if frq =g, @ - @ fip .
This is equivalent to
Hanc = UB,nc @ - @ Up ~c for all C C A, |O| > 2.

Proof. By definition in (4.26), By 1L --- 1l B, is equivalent to p4 = pp, ®
-+~ ®pp,. Applying M(A) on both sides yields f14 = fig, @ --- @ frp . [

Next, we show how to generalize central moments in this setting. For
every i € [m] let

)= [P ve), s @)t = eyt S
' —H I”"i e ’ K ITi

and let M'(A) := @;c4 M'(i). Now define
iy =M (A)-pa. (4.32)
We define p/y as the block of fiy entries with no 0 in their index. To get a
sense of how these quantities behave, observe that u, = 0 for i = 1,...,m.

For any 4, j € [m], we have
. 1| 1| 0
Hij = 0l . — 1. :
I’Li IJ‘Z] ‘ I‘LU IJ"L & I’l’j

and hence u;j = M;; — K; ® pj, and in particular,

and  fu; =

rank(fe;;) = rank(fe;;) = 1+ rank(p;;).
This is convenient, because rank(f;;) = rank(p;;) < 1 if and only if i I j. We
record this as a proposition:
Proposition 4.46. For any two i,j € [m], we have i 1l j <= p;; = 0.
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4.8.8  Kronecker products and binary moments

In this section, X € {0,1}" is a binary distribution with probability tensor
p. By (4.31) the moment tensor fi,..., is given by

/:l’ln-m = A®™. b,
where
1 1
et
By (4.32) the tensor of central moments is obtained using a multilinear trans-
formation
where

A Y A )

These formulas give very efficient ways of computing moments for binary
variables. In practice, we compute the Kronecker products A = mat(A%™)
and B = mat(B; ® - -+ ® By,) and use the identities (see also [Teugels, 1990,
Theorem 1))

vec(fey..,,) = Avec(p),

vec(fty..,,) = Bvec(p). (4.33)

The inverse expressions are easily obtained because A~' = mat((4A~1)®™)
and B~!' = mat(B;' ® --- ® B;,;'), where

S R ]

It is also not hard to give an explicit form of A and B. We provide such
a formula for A.

Lemma 4.47. We have A(x,y) =1 if x < y and A(x,y) = 0 otherwise.
By (4.1), A represents the zeta function on the Boolean lattice. By Mdbius
1NVersion,

(_1)\y—m\ me < Y,

0 otherwise.

Ay - |

4.4 Submodularity and log-supermodularity
4.4.1 Basic definitions

We say that a lattice L is distributive if for all x,y,z € L,

e A(yVz)=(@Ay)V(zAz).
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An important example is the Boolean lattice. In this section we fix a finite
distributive lattice and consider functions f : L — R. We say that such a
function is submodular if

J@) 1) = f@Vy) +flany) forallzye L.

Two alternative definitions are popular when L is the Boolean lattice of
subsets of [m].

Proposition 4.48. A function f : 2™ — R is submodular if and only if
one of the following holds:

1. forall ACB,i€[m]\B

fAu{i}) = f(A) = f(BU{i}) — f(B)
2. for all AC [m] andi,j € [m]\ A

FLAU{iY) + F(AU{5}) = F(AU i, 5}) — F(A).

In this book we are going to use a notion closely related to submodularity.

Definition 4.49. A nonnegative set function f : L — [0,00) is log-
supermodular if

J@)f(y) < favy)flany)  foralaye L.

Remark 4.50. A strictly positive function f is log-supermodular if and only
if —log(f) is submodular.

Example 4.51. Let L = {0,1}", where  V y and x A y are
given by componentwise maximum and minimum. The log-supermodular
functions p:{0,1}™ — [0,00) that satisfy the normalizing equation
> we{o1ym P(x) =1 are said to satisfy the MTP, (multivariate total posi-
tivity of order 2) constraints. If m = 2, then there is only one constraint

(0, 1)]7(170) < p(l,l)p(0,0). (4'34)

If m = 3, then there are 9 constraints

p(0,0,1)p(1,1,0) < p(0,0,0)p(1,1,1)  p(0,1,0)p(1,0,1) < p(0,0,0)p(1,1,1)
p(l, 0, 0)])(0, 1,1) < p(O, 0, O)p(l7 1,1)  p(0,1, 1)p(17 0, 1) < p(0,0, 1)])(17 1, 1)
p(0,1,1)p(1,1,0) < p(0,1,0)p(1,1,1)  p(1,0,1)p(1,1,0) < p(1,0,0)p(1,1,1)
p(0,0,1)p(0,1,0) < p(0,0,0)p(0,1,1)  p(0,0,1)p(1,0,0) < p(0,0,0)p(1,0,1)
p(0,1,0)p(1,0,0) < p(0,0,0)p(1,1,0).

Note that the inequality in (4.34) is equivalent to the covariance being
nonnegative. There is a remarkable connection between the MTPy property
and positive dependence, which we are going to present in the next section.
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4.4.2  The Ahlswede—Daykin inequality
For any collections C,C’ of elements of L define

cvC = {zvy:zeCuyel}

CAC' = {zAy:zelCyel'}

Theorem 4.52 (Four Function Theorem, Ahlswede and Daykin [1978]). If
a, B,7,0 are non-negative functions defined on a finite distributive lattice L
satisfying

a(@)fly) < Al@vVyleAy)  foralzyel,
and if C, C' are any two collections of elements of L, then
a(C)B(C) < ACvC)iC AL,

where we use short-hand notation f(C) =3 .. f(x).

Theorem 4.52 has a couple of useful corollaries. For example, take a(x) =

p(x)f(x), B(x) = p(x)g(x), 7(z) = p(z), and 6(z) = p(z)f(x)g(x), where f, g
are decreasing functions (f(x) > f(y) if © < y in L) and where p is a log-
supermodular function on L. If a(z)8(y) < v(xVy)d(zAy), then equivalently

p(@)p(y) f(x)g(y) < plazVypleAy)flzAy)gleAy).

If p is a probability distribution, that is, > ., p(x) = 1 holds, then for any
collection C

zeC

Y€)= p(z) =p(C),
z€eC

5(C) = plx)f(z)g(x)
zeC

Note that ﬁ > zec P(x) =1 and hence

1
p(z;C) = mp(a:) for x € C
is a probability distribution. Denote
Eclf]:=) p@;C)f(x),  cove(f,g) :=Eclfg] — Ec[fEclg)-

zeC

We obtain the following corollary.
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Proposition 4.53 (The FKG inequality). Ifp is a log-supermodular (MTPs)
probability distribution on L and if f and g are both decreasing (or both
increasing) functions on L, then for any collection C of elements of L

cove(f,g) > 0.

Example 4.54. Consider again Example 4.51. Every monomial x%, where
a € N™, defines an increasing function on {0,1}". Let m = 3 and take C
be all points in {0,1}3 with the last coordinate 0. Then taking f(z) = z1,
g(x) = xo we obtain

1
EC[.ﬂ = m(p(la(xo) +p(17 170))

Eclg] = @@(o, 1,0) + p(1,1,0)

Eclfg) = ]ﬁpu, 1,0)

and therefore for every probability distribution over {0, 1}® that satisfies the
MTP5 constraints,

The above quantity is just the conditional covariance of random variables X
and X5 given X3 = 0.

We use our standard notation X = Xy X -+ - X X, where X; = {0,...,7;}.
A tensor p = [p(z)] € RY is log-supermodular if

p@) -ply) < pleVy) plexAy) for any two x,y € X, (4.35)

where V, A are the coordinate maximum and minimum, respectively. If L is
a set is equal to X, we prefer to use the following more direct result, which
follows from Theorem 4.52 by taking all four functions to be equal.

Proposition 4.55. Fixz m > 2 and a set X as above and let p be a tensor
in RY. If p is log-supermodular, then for any two collections C,C’, we have

p(C)-p(C') < p(CVC)-p(CAC).

In particular, the computation in Example 4.54 can also be easily derived
from Proposition 4.55 by taking A,V to be the coordinatewise minimum and
maximum, and by taking C = {(1,0,0),(1,1,0)}, ¢’ = {(0,1,0), (1,1,0)}.
Theorem 4.56. Let X = [[", X; and X' = H?:ll X;. If p € RY s log-
supermodular, then the marginalization p’ of p defined by

Yy = (I,....I,1).p € RY

is also log-supermodular. In particular, if p is a probability distribution
of X = (X1,...,Xn), then every marginal distribution pa is also log-
supermodular.
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Proof. Let x,y € X’ and C,, and C, two collections of elements of X' such
that they agree with & and y over the first m —1 coordinates. By Proposition
4.55, p(C3)p(Cy) < p(Cy V Cy)p(Cy A Cy). The result follows because p(C,) =
p/(w), p(cy) = pl(y)a p(cm \ Cy) = p’(:l: \ y)7 and p(cz /\Cy) = pl(w A y) O

4.5 Bibliographical notes

Section 4.1 is mostly based on Chapter 3 in Stanley [2002]. Other good ref-
erences are Davey and Priestley [2002] and Aigner [1997]. A special case of
Lemma 4.19 was first formulated by Weisner [1935] and then the result was
generalized by Rota et al. [1973]. Our proof strategy follows the proof of a
similar result in [Stanley, 2002, Section 3.9]. The basic examples of partition
lattices are motivated by the free probability theory in Lehner [2002], Speicher
[1997]. Non-crossing partitions are analyzed in Kreweras [1972], Krawczyk
and Speicher [2000], Speicher [1994, 1997]. The interval partitions are dis-
cussed for example in Speicher and Woroudi [1997]. Cumulants were first
defined and studied by Danish scientist T.N. Thiele [1899] (cited after Hald
[2000]) who called them semi-invariants. They were first called cumulants in
Fisher and Wishart [1932]. In the definition of cumulants we underline the
links with combinatorics (see Rota and Shen [2000], Speed [1983]) and com-
putational algebraic geometry (see Pistone and Wynn [1999], Pistone and
Wynn [2006]). The general references are Barndorff-Nielsen and Cox [1989],
McCullagh [1987]. Binary cumulants were defined and used in algebraic ge-
ometry in Sturmfels and Zwiernik [2012] and Pistone and Wynn [2006]. The
generalization to L-cumulants has been developed in Zwiernik [2012]. The
application of these ideas in algebraic geometry is given in Ciliberto et al.
[2014], Manivel and Michalek [2014], Michalek et al. [2015]. Our exposition
on Ahlswede-Daykin inequality comes mostly from [Anderson, 1987, Section
6.2]. For the original result, see Ahlswede and Daykin [1978]. For the FKG
inequality, see Fortuin et al. [1971]. For more on submodularity, see, for ex-
ample, Bach [2011], Fujishige [2005].
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Chapter 5

Phylogenetic trees and their models

[

In this chapter, we introduce the main object of study of this book, which
are trees and their statistical models. In the beginning, the main motivation
will be to provide first examples of how various geometric spaces are associ-
ated to trees. We discuss the space of tree metrics, the space of phylogenetic
oranges, and the latent tree model. Some necessary combinatorics, including
tree splits and the Tuffley poset, provides us a language to describe these
spaces and their special points. What we will try to indicate in this chapter
and prove in the following ones is that these various tree spaces have many
features in common and they should be studied together.

We start with some standard definitions.

5.1 Trees
5.1.1 Phylogenetic trees and semi-labeled trees

In Section 3.4.1 we introduced some basic graph-theoretic concepts. In this
section we extend this material specializing to trees. A tree T = (V, E) is a
connected undirected graph with no cycles. In particular, for any two u,v € V'
there is a unique path between them, which we denote by uv. A vertex of T'
that has only one neighbor is called a leaf. A vertex of T' that is not a leaf
is called an inner verter. An edge of T is inner if both of its ends are inner
vertices, otherwise it is called terminal. A connected subgraph of T is called
a subtree of T.

A rooted tree T" is a directed graph whose underlying undirected graph
is a tree that has one distinguished vertex r, called the root, and all the edges
are directed away from r. For every vertex v of a rooted tree T" such that
v € V'\ r, the set pa(v) of parents of v is a singleton. As an example consider
the quartet tree in Figure 5.1 with one of its rooted versions, where the root
is given by an inner vertex.

1 3 le ®3

2 4 2@ ® /4
Figure 5.1: A quartet tree and a rooted quartet tree.

103
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We often constrain ourselves to binary trees.

Definition 5.1. A tree T is binary if every inner vertex has exactly three
neighbors. A rooted tree T" is binary if every inner vertex has two children.

For example, the undirected quartet tree is a binary tree but its rooted
version on the right in Figure 5.1 is not because the root has three children.
In our analysis, leaves of a tree are always labeled and represented by solid
vertices. More generally, we consider so-called semi-labeled trees.

Definition 5.2. A semi-labeled tree on [m] is an ordered pair T = (T ¢),
where T is a tree with vertex set V and ¢ : [m| — V is a map such that,
for each v € V that has at most two neighbors, v € ¢([m]). We say that
T = (T;¢) is a phylogenetic tree if ¢ is a bijection from [m] to the set of
leaves of T'. In a similar way, we define a rooted semi-labeled tree and a rooted
phylogenetic tree.

If v € ¢([m]), then we say that v is labeled and we depict it by a solid
vertex. A vertex that is not labeled is called unlabeled. Note that multiple
labels at a vertex are allowed. The map ¢, called the labeling map, is always
implicit and hence typically it is omitted in our notation. The tree T of T is
called the underlying tree of 7. The set of vertices of the underlying tree T is
denoted by V(T) and its set of edges by E(T). An example of a semi-labeled
tree is given in Figure 5.2.

o——@ 5,6

Figure 5.2: A semi-labeled tree with the labeling set {1,2,3,4,5,6}.

Although we mainly consider geometric spaces associated to phylogenetic
trees, the main reason to introduce semi-labeled trees is that they parameter-
ize some special subspaces. More generally we need to consider semi-labeled
forests that are disjoint unions of semi-labeled trees.

Definition 5.3 (Semi-labeled forest). Given a partition 7 = By|---|B, of
[m], consider a collection of semi-labeled trees Tp, with labeling sets B;. The
union of these trees is called a semi-labeled forest

F = {TBIBEW}.

The partition 7 is called the partition of F. Often we write F as a pair (F, ¢),
where F' is the underlying forest and ¢ the labeling map.

As an example, consider the graph in Figure 5.3, which is a semi-labeled
forest with partition 123]4/5|6.
As we show below, the connection between set partitions and trees is
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Figure 5.3: A semi-labeled forest with the partition 123]4|5|6.

much deeper. We now define two basic operations on semi-labeled forests
called edge deletion and edge contraction. This enables us later to introduce
a suitable partial ordering on the set of semi-labeled forests.

Definition 5.4 (Edge deletion). Let F = (F; ¢) be a semi-labeled forest and
let e be an edge of F. Then by F\ e, denote the semi-labeled forest obtained
from F by

1. removing from F' the edge e,
2. suppressing all the resulting unlabeled vertices with only two neighbors.

Here in step 2, by suppressing we mean the following: if step 1 introduces
a subgraph u — v — w such that v is unlabeled and has no other neighbors
apart from u and w, we remove v together with both its edges from F' and
add edge u — w.

It is easy to see that F \ e is indeed a semi-labeled forest. More generally,
for a subset E’ of edges of F, by F\ E’ denote the semi-labeled forest obtained
from F by deleting edges of E’ and then

(i) recursively deleting all degree-one unlabeled vertices
(ii) suppressing degree-two unlabeled vertices.
This will be illustrated by the following example.

Example 5.5. Consider the semi-labeled tree 7 in Figure 5.4. Let ey, €5, e
be edges incident with the labeled vertices 4, 5, 6. Then the semi-labeled forest
T\ {es,es5,¢e6} is given in Figure 5.3. It is obtained by first deleting the given
edges. The resulting forest on the left in Figure 5.5 is then corrected by
recursively deleting unlabeled degree-one vertices as in step (i). We then
apply step (ii) to the resulting forest, which is given on the right in Figure
5.5.

Figure 5.4: A binary tree with siz leaves.
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3 4 3 4

1 : l ® o5 1 : l ®  e5
2 ®6 2 ®6
Figure 5.5: An illustration for Example 5.5.

Example 5.6. Consider the quartet tree in Figure 5.1. After removing the
edges incident with the leaves 1 and 4 we obtain the following semi-labeled
forest with no unlabeled vertices

1 2 3 4

° —o °
Definition 5.7 (Edge contraction). Let F = (F’; ¢) be a semi-labeled forest
and let e be an edge of F. The semi-labeled forest obtained from F by
identifying the ends of e and then deleting e, denoted F/e, is said to be
obtained from F by contracting e. The semi-labeled forest obtained from F
by contracting each of the edges of E’ is denoted by F/E'.

Example 5.8. Consider again the tree T in Figure 5.4. Let ey, e5, eg be like
in Example 5.5. Then the semi-labeled forest T /{ey, es5, es} is given in Figure
5.2.

Figure 5.6: A star tree with m = 6 leaves.

Remark 5.9. More generally, any semi-labeled tree can be obtained in this
way from a binary phylogenetic tree. For example, the star tree in Figure 5.6
is obtained from the binary tree in Figure 5.4 by contracting all inner edges.

If either 7/ = F\ E' or F' = F/E’ for some set of edges E’, then we
say that F' is a subforest of F. We discuss this concept and its link to set
partitions in the next section.

5.1.2  Splits and T -partitions

A split of [m] is a partition of [m] into two non-empty sets. Let now 7 = (T'; ¢)
be a semi-labeled tree with the labeling set [m]. A tree split (or a split induced
by T) is a split of the labeling set [m] obtained by removing an edge of the
underlying tree T' and considering two connected components of T \ e. The
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set of all tree splits induced by T is denoted by S(T). The labeling set [m)]

is implicit in this notation.
Example 5.10. The splits of the quartet tree in Figure 5.1 are 1|234, 2|134,
3|124, 4]123, and 12|34.

Each split in S(7) is a partition of [m] and thus an element of the lattice
II,, of all set partitions introduced in Section 4.1.3. Recall from Section 4.1.3
that if # = By|---|B, and v = Bj| - - - | B, are two partitions in IL,,, then mAv
is the common refinement of 7 and v, that is, the partition with blocks given
by all the non-empty sets of the form B; N B;. fore=1,...,r,5=1,...,s

Definition 5.11. Let 7 be a semi-labeled tree with the labeling set [m] and
let S(T) be the corresponding set of tree splits of [m]. We say that = € II,,
is a T-partition if m = m A -+ A 7 for some splits mq,..., 7 € S(T). The
one-block partition 1 = [m] by convention is a T-partition. The set of all
T-partitions is denoted by II(T).

The set of all T-partitions forms a meet-semilattice and hence II(T) is a
lattice by Lemma 4.12. For a simple example, consider the phylogenetic tree
in Figure 5.1. The corresponding poset of T-partitions is given in Figure 5.7.
Note that II(7) shares the meet operation with IL,, but the join operation
is not the same. For example, from the Hasse diagram in Figure 5.7 we see
that the join of 14|23 and 14|2|3 in II(7) is 1234, whereas in II,, it is 14|23;
see Figure 4.1. In other words, II(7) is a lattice and it is a subposet of IL,,
but it is not a sublattice of I1,,

1234

//\\

12347 2134 12[34  124|3 1234

Zatsr N

1234 1/3)24  1J4]23 14|2|3 13214 12/3)4

\\\ //

12/3]4

Figure 5.7 The Hasse diagram of the poset of T -partitions for the quartet tree in
Figure 5.1.

Remark 5.12. Both the lattice of interval partitions and the lattice of one-
cluster partitions in Definition 4.15 are 7 -partitions. The lattice of interval
partitions is obtained as a T-partition lattice, when 7 is a chain graph like
in Figure 5.8. The lattice of one-cluster partitions is a T-partition lattice,
when 7 is a phylogenetic star tree model like in Figure 5.6.

Given a subset of splits S C IT,, we may wonder if there exists a semi-
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1 2 3 m—1 m
° ° PS e — oo

Figure 5.8: A chain graph.

labeled tree T such that & = S(T). The answer to this question is classically
known thanks to Buneman [1971].

Definition 5.13. A pair of different splits m; = A1|B; and my = Ag|Bs of
[m] are compatible if exactly one of the sets Ay N Ay, A1 N By, A3 N By, and
BN By is the empty set. Equivalently, the partition m; A7y has three blocks.

For example, 12|34 and 13|24 are not compatible and 1234 and 12|34 are.

Theorem 5.14. Let S be a collection of splits of [m]. Then, there is a semi-
labeled tree T such that S = S(T) if and only if the splits in S are pairwise
compatible. Moreover, if such a semi-labeled tree exists, then it is unique.

If T is a phylogenetic tree, then S(7) contains the set Sy of trivial splits
(see Definition 4.15) that correspond to removing terminal edges of the un-
derlying tree T'. Moreover, to every semi-labeled tree 7’ with splits S(77) we
can associate a phylogenetic tree with splits S(7”7) U Sp. This construction is
correct, which follows from Theorem 5.14 and the fact that trivial splits are
compatible with all other splits of [m] and hence the splits of S(T') U S, are
pairwise compatible.

The fact that So C S(T) for every phylogenetic tree T also implies that
the whole topological information that distinguishes II(7) and II(7’) for
two phylogenetic trees 7,7’ is contained in the set of non-trivial splits. The
corresponding posets are denoted by IT'(7) and IT' (7). Consider, for exam-
ple, two different binary trees 7 and 7', both with six leaves, given in Figure
5.9. Their associated posets IT'(7") and IT'(T") are given in Figure 5.10.

Figure 5.9: Two non-isomorphic binary phylogenetic trees with six leaves.

Definition 5.15. Let T = (T; ¢) be a semi-labeled tree with a labeling set
[m]. For any B C [m], by T(B) denote the semi-labeled tree whose labeling
map is the restriction of ¢ to B. The underlying tree of 7 (B) is the smallest
subtree of T' containing ¢(B) (spanned over B) with all unlabeled vertices
that have two neighbors suppressed.
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123456 123456

\ 123456 123[456  1234]56

12|3|456  12|34|56  123]4|56

N

12|34|56 12/3]4/56

12|3456  1256]34  1234/56

Figure 5.10 The Hasse diagrams of II'(T) and II'(T"), where T, T’ are trees in
Figure 5.9.

Figure 5.11: The tripod tree.

Example 5.16. Suppose that T is the quartet tree in Figure 5.1. Then
T({1,2}) = .« — 27 TH1,3}) = . 2, and 7({1,2,3} is the tripod tree in
Figure 5.11.

Lemma 5.17. Define II(T, B) as the induced subposet of II(T) obtained by
restricting each partition m € IL(T) to B. Then

II(7T,B) = TII(T(B)).

Proof. If 71, ..., 7y are splits generating II(7), then the poset II(T, B)
is a semi-lattice generated by m1(B),...,m(B), where we disregard m; such
that m;(B) = B. This is because the meet operation A and restriction to B
commute. Also, the splits in S(7(B)) are precisely the non-trivial elements
of m(B),...,mk(B). O

By mp and m we denote the Mébius functions on II(7, B) and H(T)
Their minimal and maximal elements are denoted by 05,0 and 15 = B,
1 = [m], respectively. Recall that, by construction, the maximal element
always corresponds to the one-block partition B or [m)].

For any partition 7 € TI(7), the interval [0, 7] has a natural structure
of a product of posets [[ ., II(T, B) and so [v, 7] =~ [[ g, [V, 18], where
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vp € II(T, B) is the restriction of v € II(T) to the block containing only
elements from B C [m]. By Proposition 4.7, the Mdbius function on the
product of posets [[ ., II(T, B) can be written as the product of Mobius
functions for each of the posets II(7, B). Thus for v < 7 in II(T)

m(VﬂT) = H mB(VB,B). (51)
Bern

Example 5.18. Consider the semi-labeled forest in Figure 5.13 and take
7w = 12|34]56, v = 12|3]4|56. We have

m(u, 7T) = 11112(127 12)m34(3|4, 34)11156(567 56)

Now directly from definition in (4.2) we have my5(12,12) = m56(56,56) = 1
and ms4(3|4,34) = —1 and therefore m(v, 7) = —1.

5.1.3 Tree-based metrics

In this section we follow [Semple and Steel, 2003, Chapter 7] introducing
tree-based metrics, which is the first geometric object that we relate to semi-
labeled trees. Understanding this space is very important because many of
its features are recurrent also in the context of other spaces we are going to
discuss later.

Definition 5.19. A metric on a set S is a function d : S x § — R such
that, for all z,y, z € S, the following hold
(i) d(z,y) =0 if and only if x = y,
(i) d(z,y) = d(y,z),
(iii) d(z,z) <d(z,y)+d(y,z) (triangle inequality).
The pair (5,d) is called a metric space.
In our case, S is always a finite set.
We consider metrics on [m] induced by semi-labeled trees in the following
sense. Let T = (V, E) be a tree and suppose that w : E — R, is a map
that assigns lengths to the edges of T'. Recall that for any pair u,v € V

by wv we denote the path in T joining u and v. We now define the map
dr .V XV — R by setting, for all u,v € V,

] Yecwwwle), ifuFov,
dr (U, v) = { 0, otherwise.
Suppose now we are interested only in the distances between labeled vertices.

Definition 5.20. An arbitrary function d : [m] x [m] — R is called a tree
metric if there exists a semi-labeled tree T = (T;¢) (T = (V, E)) with the
labeling set [m] and a positive length assignment w : E — Ry such that for
all 4,7 € [m)]

We will call d a T-metric if we want to make 7T explicit.
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Example 5.21. Consider a quartet tree with edge lengths as indicated in
Figure 5.12. The distance between vertices 1 and 3 is d(1,3) = 9.5 and the
whole distance matrix is

0 55 95 8
0 11 95

0 35|’
0

where the dots indicate that this matrix is symmetric.

Figure 5.12: A metric on a quartet tree.

It is easy to describe the set of all possible tree metrics.
Definition 5.22. We say that a map d : [m] x [m] — R satisfies the four-
point condition if for every four (not necessarily distinct) elements 4, j, &k, €
" (5, ) +d(j.1)
. d(i, k) +d(g,!
<
d(i,5) +d(k,l) < max{ d(i 1) + d(j, k).

Since the elements i, j, k,l € [m] in Definition 5.22 need not be distinct,

every such map is a metric on [m] given that d(i,7) = 0 and d(, j) = d(j,1)
for all 4,5 € [m]. The following fundamental theorem links tree metrics with
the four-point condition.
Theorem 5.23 (Tree-Metric Theorem, Buneman [1974]). Suppose that
d: [m] x[m] =R is such that d(i,i) = 0 and d(i,j) = d(j,i) for all
i,7 € [m]. Then, d is a tree metric on [m] if and only if it satisfies the four-
point condition. Moreover, a tree metric defines the defining semi-labeled tree
uniquely.

Some intuition on how the proof of this result should work comes from
the following example.

Example 5.24. Let m = 4 and let

A = d(1,3)+d(2,4) —d(1,2) — d(3,4),

A = d(1,4)+d(2,3) — d(1,2) — d(3,4).
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There are three possible phylogenetic trees on four leaves. On one of them
A > 0,A’ >0, on another A < 0, A’ =0, and on the third A =0,A’ < 0:
1 >_< s >_< S >_< 2
26 Ao ®4 3¢ A< *4 1€ A= 3
A'>0 A'=0 A <0

In particular, for each tree either A > 0 or A’ > 0 and the values of A
and A’ enable us to distinguish between all possible trees with four leaves.

We can extract from Theorem 5.23 the constraints on the space of 7-
metrics for a fixed phylogenetic tree T .

Proposition 5.25. Let T be a fixed phylogenetic tree. The set of all T -
metrics is the set of all metrics d on [m] satisfying

d(i,j)+d(k, 1) < d(i,k)+d(5,l) = d(i,1)+d(y,k)

for all disjoint i,j,k,l € [m] such that the split {i,j}|{k,l} lies in
II(T,{i, 4, k,1}).

The proof can be completed by using an idea like in Example 5.24.

Whenever we write inequalities like those above, we want to think about
constrained geometric spaces. There are many ways to embed a metric space
in an affine space. For statistical reasons we implicitly always embed metric
spaces in the space of | S| x |S| symmetric matrices with zeros on the diagonal
(c.f. Example 5.21). If d is a metric, then p := e~? corresponds to a matrix
whose (z,y)-element is p(z,y) = e~4“®¥). Note that p has ones on the di-
agonal and all its elements lie in [0, 1]. The triangle inequality implies sign
constraints on certain minors

p(x,2)p(y,y) = plz,y)ply, 2).

If T is fixed, then the space of all T-metrics forms a polyhedral cone described
in Proposition 5.25. By Theorem 5.23, the space of all tree metrics on [m)]
can be identified by a subset obtained by gluing together all these various
cones; see Billera et al. [2001]. For a fixed T, the analysis of p = e~¢ leads to
simple rank constraints on the space of T-metrics. Directly from Proposition
5.25 it follows that if A|B is a tree split, then the submatrix of p with rows
in A and columns in B has rank one.

