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THE GEOMETRY OF INDEPENDENCE TREE MODELS WITH
HIDDEN VARIABLES

PIOTR ZWIERNIK AND JIM Q. SMITH

ABSTRACT. In this paper we investigate the geometry of undirected discrete
graphical models of trees when all the variables in the system are binary, where
leaves represent the observable variables and where the inner nodes are unob-
served. We obtain a full geometric description of these models which is given
by polynomial equations and inequalities. We also give exact formulas for their
parameters in terms of the marginal probability over the observed variables.
Our analysis is based on combinatorial results generalizing the notion of cumu-
lants and introduce a novel use of M&bius functions on partially ordered sets.
The geometric structure we obtain links to the notion of a tree metric consid-
ered in phylogenetic analysis and to some interesting determinantal formulas
involving hyperdeterminants of 2 X 2 x 2 tables as defined in [19].

1. INTRODUCTION

Discrete graphical models have become a very popular tool in the statistical
analysis of multivariate problems (see e.g. [22][34]). When all the variables in the
system are observed they exhibit a useful modularity. In particular it is possible to
estimate all the conditional probabilities that parametrize such models. In addition,
when variables are discrete the model is described by polynomial equations in the
ambient model space, maximum likelihood estimates are simple sample proportions
and a conjugate Bayesian analysis is straightforward.

However, if the values of some of the variables are unobserved then the result-
ing marginal distribution over the observed variables is usually more complicated
both from the geometric and the inferential point of view [16][32]. The consequent
additional inequality constraints tend to destroy the simple forms of maximum
likelihood estimates and no conjugate analysis is possible. The main problem with
the geometric analysis of these models is that in general it is hard to obtain the in-
equality constraints defining a model even for very simple examples (see [11, Section
4.3][15, Section 7]). One reason that these constraints are of practical importance
is that when the sample size is not too large or if the sampling scheme is even
slightly contaminated then the likelihood is often maximized on the boundaries of
the parameter space. The constraints are therefore active and this can strongly
affect input on the ensuing likelihood based inference, whether this is classical or
Bayesian.

The motivation of this paper is to study the semi-algebraic geometry of under-
lying phylogenetic tree models over a collection of binary random variables. Phy-
logenetic analysis is based on Markov processes on trees which have the property
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models, hidden data, binary data, central moments, cumulants, M&bius function, semi-algebraic
statistical models, inequality constraints, phylogenetic invariants, tree metrics.

1

CRiSM Paper No. 05-03, www.warwick.ac.uk/go/crism



2 PIOTR ZWIERNIK AND JIM Q. SMITH

that all the inner nodes in the tree represent hidden variables. The same family
of models is considered in other contexts - e.g. Bayesian networks on rooted trees.
Under a restriction that all probabilities are strictly positive the undirected graph-
ical models for trees in the case when all the inner nodes are hidden also represent
the same family of distributions. A geometric understanding of these models led
to the method of phylogenetic invariants introduced by Lake [21], and Cavender
and Felsenstein [6]. These invariant algebraic relations, expressed as zeros of a
set of polynomial equations, over the observed probability tables must hold for a
given phylogenetic model to be valid. The study of these algebraic structures has
been recently embraced by computational algebraic geometers [1][13][39] and the
consequent advances in understanding of these invariants now begins to clarify the
statistical analyses of such models [5].

The main technical problem related to phylogenetic invariants is that they do not
give a full geometric description of the statistical model. There are some nontrivial
polynomial inequalities which also have to be satisfied.

Example 1. Let T be the tripod tree below
1

2

The inner node represents a binary hidden variable H and the leaves represent bi-
nary observable variables X7, X5, X35. The tree represents the conditional indepen-
dence statements X; Il Xo Il X5|H. The model has full dimension and consequently
there are no equations defining it. However it is not a saturated model and not all
the probability distributions lie in the model. Lazarsfeld [23, Section 3.1] showed
that they must for example satisfy

COV(Xl, XQ)COV(Xl, Xg)COV(XQ, X3) > 0.

Hence the phylogenetic invariants do not give a complete specification of even a
simple probability model like this one. Therefore inference based solely on the
invariants is incomplete and derived estimates can be infeasible within the model
class.

This example motivated the closer investigation of the geometry of these models.
Some results can be found in the literature. A solution in the case of a binary naive
Bayes model was given by Auvray et al. [2]. In the binary case there are also some
partial results for general tree structures given by Pearl and Tarsi [26] and Steel
and Faller [36]. The most important applications in biology involve variables that
can take four values. Recently Matsen [21] gave a set of inequalities in this case for
group-based phylogenetic models (additional symmetries are assumed) using the
Fourier transformation of the raw probabilities. Here we use ideas based on Settimi
and Smith [32] who show that these constraints can be more easily expressed as
relations among the central moments as in the example above.

Our analysis of moment structures induced by the models under consideration
led us to an interesting application of the theory of partially ordered sets and its
Mobius functions. Similar methods were used in the theory of graphical models (see
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THE GEOMETRY OF INDEPENDENCE TREE MODELS WITH HIDDEN VARIABLES 3

for example the proof of Theorem 3.9 in [22]) for a poset of all subsets of a finite
set and in the combinatorial theory of cumulants [29] for a poset of all partitions
of a finite set. To our knowledge this paper is the first approach to use more gen-
eral posets in the context of statistical analysis. It allows us to construct a useful
reparametrization for our models. When expressed in this new coordinate system
the underlying geometry of the models becomes transparent. We also obtain the
exact formulas for the parameters of the models in terms of the marginal distribu-
tion of the observed variables extending results proved in [8][32]. Combining these
with some earlier results we provide the exact semi-algebraic description of binary
phylogenetic tree models in the case of the trivalent trees. However, the inequalities
we develop also hold for general tree topologies. The formulas we obtain involve
determinants of the marginal 2 x 2 probability tables and the 2 x 2 x 2 hyperdetermi-
nant of three dimensional marginal probability tables as defined in [19] suggesting
that this might be a general phenomenon for conditional independence models with
hidden variables.

The paper is organized as follows. In Section 2 we briefly introduce conditional
independence models on trees stating the result of Allman and Rhodes [1] on equa-
tions defining the models. In Section 3 we use central moments to describe general
Markov models in a more efficient way. At the end of the section we also state
the main theorem of the paper. In Section 4 we construct another, more intrinsic,
coordinate system for the class of binary tree models. In the new coordinate system
the parametrization of the model has a quasi-monomial form. This gives a better
insight into the underlying geometry. In Section 5 we use the parametrization de-
veloped earlier to find an alternative form of equations given by Allman and Rhodes
[1]. These are slightly simpler from the algebraic point of view and have a more
transparent statistical interpretation. We prove our main theorem in Section 6. It
gives the geometric description of general Markov models in the case of trivalent
trees in terms of equations and inequalities involving moments between observable
variables. The paper is concluded with a short discussion.