In the next section we take a closer look at the space of all p = e~%, where
d is a tree metric. More precisely, we are going to study its compactification,
called the space of phylogenetic oranges.

5.1.4 Phylogenetic oranges and the Tuffley poset

An object very closely related to the space of all tree metrics, described in
Theorem 5.23, is the space of phylogenetic oranges. It was first defined by
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Kim [2000] and then further studied by Moulton and Steel [2004], Gill et al.
[2008]. Let 7 be a semi-labeled tree with the labeling set [m] and edge set
E(T). Given amap A : E(T) — [0,1] define a map p(r ) : [0,1]F(7) — R(%)
defined for any two labeled vertices i, j by

prn,g) = H/\(€)7 (5.2)

e€ij

where ij denotes the set of edges on the path between i and j. The image of
this map is denoted by £(T). The union of all £(T) for all binary phylogenetic
trees T on [m] is called the edge product space or the space of phylogenetic
oranges and is denoted by £(m).

The connection between the space of tree metrics and the space of phylo-
genetic oranges is immediate. Taking — log(+) on the both sides of (5.2) gives
the tree metric because

—logprn(i,j) = Z—logA(e),

e€ij

and —log A(e) € (0, +00). A subtlety arises when some of A(e) are zero. Here
we set —log 0 = oo, which also shows that £(7) is a compactification of the
space of all T-metrics.

In our applications it is important to understand the geometry of £(m).
Directly by Definition 2.43, for any phylogenetic tree T, the space £(T) is a
toric cube. In particular, by Theorem 2.45, £(7) is a basic semialgebraic set
given by binomial inequalities and equal to the closure of its interior. The
space of strictly positive points of £(m) and £(T) for every T is in one-to-
one correspondence with the space of tree metrics. Therefore, the inequalities
describing £(m) and £(T) can be derived from the four-point condition in
Definition 5.22 and from Proposition 5.25.

Proposition 5.26. A point @ = [z;;] with nonnegative coordinates lies in
E(m) C R(%) if and only if for every four (not necessarily distinct) leaves
i,j,k, 0l in V,

LT > mln{ l'k L

Moreover, if this holds, then (T,\) such that x;; = per x)(i,7) is defined
uniquely.

Proof. Consider the set of strictly positive points in £(m). The space is
isomorphic with the space of tree metrics via p — — log(p). Thus, constraints
on this open space can be derived directly from the four-point condition and
are exactly the constraints above. Now note that these constraints describe
a larger closed set, the smallest closed set containing this open space. By
Theorem 2.45 this closed set is precisely £(m). O

A proof of the next result is essentially the same.
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Proposition 5.27. If T is given, then the space E(T) has dimension |E(T)|
and s described by all points with nonnegative coordinates satisfying the fol-
lowing set of constraints. For any four (not necessarily distinct) leaves i, j, k,
such that the split {i,j}{k,1} is compatible with T we have

TikTil = TaZjk < TijThl (5.3)
Note that (5.3) implies that for any three distinct leaves i, j, k
TipTiy < Ty

By Theorem 2.47, £(T) forms a CW-complex, with the simplest instance
given by Example 2.44. This CW-complex structure was analyzed in detail by
Moulton and Steel [2004] and it is closely linked to the so-called Tuffley poset
denoted by Tuff(m). The poset structure of Tuff(m) is defined as follows. For
two forests F, F’ we have F' < F in Tuff(m) if:

(01) 7' < 7 in I1,,.
(02) Given A € w and v = 7/(A) = By|- -+ | B, (restriction of 7’ to A):
(i) for every B € v, II(T}) C II(T4, B),
(ii) for any two distinct B;, B; € v there exists a split F;|F; € II(Ta)
with Bz Q Fz and Bj Q Fj.
For a semi-labeled tree 7 by Tuff(7) we denote the poset of all F < T.

We now describe how the Tuffley poset is related to the CW-complex
structure of £(T) (c.f. Definition 2.46). To a semi-labeled tree T we associate
a closed ball B(T) = [0, 1]%(7). Further, for a semi-labeled forest F = {74 :
A € 7} we define

B(F) =[] B(Ta).

Aer
We can extend the map in (5.2) to forests as follows. If F = {74 : A€ 7} is

a semi-labeled forest, then let ¢ : B(F) — [0, 1](5) be defined by setting,
for A\ =(Aa: Aem),

0.1 — p(TA7>\A)(i7j) ifi,jéAfOI‘AEw,
vrNGED) = { 0 otherwise.

The following example should make clear that the image of ¥ £()\) can be
realized as a subset of £(T) for any phylogenetic tree 7 such that F is
obtained from 7 by removing and contracting its edges.

Example 5.28. Let F be a semi-labeled forest e—4o o—6 Then
1/’]—‘0‘)(1» 2) = >‘127 1/’]-‘0\)(3’ 4) = >‘34a 7/1}‘(/\)(17]) =0 otherwise,

where Ai2, A4 € [0,1] are some parameters of the edges of F. Let T be the
quartet tree in Figure 5.1. Consider a point in £(7") parameterized by

()‘67 )‘/17 )\/27 )‘:/37 )‘21) = (07 1) )‘127 1; >‘34)3
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where )\ is the parameter of the inner edge, and A, for i = 1,2,3,4 are
the parameters of the terminal edges of the corresponding leaves. With this
choice of parameters, we have p(7 ) (4,7) = ¥x(A)(4,7) for all 4, j. Note that
setting A\, = 0 or A, = 1 corresponds to edge deletion or edge contraction,
respectively.

We formulate the following theorem without proof; see [Moulton and
Steel, 2004, Theorem 3.3].

Theorem 5.29. £(m) is a CW-complex with cell decomposition
{(B(F),v¥F) : F € Tuff(m)}.

Furthermore, Tuff (m) is isomorphic to the face poset of £(m) under the map
that sends F to Yx(B(F)). Similarly, for every phylogenetic tree T, Tuff(T)
is isomorphic to the face poset of E(T).

To better understand the Tuffley poset it is convenient to reformulate
the partial ordering given by (O1) and (O2). Let F be a semi-labeled forest
and 7 the corresponding partition of [m], F = {Tp : B € 7} (c.f. Definition
5.3). Define II(F) to be the set of induced partitions defined as a product of
II(7p,) for all components Tp, of F:

nr) = []17s). (5.4)

Ber

In particular, 7 is the maximal element of II(F) and we consider II(F) as
a subset of II(7) in a natural way. It is clear that II(F \ e) C II(F) and
II(F/e) C II(F) for all e € E(F).

Now we are ready to define a poset structure on the set of all semi-labeled
forests with labeling set [m)].
Definition 5.30. Given two semi-labeled forests F, ', both with the label-
ing set [m], we say that F’ is a semi-labeled subforest of F if II(F’) C II(F).

Example 5.31. Consider again a semi-labeled tree 7 in Figure 5.2. Let F
be the semi-labeled forest in Figure 5.13. Every element in IT(F) lies in TI(7)
and hence F is a semi-labeled subforest of 7.

1 2 3 4 5,6
o—0 o—o—=O0

Figure 5.13: A semi-labeled forest.

The product structure of II(F) given by (5.4) implies the following lemma.

Lemma 5.32. Let F,F' be two semi-labeled forests with the same labeling set
[m] and 7,7’ the corresponding partitions of [m]. Then F' is a semi-labeled
subforest of F, or equivalently IL(F") C II(F), if and only if:

(01) @' <7 in I,
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(02°) for every block A €

I ™7 < mT,

Bemn'(A)

where ©'(A) denotes restriction of 7' to elements of A.

In other words, F' was obtained from F by some edge deletions and contrac-
tions.

Proof. We prove the “if” direction by contradiction. If 7/ € 7, then ITI(F")
cannot be contained in II(F) because ' is the maximal element of II(F")
and every element of TI(F) is less than or equal to . So suppose that (O1)
holds. Now if (02’) fails to hold, then there must be a block A € 7 and an
element v € TI(F’) such that v(A) ¢ II(T4), which is a contradiction with
the fact that II(F’) C II(F). The “only if” part of the proof follows from
(5.4). O

The following result shows that Tuff(7) is equal to the set of all semi-
labeled forests with the partial order given by Definition 5.30. This provides
a clearer description of the ordering in terms of the corresponding partition
lattices.

Theorem 5.33. The Tuffley poset Tuff(m) is the set of all semi-labeled
forests with [m] as the labeling set. We have F' < F if and only if IL(F') C
II(F).

Proof. Tt suffices to show that (O1) and (O2’) are equivalent to condi-
tions (O1) and (O2) in Lemma 5.32. Suppose first that (O1) and (02) hold.
Condition (02’)(i) follows directly. If B;, B; € v, then by (02)

(Tp,) x I(Tg,) € I(Ta, Bi U B;),

which implies that in II(74) there must exist an element F;|F; that con-
strained to B; U B; becomes B;|B; and hence (02’)(ii) also holds. Now sup-
pose (O1) and (02’) hold. Because 7" < m, to show (02), it suffices to show
that for every A € 7, [[pen(a) IH(TE) € TI(T4). Let 0 be the minimal ele-
ment of TI(74). Suppose that v € TI(74), then by (02)(i) the interval [0, ] is
precisely [[5c,/(4) II(75) and hence (O2) holds. Thus, it is enough to show
that v € II(74). By (02’) for every two B;, B; € v there exists an edge e;; in
Ta separating B; from B;. We can require that e;; does not split any other
By, € v. Indeed, suppose that for every F;|F; like in (02’)(ii) there exists
k # 14,7 such that By N F; # 0 and By N F; # 0. In addition to a fixed F;|F},
consider any split F}|F] in II(74) such that B; C F] and By C F}, which
exists by (02)(ii). These two splits are necessarily compatible and hence

0e{F,NF F,NF, F,NF,F;NF.}

However, B; C F; N F! and hence F; N F cannot be empty. By assumption,
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BiNF; # 0 and ByNF; # 0 and hence also F;NF}, # () and F; NF] # (. This
implies that necessarily F; N F = () and hence F; = fi, ;= f} and finally
By, C Fj, which leads to contradiction. It follows that there exists a set of
edges separating all B; from each other. Removing all these edges induces
the partition v. O

For every m € II(T) we define two semi-labeled forests:
FT = {T(B): B e}, (5.5)
where T (B) is the subtree of 7 spanned over B (see Definition 5.15) and
Fr = {Tp: Bemn}, (5.6)

such that each 7p is a single vertex labeled with B. Note that 7™ depends
both on 7 and m, whereas F,. depends only on 7. For example, if T is the
phylogenetic tree in Figure 5.4 and © = 123|4/5|6, then F™ is the semi-labeled
forest in Figure 5.3 and F is given in Figure 5.14.

1,2,3 4 5 6
[ ] [ ] [ ] [ ]

Figure 5.14: A semi-labeled forest Fr induced by the partition m = 123]4|56.

Proposition 5.34. The maximal elements of Tuff(m) correspond to binary
phylogenetic trees. The minimal elements are forests Fr for m € U, TI(T),
where the union is taken over all binary phylogenetic trees.

The Tuffley poset is very big even for very small m. The simplest case,
when m = 3, is depicted in Figure 5.15.

5.2 Markov process on a tree
5.2.1 Graphical model formulation

Let T" = (V, E) be a rooted tree and Y = (Y,),ev be a vector of random
variables such that every Y, takes k, + 1 values in ), := {0, ..., k, }. Denote
the state space of Y by ¥V = [[,cy Vo-

Definition 5.35. The Markov process on a rooted tree T is the space of all
distributions for Y = (Y, ),ev of the form

p(Y? G»T) = er(yr) H evlu(yvlyU) fory = (yv)UEV €, (5'7)

uU—rv

for some nonnegative parameters ¢, € R¥*1 and 0,, € R*utDx(ket1) for
every u — v in T". We assume that ZS;O 0.-(y) =1 and Z’;”:O Opju(zly) =1
for every y.
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<
e N

Figure 5.15: The Tuffley poset for the tripod tree.

The marginal distribution p, induced from (5.7) is equal to 6, and so
0, is the root distribution. For each u — v € E, the matrix 6,, is called a
transition matriz — it is a stochastic matrix, in which each row sums to 1.
If the marginal distribution p, induced from (5.7) contains no zeros, then
Dolu = Hglu, in which case we interpret 0,,, as the conditional distribution of
Y, given Y,,. This interpretation may break down if some of the parameters
in (5.7) are zero.

It is convenient to think about a Markov process on a tree as a general-
ization of a (non-homogeneous) Markov chain, which is a Markov process on
atreel -2 — --- — msuch that ky = ... = k,,, = k for some k.

Remark 5.36. Comparing (5.7) to (3.26) shows that the Markov process on
T" isa DAG model on T". Since T" has no immoralities, the essential graph of
T (see Section 3.4.3) is equal to the undirected version T of T". By Corollary
3.58 the Markov process on T" is equal to the undirected graphical model on

T. In particular, the model does not depend on the rooting and we denote it
by N(T) (or N(T,k+ 1) if k = (k;) needs to be made explicit).

The model N(T') is completely specified by setting all transition ma-
trices 0,), for u — v € E together with the root distribution 6. Since
ZZTZO 0.(y) =1 and ZI;”:O O pa(wy(®ly) = 1 for all v € V \ {r} and
y € {0,...,kpa(v)}, then the set of parameters consists of exactly d =
(m + 1)m|E| + m free parameters. We denote the parameter space by
Or = [0,1]. For instance in the binary case, k, = 1 for all v € V, we
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have two free parameters: 0, (1/0), 0,,(1]1) for each edge v — v € E and
one parameter 6,.(1) for the root.

By Remark 5.36 we can freely switch between the parametric and the im-
plicit representation of N(7'), where the latter is given by Markov properties.

Proposition 5.37. Since T is decomposable, by Proposition 3.49, all differ-
ent Markov properties on T are equivalent. By the global Markov properties,
Al B|C as long as C separates A and B in T. In particular, taking A = {u},
B = {v} and C = V \ {u,v}, Lemma 8.10 gives the defining equations of
N(T).

The undirected factorization in (3.21) shows that IN(T"), when restricted
to positive distributions, forms a discrete exponential family. In the two-state
case this exponential family formulation links N (T, (2,...,2)) to the Ising
model on T widely studied in statistical physics. Then the joint distribution
in N(T) has the following exponential form (c.f. (3.12))

p(z;w,T) = exp Z WyTy + Z Wy TuZy — log Z(w) p
veV(T) (u,v)EE(T)

where Z(w) is the normalizing constant and w,,, w,,, are real parameters. Thus
there are |V|+ |E| functions forming the sufficient statistics: ., for v € V(T')
and ., 2, for u—v in E(T). The matrix A representing the sufficient statistics
has 2!V! columns and |V| 4 |E| rows. If p are sample proportions, then Ap
computes the sample moments of order < 2 given by the marginal sample
probabilities p, (1) for v € V(T') and py,(1,1) for (u,v) € E(T).

In biology there is a special interest in models where k, = k for all v and
some k € N. This model is denoted by N (T, k). In the phylogenetic context
we usually make the following simplifying assumptions for N (T, k):

(M1) 6,(z) >0, for all x € {0,...,k}, and
(M2) det(,,) # 0, for each u — v € E.

Using the fact that p, = 0, and p, = py|upu for every u — v, conditions (M1)
and (M2) imply the following weaker condition

po(z) >0, forallveV andallze{0,...,k}. (5.8)

Indeed, let w — v, then by a recursive argument we can assume p, > 0. By
(M2) each row of p,|, is nonzero and hence p, = pyjpu > 0.

5.2.2 Edge contraction and deletion

We generalize the Markov process on a tree to a Markov process on a forest
by defining it as a Cartesian product of its tree components. Formally, if F is
a forest and T7,...,Ts are its tree components with vertices Vi,..., Vs, then

p(y;0,F) = ply;0,7Th)-p(ys0,Ts), (5.9)
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where y is a vector indexed by V;, y = (y4,...,¥y,) and each p(y;;0,T;) is of
the form (5.7). The Markov process on a forest F' is denoted by IN(F).

By a similar argument as in the case of the phylogenetic oranges (c.f.
Example 5.28) model N (F') can be realized as a submodel of N(T) for any
tree T such that F' can be obtained from T by edge contraction and deletion.

Lemma 5.38. Let T be a tree and N (T') the corresponding Markov process
onT. If e = u — v is an edge of T, then the model of the forest T \ e is
obtained as a submodel of N(T'), where the parameters are constrained to
satisfy rank(6,,) = 1.

Proof. A matrix has rank one if and only if each row is a multiple of
the first row. Since 6,), is a stochastic matrix of rank one, each row has
to be equal. However, directly from (5.7), if ,,(yv|y.) does not depend
on Yu, Yu, then p(y;0,T) factorizes into p(yq;0,T1)p(ys; 6, o), where 11, Ts
are two components of T \ e. The fact that it factorizes is immediate. The
fact that the components are themselves probabilities follows from the fact
that marginalizing over any of y, yields a probability distribution. Since
p(y;0,T) = p(yq;0,T1)p(ys; 0, T2), it factorizes N (T \ e). O

Lemma 5.39. Let T be a tree and N(T) the corresponding Markov process
onT. If e = u — v is an edge of T, then the model of the forest T/e is
obtained as a submodel of N(T), where the parameters are constrained to
satisfy O, (xly) = 1 if x = y and 0., (x|y) = 0 otherwise, that is, 0., is the
identity matriz.

Proof. This again follows directly from (5.7). O

5.2.8 The Chow-Liu algorithm
Let T be a tree and N (T') the corresponding tree Markov process on T'. Let

Yy=)ey= [] »

veV(T)

be a vector of discrete random variables represented by vertices of T'. Suppose
that a random sample of length n was observed. We report it in the form
of an observed counts table u or the sample proportions p = u/n, which we
assume have only strictly positive entries. Since N (7') is a graphical model of
a decomposable graph, the maximum likelihood estimate is easily obtained
for any fixed T (see Proposition 3.52)

0r(yr) = Dr(yr)-

Similarly, for any edge u — v the maximum likelihood estimate of 0,, is
given by

A ﬁu’u (yu7 yv)
61} wl\Yv|Yu) = ——F—~—
! ( | ) Pu(Yu)

© 2016by Taylor & FrancisGroup,LLC



MARKOV PROCESS ON A TREE 121

Suppose now that the tree T is also considered to be a (discrete) parameter
of our model. In this case, at least in principle, we should search over the space
of all possible trees with a given number of vertices and find the one that
gives the highest value of the likelihood function. The Chow—Liu algorithm,
proposed by Chow and Liu [1968], is a remarkably simple algorithm, which
gives an efficient way to find the best tree approximation that maximizes the
likelihood.

For two random variables Y;, Y; with joint distribution p;; we define their
mutual information 1(Y;,Y;) as the Kullback-Leibler divergence between p;;

iy Ly
and the product of marginals p;p;

Pij (Vi 5)
I,Y,Y;) = pij (Yi, y;) log — =20
! yzy: IR i (yi)py (y5)

The mutual information satisfies I,(Y;,Y;) > 0 and is zero precisely when Y;
and Y; are independent.

Fix a tree T. The model N (T) is a closure of an exponential family. By
Theorem 3.33 and Remark 3.34, maximizing the likelihood function of the
model N (T') under data p is equivalent to finding the unique distribution ¢
such that

(i) ¢ € N(T),
(i) @ij(Yi,vj) = Dij(yi, y;) for all i, j € V and y; € V;,y; € ;.
If g € N(T), then

W) = o) [ topleln) = [[ow) [ Zelww)

u—veT v u—veE(T) qu(yu)QU(yv)

(5.10)
Further, using (ii) we obtain

oty JI Lwles)

u—ve B(T) pu(yu)pv (yv)

The log-likelihood function n ), .5, log(q(y))p(y) becomes

nZZp Ylogpu(ys) +n> Y ﬁ(y)logw-

Y u—veB(T Pu(Yu)Po (Vo)

Note that for a fixed v the sum 3, po(y) log pu (y») is just 3, H(yw) log pu (yo)-
A similar simplification holds for the second term. Hence, by changing the
order of summation in both terms above, we can rewrite the log-likelihood
function as

nZZp yo)logpu(ye) + n Y I(Ya,Ys). (5.11)

u—veEE(T)
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The value of that expression yields the maximum value of the log-
likelihood function over the model N(T') for a fixed tree T. Now to find
the highest value over all possible trees we note that the first term of the
above sum does not depend on the tree topology. It follows that the maxi-
mum log-likelihood over all possible models N (T') will be attained for a tree
T such that the second summand in (5.11) is maximized.

Since all I;(Y,,Y,) are nonnegative, we interpret them as edge weights.
With this interpretation, the link to minimum-cost spanning trees is imme-
diate. More precisely, let Ky be the complete graph on the set V. For each
edge u — v in Ky, let I5(Y,,Y,) be its weight. The Chow-Liu algorithm is
essentially the same as the minimum-cost spanning tree algorithm on Ky
proposed by Kruskal [1956] and Prim [1957]:

e Compute all mutual informations of p and order them from the largest
to the smallest.

e Move along this ordered sequence adding subsequently the corresponding
edges unless adding an edge introduces a cycle.

If all weights are different, then there is a unique best solution. If some of
the weights are equal, then multiple solutions are possible, but as we showed
above they will all give the same value of the likelihood function.

Example 5.40. Suppose that four binary random variables are given with
the joint distribution that comes from the tripod tree model in Figure 5.16.
Fixing parameter values, ¢4(1) = 0.6 and

1 2

4
)
3
Figure 5.16: The tripod tree with all vertices observed.
107 0.3 _10.8 0.2 106 0.4
Tit= o4 06 7 o5 050 BHUT 04 06
we can quickly obtain the true distribution ¢, for example, using the following

R code

q <- array(0,c(2,2,2,2))
p4 <- ¢(0.4,0.6)

pl4 <- matrix(c(0.7,0.4,0.3,0.6),2,2)
p24 <- matrix(c(0.8,0.5,0.2,0.5),2,2)
p34 <- matrix(c(0.6,0.4,0.4,0.6),2,2)

for (i in 1:2){
for (j in 1:2){
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for (k in 1:2){
for (1 in 1:2){
qli,j,k,1] <- p4[1]1*p14[1,il*p24[1,j1*p34[1,k]1}}}}
Now generate a random sample of size n from ¢. Note that our computations
will make sense even if p has zeros as long as two-way margins are strictly
positive. We use the following R code

n <- 200

dat <- sample(1:16,n,replace=TRUE,c(q))
phat <- tabulate(dat)/n

dim(phat) <- ¢(2,2,2,2)

Given sample proportions p we compute mutual informations

MI <- matrix(0,4,4)
for (i in 1:3){
for (j in (i+1):4){
pi <- apply(phat,c(i),sum)
pj <- apply(phat,c(j),sum)
pij <- apply(phat,c(i,j),sum)
MI[i,jl=sum(log(pij/outer(pi,pj))*pij)}?}
The six possible mutual informations truncated to three decimal points are
given in the matrix below

0.000 0.003 0.043
0.004 0.027
0.045

We start building the maximum likelihood tree by first adding the edge 3 — 4
corresponding to the mutual information value 0.045. Then, the next two
biggest values of the mutual information correspond to edges 1 —4 and 2 —4.
No cycles are formed by adding these edges and so we can include them.
Since no more edges can be added, we stop recovering the original tree.

5.2.4  Markov tree models in biology

The models used in phylogenetics are usually defined via continuous time
Markov processes evolving on a tree. In this formulation, to each edge e we
associate a rate matriz Q. = [¢(x,y)]. We assume that the state space of each
random variable is the same and equal to & > 2. Thus @) is a k X k matrix
whose (x,y)-th entry is the instantaneous rate of substitution from state x
to state y. By conservation, each row of @, sums to 0. The product ¢(z, y)At
gives the probability that x changes to y in an infinitely small time interval
At. On each edge e = u — v the rate matrix Q). operates with intensity .
for time t.. The triple (Qc, A¢,tc) corresponds to the transition matrix 6,
via

Ol = exp(Qeare), (5.12)
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where a. = Acte and exp(A) =", <, %Ak is the matrix exponential.

In this section, we want to show how the continuous time Markov process
on a tree relates to the graphical model on T'. By Jacobi’s identity, for every
square matrix A,

det(exp(4)) = "W,

Note that because

det(av\u) = det(exp(Qeae)) = exp(Tr(Qe)are),

in particular det(6,,,) > 0. It turns out that for binary data this is the only
constraint that distinguishes the two models.

Proposition 5.41. A continuous time Markov process on T with two
states corresponds to the submodel of the Markov process N(T,2) such that
det(0y),) > 0 (or equivalently Tr(0,,) > 1) for all edges u — v of T".

Proof. It is a classical result (see [Kingman, 1962, Proposition 2]|) that
det(0y,) > 0 if and only if there exists a 2 x 2 matrix @ such that 6,, =
exp(Q), or equivalently if ,,, has representation (5.12). O

For general state spaces this result does not hold. By [Kingman, 1962,
Proposition 3] if k& > 3, then the space of transition matrices that have an
exponential representation as in (5.12) is relatively closed (in the classical
topology) in the space of all transition matrices with positive determinant. It
is an interesting open question to list all constraints that assure a continuous
time representation.

5.3 The general Markov model

The model we want to study in this book is given as a collection of marginal
distributions of the Markov process IN(T') on T'. Of course such a marginal
model is necessarily more complicated. In this section we introduce this model
and show some of its basic properties. This helps to set up the scene for the
coming chapters.

5.3.1 Definition and examples

Let T = (T;¢) be a semi-labeled tree with the labeling set [m]. In this
section we consider the marginal model of IN(T) over the random variables
represented by the labeled vertices of 7. The parameterization of this new
model is easily induced from the parameterization of N(T') by summing
over all possible values of unlabeled vertices. More precisely, the vector Y €
Y = Il,ev10,...,ky} has as its components all variables Y,, for v € V(T),
both those that are observed and those that are hidden. The observed vector
X = (Xy,...,X,) is identified with a subvector of ¥ by X; = Yj(;). The
subvector of the remaining (hidden) variables in Y is denoted by H. The
corresponding state spaces are denoted by X and H.
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Definition 5.42. The latent tree model on T, denoted by M(T), is the
marginal model for X induced from probability distributions over ¥ =
(X, H) in N(T) by

p(x:0,T) =Y. > » ), (5.13)

vgp([m]) ho €Vy

where p(y;0,T) for y = (z,h) is given by (5.7). In other words M(T) =
f7(©r), where f1: O — Ay is the parameterization given by (5.13).
When we want k = (ky),ev explicit we write M (T, k+ 1), and when all
k, are equal, we write M (7 ,k + 1). In the case where all k; are equal, the
corresponding latent tree model is called a general Markov model. We pay
special attention to the two-state general Markov model M (T, 2).
Remark 5.43. Parameterization (5.13) also makes sense if 7 has vertices
with multiple labels. However, if ¢(i) = ¢(j) for some 4, j, then the support
of distributions in the resulting model is concentrated over points x such that
x; = x;, which corresponds to setting X; = X.
Example 5.44. Let T" be a rooted quartet tree in Figure 5.1, where we
denote the root by r and the other inner vertex by a. Assume that all the
variables in this system have two states, that is, k, = 1 for all v. Then the
general Markov model M (T,2) is given as the image of f, : Op — Ay,
where X = {0,1}* and where the parameter space©r has exactly 11 free
parameters: 6,.(1) and 0, pa(v) (110), Oy pa(w)(1|1) for each v € V' \ 7. For every
rze X

1

p(I,97T) = Z or(hr)ea\r(halhr)el\r(ml|hr)92\r(m2|hr)93\a(w3‘ha)94\a(x4‘ha)-
hy,hg=0

5.83.2  Reduction to non-degenerate vertices

In our general setting we always assume (5.8). In the two-state case this means
that all variables in the system are non-degenerate, that is, that Var(Y,) > 0
for all v. It is important to note that this assumption does not change the
model space as long as the observed vector X is non-degenerate, which we can
always assume with no loss of generality because a binary random variable is
degenerate if and only if it is constant. The following proposition makes this
statement more precise.

Proposition 5.45. Suppose that ©7F is the set of all parameters in O such
that var(Y,) = p,(0)p,(1) > 0 for all inner vertices v. Then fr(Or) =

Fr(©7%).