2. INDEPENDENCE MODELS ON TREES

In this section we introduce models defined by global Markov properties on trees
and models for rooted trees. We show the relations between them introducing the
general Markov model on a tree which is the main subject of our study.

2.1. Preliminaries on trees. A graph G is an ordered pair (V, E) consisting of
a non-empty set V of vertices and a set E of edges each of which is an element
of V x V. An edge (u,v) € E is undirected if (v,u) € E as well, otherwise it is
directed. Graphs with only (un)directed edges are called (un)directed. If e = (u,v)
is an edge of a graph G, then u and v are called adjacent or neighbours and e is
said to be incident with u and v. Let v € V, the degree of v is denoted by deg(v),
and is the number of edges incident with v. For a directed edge (u,v) € E we say
that u is a parent of v. The set of all parents of v € V' is denoted by pa(v). For
a directed graph G a moral graph of G is an undirected graph obtained by joining
all parents of a node by edges between each pair for all nodes in the graph and
then changing all directed edges for undirected ones. A path in a graph G is a
sequence of distinct vertices vy, vg, ..., v such that, foralli=1,... k, v; and v; 1
are adjacent. If, in addition, v; and vy are adjacent then the path is called a cycle.
A graph is connected if each pair of vertices in G can be joined by a path.
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4 PIOTR ZWIERNIK AND JIM Q. SMITH

A (directed) tree T = (V, E) is a connected (directed) graph with no cycles. A
vertex of 1" of degree one is called a leaf. A vertex of T' that is not a leaf is called
an inner node. An edge of T' is inner if both of its ends are inner vertices. Trees
in this paper will always have n leaves. We denote the set of leaves by its labeling
set [n] ={1,...,n}. A connected subgraph of T is a subtree of T. For a subset V'
of V, we let T(V') denote the minimal connected subgraph of T' that contains the
vertices in V' and we say T'(V') is the subtree of T induced by V'. A rooted tree
is a directed tree that has one distinguished vertex called the root, denoted by the
letter r, 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) is a singleton.

2.2. Models defined by global Markov properties. In this paper we always
assume that random variables are binary taking one of the values in {0,1}. We
consider models with hidden variables, i.e. variables whose values are never directly
observed. The vector Y has as its components all variables in the graphical model,
both those that are observed and those that are hidden. The subvector of Y of
manifest variables, i.e. variables whose values are always observed, is denoted by
X and the subvector of hidden variables by H.

Let T'= (V, E) be an undirected tree. For any three disjoint subsets A, B, C of
the set of nodes we say that C' separates A and B in T, denoted by A Ly B|C, if
each path from a vertex in A to a vertex B passes through a vertex in C. We are
interested in statistical models for Y = (Y,,),cv defined by global Markov properties
(GMP) on T, i.e. the set of conditional independence statements of the form (see
e.g. [22, Section 3.2.1]):

(1) {YallYp|Ye: forall A,B,C CVst. ALy B|C},

where for any A C V vector Y4 is the subvector of Y with elements indexed by A,
i.e. YA = (Yz)zeA

Statistical hypotheses often translate into algebraic relations defining a model.
For example if Y7, Y5 are two independent binary random variables then with P =
[po] denoting the joint probability table we have det P = poop11 — po1pio = O.
Since poo + po1 + P10 + P11 = 1 we can equivalently write the first equation as
p11 — (P10 + p11)(Po1 + p11) = 0. However this is just a condition for the covariance
between the two variables to be zero. So a probability distribution satisfies X7 1l X5
if and only if det P = 0 if and only if Cov(X;, X5) = 0.

More generally conditional independence statements imply that a set of poly-
nomial equations in (pa)aeqo,13/vi holds where p, := P(Y1 = a1,...,Yjy| = aqv)
define the joint probability mass function of Y. From an algebraic view point (for
basic definitions see [J]) this collection of polynomials forms an ideal which we
denote by Igiohal (see [15][38, Section 8.1]).

If all the variables in the system are observable then the model is denoted by
M\T. If all the variables related to the inner nodes of T' are hidden and we consider
marginal distributions over the leaves then the model is denoted by My. We call
M a general Markov model on T

2.3. Models for rooted trees. A Markov process on a rooted tree T is a sequence
{Y, : v € V} of random variables such that for each (ar,..., o) € {0, 1}V

_ (@)
2) pa(®) = 1] 0,0

veV
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where pa(r) is the empty set, § = (Hiv)la ( )) and 9((:)‘0‘ = P(Y, = a|Ypa(w) =
v |®pa(v v |&pa(v
Qpa(v))- Since 0 + 6" =1 and 9(()]'1.) + 03? =1forallve V\{r}and:=0,1

then the set of parameters consists of exactly 2|F| 4+ 1 free parameters: we have

(v) pv)
110° 91|1

root. We denote the parameter space by O = [0, 1]

Standard results in the theory of graphical models tell us that if al probabilities
in the 2 x 2 tables over adjacent variables are strictly positive the Markov process
on T is equal to M\T. Indeed, by [22, Theorem 3.27] the parametrization defined
by (2) is equivalent to its directed global Markov properties on 7. Moreover, since
T" has a uniquely defined root the moral graph of 7" (c.f. Section 2.1) is equal
to its undirected version T. Hence, the directed global Markov properties on T
are implied by the global Markov properties on T" and they are equivalent under
the positivity assumption. Note that by Theorem 6 in [15] the underlying ideals of
both models are the same as well.

Let Agn_y = {p € R*" : >.sps = l,pg > 0} with indices 3 ranging over
{0,1}"™ be the probability simplex of all possible distributions on X = (X1,...,X,)
represented by the leaves of T. In this paper, by the positivity assumption, we
restrict ourselves to the interior of Agn_;. Equation (2) induces a polynomial map
fr: ©p — Agn_; obtained by marginalization over all the inner nodes of T’

(3) Doy (0) = Z H ag‘qjl)lapa(v)7

H veV

for each edge (u,v) € E and one parameter 057") for the
2|E|+1

two parameters: 6

where H are all possible states of the vector of hidden variables, i.e. the sum is
over ay\(, € {0,1}VI=" and for any A C V, as = (a;)ica. The name “general
Markov model” for My comes from the theory of phylogenetic tree models (c.f. [31,
Section 8.3]). By definition these are models for the rooted tree T" defined by (3).
Note that with the positivity assumption the general Markov model is equivalent to
M. Moreover, since O is a semi-algebraic set (defined by polynomial equations
and inequalities) then by the Tarski-Seidenberg theorem [3, Section 2.5.2] Mr is a
semi-algebraic set as well.

3. CENTRAL MOMENTS AND TREE MODELS

3.1. Moments and conditional independence. In this section we start by in-
troducing a set of coordinates which will be useful to understand the geometry
of Mp. Let X = (Xy,...,X,) be a random vector. Then we can obtain formu-
las relating the moments of these variables to the probability distribution of X.
For each 3 = (Bi,...,8,) € N* denote X? = [], X' and define Ay = EX? and
ug = EU 8 where U; = X; — EX;. Below we give formulas for maps giving the
reparametrization from the raw probabilities to central moments.

First we perform the reparametrization from the raw probabilities p = [ps] to

the non-central moments A = [Ay] for @ = (a1, ..., a,) € {0,1}". This is a linear
map fyx : R?" — R?" where A = f,\(p) is defined as follows
(4) Ao = Z Dg for any o € {0,1}",

as<p<1

where 1 denotes here the vector of ones and the sum is over all binary vectors
0B such that o < 6 < 1 in the sense that o; < 3; < 1 foralli=1,...,n. In
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6 PIOTR ZWIERNIK AND JIM Q. SMITH

particular Ag = 1 for all probability distributions and hence the image f,x(Agn_1)
is contained in the hyperplane defined by A\g = 1.

The linearity of the expectation implies that the central moments can be ex-
pressed in terms of non-central moments. Thus

(5) po= Y. (D) g[[N for a€{0,1}",
i=1

0<B<a

where |G| = >, 8;. Using these equations we can transform variables from the non-
central moments [A,] to another set of variables given by all the means A, ..., Ac,,
where e1,...,e, are unit vectors in R™, and central moments [u,] for o € {0,1}.
The polynomial change of variables fy, : R?" — R” x R?" is defined by (5) and
on the first n coordinates it takes the values of A.,,...,A¢,. Denote C,, = (fa, ©
Jpr)(Agn_1) which is contained in a subspace of R™ x R?" given by

po=1 and fpe, == p, =0.

We can also easily define the inverse maps of f,x and fy,. The map fx, = f,, !
R?" — R?" is given by

(6) Do = Z (—1)‘5_04)% for a = (aq,...,a,) € {0,1}"

a<p<1

whilst f,\ = f;ﬂl :R™ x R?" — R?" is given by

(7) Ao = Z Ha—p H)\f for a € {0,1}"™.
i=1

0<pB<a

Moreover, fi, o fpx and (fxp o fur) ! are equal as polynomial functions on Agn_j.
Since all the maps defined above are regular polynomial maps with regular polyno-
mial inverses they constitute an isomorphism between Agn_1 and C,.

To simplify notation henceforth we will index moments not with {0, 1}" but with
the set of subsets of [n]. Here the set A C [n] is identified with o € {0,1}"™ such
that o; = 1 for all ¢ € A and it is zero elsewhere. In particular for each ¢ € [n]
we write A\; for A,. Let [n]> denote the set of all subset of [n] with at least k
elements. For any two sets A, B let AB denote A U B. The basic condition on
independence (see e.g. Feller [14], p 136) implies that if X4 1l Xp then pur; = prpy
for all nonempty I C A, J C B. But since the variables are binary we also have a
converse result. If for all nonempty I C A, J C B we have that pr; = prpy then
X1l Xp. Indeed, the definition of the independence states that X 4 1l Xp if and
only if Cov(f(Xa),9(Xp)) = 0 for any L? functions f and g. Since our variables
are binary all the functions of X4 and Xpg are just polynomials with square-free
monomials. Settimi and Smith [32] concluded that the independence holds if and
only if Cov(Xj,Xg) = 0 for each non-zero a € {0,1}/4 and g € {0,1}/Bl or
equivalently COV(UX,Ug) = 0 for each non-zero o € {0,1}4 and g € {0, 1}/5
which can be written as py; = prpuy for each nonempty I C A, J C B.

We can generalize the result above. For a random variable H, let A, = EH, and
Us = Hy — Ag. For each I C [n] let Uy = [[;c; U; and 1,1 = E(UrU,)/Var(H,)
where Var(H,) = A\ (1 —A,). We have X4 Il Xg|H, if and only if for all nonempty
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ICA JCB
(8) Wrg = prpg + )\a(l - /\a)na,lna,Ja
Na, 1 = 1iMa,J + Na, 1t + (1 — 2Xa)Na,17a, -

Indeed, an equivalent condition for X4 Il Xg|H, can be written in terms of condi-
tional covariances. Thus for each I C A, J C B we have

(9) COV(UI,UJ‘Ha ZO) =0,
COV(U[,UJ‘HG = 1) =0.

This set of equations is equivalent to

/\aCOV(U], UJ|Ha = 1) + (1 — )\UJ)COV(UYI7 UJ|Ha = O) =0,
COV(U],UJ|HG = O) — COV(U[, UJ|H = 1) =0.

Because any function of H, is necessarily a linear function it follows that for any
ICn)

(11) E’(UI‘HG) = pr+ na,IUa;

and hence

(10)

Cov(Ur,Uy|Ha) = prrg = prpes + (a,10 = Na,1tt5 = p17a,7)Ua = Ta, 17,5 Us-
Using this formula it is now straightforward to check that (10) is equivalent to (8).

3.2. Reparametrization for general Markov models. Let f,, denote the re-
striction of fy, o fpx to Agn_i. We showed earlier that fy, : Agn_y — Cp is an
isomorphism. Hence we can investigate the geometry of Mt in the new coordi-
nate system. A similar approach is presented for example in [17][32]. We denote
MI;“ = fpu(MT) CCy.