Proof. Tt is clear that f+(©%) C f(Or). For the opposite inclusion it is
enough to show that if # € O is such that the induced variance of Y, is zero
for some inner vertex v, then there exists 8’ € ©% such that f(6) = f+(¢).
Suppose that 0 is such that the variance of Y, is zero, where r is the root,
which we can assume to be an inner vertex. This means that 6,(0)0,(1) =0

© 2016by Taylor & FrancisGroup,LLC



126 PHYLOGENETIC TREES AND THEIR MODELS

and thus 6, is a unit vector e; € R? where i is either 1 or 2. Let 0. = (1/2,1/2)
be the uniform distribution and for every w such that » — w in T" define ! as
the matrix in which every row is equal to the i-th row of 0,,.. Suppose that all
other coordinates of the parameter vector 8’ coincide with the corresponding
coordinates of 6. It is easy to check that f(0) = f,(6'). If v is any inner
vertex, we proceed in exactly the same way — if u — v in T', then 0,, is
zero apart from the i-th column in which all entries are 1. We can replace
it with a new matrix 0;4 . in which all entries are equal. Now we need only
adjust 6,,), in exactly the same way as above. O

5.8.8 Reduction to binary phylogenetic trees

Binary phylogenetic trees form an important subclass of semi-labeled trees in
the study of latent tree models. We show that assuming that each inner vertex
has exactly three neighbors and only the leaves are labeled, we still keep the
full structure of the problem. More precisely, any model for an arbitrary semi-
labeled tree is a submodel of a tree model of a binary phylogenetic tree. To
show this we formulate the following definition.

Definition 5.46. Let 7 be a semi-labeled tree. A binary expansion of T,
denoted by 7%, is any phylogenetic tree 7* whose underlying tree is binary
and there exists B/ C E(T*) such that 7 = 7*/E’, that is, T is obtained
from 7* by contracting edges in F’.

To see that such T* always exists, consider the following procedure on
T = (T, ¢), which gives a (non-unique) construction of 7*. For simplicity,
assume that 7 has no multiple labels but a general procedure is very similar.
Definition 5.47 (A construction of 7*). Let T = (T, ¢) be a semi-labeled
tree with the labeling set [m]. The proposed recursive procedure gives a
binary phylogenetic tree with the same labeling set such that 7 = 7*/E’ for
some E' C E(T*). Set To := T. The following two basic operations will be
used. Each takes as the input a semi-labeled tree 7; = (7}, ¢;) and outputs
a semi-labeled tree Tj11 = ()11, j+1):

1. If v is a labeled inner vertex with label ¢, that is, v = ¢, (i) for some
i € [m], then 7,41 is obtained as follows: Extend V(7;) and E(7;) by
adding another vertex v" and an edge v — v'. Now define ¢;41 so that
¢j (Zl) = ¢j+1(il) for all ’il 7& i, ¢j+1(7;) = ’U/.

2. Suppose v is an unlabeled inner vertex of 7; with d > 3 neighbors
U1,...,uq. Then define V(T;41) extending V(7;) by adding vertices
v1,...,04—3 and E(T;11) by modifying E(7;) in such a way that the
induced subgraph of 7,41 over uy,...,uq,v,v1,...,04—3 is a binary tree
with inner vertices given by v, vy, ...,v4_3; see Figure 5.17.

First, use Step 1 recursively until the output is a semi-labeled tree 7’ such
that only its leaves are labeled. Now use Step 2 for each inner vertex of 7/ with
more than three neighbors. The procedure will stop when all inner vertices
have exactly three neighbors. In this way we obtain a binary phylogenetic
tree that is a binary expansion of T .
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U2
U1 Ug

u3

us U1
Uyg Uus Uyg

Figure 5.17 An illustration of the second step of the procedure in Definition 5.47 of
constructing a binary expansion.

Lemma 5.48. Let T be a semi-labeled tree and T its binary expansion with
E' C E(T*) such that T =T*/E’. Then M(T) C M(T™).

Proof. This follows from Theorem 5.49 below. O

We can extend this analysis to a semi-labeled forest F defining M (F) as
the Cartesian product of M (T4), where T4 are the tree components of F.
More precisely, like in (5.13) we parameterize M (F) by

p;0,F)= > > p F), (5.14)

vgp([m]) ho €Yy

where F' is the underlying forest of F and p((z, h); 0, F') is a Markov process
on a forest given in (5.9). We have the following result.

Theorem 5.49. Let F,F' be two semi-labeled forests with common labeling
set [m]. If F < F', then M (F) C M(F').

Proof. Since M (F) is a product of M (7g) for all its tree components 7T,
without loss of generality we can assume that F” is a semi-labeled tree, that is,
F' is connected. By Lemma 5.32, F < F' if and only if F is obtained from F’
by some edge deletions and contractions. Thus, without loss of generality we
can assume that there exists e = u — v € E(F’) such that either F = F'\ e
or F = F'[e. If F = F'/e, then M(F) is a submodel of M (F’), where 0,
is set to be the identity matrix, which follows from Lemma 5.39. Similarly,
by Lemma 5.38, F = F'\ e, then M (F) is a submodel of M (F’), where 0,,,,
is set to be the matrix with all rows equal. O

5.3.4  Degree-two vertices

We say that a vertex v in a graph has degree d if it has exactly d neighbors.
In the next chapter it will be important for us to consider latent tree models
M(T) in the case when T is allowed to have unlabeled vertices of degree two.
In that case, the parameterization in (5.13) still makes sense. The following
result shows that from a model selection point of view allowing degree-two
unlabeled vertices does not change anything.

Lemma 5.50. Suppose that T is allowed to have degree-two unlabeled ver-
tices. Let v be such a vertex and let T’ be the tree obtained from T by sup-
pressing v. Then M(T) and M(T") are equal.
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Proof. Let u and w be neighbors of v. By Remark 5.36, the rooting of T
does not matter and we can assume that u — v, v — w in E(T). The product
Ow|v0y|u defines a transition matrix which we denote by 6,,|,. From this it is
clear that M (7) C M(T’). The opposite inclusion is also immediate. Let p
be a point in M (T”) for a given parameter vector in O7,. Now in O we can
set Oy = Oy and 0,,), equal to the identity matrix, which also implies that
pe M(T). O

Although degree-two unlabeled vertices can be ignored in the sense of
Lemma 5.50, including this case in our analysis is still useful in some situa-
tions. Let T be a semi-labeled tree and B C [m]. Recall Definition 5.15 of the
induced semi-labeled tree 7(B) and consider the following related object.
Definition 5.51. Let T = (T'; ¢) be a semi-labeled tree with a labeling set
[m]. For any B C [m], by T°(B) denote the pair (T(B), ¢|B), where T'(B) is
the smallest subtree of T' containing ¢(B) and ¢| s the restriction of ¢ to
B.

Note that 7°(B) in general is not a semi-labeled tree because it is allowed
to have degree-two unlabeled vertices. For example, consider the tree on
the left of Figure 5.18. If 7,5,k are three leaves, then T°({i,j, k}) is the
boldfaced subtree with four degree-two vertices and one degree-three vertex.
The corresponding phylogenetic tree 7 ({i, 7, k}) is obtained from T°({i, j, k})
by suppressing all degree-two vertices.

J

k

Figure 5.18 The boldfaced tree on the left is T°({i,4,k}), which defines the same
general Markov model as the tree T ({i,7,k}) on the right.

Proposition 5.52. Suppose that X has distribution in M (T) for some phy-
logenetic tree T. If B C [m], then the space of all possible marginal distribu-
tions of the subvector X g is M (T°(B)), which by Lemma 5.50 is equal to
M(T(B)).

5.8.5 Continuous time formulation

In this section we consider again the Markov process on a tree induced by
a continuous time Markov process as discussed in Section 5.2.4. Proposition
5.41 motivates the following definition.
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Definition 5.53. Let 7 be a semi-labeled tree. By M, (T,2), denote the
positive part of M (T,2), that is the model parameterized like M (7, 2) but
with assumption that det(f,,) > 0 for every u — v. By Proposition 5.41
the positive part M4 (7, 2) represents exactly the distributions in M (T, 2)
that come from a continuous Markov process on T .

By M, (T,2) we denote the nonnegative part of M(T,2), that is the
model parameterized like M (7,2) but with assumption that det(f,,) > 0
for every u — v. The set M (T, 2) is the (Euclidean) closure of M (T, 2).
We extend this definition on semi-labeled forests. If 7 = {Tp : B € 7}, then
M (F,2) is the Cartesian product of M (7z,2).

The models used in phylogenetic analysis typically have some additional
constraints. The most general of those constrained models is the General
Time Reversible (GTR) model; see Tavaré [1986].

Definition 5.54 (GTR model). Let T" be a rooted tree. The General Time-
Reversible (GTR) model on 7" is a Markov process on 17" satisfying:

(i) there exists @ such that for every e = u — v in T", 0,), = exp(Qa),
(ii) there exists 7 such that 7Q = 0 and 0, = m,
(iii) diag(m)@ is symmetric (time reversibility).

Some of the reasons why the GTR model became popular in phylogenetic
analysis is its computational tractability, identifiability, and interpretability.
However, recently some bad features of this model class have been pointed
out by Sumner et al. [2012a,b], who showed that the model is not multiplica-
tively closed. That is, the result of multiplying of two GTR matrices is not
necessarily GTR, which has important consequences for estimation. Also it
is important to note that time reversibility has no biological reason and is
just a mathematical convenience; see [Yang, 2006, Section 1.5.2].

Other models popular in biology are submodels of the GTR model with
some additional constraints on the matrix ). From a mathematical point of
view, these models have been studied in algebraic statistics as general group-
based models; see Eriksson et al. [2005], Sturmfels and Sullivant [2005] and
references therein. It is important to realize the modeling assumptions under-
lying all these models. The Markov process on a tree, being a graphical model,
is itself a fairly constrained model, which assumes a number of conditional in-
dependence statements. The GTR model assumes further constraints, which,
as we pointed out above, are problematic. All these constraints seem very
restrictive given that we expect our model only to conveniently represent
evolution along a tree. Constraining this model further produces low dimen-
sional models with good computational tractability but possibly with some
robustness issues. The geometric viewpoint of this book enables us to obtain
a unique perspective on the above problem as we show in the next sections.
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5.4 Phylogenetic invariants

Given a phylogenetic tree 7 and the general Markov model M (7) on T, we
associate to it an ideal Z7 of all polynomials vanishing on M(7T) and we call
it the phylogenetic ideal. Every polynomial f € Z7 is called a phylogenetic
invariant. Some authors call phylogenetic invariants only the polynomials
that lie in Z7 but do not lie in Z7~ for any other tree 7”. In this short section
we present briefly some aspects of the theory of phylogenetic invariants giving
references to the existing literature.

5.4.1 The basic idea

One motivation for investigating phylogenetic invariants is that they provide
techniques for developing new methods for tree reconstruction. The basic idea
behind application of phylogenetic invariants is as follows. Let M C A,
be an algebraic parametric model for a discrete random variable X with m
possible values and let Zp; be the corresponding ideal. Given n independent
observations of X we compute the sample proportions p. If the data were
generated from p* = p(6*) € M for some 6* € O, then p converges almost
surely to p* by the law of large numbers. It follows that for large sample sizes
P should be close to a point in M; see Figure 5.19. Because f(p*) = 0 for
every f € T, for large n also f(p) ~ 0. Note that this procedure will never
require parameter estimation.

Figure 5.19: The basic idea behind the application of phylogenetic invariants.

To give an idea of how we could make inference based on phylogenetic in-
variants we provide the following example. Let X, Y be two binary variables.
The independence model is given by a simple equation

poop11 —poipro = 0. (5.15)

© 2016by Taylor & FrancisGroup,LLC



PHYLOGENETIC INVARIANTS 131

Given sample proportions p for sample size n, to test if (5.15) holds when
evaluated at the unknown true data generating distribution, we can equiva-
lently test whether the log-odds ratio satisfies

LOR(p) := log]M = 0.
PoiP1o

The reason why the log-odds ratio may be preferred here is that its sample
distribution is easier to understand. More specifically, if a random sample
of size n from the true distribution p* is observed, then LOR(p) has ap-
proximately normal distribution with mean LOR(p*) and variance, which is

approximately
1/1 1 1 1
|t F =+ .
n \Poo Po1 Pio P11

For a more detailed analysis, see [Agresti, 2002, Section 3.1.1].

5.4.2 The practice of phylogenetic invariants

The methods proposed in the phylogenetic literature are mainly simple di-
agnostic tests. A nice recent overview is given by Allman and Rhodes [2007].
The first papers developing the theory of phylogenetic invariants focused on
linear invariants; see Cavender [1989], Lake [1987], and Navidi et al. [1993].
These were used to distinguish between different tree topologies under various
simplified phylogenetic tree models. This method was showed by Huelsenbeck
[1995] to produce rather bad results. However, using recent developments in
the field, this simplified method was extended leading to powerful and ro-
bust algorithms, as shown for example by Fernandez—Sénchez and Casanellas
[2014].

The basic setting is as follows. Given a collection of phylogenetic trees
T, .., 7' and their corresponding models, we provide the set of defining
phylogenetic ideals Zr,. .., Z7. Until very recently, the complete ideals were
not available so the main idea was to list as many phylogenetic invariants
as possible. Considering simple quadratic invariants allows us to generalize
directly asymptotic chi-square tests for independence in a contingency table;
see Sankoff [1990]. General quadratic invariants are considered in Drolet and
Sankoff [1990].

One of the problems with this method is that the number of phylogenetic
invariants grows exponentially with the tree size. Moreover, for phylogeny
reconstruction we need to check invariants for each possible tree. A basic idea
of Eriksson [2007] is to use the phylogenetic invariants that are related with
rank constraints on various flattenings of the observed frequencies tensor; see
Section 7.1.4 for details. These so-called edge invariants can be shown to be
the only invariants relevant from the phylogeny reconstruction point of view;
see Casanellas and Ferndndez—Sdnchez [2011] for details. We state it more
precisely below.

Theorem 5.55. Let C = {T,...,T'} be a collection of phylogenetic trees on
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m leaves with corresponding general Markov models M(T),..., M(T"). For
each tree T in this collection there exists an open set Ur such that if p lies
in Uyce U, then p belongs to the Zariski closure of M(T) for some T if
and only if p belongs to the zero set of the edge invariants of T.

To test the edge invariants Eriksson [2007] uses the singular value de-
composition and the Frobenius norm to compute the distance of a matrix to
the set of matrices of certain rank. Recently this method has been further
improved by Fernandez—Sénchez and Casanellas [2014]. In its current form
the method is robust and simulations show that it outperforms most of the
commonly used methods.

A significant deficiency of the method of phylogenetic invariants is that
they all ignore additional constraints on models that can be used to improve
estimation. This issue will be addressed later in the book. The basic idea can
be, however, easily described by a picture. Let M be an algebraic parametric
model. By construction it is a semialgebraic set. The phylogenetic invariants
of the model define the Zariski closure M of M. Informally speaking, all
the diagnostic tests based on phylogenetic invariants analyze how far a given
data point is from M. Given two different data sets imagine that, with a
fixed metric, py is “closer” than p; to M. We have to be very careful to draw
conclusions based solely on this fact. In particular, as it is shown in Figure
5.20, it is theoretically possible for p; to lie actually closer to model M.
Analogously, we can consider two different tree topologies with two different

Figure 5.20: Inequality constrains matter.

phylogenetic ideals. Again, the data may support one of the ideals better but
still come from another topology. The method of phylogenetic invariants may
perform poorly in picking the correct tree if a model is misspecified, that is,
if the true distribution does not lie in any of M (T).
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5.4.83 Toward basic statistical analysis

The method of phylogenetic invariants gives a way to select the best tree
under a given criterion. It does not, however, give any way of quantifying
how well the chosen tree fits the data. There is currently no literature on
testing the semialgebraic structures in the phylogenetic context. In simplistic
situations, tests can be developed using a more general approach for con-
strained multinomial models; see for example Davis—Stober [2009], Shapiro
[1985, 1988].

In view of Theorem 5.55 we can constrain our analysis only to edge in-
variants. These are given as minors of flattenings of the tensor of sample
proportions. Thus, every such minor is a polynomial in sample proportions,
and thus as a random variable, it has its mean and variance. This informa-
tion can then be used to construct simple diagnostic statistics. An alternative
route is to understand the distribution of singular values of every flattening.
We expect this line of research to become increasingly active.

5.5 Bibliographical notes

A large part of this chapter is based on Semple and Steel [2003] and we
also use their combinatorial approach as the starting point for the geometric
analysis. A good introduction to trees and tree models can be also found
in Felsenstein [2004], Yang [2006]. Another book on combinatorics of tree
models is Dress et al. [2012]. Some of the corresponding links to geometry
are exploited in Billera et al. [2001, 2002] and Zwiernik and Smith [2012].

In the biology literature, the general Markov model is also known as
Barry Hartigan’s model; see Barry and Hartigan [1987]. Recently this model
is becoming increasingly more popular in biological analysis; see for example
Allman and Rhodes [2008], Jayaswal et al. [2005, 2007].
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Chapter 6

The local geometry

[

Our strategy is to define a new parameterization for the tree models
defined in Section 5.3. The new coordinate system is based on moments rather
than conditional probabilities. This helps us to exploit various invariance
properties of tree models, which in turn enables us to express the dependence
structure implied by the tree more elegantly. In most of this chapter we focus
on the two-state case M (T, 2). We show that using special L-cumulants gives
a great understanding of the model M (T,2). Throughout this chapter we
assume that (5.8) holds, that is, the marginal distribution over each variable
in the system has only positive entries. By Proposition 5.45 this assumption
does not change the model.

6.1 Tree cumulant parameterization

In this section we present tree cumulants. The motivation is given by a simple
example with three leaves, which we treat in detail below.

6.1.1 The tripod tree

Let T be the tripod tree in Figure 6.1 and let M (T, 2) be the corresponding
general Markov model. Here the black vertices represent three observed vari-
ables X1, X5, X3, and the white vertex indicates a variable H that remains
hidden. Since all variables in the system are binary, the parameterization is

ZHh )01k (21]y)Oayn (22]y) b3 (xsly)  for all z € {0,1}%. (6.1)

There are seven free parameters needed to specify p(z): 6,,(1) together with
011n (1Y), 02 (1]y) and O3, (1]y) for y = 0, 1. The Zariski closure of this model
corresponds exactly to the first Secant Sec(1,1,1) as defined in Section 2.4;
see also Example 2.60.

Following Section 3.1.3, define

o . X —EX; -~ H-EH
- ovar(X;) " var(H)
and Pij = E(XZX]), Pih = E(XZH), P£123 = E(X1X2X3)7 Phhh = E(Hg) We
135
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we

Figure 6.1: The tripod tree.

always assume that (5.8) holds and therefore all the above quantities are well
defined. By Proposition 3.12 there is a one-to-one correspondence between the
probabilities p(z) for x € {0,1}* and the four central moments y;; for ,j =
1,2,3 and p},5 supplemented by the three means yu; for ¢ = 1,2,3. Thus,
probabilities are in one-to-one correspondence with w1, po, s, p12, P13, P23
and p1o3. What we will show later explicitly, is that the original parameters
0 (1) and 6;),(1]0), 0;,(1]1) are in one-to-one correspondence with seven new

parameters pi11, p222, £333, Phih AN P1k, P2n, P3h-
Because X1 1L X5 1l X3|H, by Lemma 3.19

K € [07 1]’
Pij = PihPjh for all 7+ < j and (6.2)
P123 = PhhhP1RP2RP3R

and in particular there are no non-trivial constraints on the means p; or the
corresponding skewnesses p;;;. Moreover, there are no equality constraints in
this model.

The product form of this parameterization enables us to derive constraints
on the observed vertices. For example, (6.2) implies that

p12013P23 = (,01hpzh)(/)1hp3h)(/?2hpah) = P%hl)ghﬂgh

and hence p12p13p23 > 0 must hold for every distribution in M (7, 2). It also
allows us to find explicit formulas for the parameters of the model for every
distribution in M (T, 2) such that p12p13p23 > 0. Indeed, from (6.2) it follows
that

2
P o Ll (6.3)
P12P13023 Pjik
which, up to a sign, identifies parameters in terms of the distribution of
(X1, Xa, X3).
Remark 6.1. Given formulas (6.3), the corresponding formulas for the original
parameters 65(1) and ;) (1|j) can be given; see Theorem 7.6.

2
Phhh

6.1.2 The general tree case

Let 7 be a semi-labeled tree. Consider the general Markov model M (T, 2).
The lattice of T-partitions II(7) defined in Section 5.1.2 leads to the defi-
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nition of tree cumulants (or T-cumulants if we want to make T explicit).
We follow the general construction of L-cumulants given in Definition 4.23,
where L now stands for II(7). We denote tree cumulants by t and their
standardized version by t. Thus, for any subset of leaves A we have

ta = Z mA(Tl') H uB, (6.4)

Tell(T,A) Bem

where m 4 (7) := m4 (7, 1) is the Mbius function on TI(T, A). The expression
for t4 is the same with i replaced by pp = E[[],. 5 Xi]. In the formula for t,
by Proposition 4.38, the poset II(T, A) can be replaced with a much smaller
poset IT' (T, A) generated by non-trivial splits of 7.

The Mobius inversion formula (c.f. Proposition 4.4) gives the expression
for moments in terms of cumulants

fa = > I s (6.5)

r€I(T,A) Ben

Remark 6.2. The map between the probabilities p(z) for € {0,1}™ and
moments pp for B C [m] is a simple linear map in (4.23). It follows that the
change from the raw probabilities to tree cumulants is a polynomial map.
Hence, the map to standardized tree cumulants is an algebraic map.
Remark 6.3. For any phylogenetic tree 7 with at most three leaves, the
corresponding IT(7) coincides with the lattice of all partitions. It follows that
ta for |A| < 3 coincides with the corresponding cumulant (or central moment)
ka = 4. For the standardized tree cumulants we have Ty =ka= PA-

Example 6.4. Let T be a quartet phylogenetic tree from Example 5.44. The
T-cumulants are given by 15 coordinates t4 for all non-empty A C {1,2,3,4}.
By Remark 6.3 we have t; = p;, t;; = u;j =k forl <7< j<4and
tijr = ugjk = ki for all 1 <i < j < k < 4. Finally, we have three ways of
computing t1234. One way is to use Proposition 4.25, which gives

tiosa = ki23a + Kizkos + k1akas,

where the formula for cumulants k4 in terms of moments is given by (4.16).
Another way is to compute directly the M6bius function and use (6.4). There
is also a third simpler way, which generalizes to bigger caterpillar trees; see
Section 6.3.3. Let L = II(7) with the Hasse diagram given in Figure 5.7. By
K denote the partition lattice defined by interval splits: 1|234, 12|34, 1234,

2 3 4
which is also a tree partition for the semi-labeled tree e—s—e—s. Both K and
L have only one non-trivial split 12|34 and we easily check that assumptions
of Proposition 4.38 are satisfied, which gives

_ / _ / o
tioza = E my () | | Mp = Mi1234 — Hi2M34,
TeK Bemw

where the second equation follows from the fact that K is isomorphic to the
Boolean lattice on {1,2,3} and hence mg () = (—1)I71=1. The formula for
Whosa, o and ph, can be derived from Proposition 4.37.
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Definition 6.5 (Moment parameters). Consider the change of parameters
from 6,.(1), 0, (1]y) for y = 0,1 to a new set of parameters given by skewness
pove = EY,2 for all v € V(T) and edge correlation py, = E(Y,Y,) for all u—wv
in 7. This new parameter space is denoted by 7.

To write the map to moment parameters explicitly, first note that p, =
EY, = P(Y, = 1). We first compute p, = 6,.(1) and the remaining means
are computed recursively for each v assuming that the formula for jiya,) is
given. The recursive formula is

fo = (1= fipa(w))0u) paw) (110) + Lpaw)fo) pa) (1]1)- (6.6)

Recall that the variance p, of Y, is given by o, = 1, (1— ) and the formula
for the skewness of Y,, by
1—2u,
Pove = Jf for all v € V(T), (6.7)

which can be obtained by rewriting (Y, — i,)% as Yy, (1 — 3, +2u2) — 3 using
the fact that Yvk =Y, for all k> 1. The formula for an edge correlation p,,

o = (Bu(1]1) — em(lo»\/f, (6.8)

which for simplicity we write partly in terms of the means g, t,, whose
explicit expressions in terms of the 6 parameters is given in (6.6).

Simple linear constraints defining ©1 become slightly more complicated
when expressed in the new parameters w € 7.

Lemma 6.6 (Constraints on 7). Suppose that the values of means p, €
[0,1] are fized for every vertex v (equivalently, by (6.7), pyvw € R are fized).
Then the correlations are constrained to satisfy

: P T 20
—min{tyty, —— < < miny{—,—j,
{u'u tutv} S Puww > {tv tu}
_ 1—py
where t,, = T

Proof. We first fix means i, in the interval (0,1). Given this choice, edge
correlations p, cannot now take any value in [—1,1]. To obtain the induced
constraints on py, induced by this choice note that

max{0,p,(1) +pu(1) =1} < pu(l,1) < min{p,(1),p,(1)},

where p, (1) = py, and puy(1,1) = pyy. Since wl, = pyy — fotly, we further
obtain that

max{— oy, —(1 = pru) (1 = o) } < proy < min{pe (1 — p), (1 = pru) o},

which after normalizing by /0,0, gives the final constraint. O
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The following result provides a partial understanding of why tree cumu-
lants are well suited for general Markov models.

Proposition 6.7. Let T be a phylogenetic tree with the labeling set [m] and
let X be a binary vector with distribution in M (T ,2). There ezists a tree split
B1|B2 € II(T) such that Xp, L X, if and only if ta = 0 for all A C [m]
unless either A C By or A C Bs. Moreover, this in general is not true if
B1|Bs ¢ II(T).

Proof. Because for every phylogenetic tree T the T -partition lattice is
saturated (see Definition 4.29), Theorem 4.31 and Remark 4.32 apply as
long as the vector X is non-degenerate. O

A generic distribution in M (T,2) does not satisfy any marginal inde-
pendencies. Suppose that ¢ € M(T,2) satisfies X g, 1L X g, but no other
marginal independences. This can happen if and only if B;|Bs € II(T) and
Y, LY, where u — v is the edge inducing the tree split By|Bs. This in turn
is equivalent to p,, = 0 and by Proposition 6.7 to t4 = 0 for all A such
that u —v € E(TY(A)) (c.f. Definition 5.51). This informally shows that the
parameter p. can be a factor in all t4 such that u — v € E(T°(A)). The
following result, which also generalizes (6.2), shows that this is true.

Theorem 6.8. Let T = (T, ¢) be a binary phylogenetic tree with the labeling
set [m]. Then M(T,2) in the space of standardized tree cumulants is given
by

ta= [ ee. T o forlAl=2, (6.9)

VvEV(TO(A))  e€E(TO(A))

where T°(A) is the tree in Definition 5.51, o, := max{0,deg(v) — 2} and
the degree of v is taken in TY(A). Moreover, there are no constraints on the
means i; € (0,1) fori=1,...,m.

Proof. We prove a more general formulation of this theorem when T
is allowed to have unlabeled degree-two vertices. In this case all the inner
vertices of 7 have degree 2 or 3 and the same holds true for 7°(B) for any
B C [m]. It is then sufficient to show that the theorem is true for A = [m].
The proof proceeds by induction with respect to m. Let m = 2. Since by
definition t;2 = p12, (6.9) becomes

P12 = Pe- (610)
e€E(T)

By Proposition 5.37, X; and X5 are independent given any vertex, say v,
separating them. By Lemma 3.19 p12 = p1,p2,. To prove (6.10) we imply use
this result recursively.

Now assume that m > 3 and the theorem is true for all k < m — 1. We
can always find two leaves separated from all the other leaves by an inner
vertex. Denote the leaves by 1,2 and the separating inner vertex by a. The
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global Markov properties in (3.20) give that for each C C A := {3,...,n}
and any distribution in M (7, 2) we have
pizc = pi12pc + P12PaaaPaC- (6.11)
To prove (6.11) use Proposition 3.18 and the fact that Xy 1l X5 Il X |H, to
write
pr2c = E(XIXQHXZ’) = E(E(X:1|Ha)E(X2|H,)E HX |H,))
icC i€eC

Because H, is binary, we can use (3.10) to write

]E(XIIHa) = plaHaa ]E(X2|H ) = p2a as H = pc + pCUaHa-
eC

Since p12 = p1ap2q, (6.11) follows.