The next step is to reparametrize the parameter space of a tree model. Let
T = (V, E) be arooted tree with n leaves and root r. Note that for a tree 1+2|E| =
[V| + |E| so the number of free parameters in (2) and (3) is |V| + |E|. We define
a polynomial map fy,, : RIVIHIEl - RIVI+IEl from the original set of parameters of
O given by the root distribution and the conditional probabilities for each of the
edges to a set of parameters given as follows: for every directed edge (u,v) € E
(12) M = 0] —01) € [-1,1]  and

Ay =1—2)\, € [-1,1] for each inner node v € V,

where A\, = EY,, is a polynomial in the original parameters 6 of degree depending

on the distance of v from the root r. Indeed, let r,v1,..., vk, v be a directed path
in T. Then
= (v) o) r
Ay = Z Hl‘akoakﬁak—l o GEXT)'
ae{0,1}F+1

The inverse map f,g : RIVIHIEl  RIVIHIEl has an even simpler form. For each
edge (u,v) € E we have

(v) _ 1+ fiy 1+ fiy
91|0 - 9 — Nuw 2 )
Hg\l) = 2 s + v 2 -

and GY) = H‘% Writing Qr = fy(O7) it follows that fy, is an isomorphism
between O and Qr.
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8 PIOTR ZWIERNIK AND JIM Q. SMITH

It is simple to check that 1, = E(U,U,)/VarY, where Var(Y,) = (1 — i2). It
follows that 7,, defined above coincides with the definition of 7, , just preceding
equation (8), where in one notation we omit the coma. By definition 7, , is a linear
regression coefficient of Y, against Yy, i.e. E(Y, —EY,|Yy) = nup (Yo — EY,). When
(u,v) € E then n,,, is a parameter of M (c.f. (12)) and hence we simply write 7y,
Unless otherwise indicated 7, will denote E(U,U,)/VarY, for any two variables
Y., Y,. In general for any T with n leaves we obtain the following sequence of
polynomial maps
(13) Qp % 07 I8 Agu_y s
where f,¢ and f,, are regular polynomial maps.

The geometric description of the new parameter space Q1 is quite complicated.
For any choice of values for (fi,)vev, where i, € [—1,1], the constraints on the
remaining parameters can be deduced from the following set of inequalities

(14) —min {(1 + fi) (1 + fi), (1 — f) (1 = fin) } < (1= ﬂi)nu,v <
< min{(l + /j'u)(l - /jv)v (1 - ,uu)(l + /j'v)}
where 1y, = 1,0 if (u,v) € E.

To show (14) we check for which values of 7, , we can reconstruct a probability
distribution [p;;] of (Yy,Y,) with given margins p14 = Ay, = (1 — fin), p11 = Ay =
1(1 = [iy). A sufficient condition for a table with margins summing to one to form
a probability distribution is that po1,p1g,p11 > 0 and po1 + p1o +p11 < 1. We
have pp1 = p+1 — p11 = 0 if and only if p1; < A, equivalently piy, = p11 — AuAy <
Ap(1—=Ay). In a similar way we show that pig > 0 if and only if p,, < (1 — Ay)Ay.
The condition py; > 0 is equivalent to p,, > —A,A, and the last condition is
equivalent to fi,, > —(1 — A,)(1 — A,). To obtain (14) write puy = (1 — i2) 1.0
and replace Ay, A, with [i,, fi, using (12).

In the remaining part of this subsection we present the semi-algebraic description
of the tripod tree model.

Definition 2. Let P be a 2 X 2 x 2 table then the hyperdeterminant of P as defined
by Gelfand, Kapranov, Zelevinsky [19, Chapter 14] is given by
Det P = (poooPiin + PooiPiio + PoroPior + Po11Pioo)
= 2(Po00P001P110P111 — P000P010P101P111 + P000P011P100P111
+  Po01Po10P101P110 + P001P011P110P100 + P010P011P101P100)
+  4(pooopo11P101P110 + P001P010P100P111)-

If > pijr = 1 then we can simplify this formula using the change of coordinates
to central moments

(15) Det P = (o5 + dpinzfinsfizs.

Lemma 3 (A semi-algebraic description of the tripod model). Let My be the
general Markov model on a tripod tree T rooted in any node of T. Let P be a
2 x 2 X 2 probability table for three binary random variables (X1, Xo, X3). Then
P € My if and only if

(16) piap13p23 > 0,

(17) Hiaits + Highzs + Hishzs < Det P < min g
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THE GEOMETRY OF INDEPENDENCE TREE MODELS WITH HIDDEN VARIABLES 9

and
(18) DetP < (14 i) F paos)”  for alli =1,2,3,

where for any i =1,2,3 by j, k we denote elements of {1,2,3}\ ¢ with a convention
that j < k.

Proof. The model is defined by X; 1 (Xs, X35)|H and Xo |l X3|H. Then, since
A(1=Xp) = 1(1—f3), (8) gives that
(19) Hij = i(l - ﬂ;%)’lh,mh,j for all 4 7é.] € {17 273} and

123 = %(1 — [ ) BRIk, 1k, 27k, 3
where fi, € [~1,1] and (1 — fi})np,; for all 4 = 1,2,3 satisfy the inequality (14).
We now show that this implies the constraints on the moments given in the lemma.
Using (19) we obtain

3
1
(20) H12fi13 /423 = (4(1 - Mi)) (Mh,1Mh,27M0,3)°

which in particular implies the inequality in (16) and it does not depend on a
rooting of 7. Moreover,
2 1 _9\2 2
(21) Det P = pifo5 + 4pt12/113 4123 = T6<1 — i) " (Mh,1Mn,278,3) "
and by the second equation in (19)

(22) fir, Det P = piio3, (1 — fij,) Det P = 4piopi13pi3
and again this does not depend on the rooting of 7. E s (19) and (21) imply that
(23) i, =Det P foralli=1,2,3.
Similarly one can show that
(24)  pidopks + phopd + ihops = 1 (L PR + 9+ o o) Dt P
Since necessarily 73, ;, fij, € [0,1] then s (22), (23) and (24) imply that

1ot + Hiass + (1isihs < Det P < nlujn T

which is exactly (17).

Note that in the case when Det P = 0 the inequalities in (18) are trivially
satisfied. Hence all the constraints in the lemma for points such that Det P = 0
hold. Now we can assume Det P > 0. In this case 7 # 1, mp,; # 0 for all
i=1,2,3. Let 0; = sgn(nn,i), on = sgn(fin), oij = sgn(u;;) and o123 = sgn(pi23).
By (19) we have o;; = 0,0, for all 4,j = 1,2,3 and o123 = 0,010203 and hence
Op = 0102030123. Thus taking the square root of (22) we obtain fipvDet P =
0102034123 We can now discover which constraints on the observed moments are
induced by the further constraints on the parameter space given by (14). For each
i=1,2,3,if n,; > 0 (0; = 1) then from (23) ny, ;|| = vDet P. It follows that
|jk|VDet Phiy, = oj|pjn|pi2s = pjepizs. By (14) taken for each ¢ = 1,2,3 after
multiplying both sides by |ujr|vDet P we obtain

(25) (1 — a3 )nn.ilpn|VDet P = dpnapspos < (1% fi5)(/ g2, Det P F pijpinas)
forallt=1,2,3.
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10 PIOTR ZWIERNIK AND JIM Q. SMITH

If mpi < O then —mp, ;|pjr] = vDet P and |pjr|vDet Plip, = —oji|pjr|pi2s =
[jkpi23. Again by (14)

—(1 = fip)7n,il x| VDet P = dpyopngpos < (1£ fii)(\/ 13, Det P F pijppi23)

and hence we obtain exactly the same inequalities.
To show that, given (16) and (17), these inequalities are equivalent to (18). Note

that (16) implies that 1//L?,cDetP + pjkpi23 > 0. We can multiply both sides of

(25) by this expression to obtain

dpazpizpioz(y/ 15, Det P £ pijppinez) < (14 i) (13 Ap12p3 i23)

or
(26) V3 Det P < (1 i) iy F pjrpnas-
Since DetP > 0 this is equivalent to

0 < (1 fui)udy F pyktazs,

DetP < (14 fis)pjn F pa2s)”

The second inequality is exactly (18). The remaining task is to show that (18)
already implies the first inequality in (27). To see this rewrite (18) as

(27)

(1- ﬂz‘)/@k > —2p123 M5k

1+ ﬂi)M?k > 201123145k -

noting that the left-hand sides are nonnegative. For each of the two inequalities
if the right-hand side is negative then the inequality is trivially satisfied. If the
right-hand side is nonnegative then in the first case 2p123px > pri2sptjr and in

the second case —2p123145% > —p123445%. Hence the following set of inequalities is
implied by (28)

(1— ﬂi)ﬂ?k > —pa2spie,  (1+ ﬂi)ﬂ?k > M123 45k -

This is exactly the first inequality in (27). This shows that if P € My then (16)-
(18) must hold.

Now assume that P satisfies the inequalities in (16)—(18). We will show that a
choice of parameters in (19) exists which satisfies constraints defining Qr. From
(16) we know that Det P > 0 so consider separately the two situations: first when
Det P = 0 and second when Det P > 0. In the first case necessarily p123 = 0
and the inequality in (17) implies that at least two covariances are zero. If all the
covariances are zero then setting all edge parameters to zero and fi; = 1 gives a valid
choice of parameters satisfying (19). When one covariance, say p12 # 0, is non-zero
then if a parametrization exists it has to satisfy g2 # 1, np.1,mn2 # 0 and np3 = 0.
Such a choice of parameters will exist if we can ensure that 1o = (1 — ﬁ%)ﬂh,mhg.
This follows from Corollary 2 in [20] which states that if only p12 # 0 then there
always exists a choice of parameters for model X; 1L Xo|H, where H is hidden.

Assume now that Det P > 0 which by (17) implies that p;; # 0 for each i < j =

1,2,3. Define ay := \/% and ny,; = % for = 1,2,3. One can easily check

that pi; = (1 — ) 0n,in, for 4,5 = 1,2,3 and (1 — &}, ) finna1nn,2n,s = pa2s. It
remains to show that parameters defined in this way satisfy the constraints defining
Qp. First note that by the inequalities we have 0 < 4pqop13p23 < Det P and hence

(28)
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THE GEOMETRY OF INDEPENDENCE TREE MODELS WITH HIDDEN VARIABLES 11

iz € [0,1] as required. Moreover since o; = o) then the inequalities in (25),
holding by the above arguments, demand that (1 — ﬂ%)nhvi satisfies the constraints
n (14) for each i =1,2,3.

O

Remark 4. In a phylogenetic analysis it is often assumed that 7, > 0 for all e € F
and i2 # 1 for all v € V (c.f. assumptions (M1)-(M3) in Section 8.2 and Section
8.4 in [31]). The proof above is then much more straightforward since it restricts
us to the case Det P > 0 and p;; > 0 for all ¢ < j =1,2,3. For a general tree this
assumption also greatly simplifies computations.

3.3. A relation to tree metrics. Now let T' be a general tree with n leaves.
Before stating the main theorem of the paper we show how to obtain an elegant set
of necessary constraints on My. Assume that ji2 # 1 for all v € V (c.f. Remark
4). The correlation between X, and X, is defined as py, = ——£22—— which

V(1-a3)(1-h3)

gives

Let k,1 € V be any two nodes representing variables Yy, Y; and let Pr(k,) be the
unique path joining them in 7" with the set of edges denoted by Ej;. Then using
the first equation in (8) implies that p;; = pippn; for any h separating i and j.
Using this argument repeatedly for the node adjacent to k, then for the next node
in the path and so on, it can be seen that

(29) o =[] pe

e€Ey,

for each probability distribution in M\T such that all the correlations are well de-
fined.

The above equation allows us to demonstrate an interesting reformulation of our
problem in term of tree metrics (c.f. [31, Section 7]) which we explain below (see
also Cavender [7]).

Let d:V xV — R be a map defined as

d(k, 1) = —log(p3,), for all k,l €V such that py # 0,
] oo, otherwise

then d(k,l) > 0 because p7, < 1 and d(k,k) = 0 for all k € V since pgs, = 1.
If R € M/ then by (29) we can define map dir,gy: V xV — R

Z(u,v)ePT(k,z) d(u,v), ifk#I,

(30) der:ry(k, 1) = { 0, otherwise.

This map, restricted to the product of the set of leaves [n] x [n] C V x V| is called
a tree metric. In our case we have a point in the model space defining all the
second order correlations and d(r.gy(i, j) for 4,5 € [n]. The question is: What are
the conditions for the “distances” between leaves so that there exists a tree T" and
edge lengths d(u,v) for all (u,v) € E such that (30) is satisfied? Or equivalently:
What are the conditions on the absolute values of the second order correlations in
order that p7; = [].c i p? (for some edge correlations) is satisfied? We have the
following theorem.
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12 PIOTR ZWIERNIK AND JIM Q. SMITH

Theorem 5 (Tree-Metric Theorem, Buneman [4]). A function 6 : [n] x [n] — R is
a tree metric on [n] if and only if for every four (not necessarily distinct) elements
i, j, kL€ [nl,

0(i,7) + 6(k,l) <max{d(i, k) +6(4,1),0(:,0) + (4, k) }.

Note that since the elements i,j,k,1 € [n] need not be distinct, every map
satisfying the four-point condition defines a metric on [n]. Moreover, from the
general theory we know that a tree metric defines the tree uniquely.

The four-point condition in terms of correlations translates to

(31) (pijpra)? = min { (pirpsi)*, (pupjr)?} -
As a corollary we can state the following well known result (c.f. [31, Section 8.4]).

Corollary 6. If P € My for some T then we can reconstruct T from the second
order correlations between the leaves.

Now we need an additional constraint on the second order correlations which en-
sures that there exists a choice of signs for the correlations of all the edges consistent
with the signs of the correlations between the leaves.

Lemma 7. Let T be a tree such that each inner node has degree at least three. If
the set of correlations p;; for all pairs of leaves in the tree satisfies pijpixpjr = 0 for
all triples {i,j,k} C [n] then there exists a choice of signs for the edge correlations
consistent with the signs of the correlations between the leaves.