The inner vertex a separates three sets {1}, {2}, A and it has degree < 3.
Therefore its degree must be exactly 3. Let B/ =12 C E(T). The tree T /E’
is obtained from T by contracting all edges between 1 and 2, and hence it
contains a multiple labeled vertex a with label {1,2}. Define 7, as the tree
with labeling set {a} U A obtained from 7 /E’ by replacing the multiple label
{1,2} with {a}. Let mo = 12|04 € TI(T). The trimming map with respect to
{1,2} is the map

[70, 1) = TI(T/E") — TI(T,), T T

that changes the block 12C in 7 € [my, i] to aC. Note that the trimming map
constitutes an isomorphism of posets between [, 1] and II(7,).
The definition of T-cumulants implies that

Gy = > mm [+ 30 wm [[rs (6.12)
ne[mo,1] Ber ¢t [mo,1] Bem

The second summand in (6.12) is zero since every m € II(T) such that = ¢
[0, 1] necessarily contains either 1 or 2 as one of the blocks and p; = ps = 0.
Let m; = 12|A. Applying (6.11) to each p1a¢ for each 7 € [mp, 1] we obtain

H PB = H pPB + P12Paaa H PB,

Bemw BewAm, Bew

where T denotes the map of the partition 7 under the trimming map described
above. We can rewrite

= > m(m) [ re+p12peaa >, mx) [[es (6.13)

n€[mo,1] BenAm w€[mo,1] Bew

The first summand in (6.13) can be rewritten as

> [( > m(ﬂ)) HPB]- (6.14)

S€[mo,m1] TATI=0 Beé
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However, from Lemma 4.19, since 71 # 1, for each & the sum > wnm —s M(T)
in (6.14) is zero. It follows that

T:[*m] = P12Paaa Z m(ﬂ—) H PB-

m€[mo,1] Bew

By Proposition 4.11 the Mébius function of [, 1] is equal to the restric-
tion of the Mobius function on II(7T) to the interval [, 1]. The trimming
map constitutes an isomorphism between [mg, 1] and TI(7,). Consequently,
the Mébius function on [m, 1] is equal to the Mobius function on TI(7T,). It
follows that

p12paaaEaA

I[m]

and by induction we can write t,4 in the form (6.9), which already implies
the final result because p12 =[], .13 pe by case m = 2. O

Recall from Definition 5.46 a binary expansion 7* of a semi-labeled tree
7. By Lemma 548 M(T,2) € M(T*,2) and we can use this fact to ob-
tain the parameterization of M (T,2) for any semi-labeled tree 7 using the
parameterization for its binary expansion 7*. Let £ C E(T*) such that
T*/E" =T. For a vertex w € V(T), let |w] denote the subset of vertices in
V(T*) that get identified with w in the process of going from 7* to T.

The following theorem generalizes Theorem 6.8. Here we first conveniently
extend the definition of the degree.
Definition 6.9. Let T = (T, ¢) be a semi-labeled tree and let v € V(T) of
degree deg(v). The T-degree of v is defined as

deg(v; T) = deg(v) + o~ (v)].
In particular, the degree of v is equal to its T-degree if v is unlabeled but is

strictly lower otherwise.

Theorem 6.10. Let T be a semi-labeled tree and let T* be its binary ex-
pansion. If t5 for A C [m] are T*-cumulants, then for all distributions in
M(T,2), p; € (0,1) fori € [m] and

ti= I o I re forldlz2 (6.15)
veV(TO(A)) e€E(T°(A))

where B, := max{0, deg(v; T°(A)) — 2} and the degree is taken in T°(A).
Remark 6.11. Theorem 6.8 is a special case of this result. Indeed, if T is

a binary phylogenetic tree, which is allowed to have degree-two unlabeled
vertices, then

max{0, deg(v) — 2} = max{0,deg(v; T) — 2}.

This is elementary for unlabeled vertices and for labeled vertices this follows
from the fact that only the leaves are labeled.
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Proof of Theorem 6.10. Let T* be a binary expansion of 7 obtained from
T by the procedure in Definition 5.47, and let E C E(T*) be such that
T = T*/E’. By the proof of Theorem 5.49, M (T, 2) is given as a submodel of
M (T*,2) by setting 07, to be the identity matrix for every edge (u,v) € E'.
In the new parameters, 27 is isomorphic to the subset of Q7+ given by

pt=p. foralle¢ E'
pt=1 forallee E', and (6.16)
Povy = Puwww for all w € V(T) and v € |w].

Indeed, if 07, is the identity matrix, then by (6.6) py = p, that is pj,, =
Pk ou- By (6.8) also pf, = 1.

We first show (6.15) for A = [m]. By Theorem 6.8 the model M (T*) is
parameterized by (c.f. Remark 6.11)

max eg(v;T™
H pvvv {0, des( =% H pe (617)
veV(T™*) e€E(T™)

Since E(T™*) = E(T) U E’, applying (6.16) to [.cp(r) P gives:

e “9 0

ecE(T™) e€E(T)

If w € V(T) is an inner vertex, then we consider three cases. Case 1: If w is
labeled and T-degree is deg(w; T) = 3, then w has degree 2 and |¢~!(w)| = 1.
In that case, by construction in Definition 5.47, |w] consists of one leaf (7*-
degree 2) and one unlabeled inner vertex of 7*-degree 3. Therefore,

pwww

| T R B G LA (AT

vE|w)]

Case 2: If w has T-degree > 4, the set |w]| has |[¢~(w)| + deg(w;T) — 2
elements out of which |¢~1(w)| are leaves of T* and the rest are inner vertices
of T*-degree 3. Indeed, going from 7 to 7* in Definition 5.47, in Step 1
we introduce |¢~!(w)| new leaves that are all in |w], and in Step 2 we
introduce further deg(w;7) — 2 inner vertices. Therefore, (6.18) still applies
if deg(w; T) > 4, which implies that after applying (6.16) to (6.17) we obtain
exactly (6.15) with A = [m]. The proof for a general A C [m] is similar but
greater care must be paid to degree-two unlabeled vertices. O

Remark 6.12. Note that the theorem holds also in the case when 7 has
vertices with multiple labels.

Example 6.13. Consider a simple model given by a semi-labeled tree 7 of

the form e — & — e. Since deg(2;T) = 3, we have

?1‘23 = pP222P12023-

© 2016by Taylor & FrancisGroup,LLC



GEOMETRY OF UNIDENTIFIED SUBSPACES 143

However, the deg(2; 7°({1,3})) = 2 because in this tree the vertex 2 is unla-
beled. This gives

ti5 = p12pas.
Here we use 7 *-cumulants, where 7™ is the tripod tree model. By Remark 6.3,
T*-cumulants are equal to cumulants and so in particular {53 = p123 and
ng = P13
Example 6.14. Suppose now that 7 is a phylogenetic tree with one inner
vertex and m labeled leaves like in Figure 5.6. We denote the inner vertex
with letter h. In this case any phylogenetic binary tree with the same number
of leaves is a binary expansion of 7. Computations are particularly simple
if 7* is a caterpillar tree; see Section 6.3.3. In tree cumulants, the model
M(T,2) is parameterized by p; € (0,1) for ¢ € [m] and

o= o H pin  for [A] > 2.
€A

It may be tempting to think that it is enough to consider 7-cumulants in-
stead of T*-cumulants. However, for example, if T is a star tree, then II(7)
is the lattice of one-cluster partitions (c.f. Remark 5.12) and hence by Propo-
sition 4.36 the 7-cumulants are equal to central moments. This set of coordi-
nates gives some insight into the geometry of M (T, 2) but it is not sufficient
for our purposes; see the appendix in Geiger et al. [2001].

Recall the model M (7,2) from Definition 5.53.

Lemma 6.15. The constraint on the parameter space O to satisfy
det(0y),) > 0 for every u — v translates to p, >0 for alle € T in Q7.

Proof. We have det 0y, = 0,,(1|1) — 0,,(1/0) and hence by (6.8)
det(0y,) > 0 if and only if py, > 0. O

6.2 Geometry of unidentified subspaces

In this section we analyze the geometry of g-fibers as defined in Definition
3.23 for ¢ € M(T,2). Here the ¢-fibers are taken assuming that Y = (V) is a
non-degenerate vector, which excludes some points of the original parameter
space; see Proposition 5.45. Although, in some applications (see Rusakov and
Geiger [2005], Zwiernik [2011]) it is important to understand fibers of the
parameterization of M (T ,2) without assuming non-degeneracy (so that the
parameter space is compact); in this book we restrict to the non-degenerate
case.

For a distribution ¢ € M(T,2) let u%, p%,t4 for B C [m] denote
the corresponding moments, standardized moments, and standardized T *-
cumulants, where 7* is any binary expansion of 7. The ¢-fiber is the set of
all points of Q7 such that p;;; = p; for all i € [m] and for every A C [m]
such that |[A] > 2

M o I » - & (6.9

veV(TO(A)) ecE(TO(A))
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where 3, = max{0,deg(v; T°(A)) — 2}. Since the second-order standard-
ized tree cumulants are always equal to corresponding correlations, by The-
orem 6.10 for any w = ((pyww), (pe)) in the ¢-fiber we have that

[Iree = »% (6.20)

e€ij

Let X9 = [p,‘fj] be the corresponding correlation matriz, which is a symmetric
positive semi-definite m xm matrix. We show that the geometry of the ¢-fiber,
denoted by €, C Q7, is determined by zeros in 9.

Definition 6.16. An edge e € E(T) is isolated relative to q if pj; = 0 for

all 4,5 € [m] such that e € 7j. We denote the set of all edges of 7 which are
isolated relative to ¢ by E? C E(T). We define the g-forest F? as the forest
obtained from 7 by removing edges in F? but keeping all the vertices. Often,
F9 will not be a semi-labeled forest because we allow it to have unlabeled
vertices of degree less than three.

We illustrate this construction in the example below.

Example 6.17. Let T be the phylogenetic tree given in Figure 6.2 (ignore
at first that some edges are dashed) and assume that the correlation matrix
contains zeros given in the provided 7 x 7-matrix where the asterisks mean
any non-zero values such that the matrix is positive semi-definite. We have

6 — -
7. 1 *
~ 1

~
~

e 1
o,

_ o oo

_= % O O O

_ O OO oo
_H OO OO Oo

Figure 6.2: An ezample of a phylogenetic tree and a correlation matriz X9.

Et={b—c,c—d,c—e,e—6,e—T7} and these edges are depicted in Figure
6.2 as dashed lines. The g¢-forest F? is obtained by removing the edges in
FE1. Tt is not a semi-labeled forest because it contains degree zero and two
unlabeled vertices.

Lemma 6.18. All the unlabeled vertices of T have either degree zero in F4
or the degree is strictly greater than one.

Proof. Suppose that v is an unlabeled vertex of T whose degree in F? is
one. Denote by e the edge of v that is not isolated relative to g. Let 4,j be
any two labeled vertices of T such that e € 75. Since all other edges of v are
isolated relative to ¢, then 7j necessarily contains such an edge and therefore
pgj = 0. This gives a contradiction. O
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Lemma 6.19. Let u,v be two distinct vertices of T such that each: is labeled
or unlabeled with degree > 3 in F*. Then the monomial | [, ey p? is a constant
function on the g-fiber Q. Moreover, if there are no degree-zero vertices on

the path between u and v, then the value of this monomial is nonzero.

Proof. Tt is enough to prove this result only in the case when all vertices
on the path between u and v are unlabeled of degree < 2 in F9. If both v and
v are labeled, then there is nothing to show. Thus consider first the case when
both u and v are unlabeled of degree > 3 in F9. We can find four labeled
vertices i, j, k, [ such that u separates i from j in F?, v separates k and [, and
{u,v} separates {i,j} from {k,l}. In Figure 6.3 we depict this situation in
the case when there are no degree-zero vertices on the path between u and
v. By construction we can require p;, pi,; to be nonzero. Also py;, p, can be

Figure 6.3: An illustration for the proof of Lemma 6.19.

required to be nonzero if all the vertices on the path between v and v have
szJl

degree exactly two in F9. Consider the quantity oty which has a fixed

value in the ¢-fiber, and substitute (6.20) for each ‘of the terms. A simple
rearrangement now gives that

q q

s PPy
H Pe =  —q_q-
cens Pij Pkl

If u is labeled, then consider any two labeled vertices ,j of 7 such that v
separates u, i, j in F? and p{; # 0. We have

q 9
2 o puipu]
H Pe - pq
ecuv v]

and again we can require p? ij to be nonzero if there are no degree-zero
vertices on the path between u and v. O

6.2.1 Regular q-fibers

Lemma 6.19 suggests that a particularly nice situation occurs when ¢ is such
that all unlabeled vertices of 7 have degree > 3 in F49.

Theorem 6.20. Let T be a semi-labeled tree. Suppose that ¢ € M(T,2)
is such that all unlabeled vertices of T have degree > 3 in F9. We have
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piii = p; for i € [m] in the q-fiber and up to sign also the other parameters
are identified from q.

e For every unlabeled v, let i,j,k be any three labeled vertices separated
from each other by v and such that p;p}, pl\ # 0, then

q 2

2 . Pijk

VUV q 9 9 °
PijPikPjk

o For every edge u — v, where u,v are unlabeled, let i,j,k,l be any four
labeled vertices such that w separates {i}, {j} and {k,l} and v separates
{i, 3} Ak}, AU} and pj, piys iy 05 are all nonzero. Then

q q
PikPji

q q °
PijPri

2
Puv

e For every edge u — v such that u is labeled but v is not, let j,k be any
two labeled vertices such that v separates u, j, k and p;;, ply., pjy are all
nonzero. Then

Puuj Pk

2
Puv q
Pk

The above choices of labeled vertices are typically not unique but the param-
eter values will not depend on these choices.

Proof. Because every unlabeled vertex v of T has degree > 3 in F9,
we can find three labeled vertices 14, j, k separated by v such that pgj, P
P?’k are all nonzero. Now, the formula for p?,, follows directly by applying
Theorem 6.10 and the fact that t4 = pa if |A| < 3 (c.f. Remark 6.3). The
formulas for p2, and p?, were obtained in the proof of Lemma 6.19. O

Corollary 6.21. Let T be a semi-labeled tree and let M (T,2) be the general
Markov model on T. Then dim(M(T,2)) = |E(T)| + |V(T)| by which we
mean that there exists a dense open subset of M(T,2) diffeomorphic to a
(IE(T)| + |V (T)|)-dimensional manifold.

Proof. Let
U={weQr: p.#0,e€ E(T)}.

Every distribution ¢ in the image of U satisfies pgj #0foralll <i<j<m.
Thus by Theorem 6.20 the parameterization of M (T,2) over U is a finite
map. Because Q7 and U have dimension |V (T)| + |E(T)|, it follows that
dim M (T,2) = |V(T)| + |E(T)|. O

Remark 6.22. Formulas in Theorem 6.20 show that the parameters are iden-

tified (up to sign) from 3-way margins of ¢. This is a special case of a more
general result by Chang [1996], which we discuss in Section 6.4.
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Theorem 6.23 (The geometry of the ¢g-fiber — the smooth case). Let T be
a semi-labeled tree and q € M(T,2). If each of the unlabeled vertices of T
has degree > 3 in the q-forest F1, then the q-fiber is a finite set of points. If
each of the unlabeled vertices of T has degree > 2 in F4, then the q-fiber is
diffeomorphic to a disjoint union of polyhedra. In particular, it is a manifold
with corners. Its dimension is 2lo where ly is the number of unlabeled degree-
two vertices in F9.

Proof. If each unlabeled vertex of 7 has degree at least three in F9, then
the g-fiber is finite by Theorem 6.20. Assume that some of the unlabeled
vertices have degree 2 in F?. We proceed by describing the ideal I defining the
g-fiber in Q7. This ideal contains in its set of generators all linear equations
of the form p;;; — pJ;; for i € [m] and all polynomials of the form (6.19), where
pl. and t% are constants.

Let u—wv be an edge, isolated relative to ¢ — we want to show that neces-
sarily pu, = 0 in the g-fiber. If both u,v are labeled, then this is immediate.
Suppose that both u,v are unlabeled. Because both u,v have degree > 2 in
F4, we find leaves 1, j, k, [ such that P?ijZz are nonzero and u € ij, v € ki.
Now using the fact how correlations are parameterized in M (T, 2), we easily
show that pf, can be zero only if p,, = 0 and if it is not zero, then u — v
cannot be isolated relative to g. The case when only one of them is labeled
can be proved in a similar fashion. This shows that p. for all e € E? must
lie in I. Adding these generators allows us to remove all the generators in
(6.19), where E(TY(B)) contains an edge in E9.

The remaining generators depend solely on p,., for v € V(T) and p. for
e € E(T)\ E% If v is unlabeled with degree > 3 in F, then the value of pyyy
is fixed (up to sign) in the ¢-fiber by an argument similar to the one used in
Theorem 6.20. If the degree of v is exactly 2, then every generator in (6.19)
that depends on py., already lies in the ideal generated by p? for e € E9.
This follows from the fact that for such A the set of edges E(T°(A)) must
contain at least three edges of v but then at least one of these edges, say e,
is isolated with respect to q. This implies that I does not depend on pq,
if v is an unlabeled degree-two vertex in F9. Thus, it remains to describe
the remaining generators of I that involve only p. for e € E(T) \ E9. Using
Lemma 6.19 we can show that these remaining generators are of the form

I pe = cww #0 (6.21)

ecuv

for all vertices u,v of degree > 3 in F9 such that all vertices separating
them have degree exactly two in F9. It is now straightforward to show that
I defines a smooth set.

We now show that the g¢-fiber is diffeomorphic to a union of polyhedra.

v

Define t, = ,/% and z, = logt,, which gives a change of coordinates

from p, € (0,1) (or alternatively from p,,, € R) to z, € R. Since some of
the means are fixed (up to sign) in the ¢g-fiber and some are unconstrained, it
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follows that some z, are fixed (up to sign) and some are unconstrained. We
also have p. = 0 for all e € E9. Let s: E(T )\ E9 — {—1,1} be any possible
sign assignment for corresponding edge correlations p, for e € E(T )\ £ such
that s(e) = sgn(p.). Then s induces an open orthant RETNET qefined by
s(e)pe > 0 for all e € E(T)\ E%. Consider the space of all p,, for e € E(T)\ E4
constrained to one of the orthants RLE(T)\EQ‘. On this orthant we have a
change of coordinates v, = log(sep.). In each of these orthants the constraints
(6.21) either become linear or they describe an empty set. By Lemma 6.6 the
inequality constraints on v, are also linear in z,.

To show the dimension of the g¢-fiber is equal to 2ls we show that the
dimension of its Zariski closure has dimension 2l5. All generators of I as
listed above involve disjoint lists of variables. Some indeterminates have fixed
values in the ¢-fiber so the only freedom is in the l5 indeterminates p,.,, for all
degree-two vertices v in F¢ and an /5 dimensional set described by equations
of the form (6.21), where u,v have degree > 3 and all vertices in ww have
degree exactly 2. O

Corollary 6.24. If T is a binary phylogenetic tree, then a q-fiber is finite
if and only if q is such that pfj 20 foralll <i<j<m IfT isa
phylogenetic star tree, then a q-fiber is finite as long as there are at least two
nonzero correlations between the leaves.

Corollary 6.24 suggests that if p;; are all far enough from zero, then
estimation will be relatively stable. In the next section we describe cases in
which everything becomes much more complicated.

6.2.2  Singular q-fibers

By Lemma 6.18 all unlabeled vertices of T have either degree zero in F4
or the degree is > 2. The singular case occurs precisely if at least one inner
vertex of T" has degree zero in F9. We begin with an example.

Example 6.25. Let 7 be the phylogenetic tripod tree as in Figure 6.1 and
let ¢ € M(T,2). The degree of h in the g-forest F? is zero if and only if
pi; = 0 for all 1 <4 < j < 3. In this situation £ = E(T) and the g-fiber
, is given as a subset of Q7 by equations p;; = pf.. for i = 1,2, 3 together
with the three additional equations

PirP2n =  P1wP3n = p2rp3n = 0.

Geometrically, in the subspace of Q1 given by p;; = p,; for i = 1,2,3, this
is a union of three planes given by {p1, = parn = 0}, {p1r = p3r = 0} and
{pan = psn = 0} subject to the additional inequality constraints defining Q7
and given by Lemma 6.6. In particular, it is not a regular set since it has
self-intersection points.

This example together with Theorem 6.23 provides a fairly good under-
standing of the local geometry in the case of the tripod tree model. From
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(6.2) it follows that if one of the correlations, say pi2, is zero, then at least
one of the remaining correlations has to be zero as well. By Theorem 6.23,
if ¢ is such that all the correlations are non-zero, then there are exactly two
points in the preimage of ¢. If exactly two correlations are zero then the g¢-
fiber is a smooth subset of 7. By Example 6.25, if all three correlations are
zero, then the g-fiber is a collection of intersecting subvarieties.

Theorem 6.26 (The geometry of the g-fiber — the singular case). Let T be
a semi-labeled tree. If the q-forest F4 contains unlabeled degree-zero vertices,
then the q-fiber is a singular variety given as a union of intersecting manifolds
in RIVDIHIEDL restricted to Q. Their common intersection is given by
vanishing of all p. for e € E9.

Proof. Like in the regular case we have p;; = p&; for i € [m] and p2,,
is fixed for all unlabeled vertices v with degree > 3 in F?. For all the other
inner vertices pyyy is unconstrained. The constraints on p, for e € E(T)\ EY
are also obtained like in the proof of Theorem 6.23 and they define a smooth
subset. It remains to study the constraints on p. for e € E9. Let Ey C E1
and

Qp, ={weQr: p.=0forallec Ep}. (6.22)

We say that Ey is minimal for 3¢ if for every point w in Q g, and for every
i,j € [m] such that p?j = 0 we have that p;;(w) = 0 and furthermore that
Ey is minimal with such a property (with respect to inclusion). To illustrate
the motivation behind this definition, consider the tripod tree singular case
in Example 6.25. If T is rooted in the inner vertex, we have three minimal
subsets of E%: {h—1,h—2}, {h—1,h — 3}, and {h —2, h — 3}. We now show
that the g-fiber satisfies

Q = U 9% n. (6.23)

Eo min.

The first inclusion “C” follows from the fact that if w € Qg, then p;;(w) = pf;
for all 4,5 € [m]. In particular, p;;(w) = 0 whenever pgj = 0. Therefore
w € Qp,NQ, for some minimal Ey. The second inclusion is obvious. For each
minimal Ey, the set g, N2, is a smooth set because there are no constraints
on p. for e € E9\ Ey. O

6.2.3 Sign patterns on parameters

Let 7 be a semi-labeled tree. Let ¢ € M(T,2) be a distribution such that
each unlabeled vertex of 7 has degree > 3 in the g-forest F9. By Theo-
rem 6.23, there is a finite set 2, of points w € {7 mapping to ¢, which we
call a g-fiber. Theorem 6.20 gives the formulas for the parameters modulo
signs which may suggest that |Q,| = 2IV(TDIHEMI However, not all sign
choices are possible. We will show that the number of possible choices of
signs is in fact equal to 21V (7)I=™ where |[V(T)| — m is the number of inner
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vertices of 7. We also show how to obtain all the points in {2, given one of
them.

Let w be a point in €, and consider again the general case so that €2 is
not necessarily finite.

Definition 6.27. For every vertex v, we define the operation of local sign
switching 4, : Q7 — Q7 such that §,(w) = W’ where p., = —p, if one of the
ends of e is equal to v and p., = p, otherwise; pl,, = —povv and Pl = Punu
for all vertices u # v.

Note that switching p,, = —pvww corresponds to label switching Y, —
1-Y, of the corresponding random variable. To show that 4, is a well-defined
operator on Q7 we need to show that if w € Q7 then ' = §,(w) lies in Q.
By Lemma 6.6, it remains to check that for every neighbor u of v

} < / < i {@ i
= puv — min t, 7t, )
u

. ! 4/
—min{t,t,, i

where t,, = % However, p!., = —puw, t), = ty, and t| = ti and we get
ty t 1
- min{lv l} S —Puv S min{tutva 7}7
by ty tuty

which holds because w € Q.
Lemma 6.28. If h is an unlabeled vertex, then the local sign switching 6y, is
an automorphism of the g-fiber for every g € M(T).

Proof. Let A C [m], |4| > 2. By Theorem 6.10

{A (w/) _ H (p;vv)max{o,deg(v)—2} H p:i,

veV(TO(A)) ecE(TO(A))

where t are 7*-cumulants and 7* is a binary expansion of 7. We have two
cases: either h lies in the tree V(7°(A)) spanned over A or it does not. If not,
then t4(w’) = ta(w) because none of the parameters whose sign is switched

appears in the formula for t4 above. If yes, then without loss we can assume
that t4(w’) # 0. If v has degree two in T°(A), then

ta(w) = (-1)% W, (w) = ta(w).
If the degree of v is > 3, then
Ga(W') = (D210 ) = ).
O

The local sign switchings for all unlabeled vertices h form a group G
which is isomorphic to the multiplicative group ZLV(T)l_m
multiplicative group with two elements.

, where Z3 is the
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Proposition 6.29. Let T be a semi-labeled tree with the labeling set [m].
Suppose that every unlabeled vertex of T has degree > 3 in the q-forest F49.
Then the g-fiber 1y is finite and consists of exactly 2VDI=m points that
form a single orbit of the group G.

Proof. The fact that €, is finite follows directly from Theorem 6.23. If €,
contains a point w, then acting with G on w gives 2!V (7= different points
in Q. Hence the orbit of w in €, has exactly 2V(T)I=m elements. It remains
to show that there are no other orbits of G in Q. Let w € 2, and let w’ be a
point in Q7 such that (p))* = p.2 for all e € E(T) and (p),,,)> = povs? for all
unlabeled vertices v of 7, which is a necessary condition for w’ to be in €.
Assume that w’ is not in the orbit of w. Proceed by contradiction. Let w’ €
and we want to show that w’ = §(w) for some ¢ € G. Since w can be replaced
by any other point in its orbit, we can assume that sgn(py,,y) = sgn(pl,,,) for
all unlabeled v € V(7). Since w,w’ € g, then for every i, j,k € [m] by the
parameterization given in Theorem 6.10 applied for t;; and t;;x, respectively,
we have that

[Tsentoo) = [Tsente). I sented=  J]  sentel).

e€ij e€ij e€E(TO(1jk)) e€E(T(ijk))

It follows that J], ci7sen(pe) = [l.cpr5en(p,) for each unlabeled vertex v
and a labeled vertex i. It immediately implies that sgn(p.) = sgn(pl) for all
e € E(T) and hence w = w’. In this way we have shown that w’ is in the
orbit of w under G. O

Motivated by biological applications, we consider again the positive part
M (T) of the general Markov model (c.f. Definition 5.53). By Lemma 6.15
it is parameterized by all w € Qp such that p. > 0 and we denote this
parameter space by Q7 . We formulate the following result, which can be
also inferred from the more general result of Chang [1996], which we introduce
in Section 6.4.

Proposition 6.30. Let T be a semi-labeled tree and M (T) the positive
part of the general Markov model M(T). For every g € M4, (T) the q-fiber
in Q1 44 consists of exactly one point.

Proof. This follows directly from the proof of Proposition 6.29 because
every local sign switching necessarily changes signs of some edge correlations.
O

6.3 Examples, special trees, and submodels
6.3.1 Caterpillar trees and star trees

Caterpillar trees In this section we focus first on the case when 7T is a
phylogenetic tree, whose underlying tree is a caterpillar tree like in Figure
6.4. As we show, in this case the formulas for 7-cumulants are extremely
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simple. This case is also important because the hidden Markov model can be
realized as a submodel of M (T ); see Section 6.3.3.

1 2 3 m—1 m

Figure 6.4: A caterpillar tree with m leaves/legs.

Directly by definition, the standardized 7-cumulants are given for all

|A] > 2 by
ta= Y wmm ][] rs

7ell(T,A) Ber

In general, the Mobius function m is not given explicitly. For caterpillar
trees we can use the method announced earlier in Example 6.4. To introduce
this method, first note that II(7) contains all trivial splits Sp obtained by
removing from 7T the terminal edges. Let T’ be a semi-labeled tree obtained
from T by contracting all terminal edges of 7 apart from the first and the
last. Hence 7 is a simple chain graph in Figure 5.8.

Denote by S’ the set of splits in II(7”) so that II(7T") = (S’). These are
the splits of the form 12---k|(k+1)---m for some 1 < k < m and so II(T”)
is the lattice of interval partitions Z; see Definition 4.15. Let S be the set of
splits of 7. Then § = &' USy and by Proposition 4.38,

ty = Z m(7) H 0B for |A| > 2.