Given that p;;pikpjr > 0 for all distinct triples ¢, 7, k € [n] (31) can be rearranged

as

min { pikpi. Pilpjk} <1

Pij Pkl Pij Pkl
Using the fact that 2&Pit — Eiklgl gapq Pilik — Pilik these imply the set of
PijPkl Hij Kkl PijPkl Hij Lkl

inequalities
(32) o<min{’”’““ﬂ ’“‘”“j’“}<1.

o Wit i J T

for all (not necessarily distinct) 4,7, k,! € [n]. It is important to note however
from Lemma 3 that the inequalities given above cannot be sufficient even for the
tripod tree model because any particular choice of means for the nodes of the tree
constrains the space of possible edge parameters. The means of the leaf variables
will be estimated and, except in the unlikely event of all being 1/2, will actively
constrain the tree metric space in the way described above. It follows that to be
an effective tool, the tree metric space needs to be further truncated to respect the
inequalities implied by Lemma 3 in the tripod case. Furthermore in the general case
the observable higher order moments of a tree model further constrain this space
and should not be ignored. The next section derives these constraints explicitly.

3.4. The main theorem. Since M1 is a semi-algebraic set, to describe it we need
to provide the complete list of defining polynomial equations and inequalities. In
this subsection we present the known results concerning the equality descriptions
of the model. We state then the main theorem of the paper which gives the full
semi-algebraic description.

Any conditional independence model has a defining set of equations (c.f. Section
2.2). Allman and Rhodes [1] identified equations defining the general Markov model
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THE GEOMETRY OF INDEPENDENCE TREE MODELS WITH HIDDEN VARIABLES 13

for binary data when the defining tree is trivalent which means that all its inner
nodes have valency three. To obtain this identification they studied the phylogenetic
ideal, i.e. the set of all polynomials vanishing on f(C2/ZI+1) ¢ C2". Note that we
do not restrict the parameters in (3) to lie in O but allow them to be any complex
numbers. Extending the domain of defining equations to the complex field is a
common approach in algebraic geometry and in this context this is done to make
the analysis easier. To introduce the set of defining equations provided by Allman
and Rhodes we need the following definition.

Definition 8. Let X = (X1,...,X,,) be a vector of binary random variables and
let P = (py)ye{o,13» be a 2 x ... x 2 table of the joint distribution of X. Let
(A)(B) form a partition of [n]. Then the flattening of P induced by the partition
is a matrix
Pay) = [pagl, @ € {0,131, 5 = {0,137,

where pog = P(X4 = a,Xp = (). Let T = (V,E) be a tree. In particular, for
each e € E, removing edge e from F induces a partition of the set of leaves into
two subsets corresponding to the two connected components of the resulting forest.
The obtained flattening is called an edge flattening and we denote it by P..

Note that whenever we implicitly use some order on coordinates indexed by
{0, 1}-sequences we always mean the order induced by the lexicographic order on
{0, 1}-sequences such that 0---00>0---01 >...>1---11.

If P is the joint distribution of X = (X3,...,X,,) then each of its flattenings is
just a matrix representation of the joint distribution P and contains essentially the
same probabilistic information. However, these different representations contain
important geometric information about the model.

Theorem 9 (Allman, Rhodes [1]). Let T be a trivalent tree and My be the general
Markov model onT' for binary variables. Then the ideal defining the general Markov
model is generated by all 3 x 3-minors of all the edge flattenings of T plus the trivial
invariant ) po = 1.

This therefore identifies the set of equations defining the general Markov model
for trivalent trees. Note that the result is true for the tripod tree model since in
this case each edge flattening of the joint probability table is a 2 x 4 table so there
are no 3 x 3 minors and hence there are no equations vanishing on the model.

The following result is well known (see e.g. [20]).

Lemma 10. Let T be a tree. Let v be a vertex of degree two and let ey = (u,r),
ez = (r,v) be the edges incident with r. Then P € My if and only if P € My., =
M )e,, where T /e denotes a tree obtained from T by contracting edge e (c.f. Section
2.1).

In what follows we often restrict ourselves to trivalent trees or by Lemma 10
equivalently to trees such that each inner node has degree at most three. This
restriction is natural since for every 7' the model M can be realized as a submodel
of Mrp~ for some trivalent tree T with certain restrictions on the parameters in
Qp« (c.f. Remark 14).

In Section 6 we prove the following theorem which gives the exact geometric
description of M~ in the case when T is a trivalent tree. However Proposition 18
shows that a similar result can be constructed for any tree topology if only we knew
equations defining the image of fr : ©Op — Agn_j.
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14 PIOTR ZWIERNIK AND JIM Q. SMITH

Theorem 11. Let T = (V, E) be a trivalent tree with n leaves such that all the
inner nodes have degree at most three. Let My be a general Markov model on T.
Suppose P is a joint probability distribution of n binary variables. Then P € Mt
if and only if the following four conditions hold:

(C1): all 3 x 3-minors of all the edge flattenings of P vanish,
(C2): for all distinct triples i,j,k € [n] pijpikttix > 0 and

(uds b + w3t + i) < Det PUS < min{pds, pdy, 15},
(C3): for all distinct triples i, j, k € [n]

Det PY% < min, {((1 + [ (i) o (j)o(k) F Mijk)g} :

for all three permutations o of {i,j,k} such that o(j) > o(k).
(C4): for any four distinct leaves i, j, k,1 such that there exists e € E inducing
a split (A)(B) such that i,j € A and k,l € B (c.f. Figure 1) we have

pirij)® < (/13 Det Pk 4 i) (VDet PR — puip)
Quirpj)® < (/13 Det Pk — i) (VDet PR 4 ).

The proof of the theorem is given in Section 6.

4. TREE CUMULANTS

In previous sections we defined a reparametrization map fp, : Aan_y — Cy, of
the model space. In this section we perform a further reparametrization of the
system of central moments for another system of coordinates which is intrinsically
linked to the given tree. The model in this coordinate system admits a quasi-
monomial parametrization in the new parameters. Our approach in this section is
more combinatorial and is based on the theory of Mébius functions (see [35]). This
links to the concept of cumulants which are essentially model-free (see e.g. [25,
Section 2] [27]). Our idea here is to develop some “tree cumulants” to obtain as
simple parametric form of the model as possible.

4.1. The poset of tree partitions. Let T' = (V, E) be a tree with n leaves. A split
induced by e € E is a partition of [n] into two non-empty sets induced by removing
e from E and restricting [n] to the connected components of the resulting graph.
Let (A)(B) be a split induced by e € E and for W C V' let T(W) = (V(W), E(W))
denote the minimal subtree of T induced by W (c.f. Section 2.1). Then any split
of A induced by ¢’ € E(A) or a split of B induced by ¢’ € E(B) induces a partition
of [n] into three sets. We can iterate the procedure. By a multisplit we mean any
partition (A1) --- (Ag) of the set of leaves induced by removing a subset of the set
of edges of T'. Each A; is called a block of the partition.