TEL(A) Bem

The advantage of this formula is that the lattice of interval partitions Z(A)
is isomorphic to the Boolean lattice of |A| — 1 elements and hence m(7)
(=1)lml=1,

To compute the standardized 7T -cumulants for the caterpillar tree we
proceed as follows. First we change probabilities p(z) for x € {0,1}™ to
moments g4 for A C [m] using the formula in (4.23). In Mathematica, the
following code will do the job for any fixed m (here m = 4):

m=4;
Do[mu[A] = Sum[p[Union[A,B]], {B,
Subsets[Complement [Range [m] ,A]11}], {A, Subsets[Range[m]]3}];

Note that in the code we index probabilities with subsets of [m] instead of
{0,1}™. The identification is made in the obvious way so that = € {0,1}™
corresponds to the subset A = A(z); see the first two columns of Table 6.1. To
compute the central standardized moments p4 we first compute the central
moments p'4 using Proposition 4.37 and then normalize to get standardized
moments. In Mathematica this can be done by
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Do[cmu[A] = Simplify[Sum[(-1)~ (Length[A]-Length[B])*mul[B]*
Product [mu[{i}],{i,Complement [A,B]}], {B, Subsets[A]}]1],
{A, Subsets[Range[m]]l}];

Do[rho[A] = cmu[A]l/Product[Sqrt[mul{i}]*(1-mul[{i}])],{i,A}],
{A, Subsets[Range[m]]}]

Finally, to get standardized 7T-cumulants we use (6.24):

o= > ()" ]es  for|Al =2 (6.24)

T€Z(A) Bem

The set of all interval partitions of a given set can be found in Mathematica
using the following simple function:

<< Combinatorica‘
intparts=Function[A,Pick[SetPartitions[A],
Map [OrderedQ, Map[Flatten, SetPartitions[A]]1]1];

Then, for example, running intparts[1,2,3,4] gives

{{{1, 2, 3, 43}, {{1}, {2, 3, 4}}, {{1, 2}, {3, 4}},
{{1, 2, 3}, {43}, {{13}, {2}, {3, 4}}, {{13}, {2, 3}, {4}},
{1, 2}, {3}, {4}, {{13}, {2}, {3}, {4}}}

Now the following code changes coordinates from standardized moments to
standardized 7-cumulants

Do[k[A] = Simplify[Sum[(-1)~ (Length[pal-1)*Product[rho[B],
{B,pa}], {pa, intparts[A]J}]], {A, Subsets[Range[m]]}];

In particular, we can write the change from probabilities to 7 -cumulants
as a sequence of simple and explicit maps. We do not recommend, however,
outputting tree cumulants in terms of probabilities because these are massive
polynomials. Expressions for cumulants in terms of moments are much more
tractable. Also, it is better to use this change of coordinates on parameterized
varieties. We give a numerical example for m = 4 in Section 6.3.2.

Star trees We now extend Example 6.14 on the star tree model. Since T
is not a binary phylogenetic tree, Theorem 6.8 does not apply and to ob-
tain a monomial parameterization we apply Theorem 6.10. To this end we
need a binary expansion 7*. Since every binary phylogenetic tree is a bi-
nary expansion of a star tree, we can take 7* to be the caterpillar tree and
use T *-cumulants given in (6.24). The new parameters are m edge correla-
tions pp; for ¢ € [m], and m + 1 skewnesses pppp and py; for ¢ € [m]. The
parameterization is

_ Al—
ta = Plhhlh ? H Phi for [A| > 2,
icA

and the skewnesses p;;; for ¢ € [m] are free.

By Corollary 6.24 the g-fiber is finite as long as at least two of the correla-
tions t;; = p;; are non-zero at ¢. In this case, by the above parameterization,
there exist distinct i, j,k € [m] such that pp;pnjpre # 0 and hence in fact
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there are three correlations p;;, pik, pjr that are nonzero. In this case by The-

orem 6.19
Pl
2 : : ij
p is given by —————
hih Pij PikPjk ’
and for each edge correlation pp;
p,%l is given by bl
Pij

These formulas identify parameters up to sign. By Proposition 6.29 there are
exactly two points in the g-fiber. If

0 0 0 0 0
(p1117 <+ s Pmmms Phhho Phls - - - 7phm)

is one of them, then the other, obtained by a local sign switching from Defi-
nition 6.27 and Lemma 6.28, is

0 0 0 0 0
(plll’ <+ s Pmmms ~Phhhs “Ph1s - _phm)'

If there is exactly one p;; that is nonzero, then we still have pj, = 0 for all
k # i,7 in the g-fiber. However, the ¢ fiber is not finite because pyi, pn; can
take any value as long as pnipn; = pij, which defines a smooth set because
there are also no constraints on pppnp. Finally, if all p;; are zero, then the
g-fiber is a singular set. It is obtained as the union of sets given by vanishing
all but one edge correlations pp;.

6.3.2 The quartet tree model

In this section we give a numerical example for the quartet phylogenetic tree
model given by the tree in Figure 5.1. The model is parameterized as in (5.13)
by the root distribution and conditional probabilities attached to each of the
edges. We first set the values of the parameters to 6,.(1) = 0.8, 61},(1]1) = 0.8,
01)(1]0) = 0.3, O (1]1) = 0.7, 05,(1]0) = 0.3, 04}, (1]1) = 0.8, 0,,(1|0) =
0.3, O31,(1]1) = 0.7, 03,4(10) = 0.3, 04,(1]1) = 0.7, and 604,(1]0) = 0.3.
Using (5.13), we can then calculate the corresponding probabilities over the
observed vertices, which are given in the third column in Table 6.1.

Remark 6.31. We do all our computations over algebraic numbers. This al-
lows us to use the full strength of symbolic computations and check our
formulas exactly.

To change from the raw probabilities p(z) to standardized T-cumulants,
we use the formulas and code provided in Section 6.3.1. The resulting values
are given in Table 6.1. Note that the last two columns in Table 6.1 are

_ 704
exact}y the same 2a516)art from the last element, where we get p1a34 = 503712565
and tijo34 = 20313369 The fact that the other entries are the same is a

consequence of Remark 6.3.
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Table 6.1 Moments, standardized central moments, and standardized tree cumulants
for a probability assignment in M (T,2), where T is a quartet tree.

xz A=Az) plx) pa pA ta
0000 0 a1 1 1
0001 4 s % 0 0
0010 3 Sones 20 0 0
0011 34 520001030 % 2% %
0100 2 TG o6 0 0
0101 24 510601070 2953010 3 ; ; 701 3 : : 701
0110 23 510601070 % 35?:701 35382701
0111 234 520703070 % - 6092\5/(;@ o 6092\5/%@
1000 1 2408 = 0 0
1001 14 520405070 g(l)(l) 2173% ﬁ
1010 13 2ot 2l m—j@ ﬁ
1011 134 540307070 % - 6096\4/ﬁ - 605\4/ﬁ
100 12 ghe Fo v 1555
1101 124 540809030 275103030 7 f?osn 7 f?osn
1110 123 540809030 275103030 7 :1372081 7 1372081
1111 1234 9373 9373 704 256

50000 50000 203v/12369 203v12369

Similarly, we compute the values of the moment parameters as given in

Definition 6.5. We get

2 8 2 2 2
Pr1 = \/ﬁ? Pr2 = \/@7 Pra = \/ﬁ’ Pa3 = \/E7 Pas = \/@

It is easy to verify that (6.9) holds in this example. For instance, t1234 should
be equal to the product

3 4 2 8 2 2 2 256
prrrpaaaprlperrapaSpaélfQm\/ﬁm\/ﬁmm*QOg 123697

which agrees with the value of t1334 in Table 6.1.

Suppose that we have the exact distribution from the model and want
to recover parameters. For the distribution in Table 6.1, all correlations are
nonzero and hence this can be done easily by Theorem 6.20. We have

2 P%z?, 9
. is given by ——2— = —
Pree 8 Y p12p13pes 4
P%34 E

2 . .
0 is given by ——=— =
aaa p13p1ap3s 21
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p2 is given by prapa4 _ i
e pi2p3s 21
2 .. P12P13 4

s given b = —
pri isgivenby =T°T = of

and the formulas for p2,, p2; and p2, are obtained in a similar way as for p?,.
Note that the above formulas require some choices. For example, the formula
for p2,, requires picking a triple of leaves separated by r and {1,2,4} could
be used instead of {1,2,3}. By Theorem 6.20 the obtained values will not
depend on these choices. We have alternatively
2 — Plas 9

Prrr 1S given by rapapm A
By Proposition 6.29 there are exactly four points mapping to the probability
distribution in Table 6.1. One is given by the original set of parameters. The
remaining three, by Lemma 6.28, are obtained from this one by local sign
switchings.

6.3.3 Binary hidden Markov model

The binary hidden Markov model, denoted by HMM(m, 2), is often defined
as follows. Consider the directed caterpillar tree 7" in Figure 6.5. Then
HMM(m, 2) is parameterized over this tree like in (5.13) but with assumption
that there exist transition matrices o, 8 € R2*? such that

Ovju(Yolyu) = ay,y, forall u— v both internal,
Ovju(Wolyu) = By,y, forall u— v where v is a leaf.

The matrices a and (3 are referred to as transition and emission probabilities.
The root distribution is either assumed to be a free parameter or it is assumed
to be the stationary distribution for the Markov chain with the transition

matrix «, that is,
o1

0,.(1) = ———.
Q10 + Qo1
In this case we say that the hidden Markov model is stationary.

m
o

BE

Figure 6.5: A directed caterpillar tree with m leaves/legs.

By definition HMM(m, 2) is contained in the general Markov model de-
fined by the directed caterpillar tree 7", where the two degree-two vertices
are suppressed. Since rooting does not matter in this model class, we con-
clude that HMM(m, 2) is contained in M (T,2), where T is the caterpillar
tree in Figure 6.4.
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Proposition 6.32. Let T be the caterpillar tree in Figure 6.4. In the new
parameter space given by pyyy for v € V(T) and p. for e € E(T), the sta-
tionary binary hidden Markov model is given by

povw =a  for all unlabeled v € V(T),

Piii = b for all i € [m],
pe=c  for all internal e € E(T),
pe =d  for all terminal e € E(T),

where a,b,c,d are now the new parameters of HMM(m,2). The parameteri-
zation in T -cumulants is

til,,_il — al*QCllflldl

for all {iv, ..., 41} C [m] with 1 > 2.

6.4 Higher number of states

In the previous sections we focused on the two-state case, in which we had
a simple monomial parameterization given in Theorem 6.10. This enabled
us to perform the full analysis of the local geometry of M(T,2) with a
special focus on the geometry of ¢-fibers. If £ > 2, then we currently have
no equally nice description of M (T, k). However, like in the two-state case,
generically the model is identified up to permutations of the states of hidden
variables. Moreover, the parameters can be identified solely from the marginal
distributions over triples. In the remainder of this section we present this
result referring to Chang [1996] for proofs.

Recall that the model M (T, k) is parameterized by the root distribution
0, and transition matrices 6,,, for each edge u — v in 7. As always, param-
eterization is given by a rooted version of 7 but the model does not depend
on the rooting. The transition matrix represents conditional independence of
Y, given Y, so that p,, = Gau.
Theorem 6.33. Let T be a semi-labeled tree. If q is a generic probability
distribution from M (T, k), then the g-fiber is finite and it is identified from
marginal distributions over triples of X.

First, we say what we mean by “generic” in Theorem 6.33. A sufficient
condition for the g-fiber to be finite is:

(i) The root distribution 6, has only positive entries (c.f. (5.8)).

(i) The matrix 6, is invertible for each u — v in 7 and it is not equal to
a permutation matrix.

Second, by saying that a g-fiber is identified from triples of X we mean
that we do not actually need the whole distribution ¢ to learn about the
preimage of ¢. It suffices to have only induced marginal distributions g, for
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any triple 1 < i < 7 < k < m. A refinement of this statement is possible,
when all triples are reduced to only some triples.

The basic idea behind Theorem 6.33 is to identify rows of the matrices 0,,,
as eigenvectors of certain matrices that can be formed from joint distributions
of triples of observed vertices. To show the idea behind the proof, suppose
for simplicity that 7 is the tripod tree and 3, has a column j such that all
entries of this column are distinct. Consider the probability P(X; =i, Xy =
J|1Xs = k). We have

P(Xy =1i,Xo=j|X3=k) =
=Y P(H =1|X3 = k)P(Xy = j|H =1, X3 = k)-
l

P(Xy=iXo=4,Xs=kH=1)
and using the Markov properties we obtain

P(Xy =i, Xy = j|Xs = k) = > pris(Uk)payn (31D (il])-
1

Denote Jiz.2(i, k; j) = P(X7 =i, X2 = j| X3 = k) to obtain

Jiz2(is k5 7) = phjzdiag(payn (7)1

where py,(j|-) denotes the j-th row of py, or equivalently the j-th column
of 6y,. Note that py3 = pyjppp3 and multiplying both sides of the above

equation by pflg = p{lfpglg we obtain

Prs s kig) = 07, diag(pan(il-))6hns (6.25)

where 0y, = plT‘h. Note that the left-hand side of (6.25) is a matrix that de-
pends only on the distribution of the vector (X7, X2, X3). The identity (6.25)
is the (left) eigenvalue decomposition, where the j-th column of 65, is the
vector of eigenvalues of pﬂngg;g (i,k; j), which are distinct by assumption.
To recover 6y);, from this description, note that each eigenvalue corresponds
to a one-dimensional (left) eigenspace. Each eigenspace has a unique vector
with coordinates summing to 1.

6.5 Bibliographical notes

The moment structures have already been used to understand statistical
models with hidden variables by Lazarsfeld and Henry [1968]. Recently this
was used to better understand the class of naive Bayes models, that is, general
Markov models over a star tree. This was used by Rusakov and Geiger [2005]
to approximate a marginal likelihood where the sample size was large, by
Geiger et al. [2001] to understand the local geometry of the model class, and
by Auvray et al. [2006] to provide the full description of these models in
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terms of the defining equations and inequalities. More general tree models
were studied from this perspective by Settimi and Smith [1998] and Pearl
and Tarsi [1986]. Tree cumulants were first used in Zwiernik and Smith [2012]
and Zwiernik and Smith [2011]. The local geometry is closely related to the
concept of identifiability, which for this model class was studied by Chang
[1996] and for other related model classes by Allman et al. [2009].
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Chapter 7

The global geometry

[

Recall that by Propositions 2.33 and 2.34 the image of a semialgebraic
set under a polynomial mapping is a semialgebraic set. Therefore, for every
semi-labeled tree, the model M (7)) is a semialgebraic set and hence it can
be described by polynomial equations and inequalities in the probabilities
p(x). By Remark 6.2, the map between probabilities and tree cumulants is a
polynomial isomorphism and therefore, there exists a polynomial description
in terms of tree cumulants.

In this chapter we obtain the full description of these models in terms of
implicit polynomial equations and inequalities. Like in the previous chapter,
the focus is on the two-state case M (T,2). In this case an important part
of the information about the global geometry of the general Markov model
is contained in its second-order moments. By Theorem 6.10, the correlations
of p € M(T,2) satisfy

pij = H Pe foralll1<i<j<m. (7.1)
e€ij
Here we used the fact that second-order standardized tree cumulants coincide

with correlations; see Remark 6.3. From this we easily infer the following set
of constraints that must be satisfied by any distribution in M (T, 2).

Lemma 7.1. Let T be a phylogenetic tree with labeling set [m]. For every
p € M(T,2) the corresponding correlations satisfy

pijpikpik = 0 foralll <i<j<k<m,
or equivalently
kijkikje > 0 foralll<i<j<k<m.
Later in this chapter we supplement these inequalities with the complete

set of constraints describing M (T, 2) for any phylogenetic tree T.

7.1 Geometry of two-state models
7.1.1 The 2 x 2 X 2 hyperdeterminant

Let A be a 2 x 2 matrix. Consider a set of linear equations At = 0, where
t = (to,t1). It is a well-known result of linear algebra that det A = 0 if and

161
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only if At = 0 has a nonzero solution. The following equivalent formulation
will be useful. Define f(s,t) = sTAt. Then det A = 0 if and only if there
exists a non-trivial solution to the set of equations

0 0 0 0
f(S,t) = 8780]0(3,1:) = Tslf(sat) = 870 (S’t) = aitlf(s’t) = 0.

Let now A = [a,] € C¥ for X ={0,...,7r1} x --- x {0,...,7,} be a tensor.
Every such A defines a function

f(t) = Z Azliey b,

reX

which is a multilinear function in m + ZZ r, indeterminates t; ;. Consider the
set of m + >, 7, + 1 homogeneous multilinear equations of the form

_of
- Ot

f(t) (t)=0 for all ¢ € [m],5 € {0,...,7;}.
A hyperdeterminant of A, denoted by Det(A), is a generalization of a deter-
minant to higher-order arrays. In particular, Det(A) is a polynomial in the
entries of A such that it vanishes precisely when the above system of multi-
linear equations has a non-trivial solution. For a formal definition we refer to
Gelfand, Kapranov, Zelevinsky [Gelfand et al., 1994, Chapter 14].

Similar to the determinant, there is a formula for the hyperdeterminant.
However, this formula can be explicitly written down only in very small cases.
In this chapter we are going to use the hyperdeterminant for 2 x 2 x 2 tensors.

Definition 7.2. Let A = [a;;z] be a 2 x 2 x 2 table. The hyperdeterminant
of A is given by

Det A = (agoains + ago1ai10 + 65100701 + a5110700)
—  2(a000@001@110@111 + G000@010G1010111 + G0000011G1000111
4+ @001G0100101@110 + @001@011G1100100 + G01000110101G100)
+  4(ao00a011a101a110 + @001@01041004111)-
If " aijr = 1, then treating all entries formally as joint cell probabilities
(without positivity constraints) we can simplify this formula expressing it in

terms of cumulants

Det A = k‘%23 + 4k19k13kas. (72)

We verify this directly by first expressing cumulants in moments using (4.14),
which yields

k1o = p1o— pipe
kiz = p13 — pips
kos = a3 — p2ps
k123 = 123 — p1flo3 — plopinz — pafii2 + 241 flopt3-
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Then we express moments in the entries of A using (4.23)

Ky = @ooo t Goo1 + @o1o0 + @o11 + @100 + @101 + @110 +ain =1
p1 = aipo + aio1 + @110 + @111
p2 = apio + ao11 + @110 + G111
W3 = apo1 + @o11 + aior + @i

Bi2 = ai1o0 + a1

H13 = aip1 + G111

t23 = ap11 +ain

H123 = Q111-

Now (7.2) can be easily verified.

7.1.2  The group action and M (T ,2)

In Section 6.2.3 we described the group that acts on the parameter space
by local sign switchings at each inner vertex. The group was generated by
local sign switchings at unlabeled vertices of 7. In this section we show that
the model M (T,2) is obtained as the (Euclidean) closure of the orbit of
the nonnegative part M (T,2) of M(T,2) (see Definition 5.53) under the
action of a group generated by local sign switchings at the leaves of T .

Theorem 7.3. Let T be a phylogenetic tree with the labeling set [m]. There
exists a group G, which is isomorphic to Z;’L_l, such that M (T ,2) is equal
to the G-orbit of the nonnegative part M (T ,2).

The operation of local sign switching introduced in Definition 6.27 gives
an automorphism on any g¢-fiber by Lemma 6.28. Local sign switching is a
crucial tool in the proof of Theorem 7.3.

Lemma 7.4. Let g € M(T,2), then there exists a point in the g-fiber such
that p. > 0 for all internal edges e.

Proof. Let w be a point in the g-fiber with edge correlations p.. We are
going to find another point w’ in the g-fiber that satisfies conditions of the
lemma. Let v be an internal vertex and u its parent. If p,, < 0, then act on
the parameter vector with the local sign switching d,, which switches signs
of all p,. for e incident with v. To construct w’, after rooting 7, we apply
this procedure recursively starting from children of the root and moving
toward the leaves. After each step, all the edges above v have nonnegative
correlations. Also by Lemma 6.28 the new parameter vector lies in the g¢-
fiber. O

Proof of Theorem 7.3. Let g be a distribution in M (7, 2) parameterized by
parameters w = ((Pywo), (pe)). By Lemma 7.4 we can assume that all edge
correlations for inner edges are nonnegative. By Theorem 6.10, the correla-
tions of ¢ satisfy (7.1). The set of terminal edges of T is naturally identified
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with the labeling set [m]. Denote by p1,..., pm the corresponding edge cor-
relations. Consider the sign-switching operators d; at all leaves i € [m]. The
set {01,...,0m} generates a multiplicative group G isomorphic to Z3".

The G-orbit of w contains w’ such that the image of w’ lies in M (T, 2).
Indeed, just act on w with g € G given as a product of all §; such that p; <0.
Since g was arbitrary, this shows that M (T, 2) can be described as a G-orbit
of M (T,2). However, if we define g = ¢g[]/~, d;, then the image of g - w
also lies in M4 (7). This shows that & - - - &, maps M (T,2) to itself and
therefore, in fact, M(T,2) can be described as a G-orbit of M (7,2). O

By Theorem 7.3, given a distribution ¢ in M (T, 2), we can always switch
labels of the observed variables to obtain another distribution ¢’ with non-
negative correlations between the leaves. For ¢, without loss of generality,
we can assume that all edge correlations in the parameter vector mapping
to it are nonnegative and thus ¢ € M (T,2). By Proposition 6.30, if
qd € M, (T,2), all parameters are identified uniquely. Moreover, to ob-
tain the corresponding parameter vector for ¢, we just need to adjust signs
of the edge correlations for terminal edges. We state this slightly informally
as follows.

Theorem 7.5. To understand the model M (T ,2) it is enough to understand
M (T,2).
The following result extends [Klaere and Liebscher, 2012, Theorem 6,

Proposition 11] and is a rephrased version of [Zwiernik and Smith, 2012,
Corollary 5.5].

Theorem 7.6. If g € M, (T,2), then the original parameters satisfy the
following formulas:

1. Leti,j,k be any three leaves separated in T by the root r. Then

1 kijr
0.(1) = ~[1—- —E—|.
2 ( v/ Det(pijr)
2. If u — i is a terminal edge and i, 7,k are separated by u in T, then
kijk — /Det(pijk)
2k,

0u(1]1) = g+ —aE Y Ctlpije)

i ST

91\u(1|0) = [+

(7.3)

3. If u = v is an inner edge and i, 7, k,l are leaves such that u separates
i,7, {k,1} and v separates {i,j}, k, | in T, then

kikije — kijki — ki~/Det(piji)

1
91) u 1 0 = — +
(110) = 5 2k;;/Det(pir) -
0u(11) = = + kakije — kijkin + kin/Det(piji) '
e TRV T R
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Proof. By Theorem 6.8 (and Remark 6.3), if leaves i, j, k are separated
by v, then
Pijk = Povv H Pes
e€ijﬁ
where ijk denotes the set of edges in the induced tree 7°({i,j, k}) spanned
over {i, j,k} (c.f. Definition 5.51). Moreover, p;; = [[.7; pe and hence

PijPikPik = H ,03-
e€ijk

Denote o; = /(1 — p;); then p;, = Ukﬂj’;k and p;; = Uk; Since all edge
1Yy K]
correlations are strictly positive and Det(p;j) = k2, + 4k;jkir ki, we have

ijk
1
v/ Detpije) = V2o +4 [ pe-
0,040k eeﬂ
B . _ 1—2p,
ecause Pyyy = \/ﬁ,
1 kiik 1 Povvv
S (e N

1 Mgk
2 Det (pijr) : > VAt PFu
Now the first formula follows by taking v = r and using the fact that 6,.(1) =
. For any edge u — v we have

Ho = (1 - NU)ev\u(l‘O) + Muevlu(”l) = evlu(l‘o) + fu (ev\u(”l) - ev\u(”o))'
Moreover, because Ky, = puy(1,1) — pu(1)py (1),

puv(la 1) puv(07 1) kv
Ou1(1]1) — 0,1, (1]0) = - — ’
N (VR () R Ry
and hence
ku'u
Op)u(1]0) = 1y — — O (1]1) = pry + B ftu- (7.5)

Now to prove formulas in (7.3) and (7.4) we proceed like in the first case. We
first use the parameterization in Theorem 6.8, then we show that everything
reduces to pi,— 1k—ﬁu Or by +Kuyw iy, when we use (7.5). We follow this procedure
to show the formula for 6;,,(1|0). We have

2
" k‘ijk — \/Det(pijk) n 000 Pijk — \/pijk + 4Pijpikpjk
i

ijk ! 00} ijk

— ot 000 Pvvv Heeﬂpe — 4+ p%m, Heempe _
! 00k 2He€j7kp‘3
o; 1
= i + ?Z(pmw -V 4+ p%vv) H Pe = Mi — Uiivpik =
e to (1 = pio)
. km’

/’Ll 1 _/Jaq)7
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which is equal to 6;),(1]0) by (7.5). The other formulas are proved in a similar
fashion. O

7.1.8 Model stratification

Every general Markov model M (T,2) on a semi-labeled tree 7 admits a
natural stratification. More precisely, we can stratify M, (7,2) into pieces
that are isomorphic to M (F,2), where F are semi-labeled subforests of
T (c.f. Definition 5.53). In this section we briefly discuss this construction.

Let ¢ € M (T,2) and let p;; for 1 < i < j < m be the corresponding
correlations. Define the equivalence relation on the labeling set [m] by i ~ j
if and only p;; # 0. To show that this is indeed equivalence relation, we first
note that ¢ ~ ¢, since p;; = 1, and if ¢ ~ j, then j ~ ¢. It remains to show that
the relation is transitive. This follows from the parameterization of M (T, 2)
given in Theorem 6.10 that either p;;, p;r, pji are all positive or at least two
of them vanish. Equivalently, if p;; # 0 and p;; # 0, then p;; # 0 and hence
this relation is transitive.

Every equivalence relation on [m] defines a set partition. Recall from Sec-
tion 5.3.3 that M (F,2) for a semi-labeled forest F is defined as a Cartesian
product of the latent graphical tree models M (T4, 2) where T4 are the tree
components of F. We have the following result.

Theorem 7.7. Let T be a semi-labeled tree. For every partition m € II(T),
denote by M, the set of all distributions ¢ € M (T ,2) that induce 7, that
is 1,7 lie in the same block of m if and only if p;j # 0. Then

M‘ﬂ' = M++(f7r7 2)v (76)
where F™ is defined by (5.5). Moreover,
M, (T.2)=M(T,2)\ |J M (F".2). (7.7)
m<[m]

Proof. Note that for every edge u — v we have det(,,) = 0 if and only
if puy = 0 and det(f,,) > 0 if and only if p,, > 0. By (7.1) we have
pij = [lecijpe for every i,j € [m] and so a distribution in M4 (7,2) lies
in My(T,2) if and only if p;; > 0 for all labeled vertices ¢, j. This also
implies (7.6) for 7 = 1. For general , note that the parameterization of the
underlying Markov process on F™ given by (5.9) implies that all subvectors
of X corresponding to connected components of F™ are independent. This
in turn implies that p;; = 0 in M (F7) if ¢, lie in two different blocks of
7. By definition of M 1 (F™,2), there are no other marginal independencies
and so (7.6) holds for every m € II(7T). The same reasoning implies (7.7). O

7.1.4 Phylogenetic invariants

The monomial parameterization of M (7T,2) given in Theorem 6.10 shows
that the Zariski closure V1 of this model, in the complex space of standard-
ized tree cumulants, forms a toric variety; see Definition 2.20. By Theorem
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2.22, the ideal defining V7 is generated by binomials. By Proposition 2.38,
the same ideal defines the real part of V7.

Theorem 7.8. Let T be a binary phylogenetic tree. Denote by ta the T*-
cumulants, where T* is a binary expansion of T ; see Definition 5.46. The

Zariski closure Vo of M (T,2) is defined by all binomials
trustrog — trurtrog for all nonempty I,I' C A, J,J" C B,
where A|B is a non-trivial tree split of [m] induced by T .

Proof. First note that the equations are formulated in terms of tree cu-
mulants instead of standardized tree cumulants. A tree cumulantts is equal
to the corresponding central tree cumulantt’y as long as |A| > 2; see Lemma
4.35. It follows that the standardized tree cumulants t4 satisfy

f ta
A= 7 =
[Lica voi

where o; = V&I‘(X,’). In particular, {]U.]{[/UJ/ —{IUJ/{]/UJ vanishes if and only
if trustrrus — trugtrog does.

Denote by V the toric variety defined by the equations in Theorem 7.8.
We first show that V- C V. Let u —v be an inner edge defining a non-trivial
tree split A|B such that leaves in A are closer to u than to v. By Theorem
6.10 we can rewrite

trus = oo (T O 2R T2, ),
Moreover, deg(u; TO(I U J)) = deg(u; T°(I U {v})) and deg(v; TO(I U J)) =
deg(v; T°(J U {u})). This already implies that all equations of Theorem 7.8
must hold and therefore V- C V.

Now we show that V' C V. We constrain ourselves to the subset U of V'
whose points have nonzero coordinates, which form a Zariski-open subset of
V. Because the toric variety V is irreducible, the Zariski closure of U is equal
to V and hence it is enough to show that U admits the same parameterization
as V1. For any internal edge e = u—v, let e, e1, e5 be the edges incident with
u and e, ez, eq be the edges incident with v. Consider any four non-empty
subsets Iy, Is, J1,J2 of [m] such that u separates I, I and J; U Jy and v
separates Iy U I, Jy and Js. Moreover, we assume that e is closer to I1, e
is closer to I5, e3 is closer to Ji, and ey is closer to Js. We first check that in

U the ratio B B
t[lUJltIQUJQ _ tllqutIQUJg

thuntnurn thuntnug,

does not depend on the choice of Iy, I5, J1, Jo. That is, for any other choice
of four nonempty sets I, I}, J1, J4 satisfying the conditions above, this ratio
will be the same. Indeed, for a tree split induced by e; equations of Theorem
7.8 give

L =truntnuntyuntyurn = thogtyon tnongtos, -
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Now for a tree split induced by es we further obtain

L =tnuntnuntyutnun,

which implies that

thuntnurn  tuatur
thunthun  tountinug

as claimed. This allows us to denote

L tIlqutI2UJ2
Pe = — "2
t11U12tJ1UJ2

Similarly, for any terminal edge e = v — ¢ we define

_ tyurtiipus
e G

which again in U does not depend on I,J as long as they are nonempty

subsets of [m] such that v separates i, I, and J. Finally7 for each inner vertex
v, if I, J, K are any three nonempty subsets of [m] separated by v, then we
define

. tIuJUK
pU'UU .
trustiurtiok

Now we show that with these definitions the parameterization in (6.15) holds.
We first prove it for A = {4,j} for some 7,5 € [m], in which case t;; = p;;.
For every vertex h on the path between i and j, pick a leaf k such that h
separates i, 7, and k. We label these leaves k1,...,k;. Then

_ \/pijpik1 \/,Oikz Pk, \/pikl Piky_1 \/pijpjkl _ H
1] — e - Pe-
Pjks Pik1 Pjks Piki 1Pk, Pik, —
ec)
Now our argument proceeds by induction. We prove it holds for {[m} assuming

it holds for all subsets of cardinality < m — 1. Take any non-trivial tree split
ABandlet i€ A, j € B. Thenin U

_ Haustaug)

tm) »

The rest follows by induction. O

A more popular approach to listing phylogenetic invariants for M (T, 2)
is by using tensor flattenings; see Definition 2.55.

Definition 7.9 (Edge flattenings). Let 7 be a phylogenetic tree and ¢ €
M(T,2). An edge flattening of ¢ is any (matrix) flattening of ¢ denoted
qa.B, where A|B is a tree split.
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The following theorem was proved by Allman and Rhodes [2008].

Theorem 7.10. Let T be a binary phylogenetic tree. The ideal describing the
Zariski closure of the model M (T,2) is generated by all 3 x 3 minors of all
edge flattenings of p = [p(x)] together with the trivial phylogenetic invariant

> rexp(z) — 1.

Remark 7.11. If T is a tripod tree, then there are no non-trivial polynomials
in the corresponding ideal because each edge flattening is a 2 x 4 matrix and
hence has no 3 x 3 minors.

One direction of the proof of Theorem 7.10 is simple and it follows by a
purely probabilistic argument. Each edge flattening pa.p can be considered
as a joint probability table of two vector-valued random variables X4 and
Xp. By the global Markov properties on 7 (c.f. Proposition 5.37) we know
that X4 1 Xp|X,, where X, is a binary hidden variable corresponding to
one of the vertices of the edge inducing the tree split A|B. This means that
pa;p has rank at most two and hence all 3 x 3 minors must vanish. Note that
this reasoning easily extends to the case when all random variables in the
system have k states. In this case all (k+ 1) x (k + 1) minors must vanish;
see also Section 7.2.4.

Instead of proving the other direction, we show that Theorem 7.10 is
equivalent to Theorem 7.8. The argument that we use also gives more insight
into the nature of tree cumulants. First consider a probability distribution
over {0,...,7} x {0,...,s}

Poo Po1r Po2 - Pos

Pio P11 P12 - Pis
pP= . .

Pro Pri1 Pr2 e DPrs

We now add all rows to the first row and all columns to the first column
obtaining the matrix of moments (c.f. Section 4.3.2)

I py1 pt2 o Pis
bPi+ P11 P12 - DPis
Pr+ Dri Pr2 -t Drs

This matrix has of course the same rank as p. We further perform elementary
operations to get rid of the first row by subtracting from the i-th column the
first column multiplied by p4;. Denoting v;; = pi; — Pi+DP+; and yio = Diy,
Yo; = P+ for i, > 0 we conclude that

1 0 o --- 0 o
Yio Y11 Yiz o Yis Y1 Y12 Yis
rank(p) =rank | . .| = 1+4rank | :
Yro  Yri Yr2 e Yrs Yr1 Yr2 o Yrs
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The only thing that allowed us for this reduction was that the sum of
all elements of p is 1. More generally, let p be a binary probability tensor.
Suppose that a flattening p4.p of a probability tensor p has rank < 2. Like
in Section 4.3.2, define

11
=i

and let M4 be the Kronecker product of |A| times M, then
HA;B = MAPA;B M]g

is the flattening of the moment tensor, which has the same rank as p4.p. Since
the left-top entry of p4.p5 is 1, then it is clear that using elementary row and
column operations we can make all non-diagonal entries in the first row and
the first column to be zero. This shows that for flattenings of distributions,
after a change of coordinates, rank constraints can be reduced by one. The
magic of tree cumulants is that we can do it consistently for a collection of
flattenings.

Denote by ta.p the corresponding flattening of the tree cumulants tensor
t. By IA; p denote the flattening t4.p with the first row and the first column
removed. Here, the first row corresponds to elements t; for J C B and the
first column corresponds to t; for I C A.

Proposition 7.12. Let T be a binary phylogenetic tree and let p be a prob-
ability distribution in M (T,2). If A|B € II(T), then rank(pa.p) < 2 if and
only if rank(ta.5) < 1.

Proof. First note that the flattening of the moment tensor pa,p =
MApA;BMg has the same rank as pa.,p. Let I C A, J C B. Then for each
m € II(T (I UJ)) there is at most one block containing elements from both
I and J. Otherwise, removing e would increase the number of blocks in =
by more than one, which is not possible. Denote this block by (I’.J’) where
I' C I, J CJ. Note that, by construction, either both I’,.J’ are empty sets
if # < A|Bin II(T(IUJ)) or both I', .J" # () otherwise. Equation (6.5) gives
the formula for moments in terms of tree cumulants. It can be rewritten as

Hrg = Z tr g H tc H te ] . (7.8)

TeIl(T(1J)) IDCen JOoCerm

Note that t; is the (I, J')-th entry of a block diagonal matrix with the
first 1 x 1 block 1 and the second block t. Denoting this matrix by 1 & t we

can further write
pry = Z Z wir (L&) vy
rcrycy

where

urrr = Z HtC and vyjrg = Z ch

reTI(T(I\I")) Cen rEM(T(J\J')) Cen
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Setting u;p = 0for I’ € I, v ; = 0for J' € J, we can write these coefficients
as elements of a lower triangular matrix U and an upper triangular matrix
V. By construction u;;y = 1 for all I € A and vy; = 1 for all J C B and
hence det U = det V' = 1. Therefore, 14,5 has the same rank as 1@t and one
less than t. O]

Proposition 7.12 shows that the condition that each edge flattening has
rank < 2 translates directly into all edge flattenings of t having rank < 1,
which is equivalent to vanishing all quadratic equations of Theorem 7.8.

7.2 Full semialgebraic description
7.2.1 The tripod tree model

Let T be the tripod tree in Figure 6.1 and M(T,2) be the corresponding
general Markov model. By Proposition 5.45, to describe the set of all proba-
bility distributions in this model it is enough to restrict to the subspace of the
parameter space for which all variables in the system are non-degenerate. In
this case we can work with standardized moments. Simple parameterization
of M(T,2) together with the constraints on {7 given in Lemma 6.6 can now
be used to obtain the full description of this model; see Zwiernik and Smith
[2011].
Consider the conditional covariances

]4?12|3 = COV(Xl,Xngg), k‘12|3 = COV(X1,X2|X3), k12‘3 = COV(Xl,XQ‘Xz;).

They are themselves two-state random variables and we write kyg3(x) for
the value of kip3 when X3 = x. Let p be the 2 x 2 x 2 probability tensor,
whose entries will be denoted by p;;i. For = 0,1 we have

k12\3($) =  DPilzP++z — Pi4+azP+1z =  P112P00z — P10zP0lx
kig2(x) = pieiPya+ —PlatPiel =  Ple1Poz0 — PizoPozt  (7.9)
kagji(x) = pe11Pet+ — PaitPet1 =  DPr11Pe00 — PeloPzol,

where + denotes summing over all values in a given index.

Lemma 7.13. The following formulas express conditional covariances in
terms of unconditional cumulants:

kig3(1) = k§k12 + k3k123 — k13kas

k123(0) = (1 — k3)?k12 — (1 — k3)ki23 — kiskas

ki32(1) = k3kis + kaki2s — kiakas (7.10)
k132(0) = (1 — k2)?k1z — (1 — ka2)k123 — ki2kas .
kasj1 (1) = kikos + k1kiog — k12kis

ka31(0) = (1 — k1)?kas — (1 — k1) k123 — ki2kis.

We have the following proposition.
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Proposition 7.14. Let T be the tripod tree and M (T ,2) be the correspond-
ing general Markov model. Let p be a 2 X 2 X 2 probability table for three
binary random wvariables (X1, X2, X3) with cumulants (central moments)
k12, k13, ka3, k123, and means p1, po, ps. Then p € M (T,2) if and only

if

k12 >0, kiz>0, ko3>0,
k >0, kygs(1) >0,
12|3( ) 12|3( ) (711)
k1312(0) >0,  ki32(1) >0,
k2311(0) >0,  kag1(1) > 0.

Proof. To show that the constraints are necessary, we write them in terms
of the parameters

k12 = p11+ — pr4+p+1+ = 0,(0)0,-(1) det(6y,.) det(fy),) >
ki3 = p141 — pro4p441 = 0,:(0)6:(1) det(6y),) det(6s),.) =
k23 = p111 = pr14p441 = 0r(0)6,(1) det(6a),.) det(05),.) =

because det 0;), > 0 in M (T ,2). Moreover
k1213(0) = 6,-(0)0,-(1) det(6y,.) det(0y),)03),-(1]1)83),-(1]0) > 0,
k1213(1) = 6,(0)0,-(1) det(61,.) det(0a,.)03),-(0[1)83),-(0]0) > 0
k132(0) = 0,.(0)0,.(1) det(6y,.) det(03),.) Oz (1]1)02).(1]0) > 0,
k1312(1) = 0,.(0)0,.(1) det(6y,) det(03),.) 02 (0]1)02},.(0]0) > 0
ka311(0) = 60,.(0)0,.(1) det(0y,.) det(Og),. )01 (1]1)03),.(1]0) > 0,
kg1 (1) = 0,.(0)0,(1) det(6y),.) det(0s),.)01.(0]1)05),.(0]0) > 0.

Now we show that the constraints are also sufficient. If k1o, k13, kogz > 0,
then necessarily

Det(p) = ki +4kiokizkes > 0.

We consider two cases. First consider the case when p is such that Det(p) = 0.
This implies that k123 = 0 and k12k13k23 = 0 and so one covariance vanishes.
Suppose that ki = 0. Now, since k193(1) > 0, by (7.10), —ki13ko3 > 0. This
implies that at least one more covariance vanishes, say ki = k13 = 0. We
can now set p1p, = 0, pprn = p222 (or equivalently pp = po) and pop = 1,
p3h = p23. With this choice of parameters, parameterization in (6.2) holds.
It remains to check that the given parameter vector lies in {27 ;4. The only
non-trivial check is for psp and psp. Constraints in Lemma 6.6 are satisfied
because pppn = p2o2z. In the second case, when Det(p) > 0, we first show that
necessarily all covariances are strictly positive. Indeed, suppose that k1o = 0.
Since Det(p) > 0, k123 # 0 and in particular k3 € (0,1). If kj23 > 0, then
by (7.10) we obtain contradiction with ki53(0) > 0 and if k123 < 0, then we
obtain contradiction with ky23(1) > 0. This shows that if Det(p) > 0 and p
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satisfies (7.11), then kis, k13, kez > 0. In this case we can directly compute
all parameters in the original parameterization of M (7 ,2) using Theorem
7.6. It remains to show that the following inequalities are satisfied for every
i=1,2,3and j <k e {1,2,3}\ {i}

1 k123
0o < (1-—=— 1
= 3 \/Det(p))
0 S . klggf Det(p) < 1
2k,
k v/Det
0 < MZ,_&_%G(M < 1
ik

The first equation is automatically satisfied when ki2k13ka3 > 0 and, because
k123 < /Det(p), the other two can be rewritten as

k‘123 — Det (p)

<
. 2hist (7.12)
k123 + \/ Det(p) .
——— < 1l-u,
2k,
Now note that km;,ﬁi ”_?et(p) is the unique negative root of quadratic equation
"

k‘jkl‘z — /ﬁggl‘ — kijkik =0

k123++/Det(p)
and T %ke

is its unique positive root. Since this quadratic polynomial
J
is negative at zero, (7.12) translates into

kii(1) = kju(—pi)?® — kios(—pi) — kijkie > 0
kigi(0) = kjp(l— ps)® — kros(1 — ) — kyjkae > 0.

O

The inequality formulation in Proposition 7.14 is far from unique and
many other formulations have been proposed; see Allman et al. [2014], Auvray
et al. [2006], Pear]l and Tarsi [1986], Settimi and Smith [1998], Zwiernik and
Smith [2011]. Here we used the formulation of [Klaere and Liebscher, 2012,
Theorem 7], which, we believe, is the most elegant one. This formulation
also links to the main results of Section 4.4. The approach of Allman et al.
[2014] is the most useful because it can be extended to general trees with any
number of states. We present this result in Section 7.2.4.

Consider again the constraints in Proposition 7.14. Note that by
]f12|3(0), k12‘3(1) > 0 it follows that

(1 — k3)k123(1) + k3ki23(0) = k3(1 — k3)k12 — k13kas > 0.
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By symmetry, this implies that mk” kit < kji, or after proper normal-
ization,

pijpik < pjr. forall 1 <j <k <3,

which gives a set of simple necessary inequalities. Comparing this with in-
equalities in Example 2.44 shows that M (7T, 2) constrained to correlations
is a subset of the space of phylogenetic oranges on a tripod tree. This is
of course true for any tree, which follows directly from how both sets are
parameterized. We will generalize this result for any phylogenetic tree and
exploit links to phylogenetic oranges later in Section 7.2.3.

7.2.2  Semialgebraic description of M (T,2)

If T is a tripod tree, then, as the previous section shows, the semialgebraic de-
scription of M | (T, 2) is relatively simple, and the model has full dimension in
the ambient probability simplex. The situation gets much more complicated
for the quartet tree. In this section, we provide the complete semialgebraic
description of M (T,2) for any phylogenetic tree T.

First note that, by Proposition 5.52, for any three leaves i, j, k of T the
corresponding marginal model over this triplet is a general Markov model on a
tripod tree. Therefore, for all triples i, j, k, inequalities like in Proposition 7.14
must hold. It turns out, however, that the model has additional constraints
that come from quartets.

Theorem 7.15. Let T be a phylogenetic tree with the labeling set [m].

Suppose p is a joint probability distribution on m binary variables. Then

p€ M. (T,2) if and only if the following conditions hold:

(C1) p satisfies the set of equations given in Theorem 7.8.

(C2) Foralll <i < j <k <m, the corresponding marginal distribution
Dijk satisfies constraints in Proposition 7.14.

(C3) For any distinct i,3,k,l € [m] such that there exists u—v € E(T) with

a property that w separates i, j and {k,l} and v separates {i,7}, k, and
l we have

kit — /Det(pirt) < kijk — +/Det(pijr)

2k - 2kij (713)
kijrk + /Det(pijr) < kiki + +/Det(pirt)
Qkij - 2k, ’

Proof. It is clear that (C1) and (C2) are necessary. By Theorem 7.6,
expressions in (7.4) need to be between 0 and 1, which gives (C3). Indeed,
the first expression in (7.4) gives

1 < itk — kijkin — ki~/Det(piji) < 1
2~ Zkij\/Det(pikl) -2
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which is equivalent to

ki — v/ Det(piri) < kiji — +/Det(piji) < kiki + +/Det(pixi)

2k - Qkij - 2k

If all correlations are positive, then the last inequality is void and thus can be
disregarded and we get the first inequality in (7.13). The second inequality
is obtained in the same way from the second expression in (7.4).

Now we show that (C1)—(C3) are sufficient. If p satisfies constraints in
(C1), then there exist, possibly in C, parameters 6,.(1) and 6,,,,(1]1), 8., (1]0)
such that p is parameterized as in (5.13). Constraints (C2) and (C3) assure
that these parameters lie in O .

Remark 7.16. Similar to the proof of Proposition 7.14, the constraints in (C3)
can be expressed in terms of relative positioning of roots of two quadratic
polynomials

kijl‘Q — kijkl' — kikkjk: =0 and kil{,EQ — k‘iklil} — kikkkl = O,

which we denote by z,,zg and yr, yr, respectively. Together with (C2) we
necessarily have

- < oy, < oz, < 0 < zp < yr < 1—ypy

7.2.8 Constraints on the second-order moments

Equation (7.1) suggests a link between M (T,2) and phylogenetic oranges
parameterized by (5.2). This further links this model to the space of tree
metrics.

The following proposition gives a set of simple constraints on probability
distribution in tree models. This may be particularly useful in practice since
it involves only computing pairwise margins of the data and it enables us to
check if a data point may come from a phylogenetic tree model.

Proposition 7.17. Let p € Ax be a probability distribution. If p €
M, (T,2) for some tree T with the labeling set [m], then

| ik kizkjk}
0 < min , < 1 7.14
{ kijkr kijkr (7.14)

for all (not necessarily distinct) 1,5, k,l € [m].

We now present a very important generalization of this result that links
the concept of phylogenetic oranges and general Markov models M (T, k) for
k > 2. For any two leaves 4, j € [m], the corresponding marginal distribution
pij € RF** comes from a latent tree model of the following simple tree

i vk v1 r(ij) uy ug i
0 04 404 O —0—--—0—>e
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The standard parameterization implies that
pij = 0o, 00 iy Aa8(0r (1)) Ous (i) - O

Here 0,, for every edge u — v is the stochastic matrix of the conditional
distribution of Y, given Y,. Note that 6, ;;), unless r(ij) is the root of T, is
not a parameter of the original model M (T, k) but only a function of the
parameter vector. We can write the marginal distributions of X; and X; as

diag(p;) = 0}, -+ 05, diag(0,(i5)),  diag(p;) = diag(0y(ij))0u,jr - Ojju, -

We now easily check that defining for all leaves 14, j

det Dij
Usj 1= . :
V/det(diag(p;)) det(diag(p;))

|uij| = H \/ ‘ det 0,,|u| (715)

u—vELJ

we obtain

For every stochastic matrix 6,, we have det 0,, € [~1,1] and this determi-
nant is equal to &1 only if 6, is a permutation matrix. This implies that
|ui;| € [0,1] and |u;j| = 1 only if X; and X are functionally related. More-
over, it shows that the space of all (Ju;;|) for a fixed semi-labeled tree 7 is
equal to the space £(T) defined in Section 5.1.4. In particular, Proposition
5.27 gives a set of simple equations that need to hold for M (T, k) for every
k. The following proposition was first formulated by Steel [1994]. The proof
follows immediately from the above considerations.

Proposition 7.18. Suppose that p € M(T,k) for k > 2; then, whenever
there is a T-split A/B of [m] such that i,j € A and k,l € B, we have

det p;i det P — det p;; det pjr = 0.

In the next section we provide a more complete set of inequalities for
M (T, k).

We conclude this section with two remarks.
Remark 7.19. For every three leaves i, 7,k € [m] we have u;;u;rujr > 0. It
will follow from Proposition 8.7, that the space of all u is equal to the set of
all correlations in the Gaussian latent tree model.
Remark 7.20. If det 6, > 0 for every u — v, which is a common assumption
in phylogenetics, u;; € (0,1] and so —logu,;; > 0 is well defined. By (7.15)
the collection of all d;; := —logu;; forms a tree metric.

7.2.4  Description of general M (T)

The problem in the case of general state spaces is that we do not have such
a nice parameterization as in the two-state case. In this section we present
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a more direct approach proposed by Allman et al. [2014]. In this approach
k > 2 and the model M (T, k) are as given in Definition 5.13 where we also
assume that (M1) and (M2) hold; see Section 5.2.1. The model, where the
parameters satisfy (M1), (M2), will be denoted by M(T,k). We describe
results on the tripod tree and the quartet tree and explain how we can obtain
the complete set of constraints for any binary phylogenetic tree.

In the beginning, 7 is assumed to be a tripod tree as in Figure 6.1. In this
case X = {0,...,k—1}% and 7 € R¥, M; € R¥** denote the root distribution
and the transition matrices for ¢ = 1,2, 3. Using the tensor notation of Section
4.3.1 the model is given by all tensors in RY given by

A principal minor of a matrix is the determinant of a submatrix chosen
with the same row and column indices, and the leading principal minor is
one of these where the chosen indices are {1,...,k} for any k.

Theorem 7.21 (Sylvester’s Theorem). Let A be an n x n real symmetric
matriz. Then

1. A is positive semidefinite if and only if, all leading principal minors of
A are nonnegative, and

2. A is positive definite, if and only if, all leading principal minors of A
are strictly positive.

For a k x k x k tensor and a vector v € R¥ we use the shortcut notation
vTx;p for (v, I, 1)-p, (I,0vT,I)-pand (I,I,v")-pfori=1,2,3, respectively.
The following result was first formulated by Allman et al. [2013].

Theorem 7.22. Let T be the tripod tree model and p a k X k X k probability
distribution. Then p lies in Mo(T, k) if and only if for alli =1,2,3

(i) (e] *; p)adj(x™ *; p)(ef *ip) — (e *; p)adj(x™ *; p)(e] *; p) = 0 for all
J,k=1,...,k. Here adj denotes the classical adjoint.

(ii) fi(p;x) is not identically zero as a polynomial in x.
(iii) det(17 x; p) # 0.
(iv) All leading principal minors of

det(17 %3 p) - (17 %1 p)T - adj(1" x5 p) - (17 %2 p)

are positive, and all principal minors of the following matrices are non-
negative:

det(1" x3p) - (ef 1 p)" -adj(1" #3p) - (1T %9 p) fori=1,...
det(1" x5 p) - (17 %1 p)" - adj(1" %3 p) - (¢f *ap) fori=1,... k,
det(17 %1 p) - (1T %5 p) - adj(1T %1 p) - (e] #3p) fori=1,...,k,

?

where e; are unit vectors in R¥.
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Similar to the two-state case, the main difficulty in obtaining the full
description for a general tree is to understand the constraints on the quartet
tree.

Proposition 7.23. Let T be the quartet tree 12|34, and p a k x k x k x k
probability distribution. Then p lies in Mo(T, k) if and only if

(i) 1x; p lies in Mo(T ({1,2,3,4} \ {i}, k) for every i =1,2,3,4.
(i) All (k+1) x (k+ 1) minors of the matriz flattening p12.34 vanish.
(iii) The following k* x k? is positive definite

det(p..1) det(p..4)prsiaa ((p2 (adj(p}.  )p% 1)) *s (adj(ptt )p4+.)) -

Here for compactness we denote by + summation over all indices in a
given dimension of p.

Using the above result and following the ideas of Allman et al. [2014], the
complete set of constraints can be given for any tree and any k. This set,
however, will be complicated. It seems necessary to provide a list of simple
necessary conditions that can be easily tested and that closely approximate

M(T k).

7.3 Examples, special trees, and submodels
7.8.1 The quartet tree model

We extend the numerical example given in Section 6.3.2 for the probability
distribution p provided in Table 6.1. By construction p lies in M (T, 2),
where 7 is a quartet tree, and we first verify that all the constraints in
Theorem 7.15 are satisfied. Consider again the Mathematica code given in
Section 6.3.1. To verify constraints in Theorem 7.15 it is more convenient to
work with tree cumulants that are not standardized. The quickest way to do
it is to replace rho[B] with cmu[B] in the definition of tree cumulants. So
putting everything together we have

<< Combinatorica‘
m=4;
Do[mu[A] = Sum[p[Union[A,B]], {B,
Subsets [Complement [Range [m] ,A]1}], {A, Subsets[Range[m]]}];
Do[cmu[A] = Simplify[Sum[(-1)~(Length[A]l-Length[B])*mu[B]*
Product [mu[{i}],{i,Complement[A,B]1}], {B, Subsets[A]}]],
{A, Subsets[Range[m]]l}];
intparts=Function[A,Pick[SetPartitions[A],
Map [OrderedQ, Map[Flatten, SetPartitions[A]]]]1];
Do[k[A] = Simplify[Sum[(-1) " (Length[pal-1)*Product[cmu[B],
{B,pa}], {pa, intparts[A]}]], {A, Subsets[Range[m]]}];
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In this way, for the given distribution p, we obtain

=L ¢, =31 = 29 T
1710 27 50 3750 T

ty = fy = 2 fy = 2 g =
127 195 137 195 47 195 27 625

o w21 12 (12
27 625 37 625 1237 73195 1247 73195

A 32 48

1347 73195 31T T 15625 12347 78125

where the tree cumulants up to order three are equal to the corresponding
cumulants and so we use interchangeably letter k and t. Recall also that
k1, ko, ks, k4 are equal to the means i1, o, ps, pa. To verify (C1), check among
others that

2 8 2 8

195 625 125 625
12 8 48 2

“3125) " 3125) " w125 125 ¢
and other invariants can be checked in the same way. We now verify that

(C2) holds for the triple {1, 2,3}. This follows because all covariances k;; are
positive and the conditional covariances satisfy

tiztog — tiatog =

t1o3tiss — ti2satis = (

651 551
k123(1) = 73125 k1213(0) = 73125

21 21
ki32(1) = 5250 k1312(0) = 5250

48 28
ko3 (1) = 5625 ko31(0) = 15625

and hence they are also positive. To verify (C3), compute

4
v/ Det(pi23) = v/Det(pi34) = 625

Now

ki23 — /Det(pras) 4 k123 + +/Det(praz) 1

2k12 25 2k12 25
ki34 — /Det(piza) T kiga + /Det(piza) 3
2k14 25 2k14 25

and hence (7.13) holds. Note that the fact that

b 2 b /Deilp) 4
. 4

S50 2k19 25
ki23 + /Det(paz) 1 1k 21
k1o T o5 = 3750

© 2016by Taylor & FrancisGroup,LLC



180 THE GLOBAL GEOMETRY

follows already from (C2); see (7.12).
Suppose that we do not know the original parameters that mapped to p.
We can easily identify those using Theorem 7.6. We have

1 kiik 8
0,(1)==(1- —L—1)=—,
=3t \/Det(pijk)) 10

which is equal to the true value of 6,.(1) given in Section 6.3.2. To find the
values for 6;),.(1|1) and 6,},,(1/0) we compute

k123 — \/Det(piaz) 3

k pu—
L ks 10
1 k123 + 1/ Det(plzg) _ 8
1+ = —.
2kos 10

The value of 6,,(1]7) is verified in the same way.

Table 7.1 Moments, central moments, and tree cumulants for a probability assign-
ment that does not lie in M(T,2).

. A=A(x) plx) pa [a ta
0000 0 | 1 1

5
OOO 1 4 510003030 ;gg O ;gg
0010 3 dess 137 0 280

)

0011 34 S22o.  leo e, Bee.
0100 2 o 5 0 50
o101 24 ZEE 2% G
o110 23 AL X5 52 g%
0111 234 s ey Bl e
1000 1 B 0 1
1001 14 ZEn % s 525
1010 13 Zon e s 525
1011 134 g0 s e 2
1100 12 ol ES s 5
1101 124 50000 35000 15625 15098
1110 123 5408(;)050 2750()6010 - 1;225 - 1;835
1111 1234 9229 9229 3652 1296

50000 50000 1953125 1953125

Consider now another probability distribution given in Table 7.1. We
check as before that all constraints in (C1) hold, so for example
18 72 18 72

tatoy — ity = —— - —— . 2
13724 AR T 605 13125 625 3125

108 ) ( 216 ) 1296 18 _ 0
15625 78125

t123t134 — t123at13 = ( ~ 1953125 625
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Tt turns out that conditions (C2) also hold for any triple of leaves but still p
does not lie in M1 (T, 2) because (C3) fails to hold. Now, as expected, The-
orem 7.6 gives valid values for all parameters apart from the ones associated
to the inner edge. Equations in (7.4) become

1 + K1aki123 — k12k134 — k141/Det(p123) _ L
2 2k12+/Det(p134) 10
1 n kiaki23 — k12k134 + k14+/Det(pi23) _ 8
2 2k12 Det(p134) 10

In particular, 6,,(1/0) is equal to —15 and hence this parameter cannot

represent a conditional probability.

7.3.2  Two-state Neyman model

In phylogenetics, general Markov models are used to identify a tree underly-
ing the observed data. As we will see later, the tree topology can be uniquely
identified from the pairwise marginal distributions, that is, marginal distri-
butions over all pairs of observed variables. This motivates the analysis of a
special symmetric model of M (T,2), which we now introduce.