By Il we denote the partially ordered set (poset) of all multisplits of the set of
leaves induced by inner edges of T. We can define the poset on the level of edges
of T. Let E° C E denote the set of inner edges of T. We define the following
equivalence class on E°. For E, C E°, E, C E° we say E, ~ E, if and only if
removing E, induces the same partition of [n] as removing E,. By E, we denote
the maximal with respect to inclusion element of the equivalence class of F,. Let
z,y € It be defined by removing edges in E, C E and edges in E, C E respectively.
We write x < y if and only if E, C Ey and we say that y is a subsplit of x.
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THE GEOMETRY OF INDEPENDENCE TREE MODELS WITH HIDDEN VARIABLES 15

A segment [z,y], for x and y in Iy, is the set of all elements z such that
r < z < y. The poset Il forms a lattice. To show this we define z Vy € Ilp
(x Ay € Ilr) as an element in Il obtained induced by removing E, UE, (E,NE,).
Note that this definition does not depend on the choice of the representatives of
the equivalence class of E, and E,. Wehave zVy >z, aVy >y (x Ay < z,
x Ay < y) and if there exists another z € Il with this property then z > z VvV y
(z < xAy). The element  Vy (x Ay) is called a join (a meet) of z and y. It
has a unique maximal element induced by removing E° and the minimal one with
no edges removed which is equal to a single block [n]. The maximal element of a
lattice is denoted by 1 and the minimal one is denoted by O.

To illustrate these definitions let T be the quartet tree below.

1 3

This has only one inner edge and hence the partially ordered set Il has exactly
two elements 0 = (1234) and 1 = (12)(34). Now consider two different trivalent
trees with six leaves

1 2

a 5

Their respective posets II% (for the tree on the left) and II% (for the tree on the
right) are given below

(12)(34)(56) (12)(3)(4)(56)

(12)(3456) 7 234)(56)

(123456)

(123456)

So for example (12)(34)(56) is a multisplit in IT% and it is a subsplit of any other
multisplit y € Tk, Since for # = (12)(34)(56) there are no subsplits of x apart from
x itself then z is a maximal element in IT%. However, it is not maximal in IT£.
For any poset II a Mébius function myy : I x II — R is defined in such a way that
mn(z,z) = 1 for every x € Il and mn(z,y) = —>_, .., mu(z, 2) for z <y in Il
(c.f. [35, Section 3.7]). Let W C V' and we denote mii,. ., := mw and mm, := m.
We write Oy and 1y to denote the minimal and the maximal element of 7wy
respectively. For any multisplit = € IIp the interval [z, 1] has a natural structure of
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16 PIOTR ZWIERNIK AND JIM Q. SMITH

a product of posets for blocks of =, namely [] 5, II7(s) where the product is over
all blocks B of z. By Proposition 3.8.2 in [35] the M&bius function on the product
of posets [[5¢, I (p) can be written as a product of Mobius functions for each of
the posets Il7(p). Thus

(33) m(z,y) = [[ ms(0s,y5) for ys € lz(p),

Bex
where yp means the restriction of y € Il to the block containing only elements
from B C [n] (it is well definied since x < y) and zp = 0p for each B.

4.2. An induced reparametrization. In this section unless otherwise stated we
restrict ourselves to trees such that all the inner nodes have degree at most three.
We use the combinatorial machinery developed in the previous subsection to define
new coordinates (£) I€[n]s, using change of coordinates f,,; : R" x R2" — R* xR2"
defined by the Mobius function on Iy for I € [n]>2 in the following way.

Let T be a tree with n leaves then tree cumulants for 7" are obtained according

to

(34) K = Z my(0r, ) H up forall I € [n]>o,

m€llr(r) Bem

where by definition p; = 0 for all i € [n]. By definition f,, is an identity on the
first n variables corresponding to the means.

The Jacobian of f,. is equal to one. To see this, order the variables in such
a way that k; precedes x; as long as I C J and do the same for py, py. Then
it can be checked that the Jacobian matrix of (35) is lower triangular with all its
diagonal terms taking the value one. The map f.. is a regular polynomial map
with a regular polynomial inverse. The exact form of the inverse map is given by
the following lemma.

Lemma 12. Let T = (V, E) be a tree with n leaves. Then
(35) Wy = Z H kg for all I € [n]>s.
IEHT(I) Bex
Proof. Define two functions on Ilz(y,
a)=[[ws. B =1]] #s
Bey Bey

For each y € Ilp(;) by (34) we obtain that 3(y) is equal to

H KB = H Z mp(0p,2p) H pe | = Z H mp(0p,2p) H Kes

Bey Bey \zp€llr(p) Cexp x>y Bex Cex

where z is an element of Ilp(y) obtained by concatenating xp for B € y. By the
product formula in (33) we have [[z., mp(0B,75) = m(y,z) which gives that
Bly) = > s, mi(y, x)a(z) for all y € Ilp(ry. The proof now follows from the dual
Mébius inversion (see Proposition 3.7.2 in [35]). O

By definition K7 = f,(Cp), where K7 denotes the space of tree cumulants, and
%= fun(M4) C Kp and for any I € [n]<3 we have k1 = pu, where [n]<s denotes
all the subsets of [n] with at most three elements. Equation (34) justifies the name
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for the tree cumulants. Indeed, one of the alternative definitions of cumulants is as
follows. Let P(I) denote the set of all partitions of I. Then

(36) Cum((X)ier) = Y (=1 (|| = 1)! [T E(X5)

reP(I) Ber

where the product is over all blocks of 7 and |7| denotes the number of blocks in 7.
This is essentially the same as (34) but with a different defining poset (see [37][29]).

The following proposition motivates the whole section and demonstrates why
our new coordinate system is particularly useful.

Proposition 13. Let T = (V, E) be a rooted tree with n leaves. Then M¥. is
parametrized by a map defined coordinatewise as follows:

1
(37) kr= 1 (1 - ﬂ%([)) H fides(v)=2 H Nuw  for each I € [n]>q,
v€int(V (1)) (u,v)EE(I)

where the degree is taken in T(I) = (V(I), E(I)); int(V(I)) denotes the set of inner
nodes of T(I) and r(I) denotes the root of T'(I).