Let 7 be a phylogenetic tree. Suppose that we constrain the parameters
in ©7 so that 0, (1]1) = 1 —0,,(1|0) for each u — v. Denote a, = 0y, (1|1).
Then each transition matrix is of the form

Qy 1—a, 1

1—a, a, for some a, € [5, 1].
In particular, it is doubly stochastic, that is, both the row and the column
sums are 1. Often in this context it is also assumed that the root distri-
bution is [1/2,1/2]. So constrained model is called the symmetric two-state
general Markov model and denoted by JN(T) (for Jerzy Neyman, who first
introduced this model; see Neyman [1971]).

1

The root distribution (%, 5) is the stationary distribution for any doubly

stochastic matrix because

A T S B

2'2| [ l-ay ay o [272)°
This implies that, if 6,(1) = u, = 1/2, then p, = 1/2 for all v € V(T).
In the moment parameters this means that p,,, = 0 for all v € V(T) and,
by Lemma 6.6, the edge correlations p. can freely take values in [—1,1]. By

Theorem 6.10, the model JN(7) lies in the subspace of the space of all
T-cumulants given by two sets of constraints:

1 _
Hi=g for i € [m] and t4 =0 forall |[A]>3.

In this space the coordinates are given by correlations t;; = p;; that are
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parameterized via p;; = HeeTj pe- Applying Lemma 6.6 we see that the pa-
rameter space for this model is a subset of Q27 given by py, = 0 for all inner
vertices and 0 < p,, < 1. The model is exactly the space of phylogenetic
oranges for T (c.f. (5.2)), which we denoted by E(T). If T is the tripod tree,
the model is described in Example 2.48 and depicted in Figure 2.3.

7.3.3  Submodularity on trees

Let T = (T, ¢) be a semi-labeled tree. In this section we show that all distri-
butions in M (T, 2) are log-supermodular; see Definition 4.49. Establishing
this fact is relatively simple and amounts to showing two basic results: first,
that all distributions in N 1 (7, 2) (in the fully observed Markov process on T')
are log-supermodular, and then that log-supermodularity is preserved under
taking margins. This result was first stated by Steel and Faller [2009].

Proposition 7.24. Let T be a semi-labeled tree. If p € M (T ,2), then p is
log-supermodular, that is, pypy < PavyPzay for all z,y € {0,1}™, where x Ay
and x V y denote the coordinatewise minimum and maximum, respectively.

Proof. By definition, p is obtained as a marginal distribution of ¢ over
the labeled vertices of 7, where ¢ is parameterized as in (5.7) by

Gz = 0, () H O (o] 20) for all = € {0, 1}V(T)

U—v

where for every v — v the determinant of the matrix 6,,, is nonnegative. By
Theorem 4.56 it is enough to show that ¢ is log-supermodular. To compare
L = qzqy and R = qzvyGzny We proceed term by term. First note that in L we
have 0,.(x,)0,-(y,), which is equal to 6,.(x, Vy,.)0,(x-Ay,) in R. Now for every
u — v in L we have 0v|u(xv|xu)6v|u(yv|yu) and 9v|u(zv V Yy [Ty \/yu)ovm(xv A
Yp|Tu A yu) in R. If either z, = y, or x, = y,, then we have an equality.
Similarly, if either z, = z, or y, = y,, then we have an equality. Now we
have two remaining cases to consider, when z, = 1,2, = 0,y, = 0,y, = 1
and z, = 0,2, = 1,9y, = 1,4, = 0. However, in this case

follows from the fact that the determinant of the matrix 6, is nonnegative.
In particular, ¢ is log-supermodular. O

A general log-supermodular probability distribution over {0, 1}™ does not
come from a tree model, because it needs to satisfy some additional equations
and potentially also some further inequalities. However, if 7 is the tripod
tree, then M (T ,2) are precisely the log-supermodular distributions over
{0, 1}2. Recall from Example 4.51 that these are the probability distributions
satisfying

PoooP111 = Poo1P110 PoooP111 = Po1oP101 PoooP111 = P100P011
P0o01P111 = Po11P101 Po10P111 = P011P110 pioopPii1 > PioiPiio  (7.16)
P000P011 = P001P010 P0o00P101 = P001P100 P0o00P110 = P010P100-
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Theorem 7.25. Let T be a tripod tree. A probability distribution p lies in
M (T,2) if and only if it satisfies (7.16).

Proof. Proposition 7.24 shows that (7.16) are necessary. To show that
they are sufficient it is now enough to show that they imply constraints of
Proposition 7.14. First we note that, by (7.9), the last six constraints above
are exactly the last six constraints in (7.11). Hence it is enough to show that
k12 > 0, k13 > 0, kag > 0 is implied by (7.16). By symmetry it is enough to
show the first. We have

k12 = k123(0) + K12)3(1) + (pooop111 + P110Poo1 — P1ooPo11 — PotoPio)- (7.17)

We show that the expression in parentheses is nonnegative for p € M (T ,2).
We write this expression as R = fog + f11 — for — fi0, where

foo = pooop111,  for = poroPro1, fio = PiooPoi1,  fi1 = P110Poo1-

Note that, by (7.16), we have foo > max{fo1, fio}. This implies R > 0 if
either p;;, = 0 for some 4, j, k, or if fi1 > min{ fo1, fio}. Thus, we assume that
fij > 0 and f1; < min{fo1, fio}. The supermodular inequalities po1op100 <
PoooP110 and p1o1po1r < Pr11Poo1 imply

Jo1fio = Ppoiopio1P100Po11 < PooopiiiPiioPoor = foof11-
Hence [f;;] is supermodular itself. As a consequence, we have
fo oMy (fn_l)fog
foo Jot fo1 foo
where the second inequality holds since fi11 < fo1 < foo-
After multiplying both sides by foo we obtain

fio = foo < fi11 — fou

or equivalently R > 0. It follows that k12 > 0 and, by symmetry, that k;; > 0
forall 1 <i<j<3. O

It is instructive to look at a 3-dimensional picture of our 7-dimensional
model M (T,2) of the tripod tree. We consider the slice given by

Pooo  Poor| _ |T Y and Pioo Pior| _ |W 2
Poio Po11 zw P10 P11 y T
Under this specialization, the hyperdeterminant factors as

Det(p) = (z+y+z+w)(z+y—z—w)(z—y+z—w)(x—y—z+w). (7.18)

Consider the tetrahedron {(z,y,z,w) € Ryy : z+y+z+w =1/2}. Fixing
the signs of the last three factors in (7.18) divides the tetrahedron into four
bipyramids and four smaller tetrahedra. Inside our slice, the four cells occupy
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the bipyramids. Each cell is precisely the toric cube in Figure 2.3, its convex
hull is the bipyramid, and it contains six of the nine edges. The whole slice
is depicted in Figure 2.5. Any two of the cells meet in a line segment such as
{z+y—z—w=2—y+2z—w =0, z—y—2z+w > 0}. The algebraic boundary
of each cell consists of the same three quadrics {zy = zw}, {zz = yw} and
{zw = yz}. Neither the three planes in (7.18) nor the four facet planes of the
tetrahedron are in the algebraic boundary.

The fact that the slice described above is isomorphic to the simplest toric
cube depicted in Figure 2.5 is not a coincidence. Indeed, this slice corresponds
to the two-state Neyman model on the tripod tree, and we observed in Section
7.3.2 that this corresponds to the space of phylogenetic oranges, that form
toric cubes.

7.3.4 The mixture model

In this section we study the model M (T ), where T is a star tree; the inner
vertex represents a binary random variable that is not observed but the leaves
have arbitrary number of states. In machine learning these type of models
are often referred to as naive Bayes models. We denote these models by My,
where X = [[", X; and X; = {0,...,k;}. The observed variables in the
system are X1,...,X,, and the hidden binary variable is denoted by H.

The parameters of the model are conditional probability matrices M; €
R2*(ki+1) representing the conditional distribution of X; given the binary
latent variable H. The first row of M; is denoted by a; = [aij] and the second
row by b; = [b;;]. The joint distributions p = [p,] € My are parameterized
by

pe = (1—m) Ham —|—7er1-:,31. for all x = (21,...,xm) € X, (7.19)
i=1 i=1

where 7 € [0,1] and a;,b; € Ay, for all i = 1,...,m. By our identification
Ay ~ RPZ, (see Lemma 2.37) this model corresponds exactly to the mixture
model discussed in Section 2.4.

We say that a probability distribution p € Ay has flattening rank < 2
if for any split A|B of {1,...,m} the resulting matrix flattening pa.p (c.f.
Section 4.3.1) has rank < 2. In this section we discuss a general class of
models where log-supermodularity together with flattening conditions gives
the complete description.

Definition 7.26. The nonnegative part M; of My is the image in Ay of
the parameterization in (7.19) constrained to parameters such that all 2 x 2
minors of all M; are nonnegative.

Note that if X = {0,1}", then the above definition corresponds to the
regular definition of the nonnegative part of the model M(T,2), where T is
a star graph. It turns out that the description of all probability distributions
in M } is extremely simple.
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Theorem 7.27. A probability distribution p € Ax lies in MY if and only
if p is log-supermodular and it has flattening rank < 2.

This result follows from Theorem 1.1 in Allman et al. [2015], which gives
a full semialgebraic description of all tensors in R of nonnegative rank < 2,
that is, all tensors u that can be written as a sum of two nonnegative tensors
of rank 1

U = 61 Qam+01 @ @by, aiabiERgb'

The reason why these two descriptions are equivalent is that the set of all
tensors in R¥ of nonnegative rank < 2 is a cone over M }, which follows
from the following lemma.

Lemma 7.28. Let u € RY. Then u has nonnegative rank < 2 if and only if
U/ e Us lies in M.

Proof. Let A = (1%7ay)---(1%Ta,,) and B = (17;)--- (17b,,). The sum
of elements of u is

u, = a%,...1")u = A+B.
zeX

Therefore

v A < ay >® ®< U >+
ou, A+B\17q 17a,,

B(bl>®®(bm)
A+ B \17p, 17s,, )’

where by construction a;/(17a;) and b;/(178;) lie in Ay,. We now compare
this with (7.19) to conclude that u/ Y., u, lies in M7. The opposite di-
rection is straightforward. O

Similar to general Markov models, to get the full description of M y, it
is enough to describe its nonnegative part and the nonnegative part forms a
fundamental domain of the action of a group described as follows. Let Sy,
be the symmetric group on X; and denote Sy = H:’;l Sx,. The group Sy
acts on the state space X by permutation « — o(x). This action induces the
action on the parameter space, so that Sy, permutes columns of M;, and on
the model M y so that p(z) is mapped by o € Sx to p(o(x)).

Proposition 7.29. The model My is a Sxy-orbit of its nonnegative part
M. Moreover, My consists of (ki +1)!--- (ky, +1)!/2 cells that are copies
of M;

Proof. By Theorem 7.27, it suffices to check that the only non-trivial

o = (0;) € Sy such that it maps log-supermodular distributions to log-
supermodular distributions is such that each o; maps j to k;—j for j € ;. O
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We now describe the algebraic boundary of this model, which follows from
[Allman et al., 2015, Theorem 1.2].

Theorem 7.30. The algebraic boundary of My has Y.~ (ki +1) irreducible
components, given by slices having rank < 1. The algebraic boundary of M;
has the same irreducible components plus Z;’;l (k”'l

5 ) additional components
given by linearly dependent double slices.

A double slice is linearly dependent if its two slices are identical up to a
multiplicative scalar. In this situation, one X; is marginally independent of
the other variables in the system. In the second component count of Theorem
7.30 we exclude the special case 2 x 2 x 2 because the “further components”
fail to be hypersurfaces.

7.4 Inequalities and estimation

In this section we show how our understanding of the geometry of the model
M (T) gives an insight into potential estimation problems. For simplicity we
focus on the case where all variables in the system are binary.

Let X be a random vector with values in X = {0,1}™. Suppose that a
random sample of size n was observed. We summarize the data in the tensor
of sample proportions p. Recall from Section 3.3.1 that the multinomial log-
likelihood is a function £ : Ay — R defined for a fixed tensor p € Ay by

Up;p) = nlogp,p) = nY_ pslogp..
TeEX

In view of Section 3.3.3, the likelihood for the model M (7)) can be defined
as the multinomial likelihood above constrained to tensors in M(7T) C Ay.
Therefore, we are interested in the following optimization problem

for given p  maximize {(p;p) s.t.p € M(T,2). (7.20)

By Proposition 3.35 the maximum likelihood estimator in the parameter
space of the model is given by any point of the ¢-fiber, where ¢ is the maxi-
mizer of (7.20).

In some applications, especially in phylogenetics, we replace M (T, 2) with
M (T,2). However, by Theorem 7.3, M (T,2) can be obtained as a (Z3)™-
orbit of M (T,2) and the multinomial likelihood function is invariant with
respect to the action of (Z2)™, namely ¢(g-p; g-p) = ¢(p; p) for all g € (Z2)™.
This also implies that ¢(g-p; p) = £(p; g-P). So, even if our primary interest is
in M(T,2), instead of optimizing the log-likelihood over M (T, 2) we can run
several optimization queries over M (T, 2), one for each element of (Z5)™.

In the ideal situation, the likelihood function has a unique maximum.
However, for the model M(T) it will never happen. Even if we find the
global maximum of (7.20), the corresponding ¢-fiber, and hence the set of
all points in the parameter space giving the same likelihood value, always
has more than one element. A straightforward way around this is to take a
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quotient with respect to the sign switching group given in Definition 6.27.
This can be done by assuming that the determinant of each transition matrix
in the model is nonnegative. By Proposition 6.30, at least generically, the
parameterization of the model becomes one-to-one.

Figure 7.1 The multinomial likelihood and a submodel of the saturated model given
by four disjoint regions.

Much more serious problems are related directly with the complicated
structure of the maximization problem (7.20). The multinomial likelihood
function constrained to M (T, 2) will typically have many local optima. One
reason is that the model consists of several regions that touch only along lower
dimensional faces; see Figure 7.1. Another reason is that each of these regions
is not convex itself. This, in turn, can make estimation schemes unstable,
which was observed in many applied analyzes of these models (see, e.g., Chor
et al. [2000]).

Probably the biggest problem with latent tree models is that the max-
ima of the constrained likelihood function will often lie on the boundary of
the parameter space. Moreover, these boundary points always correspond to
some degenerate cases where the usual interpretation of the hidden process
breaks down. This problem becomes especially serious if either the model is
misspecified or correlations between the observed variables are weak, which
was observed by Wang and Zhang [2006].

To illustrate all these issues, we focus on the simplest case of the tripod
tree model, whose complete description was given in Proposition 7.14 and
Theorem 7.25. The model has full dimension in the ambient probability sim-
plex and Figure 2.5 shows a slice of this 7-dimensional object. This slice is
a bit misleading because it suggests that the model fills a large proportion
of the ambient probability simplex. To get a better idea about this model
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Figure 7.2 The space of all possible correlations pi2, pi3, p2s for the tripod tree
model.

we draw several slices. Each slice assumes iy = pg = pg = 1/2 and is de-
picted in the space given by correlations for a fixed value of the third-order
standardized moment pi23 € {0,0.005,0.02}; see Figure 7.2. Simple Monte
Carlo simulations show that the volume of the model accounts for only 8%
of the ambient probability simplex. This means that typically the sample
proportions end up outside of the model even if the true data generating
distribution lies in the tripod tree model.

Let p be the sample proportions for some observed data on the tripod
tree model. We have three possible scenarios:

(i) p € M(T,2) and then ¢(p;p) is unimodal.

(ii) p ¢ M(T,2) and ¢(p;p) is multimodal but there exists only one global
maximum.

(iii) p ¢ M(T,2) and £(p;p) has multiple global maxima.
Although the situation in (iii), generically never happens, it raises an in-
teresting question related to the model identifiability. For every data point
satisfying (iii) we are not able to identify the parameters using the maxi-
mum likelihood estimation even if we take into account the label switching
problem.

From the numerical point of view, the situation in (ii) and (iii) may de-
scribe equally bad scenarios since in both cases the algorithms become un-
stable. If the true data-generating distribution lies only approximately in
M (T,2), then this happens even for arbitrary large sample sizes.

We illustrate this with a simple simulation. Suppose that a sample of size
10,000 has been observed

U0 Uio1 } B [ 2069 16 | 2242 331

Upoo U001
[ w0 win | | 2678 863 | 442 1359]' (7.21)

Uo10 U011

By direct computations we check that the sample proportions obtained from
this table satisfy only some of the defining constraints and hence p does not
lie in the tripod tree model. The corresponding maximum likelihood esti-
mator will lie on the boundary of the parameter space. The most popular
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way of estimating this model class is the EM algorithm presented in Section
3.3.4. The algorithm starts from an arbitrary point in the parameter space
and moves around it at each step strictly increasing the likelihood function.
We perform the following simulation. At each iteration, sample uniformly
from ©7 = [0,1]7 the starting parameters for the EM algorithm (see Algo-
rithm 3.41) and record the corresponding EM estimate. For 100 iterations
the procedure found six different isolated maxima given in Table 7.2.

Table 7.2: Results of the EM algorithm for data in (7.21).

R R Rt
1 0.466 0.337 0.552 1.000 0.000 0.416 0.074
2 0.534 0.552 0.337 0.000 1.000 0.074 0.416
3 0.257 0.361 0.658 0.420 0.865 0.000 1.000
4 0.743 0.658 0.361 0.865 0.420 1.000 0.000
5 0.437 0.000 1.000 0.629 0.412 0.156 0.386
6 0.563 1.000 0.000 0.412 0.629 0.386 0.156

Up to label switching on the inner vertex, these are three distinct max-
imizers of the log-likelihood function ¢(0;p) corresponding to rows 2,4, 6.
The value of the log-likelihood function is equal to —18,281 and —18,387 and
—18,881, respectively so the first point seems to be the global maximizer.
All points correspond to somewhat degenerate tripod tree models where one
of the observed variables is functionally related to the hidden variable. For
example, the first point lies on the submodel given by X; L X3|Xs. In con-
junction with Corollary 6.24 we also can theoretically construct data for
which the likelihood function £(6;p) is maximized over an infinite number
of points. This, for example, holds for any data such that the constrained
multinomial likelihood is maximized over a point such that pg;; = Ap1;; for
some \ and each ¢,7 = 0, 1. In this case p12 = p13 = 0 and the MLEs form a
set of a positive dimension by Corollary 6.24.

Finally, in situation (ii), even if we are able to identify the global maxi-
mum, often we will encounter a further complication, where another distant
parameter gives a similar likelihood value. In this case the maximum likeli-
hood estimate is meaningless.

7.5 Bibliographical notes

Various earlier papers listed some necessary constraints on general Markov
models in the binary case; see Pearl and Tarsi [1986] and Steel and Faller
[2009]. Under some special symmetric assumptions and in the case when
k = 4, Matsen [2009] gave a set of some necessary inequalities using the
Fourier transformation of the raw probabilities. The semialgebraic descrip-
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tion we obtain here also has an elegant mathematical structure. The basic
idea was given by Cavender [1997] who linked the correlation system on tree
models to tree metrics. The hyperdeterminant was first applied to the anal-
ysis of the semialgebraic structure of tensors of positive rank in de Silva
and Lim [2008]. A more detailed discussion of the cumulant representation
of this polynomial function is given in Sturmfels and Zwiernik [2012]. Log-
supermodularity constraints are interesting for its own sake. In statistics they
are typically referred to as MTPy (multivariate positivity of order two); see,
for example, Bartolucci and Forcina [2000] and references therein. The two-
state Neyman model is studied from an algebraic point of view by Tuffley and
Steel [1997]. The discussion of the naive Bayes model is taken from Allman
et al. [2015]. A different perspective on the study of mixture models is given
in Montufar [2013]. The tree metric structure given in Remark 7.20 was in-
dependently discovered by Chang and Hartigan [1991], Steel [1994] and then
further studied by Lake [1994], Lockhart et al. [1994].

In this book we focus on the general Markov model because we are in-
terested in applications outside of phylogenetics, where specific submodels
considered in biology may not make sense. In particular, we omitted a whole
series of beautiful results on the geometry of group-based models. For more
on this topic, see Draisma and Kuttler [2009], Eriksson et al. [2005], Evans
and Speed [1993], Matsen [2009], Sturmfels and Sullivant [2005]. In the end
we note that very little is known about models M (7) where the state spaces
differ across vertices. Some basic results are provided by Zhang [2003/04].
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Chapter 8

Gaussian latent tree models

[

In this chapter we extent our analysis of discrete models on trees to latent
Gaussian tree models. It turns out that this model has all the basic features
of other models introduced earlier.

8.1 Gaussian models

Denote by PD,,, the set of symmetric m xm matrices that are positive definite.
We say that a random vector Y with values y in R™ has multivariate Gaussian
distribution with the mean parameter ;o € R™ and the covariance matriz
¥ € PD,,, which we denote by Y ~ N(u, ), if it has density with respect
to the Lebesgue measure on R™ of the form:

fuxly) = (%)%/Q(det =)~ exp(—%(y —w)"ET y — ).

The inverse of the covariance matrix 3 is denoted by K and called the concen-
tration matriz. In this section, for simplicity, we assume that g = 0. In this
case a Gaussian model can be uniquely identified with a subset of PD,,,. By
the following proposition, conditional independence statements for Gaussian
models translate directly to minor constraints on the covariance matrix.

Proposition 8.1 (Proposition 3.1.13, Drton et al. [2009]). The conditional
independence statement Ya LLYp|Ye holds for a multivariate Gaussian ran-
dom vector Y ~ N(u,X) if and only if the submatric £ auc,puc has rank at
most |C|.

Given n independent observations Y', ..., Y™ of a Gaussian vector
Y ~ N(0,X), we construct the sample covariance matriz S = 1 31" | yiyi',
which by construction is always positive semidefinite and it is positive defi-
nite with probability 1 as long as n > m, which we always assume here. The
log-likelihood function in the Gaussian case is a function on PD,, defined in
terms of concentration matrices by

UK;S) = %logdetK—%T‘r(SK). (8.1)

Proposition 8.2. The Gaussian likelihood defined in (8.1) is strictly con-
cave over the whole cone PD,,. Its unique maximum, if it exists, is given by
K* =571 and thus ¥* = S.

191
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Proof. Because tr(SK) is a linear function of K, the first part of the
above result follows by showing that logdet K is strictly concave over PD,,.
This result is well known (see, e.g., [Boyd and Vandenberghe, 2004, Section
3.1.5]). The second statement follows directly by evaluating the derivatives
at zero. O

8.2 (Gaussian tree models and Chow—Liu algorithm

Let Y = (Y,)vev be a random vector whose components are indexed by the
vertices of an undirected tree T' = (V, E). Denote by N(T') the Gaussian tree
model for Y induced by T'. The model N(T') is the collection of all multivari-
ate Gaussian distributions on RV under which Y; and Y; are conditionally
independent given a subvector Yo whenever the set C C V' \ {i,j} contains
a vertex on ij. Suppose that k € ij. Then Y; 1L Y;|Y) and by Proposition 8.1
0j0kk = 0:104%. Bquivalently

Pij =  PikPjk,

where p;; := 0;;/,/0::0;; is the correlation between X, and X;. Using this
argument recursively implies that a normal distribution belongs to N(T") if
and only if

Pij = H Pes (82)
e€ij
where p, == pg; fore=k -1l € E.
The model N (T) is equivalently given by linear restrictions on K:

K;; =0 whenever i # j and there is no edge between ¢ and j in 7"

Denote by N ~!(T) the space of all concentration matrices corresponding to
covariance matrices in N (T'). Let E;; be an V]| x |V| matrix with 1 on the
(i, 7)-th entry and zeros otherwise. Every concentration matrix in N~ (T) is
of the form

Ky = Z Oii Eii + Z 0ij(Eij + Eji),

ieV i—jeE

where 6 = (0;;,0;;) are real parameters such that Ky is positive definite.
We are going to use this parametric representation in the analysis of the
likelihood function.

The fact that the set of concentration matrices in IN(T) forms a linear
subset of PD)y| implies that the likelihood function

(0) = logdet Ky —tr(SKy) (8.3)
is a strictly concave function. This follows from Proposition 8.2 and the fact

that a strictly concave function constrained to a linear subspace remains
strictly concave.
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Proposition 8.3. The mazimum likelihood estimate over the model N (T)
is given by the unique matriz K := K such that

~

(.[?_1)7;1' = Sii7 (K_l)ij = Sij fOT’ all 1€ ‘/, Z—] c F.

Proof. Denote 0;; := 3977, then
9::(0) = Etr(KglEii) - gtr(SE“-), (8.4)
0ii(0) = Str(K5" (Biy + Ej)) = 5tx(S(Eyy + Ejo)), (8.5)
which vanishes only if (K, ');; = S;; and (K, ');; = Sy O

Corollary 8.4. If K is a critical point of the likelihood function over N(T),
then tr(SK) = |V]|.

Proof. If the partial derivatives in (8.4) vanish, then in particular

D 050:il(0) + > 0:;0:;(6)

eV i—jel

Using linearity of the trace, we conclude that tr(SK;) = tr(KeflKé) and the
latter is equal to |V]. O

The main aim of the remainder of this section is to show that the Chow—
Liu algorithm presented in Section 5.2.3 for discrete variables has a straight-
forward generalization to Gaussian tree models. Suppose that we observe
sample covariance matrix S € PDjy| and we want to find the tree 7" with
vertices in V that yields the largest value of the maximum likelihood func-
tion over IN(T). In the corresponding maximum of (8.3), by Corollary 8.4,
the trace term does not depend on 7" and hence to find the best tree it suffices
to pick the one that yields the largest value of logdet K.

Lemma 8.5. For every N(T') we have

log det K = — Zlog Sii — Z log(1 — ﬁ?j)’
i€V i—jEE

where p;; == S;;/+/5uS;; are the sample correlations.
Proof. By [Lauritzen, 1996, Proposition 5.9,

v Hiey (nSi) 0 [, spee0t

IT:- JjEE det(nSiji;) Hi—jeE det(Sij5)

Because det(Sy;,ij) = SiiSj;(1 — p3;), we have

det K

~ 1 1
det K = -
HieV Sii Hi—jeE(l - ngj)
and the lemma follows by taking the logarithm on both sides. O

© 2016by Taylor & FrancisGroup,LLC



194 GAUSSIAN LATENT TREE MODELS

Since the first term in the expression for log det Kin Lemma 8.5 does not
depend on T, the tree that yields maximal value of logdet K is given as the
minimum-cost spanning tree (see Section 5.2.3) for a complete graph on m
vertices with weights given by log(1— ﬁfj) To obtain such a tree, we order all
pairs (i, ) according to the increasing value of log(1 — [)ZQJ) and subsequently
join vertices by edges as long as no cycles are introduced. Alternatively, we
could order pairs (4, j) according to the decreasing value of ﬁfj

8.3 Gaussian latent tree models

In latent Gaussian tree models, only the components of Y corresponding
to the leaves of T' are observed. For a phylogenetic tree 7 = (T, ¢), we
are thus interested in the Gaussian latent tree model M(T), which is the
marginal model for X := (Y, )yeq(m)) induced from N(T). The correlations
in this model are parameterized by (8.2) with parameters w, given by all edge
correlations. This already describes all distributions in the model because
the variances of observed variables are not constrained and in the estimation
process they can be always fixed to their sample values.

Define a multiplicative group Z7* = {—1,1}™ that acts on the sam-
ple space R™ by reflections across axes. A typical element of ZJ* is
e=(€1,...,6m), where ¢; € {—1,1} and it acts on R™ by z — €z = ().
The action of Z3" on the sample space induces the action on the observed
correlations

R—e-R=R=[p}], where p; = €;€;pij.

It also induces the action on the parameter space. We have € -w = w’, where
w’ satisfies R(e-w) = R(w’). More precisely, denote by e; the terminal edge
connected to the leave 7. Then €-w =: w’ is defined so that w, = w, for
all inner edges e, and w,, = €;w,, for the corresponding terminal edge. We
conclude the following result.

Proposition 8.6. For every T the Gaussian model M (T) is invariant under
the action of Z§*, that is, Z3* - M(T) = M(T). Moreover, the element
(=1,...,—1) acts trivially on M(T).

We distinguish the nonnegative part M (7) of M(T) with correlation
matrices parameterized by (8.2) where p. > 0. Both from the geometric
and from the inferential point of view it is enough to understand the model
M . (T), which follows from the proposition below.

Proposition 8.7. Let R = [p;;] € PD,,, be a correlation matriz. Then R €
M (T) if and only if

(a) R'={lpijl] € M4 (T)

(b) pijpikpjr >0 for any 1 <i<j<k<m.

Proof. For the “if” part, if R € M(T), then each p;; has representation
(8.2). Thus [pi;| = [[.c77lpe| and hence R’ lies in M (7). To show that

© 2016by Taylor & FrancisGroup,LLC



THE TRIPOD TREE 195

(b) holds, note that the tree spanned over three leaves i, j, k has necessary a
unique vertex v that lies on the intersection of paths ij, ik and jk. Moreover,

pispikpik = [ pe TT pe T1 pe =11 02 T 22 T] 2 2 0.

eCij ecik  e€jk eCiv  e€jv  e€kv

For the “only if” part we use the action of Z3*. Let € € Z3* be such that
fori=1,...,m, ¢ = —11if p;; < 0 and ¢; = 1 otherwise. Then R = ¢ - R’
because: €1€;|p1;| = p1; for all ¢ = 2,...,m and e€€j|p;;| = pi; for ¢,5 > 1.
This last equality follows from the fact that by (b) the sign of p1;p1; is equal
to the sign of p;;. Now, since R’ € M (T) and R = ¢ - R, Proposition 8.6
implies that R € M (T). O

The complete description of M 4 (T) follows from Proposition 5.27, which
gives the description of the space of phylogenetic oranges, and the following
result, which establishes the link between M, (T) and phylogenetic oranges.

Theorem 8.8. Let T be a phylogenetic tree. The set of all possible correla-
tions in M, (T) is equal to the model JN(T) of Section 7.3.2, which in turn
1s equal to the space of phylogenetic oranges; see Section 5.1.4.

The boundary points of M (T) are given by some of the inequalities in
Proposition 5.27 becoming equations. The analysis of the boundary is, how-
ever, more complex because of complicated relations between these inequali-
ties (many become equalities simultaneously). An efficient boundary descrip-
tion of M 1 (T) is obtained in Section 5.1.4 in terms of the Tuffley poset. For
example, if T is a star graph with m leaves, then the maximal dimensional
pieces of the boundary are represented by semi-labeled forests 7; with m — 1
leaves labeled by [m]\ {i} and the inner vertex labeled by {i}. These models
correspond to submodels where one of the edge correlations is equal to 1.
The underlying model is a fully observed graphical model, whose maximum
likelihood estimators o; are well understood. For example, on M (T1) we
have

g

;} = 5'11‘(5'1]' and O'L» =01; for i,j > 1, (86)

where 6;; are the elements of the sample covariance matriz. This shows that
for star graph trees, maximizing the log-likelihood function is easy on the
boundary and potentially hard in the relative interior of the model.

8.4 The tripod tree

In this section we provide a thorough analysis of the simplest non-trivial
Gaussian latent tree model given by the tripod tree. We denote the three
observed variables by X7, X5, X3 and the hidden variable by X,. Denote by
o5 for 0 < ¢ < j < 3 the covariance between X; and X; and by p;; the
corresponding correlation. We denote the corresponding tripod tree model
by M.
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8.4.1 Shape of the model

By (8.2), pij = poipo; for all distributions in M. Because po; € [—1, 1] we will
be interested in a subset of the cube [—1,1]? given as the image of

fi-L1P=0w C:=[-1,17
(,001, £02; POS) = (001/)02, £01P03, pozpoa)

which we denote by U and often identify with the model M.

Although both the domain and the codomain of f are given by the cube
[~1,1]3, it is important to distinguish them, which explains our notation
O, C. The coordinates on © are pg1, po2, po3 and the coordinates on C' are
P12, P13, P23- We identify the cube C' with the space of symmetric 3 x 3 ma-
trices with 1’s on the diagonal

1 pi2 pi3
(p12,p13,p23) = |p12 1 pas
p13 p2s 1

and we often switch between these two representations. Such a matrix is a
correlation matrix if and only if

1— piy — pis — P33 + 2p12p13p23 > 0.

The proof of the following result is straightforward.

Proposition 8.9. A matrix in the set U is positive definite if and only if it
lies in the image of the cube © with all faces of dimension < 1 removed.
The symmetry group of the 3-cube, denoted by G, is the semidirect prod-
uct of the symmetric group S3, and the abelian group Z3 = {—1,1}3. The
action of Z3 was given in the previous section and the action of S3 is by per-
muting indices. The group G plays an important role in our understanding
of the model M.
Proposition 8.10. The set of correlation matrices in the model M is given
by all correlation matrices satisfying

(p2s — p12p13) (P13 — p12p23) (P12 — p13p2s) > 0. (8.7)

Proof. Denote by W the subset of C described by (8.7). We are going to
show that W = U. This statement will imply our claim by constraining both
sets to PD3. The fact that U C W follows by replacing p;; with po;pg;. For
the opposite inclusion first expand (8.7) to obtain

p12p13pas(1 + piy + pls + p3s) — (Piapls + Piapss + Pspss + Plapispss) = 0.

Since the second term is a sum of squares, we conclude that in W necessarily
p12p13p23 > 0. Now define

Wt ={(p12,p13,p23) EW: 0< p1a < p13 < pas}.
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We claim that G- W+ = W. The first inclusion G - W+ C W follows from
W* C W and the fact that the inequality (8.7) is G-invariant. For the op-
posite inclusion, let (p12, p13, p23) € W and define

€= (617 €2, 63) = (17Sgn(p12)7sgn(p13))a

where sgn(p;;) = —1if p;; < 0 and it is 1 otherwise. We have

€ (p12, p13, p23) = (Sgn(mz)pmSgﬂ(pls)m?nSgn(,012)SgH(P13)p23)~

Since p1ap13p23 > 0 in W, we have sgn(p12)sgn(p1s) = sgn(p23) and hence
€ (p12, P13, p23) has only nonnegative entries. We can now easily find a per-
mutation 7 € G such that 7 - (e (p12, p13, p23)) lies in W. This proves that
G-WT = W. Now, to show W C U it is enough to show that all points in
W lie in U. All these points satisfy pa3 — p1ap13 > 0 and p13 — p1apasz > 0.
Thus, by (8.7) also p12 — p13p23 > 0. Now the claim follows by defining

po1 = 1/p12p13, P02 ‘= ”pung’ P03 =4/ Plapas (8.8)
P23 P13 P12

and attaching appropriate signs. O

The set defined by (8.7) is depicted in Figure 2.5 and it is strictly con-
tained in the closure of PDs.

It is convenient to think about the set U as a union of four isomorphic
blobs. The positive blob U* is the image of [0,1]*> — [0,1]® under the map
f, where now this map is one-to-one. Elementary analysis shows that the
volume of U™ is 1/4 and therefore the volume of U takes 1/8 of the volume
of the ambient cube C, and 2/7% ~ 0.202 of the volume of the set of all
3 x 3 correlation matrices. In particular, a “typical” Gaussian model on three
variables will not lie in U even though the model is full dimensional, which
we discuss in more detail in Section 8.4.2.

The usual way of providing constraints for M is by providing the descrip-
tion of U™ and taking advantage of the action of Z3. Our approach of dealing
with the whole model enables the following compact reformulation in terms
of concentration matrices.

Proposition 8.11. The set of all concentration matrices in the model
M is given by all symmetric 3 x 3 positive definite matrices K satisfying
ki2kiskas < 0.

Proof. Multiplying both sides of (8.7) by (¢11022033) we obtain that the
set of all covariance matrices in M is given by

(011023 — 012013) (022013 — 012023) (033012 — 013023) > 0. (8.9)
Let ¥ = [0;4]. Direct computations show that

033012 — 013023
det(X) ’

022013 — 012023
det(X) ’

011023 — 012013

k = k =
12 23 dot(3)

ki3 =
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Thus dividing both sides of (8.9) by det(X)3, which is strictly positive, gives
ki2k13kas < 0. O

Proposition 8.11 can be rephrased by saying that the concentration ma-
trices in the model M are all positive definite matrices that lie in one of the
four orthants that satisfy kiokiskas < 0.

8.4.2 The mazximum likelihood

By Proposition 8.11, the model M is given as a union of four orthants in the
space of concentration matrices. Over each of these orthants, maximizing the
likelihood function (8.1) is a convex optimization problem, which becomes
trivial if S—!, the inverse of the sample covariance matrix, lies in a given
orthant. This suggests the following procedure of finding the global maximum
of ¢(K;S) over M: First, check if the global unconstrained maximum given
by the sample covariance matrix S lies in M. If yes, then S is the maximum
likelihood estimate for M and the parameters can be recovered using (8.8).
Otherwise, compute the maximum likelihood estimators for each of the three
components of the boundary. Then the maximum over M is one of the three
reported maxima.

Each piece of the boundary corresponds to a simple conditional indepen-
dence model. For example, k12 = 0 correspond to the conditional indepen-
dence statement X7 Il X5|X3. These are special undirected graphical models
represented by chain graphs of the form e —e —e. To maximize the likelihood
over the boundary of M we use the fact that the three conditional indepen-
dence models are exactly all possible trees over three vertices {1,2,3}. Thus,
to find the maximum over the union of these three models we can use the
Chow-Liu algorithm. To this end, we compute three sample correlations p12,
P13, p23. Then we take a complete graph on {1,2,3} and we give weight ﬁ?j
to the edge joining vertices ¢ and j. Now the boundary with the maximum
likelihood estimate is the one that corresponds to the mazimal weight span-

ning tree. For example, if p?, < min{p?,, p35}, the maximal spanning tree is
1 3 2 . S . . ..
e — o — o and the maximum likelihood estimate of the correlation matrix is

Plo = P13P23, Pi3 = P13,  Paz = P23 (8.10)
For any permutation (4, j, k) of {1, 2,3}, define the subset U, ; of PD3
Uiji == {(p12, p13, p23) € PD3 : pi; < pii < pop.},
so for example, Uspy is given by p3; < p23 < p?y. BEach of these sets is a

fundamental domain for the action of S3 on PD3. The example in (8.10)
gives a straightforward proof of the following result.

Lemma 8.12. If (p12, f13, f23) lies in Uiji, then the mazimum likelihood
estimate also lies in Uyjy,.
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Define further sets V. for € = (€12,€13,€23) € {—1,1}3 that contain all
points such that the sign of p;; is €;;. Every subset V. is a fundamental
domain of the action of Zg’ on PD3. Moreover, each set of the form Uy, NV
is a fundamental domain of the G action.

Proposition 8.13. Suppose that (p12, p13, P23) € Uiji N Ve. If €12€13€23 = 1,
then the mazimum likelihood estimate also lies in U;jp NVe. If €12€13€23 = —1,
then the mazimum likelihood estimate lies in Uz, N Ve, where egj = —¢j,
€ip = €ik, and € = €jp,.

Proof. The fact that the maximum likelihood estimate lies always in ka
follows from Lemma 8.12. If p2 < p2 < p g» then phy = pik, pj = Pjk
and ,0” = plkpjk If €19€13€93 = 1 then the sign of p;; must be the same as
the sign of p;; and hence the maximum likelihood estimate must lie in V..
Otherwise, the sign of p; is the opposite of the sign of p;; and the maximum
likelihood estimate lies in V.. O

Corollary 8.14. Suppose that (p12, P13, f23) € Uijk. Then the global mazi-
mum of the likelihood function over the model M can be found by mazimizing
the likelihood function over a single orthant (in the space of concentration ma-
trices) given by sgn(k;p) = sgn(pix) =: €ix, sgn(kjr) = sgn(p;r) =: €;i, and
sgn(kij) = —€ir€jk-

Proof. Suppose that (p12, P13, p23) € Ur2s. By Lemma 8.12, (p1y, pi3, p33)
also lies in Ujgs. In this case, because pjy? < min{PT327 0332}»

Sgn(k;‘s) = sgn(pyapis — /)33) = —Sgn(ﬁzg)
sgn(ki3) = sgn(piapas — pi3z) = —sgn(pis).

Because the maximum likelihood estimate lies in the model, it necessarily
satisfies kiyki3k33 < 0, which already determines the sign of kf,. For any
other Ujji, the proof is the same up to symmetry. O

8.4.83 Boundary problem

The relative volume of the model in the ambient cube C is 2/7? ~ 0.202,
which suggests that the sample covariance may typically not fall into the
model and in consequence the maximum likelihood estimate will lie on the
boundary of the parameter space. The problem with this is that often in
applications the hidden variable has some interpretation and for the boundary
points this interpretation breaks down.

We present simulation results to illustrate how big this problem is. If X
is the covariance matrix of the true data generating distribution, then the
statistic nS has Wishart distribution Ws(n,%). As our simulations show, the
probability that S lies in the model is typically small for reasonable sample
sizes even if the true data generating distribution lies in the model. So suppose
that the true correlation matrix comes from parameters pg; = 0.1, pg2 = 0.8,
po3 = 0.9. The corresponding probabilities are
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n 10 20 50 100 1000
P(Se€ M) 024 026 028 033 068

For more centered parameter values, the probabilities are higher but still

small for reasonable sample sizes. For example, if pp; = 0.3, pg2 = 0.6,
po3 = 0.7 we obtain the following estimates.
n 10 20 50 100 1000

P(S€ M) 036 047 064 078 1

The points in the model that correspond to high values of the parameters also
lie closer to the boundary of the cone of positive definite matrices. Therefore,
on average the corresponding Wishart distribution should cover the model
better. So, for example, if pg; = 0.8, pg2 = 0.8, po3 = 0.9, we obtain the
following estimates.

n 10 20 50 100 1000
P(Se M) 0.65 0.84 0.96 0.99 1

This suggests that the model M should be used with great care unless cor-
relations between variables are relatively high.

8.4.4 Different aspects of non-uniqueness

We conclude this chapter by discussing briefly three types of non-uniqueness

that can arise in the maximum likelihood estimation for the model M. Propo-

sition 8.13 enables us, for example, to easily understand how different data

sets may give the same maximum likelihood estimates. For example, every

data set that gives p13 = 0.5, p2s = 0.6 will give the same maximum likeli-
3 23 1

hood estimator for every value of p1» within the region (55 — <=, 5), where
3

i~ % ~ —0.39. The maximum likelihood estimator is given by pj, = 0.3,
pis = 0.5, and p35 = 0.6.

Another type of non-uniqueness is related to the problem of identifiabil-
ity of this model. For a generic point in the model, we can easily recover the
corresponding parameters up to sign using (8.8). However, if any of the cor-
relations vanishes, these formulas cannot be used. For example, if p1o = 0,
then necessarily either pg1 = 0 or pga = 0. If pp; = 0, then also p13 = 0
and hence this point corresponds to a distribution in which X7 is marginally
independent from X, and X3. Now there are infinitely many combinations
of parameters pgs, po3 that give pp2pos = p12. Thus, if any of the sample cor-
relations is exactly zero, then we are guaranteed that the likelihood is going
to be maximized over a whole ridge in the parameter space.

Finally, suppose that p12 = p13 < p23. In that case, there are exactly two
points maximizing the likelihood. They are given by

(P12P23, P12, P23) and (P12, P12P23, P23)-

For example, if p1o = p13 = 0.5, po3 = 0.8, then (0.4,0.5,0.8) and
(0.5,0.4,0.8) give the same likelihood value. Similarly, if all sample corre-
lations are equal, we have three maximizers of the likelihood function. Like
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in the previous paragraph, all these cases happen with zero probability. How-
ever, if the data lie close to these extreme cases, this will be reflected in the
geometry of the likelihood function.

8.5 Bibliographical notes

Gaussian distributions and Gaussian graphical models are discussed in great
detail by Lauritzen [1996]. The Chow-Liu algorithm for Gaussian data is dis-
cussed for example by [Tan et al., 2010, Section II.B]. Linear concentration
models and their maximum likelihood inference are discussed by Anderson
[1970], Sturmfels and Uhler [2010]. The earliest examples of Gaussian la-
tent tree models are related to factor analysis with a single hidden factor;
see Spearman [1928], Thurstone [1934]. The inference for this model class is
generally very hard. The study of the underlying geometry was central to
developing estimation procedures at the early stage of the model develop-
ment. We refer to Bekker and de Leeuw [1987] for a very detailed account
of the history of this geometric approach. A more recent account is given in
Drton et al. [2007]. The full geometric description for the star tree is given by
Bekker and de Leeuw [1987]. More general trees were treated in some special
cases by Pearl and Xu [1987]. Defining equations in the general case were
provided by Sullivant [2008]. The set of implied equations contains so-called
tetrad equations; see Scheines et al. [1998]. Finally, the complete description
is given by Aston et al. [2015]. Latent Gaussian tree models were introduced
in the phylogenetic setting by Felsenstein [1973, 1981].
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inner vertex, 5, 103, 104, 125, 126,
139, 140, 142, 143, 148-150,
163, 168, 182, 184, 189, 195

interior, 22, 24, 29, 51, 56, 58, 60

interval, 75, 116

interval partition, see set partition

irreducible variety, 12, 36, 37, 167,
186

Iterative Scaling, 57, 61

Jacobian, 18, 38
matrix, 18

Jerzy Neyman, 181

join operator, 76, 107

kernel, 19

Kronecker delta, 31

Kronecker product, 33, 75, 90, 93, 95,
170

Kullback—Leibler divergence, 56, 121

L-cumulant, 7, 83-86, 88, 89, 99, 135,
137

label switching, 150, 188, 189

labeled vertex, 104, 105, 110, 113,
117, 124, 126, 140-147, 151,
166, 182

latent tree model, 5-7, 51, 54, 103,
125-127, 187

Gaussian, 7, 191, 194, 195, 201
lattice, 76-78, 80, 84, 87, 88, 107
distributive, 95

leaf, 103, 104, 106, 108, 112-115, 126,
128, 132, 135, 137, 139, 141
143, 147, 148, 156, 163-165,
167, 168, 174, 181, 184, 194,
195

likelihood function, 3, 5, 6, 55, 57-61,
66, 121, 122, 186, 187, 189,
191-193, 195, 198, 199

likelihood ratio, 59

linear extension, 73

local maximum, 3, 5, 61, 62
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local sign switching, 150, 151, 154,
156, 163
log-odds ratio, 131
log-supermodular
distribution, 98, 182, 184, 185,
190
function, 96, 97
tensor, 98

Mobius function, 73-75, 77, 83, 84,
90, 109, 110, 137, 141, 152
Mobius inversion formula, 74, 79, 83,
84, 95, 137
Mobius ring, 78
manifold, 21, 29, 146, 149
real analytic, 21, 22, 38, 39
with corners, 29, 147
marginal distribution, 43, 44, 54, 65,
69, 90, 92, 98, 118, 121, 124,
128, 135, 157, 174, 181, 182
Markov chain, 156
Markov process on a forest, 119, 120,
127, 166
Markov process on a tree, 117-120,
123, 124, 129
continuous time, 124, 128, 129
Markov properties, 63-65, 67-69,
119, 140, 158, 169
mat operator, 33, 90-93
maximum entropy, 57
maximum likelihood estimator, 41,
55-58, 60, 66, 120, 123, 186,
188, 189, 193, 195, 198-200
meet operator, 76, 78, 86, 107, 109
meet-semilattice, 76, 107
metric space, 110, 112

minimum-cost spanning tree, 122,
194

minor, 35, 37, 112, 133, 169, 178, 184,
191

leading principal, 177
principal, 177
mixture model, 1, 4, 36, 42, 51, 54,
59, 60, 70, 184, 190
MLE, see maximum likelihood esti-
mator

© 2016by Taylor & FrancisGroup,LLC

INDEX

moment, 45-47, 53, 70, 80, 81, 83-85,
88, 89, 92, 94, 95, 135, 137,
138, 143, 152, 153, 155, 158,
161-163, 169, 170, 181
binary, 83
central, 45—47, 88, 89, 92, 94,
136, 137, 143, 152, 172
sample, 119
standardized, 50, 143, 152, 153,
171, 188
moment aliasing, 46, 47, 70, 92
moment generating function, 46, 80,
81
moment map, 26, 52, 70
algebraic, 26, 53
moment tensor, 95, 170
monomial, 11, 14, 19, 47, 48, 98, 145
monomial map, 19, 26, 27, 153, 157,
166
moral graph, 63, 67, 69
MTP5 constraints, 96, 98, 190
multilinear transformation, 29, 31,
33, 90-92, 95
multinomial embedding, 35
multinomial likelihood, 5660, 66, 70,
186, 187
constrained, 57-60, 186, 189
multinomial model, 42, 133
multinomial sampling, 55
multiplicative function, 83
multiplicative group, 150, 164, 194
multiset, 45-47, 50, 76, 81, 93
mutual information, 121-123

naive Bayes model, 6, 158, 184, 190

neighbor, 63, 103-105, 108, 126128,
150

non-crossing partition, see set parti-
tion

non-degenerate random variable, 49,
50, 87, 125, 139, 143, 171

non-descendant, see descendant

non-trivial split, see split

nonnegative component, 25

nonnegative rank, 185

normalizing constant, 42, 51, 64, 119
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one-cluster partition, see set parti-
tion
open set, 13, 17, 20, 21, 28, 29, 34,
132, 146, 167
order
consistent total, 73
lexicographic, 32, 53, 75, 91
of a tensor, 30, 31
partial, see poset
total, 32, 33, 44, 73
total consistent, 75

parameter space, 1, 5, 6, 23, 41, 118,
125, 138, 143, 151, 157, 163,
171, 182, 186, 189

parameterization, 3, 5, 18, 19, 25, 26,
34-36, 41, 42, 44, 51, 53-55,
58, 64, 67, 92, 124, 125, 127,
135, 136, 141, 143, 146, 151,
153, 157, 165-168, 171-173,
176, 184, 187

monomial, see monomial map

parametric model, see statistical model

parametric algebraic, 41
parametric representation, 17, 18, 58,
119, 192
parent, 63, 66, 103, 163
partially ordered set, see poset
partition, see set partition
partition lattice, 76, 77, 82—86, 88, 99,
107, 116, 137
generated, 78
saturated, 86-89, 139
path, 62, 64, 103, 110, 113, 145, 168,
195
directed, 62, 66
semi-directed, 62, 63, 68
undirected, 62
phylogenetic invariant, 6, 130-133,
166, 168, 169, 179
phylogenetic oranges, space of, 26,
103, 112, 113, 120, 174, 175,
182, 184, 195
phylogenetic tree, see tree
phylogenetics, 2, 6, 123, 176, 181, 186,
190

© 2016by Taylor & FrancisGroup,LLC

223

polyhedral cone, 112
polynomial, 11
homogeneous, 16, 17, 19, 162
polynomial function, 12, 13, 15, 17,
20, 48, 81, 190
polynomial isomorphism, 15
polynomial map, 15, 16, 22, 23, 41,
51, 54, 137, 161
poset, 71-77, 83, 105, 107-110, 114—
116, 137, 140
bijection of, 71
isomorphism of, 71
Tuffley, 103, 114-117, 195
power series, 20
absolutely convergent, 20
preimage, 51, 149, 157
probability simplex, 1, 3, 5, 6, 24-26,
41, 47, 52, 57, 58, 65, 174,
187, 188
projection, 20, 22, 37, 54
projective space, 3, 16, 19, 24, 25, 34,
35, 41
nonnegative part, 24
real, 24
projective variety, 15, 17, 19, 26, 34

g-fiber, 51, 143-151, 153, 154, 157,
163, 186

q-forest, 144, 147-149, 151

quartet tree, see tree

quotient by an ideal, 15, 16, 78

random sample, 55, 56, 120, 123, 131,
186

rate matrix, 123

rational function, 20, 36

rational map, 36, 37

real analytic function, 20, 21, 38, 46,
81

real analytic map, 21, 38

isomorphism, 21

recursive factorization, 67

relative interior, 23, 24, 195

resolution of singularities, 37, 39

ring homomorphism, 18

root, 119, 125, 163, 164
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root distribution, 118, 154, 156, 157,
177, 181

sample covariance matrix, 191, 193,
195, 198, 199
sample proportions, 3, 55-57, 119,
120, 123, 130, 131, 133, 186,
188
saturated model, 54
saturated partition lattice, see parti-
tion lattice
secant variety, 35, 36, 39, 135
Segre variety, 34, 35, 42, 91, 92
semi-labeled tree, see tree
semi-lattice, 109
semialgebraic description, 6, 7, 25,
42, 52, 133, 174, 185, 189,
190
semialgebraic map, 23
semialgebraic set, 22, 23, 26, 28, 41,
42, 51, 52, 132, 161
basic, 22, 27, 41, 42, 113
semialgebraic statistics, 3-5, 7, 23,
36, 38, 39
semialgebraic structure, see semialge-
braic description
set partition, 71, 72, 74, 7678, 81, 82,
85, 86, 88, 91, 92, 94, 104,
106-109, 115, 117, 140, 166
generated, 76, 77
interval, 77, 84-86, 88, 99, 107,
152, 153
non-crossing, 77, 99
one-block, 71, 76, 77, 107, 109
one-cluster, 77, 86, 87, 89, 107,
143
Shannon entropy, 57
singular learning theory, 21
skeleton, 63, 68, 69
skewness, 50, 136, 138, 153
split, 33, 35, 76-78, 89, 90, 106-109,
112, 114, 116, 137, 152, 184
compatible, 108, 114, 116
trivial, 77, 86, 89, 90, 108, 137,
152, 167, 168
standardized moment, see moment
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star graph, see graph

star tree, see graph

statistical model, 1-4, 23, 41, 42, 44,

58, 62, 68-70, 84, 103, 158
algebraic, 41, 42, 44, 64, 70
discrete, 7, 11, 24, 41, 42, 51, 70
parametric, 1, 41, 42, 50, 51
parametric algebraic, 42, 50, 55,
57, 58, 130, 132

subforest, 106

sublattice, 76, 77, 107

submatrix, 191

submodular function, 96

submultiset, 45, 82

subposet, 71, 82, 107, 109

subtree spanned on, 150, 165, 195

subtree spanned over, 108, 117

sufficient statistics, 51, 52, 119

suppress, 105, 108, 127, 128, 156

surjective map, 15

symmetric matrix, 177

symmetric tensor, 31

T -cumulant, 88, 135, 137, 139, 143,
144, 153, 159, 161, 166, 167,
169, 170, 178, 179

T-degree, 141, 142

T-metric, 103, 110-113, 175, 176, 190

T -partition, 107, 136, 137, 139

tensor, 7, 11, 29-34, 36, 41-43, 46,
51, 57, 61, 66, 90-93, 95, 98,
131, 133, 162, 170, 171, 177,

185, 186, 190
contraction, 32, 91
inverse, 31
order, 93

rank-one, 30, 32, 34

tensor moment, 94

tensor product, 29-33

tensor rank, 30

terminal edge, 103, 108, 115, 152, 163,
164, 168, 194

topological space, 13, 21, 28

topology, 13, 21

toric cube, 26-29, 39, 113, 184

toric ideal, see ideal
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toric precube, 27
toric variety, 19, 25, 26, 45, 52, 166
nonnegative part, 26
real part, 25, 26
transition matrix, 118, 123, 124, 128,
156, 157, 177, 181, 187
tree, 5, 7, 103, 104, 106, 110, 112,
120-123, 127, 133, 140, 193,
194
binary, 104, 106, 108, 117, 126,
143, 148, 153, 167, 177
caterpillar, 137, 143, 151-153,
156, 157
phylogenetic, 104, 106-108, 112—
115, 117, 126, 128, 130, 131,
137, 139, 141, 143, 144, 148,
151, 153, 161, 163, 167-170,
174, 177, 181, 194, 195
quartet, 103, 104, 106, 107, 109,
111, 114, 125, 154, 174, 177,
178
rooted, 5, 103, 104, 117, 129
semi-labeled, 104, 106-108, 110,
111, 113-115, 124, 126-129,
136, 137, 139, 141, 142, 145—
147, 149, 151, 152, 157, 161,
166, 182
semialgebraic, 104
topology, 122, 131, 132, 181
tripod, 109, 122, 135, 143, 148,
149, 158, 169, 171, 172, 174,
177, 182-184, 187-189, 195
undirected, 192
tree cumulant, see T-cumulant
tree metric, see T-metric
tree partition, see T-partition
tree split, 103, 106, 107, 112, 139,
167-169, 176
trivial, 167
tree-decomposable distribution, see
latent tree model
triangular function, 72, 73, 75
inverse, 72
tripod tree, see tree
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trivial constraints, 5, 42, 52, 59, 64,
136, 169
Tuffley poset, see poset

underlying forest, 104, 127

underlying tree, 104, 106, 108, 126,
151

unit vector, 88, 94, 126, 177

unlabeled vertex, 104-106, 108, 124,
126-128, 139, 141-151, 157,
163

vec operator, 32, 33, 90-93
vector space, 32

dual, 31, 32, 91
Veronese embedding, 35, 42

Wishart distribution, 199

Zariski closure, 13, 14, 18, 19, 23-26,
35, 36, 52, 53, 132, 135, 148,
166, 167, 169

Zariski topology, 13, 39

zero polynomial, 12-14

zeta function, 73, 74, 95
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