Let 7 : RIVIFIEL — R? x R?" be a map defined as follows. On the first n
coordinates it is given by \; = 1_2‘“ for s = 1,...,n. Then we have kg = 1 and
k; = 0 for ¢ = 1,...,n and on the remaining coordinates the map is defined by

(37). We have M. =47 (Qrp) C Kr.

Proof of Proposition 13. Tt suffices to prove the lemma for I = [n]. The general
result obviously follows by restriction to the subtree T'(I) since each inner node of
T(I) has degree at most three.

First we show that for any k,l € V one has

1., 1,
(38) pa = 5 (1= p)mes = 7 (1= i) I 7
e€Ey

where 7 denotes the root of Pr(k,1). To show (38) first note that from (8) by taking
I =k, J=1we have
1
4
so it suffices to show that (1 —a2)n.r = (1 —2) [leep,, me and (1= a2)n.; =
(1 — ?) [l.cr,, Me- By symmetry it suffices to show the first. Let h; denote the
child of r in Pp(r, k). Then (r, h1) € E, and again by (8) we have

1 _ 1 _

1= Bk = gk = 5 (L= ) s
Now we perform the same manipulations for 7, , denoting the child of h; in
pT(T7 k) by ho. We have %(1 - ﬂil)nhl,hz = Khihy = i(l - ﬂ%g)nhz,hlnhz,k' Using a
recursive argument we can write (1 — fi2)7rk = My Mha k= T g T k(1= A7),
where h,, is the parent of k in Pp(r,k). Note that we can write 7, x instead
of np,, r because (h,,k) is an edge of Pr(k,l) (c.f. Section 3.2). Moreover,
(L= )0hihy = (L= [, )n,_n, for each i = 2,...,m. Then this can be
rewritten as

fer = ~ (1 — @2) 0 k1

(L= a2)0mp = (1= ) Dby Mhihs Mo o Mo -

To obtain (38) we perform the same manipulations on (1 — fi2)n,.;.
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Since by definition k;; = u;; for all ¢, j € [n], applying (38) to p;;, the proposition
is clearly true for n = 2. In addition (19) implies that for every triple i, j, k € [n]

1 oy _
Pijk = 1(1 — ) Rk, i, TR, e

where h is the inner node separating 4,7,k in T. If h is the root of T'(ijk) then
we are done. If not then the root r is on one of the three paths Pr(h,1), Pr(h,j),
Pr(h,k) and h is a root for the remaining two paths. Hence using an exactly
analogous argument to the one used to derive (38) we obtain the identity

1 PN 1 oy
pige = 7 (1= i) E i, M e = (- i [T mes
ecE;jk

where E;j;, denotes the set of edges of T'(ijk). We have therefore shown that the
lemma is true also for n = 3.

Now let us assume the proposition is true for all £ < n — 1 and let T be a tree
with n leaves. We can always find two leaves separated from all the other leaves by
an inner node. We shall call such a pair an extended cherry (This differs slightly
from the definition of a cherry (c.f. [31], p. 8) since the inner node does not have
to be adjacent to the leaves.). Denote the leaves by 1,2 and the inner node by a.
Denote A = {3,...,n} and let T(aA) be the minimal subtree of T" induced by a
and A. Note that the global Markov properties give that for each C' C A we have
(X1,X2) 1L X¢|H, so using (8) we have

1 _
(39) H12c = p12/ic + 1(1 — I2)Na12Ma,c = f12iC + Na12 HaC-

Let e € E° be the inner edge incident with a separating 1 and 2 from all other
leaves. We define a closure relation in Il induced by e in the following way. If
x € Ilr is induced by removing E, C FE then ¥ is induced by removing F, U e.
It is easily checked that this satisfies the following three conditions: (1) z > = (2)
Zz =1 and (3) x > y implies T > . Hence it defines a closure relation as defined
by Rota [28]. An element x € II is closed if 2 = Z. In our case 0 is never closed
and 1 always is and hence 0 > 0 and 1 = 1.

Let w = (12)(14) € IIp. Since {1,2} form an extended cherry and all the inner
nodes of T have degree at most three then a necessarily has degree three in T and it
is a leaf of T'(aA). A trimming map with respect to {1,2} is a map [0, w] — Ilp(qa)
such that = — 7T is defined by changing the block (ijC) in x € [0,w] for (aC). Note
that the trimming map constitutes an isomorphism of posets between [0, w] and
7 (aa)-

For each x € IIr let T and ¥ denote the image of x under the closure relation
and the trimming map induced by the extended cherry {1,2}. Let w = (12)(14)

then by (34)
Kin) = Z m(0,x) H wB + Z m(0, x) H UB

z€[0,w] Bex z¢[0,w] Bex

and applying (39) to each p12¢ for each x € [0, w] we obtain

HHBZ HMB+77a,12 HNB

Bex Bex Bezx
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and hence
= > m(0,2) [ ue+naaz > m©,2) [ ns
z€[0,w] Bex z€[0,w] Bex
(40) + > m(0,2) [] us-
z¢[0,w] Bex

Let w' = (12)(04) € IIp. Then [w’, w] is a subset of the closed elements in [0, w].
The first summand in (40) can be rewritten as

S [ X w0 T ne

y€[w’,w] {m: 2=y} Bey

By [28, Proposition 4] if x Vy = T V 7, which is clearly satisfied in our case since
(B, UE,)Ue = (Ey;Ue) U (E, Ue), for all y € [w',w] the summands above are
zero and hence the whole sum is zero. The third summand in (40) is zero as well
because if z ¢ [0, w] then x contains (1) or (2) as one of the blocks and p1 = pe =0
by definition of central moments.

Since the trimming map constitutes an isomorphism between [0, w] and IIy(aA).
By Proposition 4 in [28] the Mébius function of [0,w] is equal to the restriction of
the Mobius function on Ilr to the interval [0, w]. Since this is equal to the Mobius
function on Iy, 4) we have

Na,12 Z m(O,x) H UB | = Na,12 Z maA(OaAyx) H UB | = Na,12 RaA-

z€[0,w] Bex €Il (qa) Bex

Using (11) it can be checked that piaq = (1 — i2)jiaNa17a2 Or equivalently that

Na,12 = [aNa17a2, Where na1 = [T.cpe1) and na2 = [[.cpan)- Also since [aA| =
n — 1 by using the induction assumption

RaqA = (1 — ﬂz(aA)) H Thuwv H ﬁﬁcg(”)”?

(u,v)€E(aA) v€int(V(aA))
where the degree is taken in T'(¢A). But E = E(aA) U E(la) U E(2a) and
int(V) = int(V(aA)) U {a} Uint(V(la)) Uint(V (2a))

and r(aA) = r. The degrees of a in T is three and the degree of all the inner nodes
of T(1la) and T'(2a) are two. Hence one can check that [i,7,17.2rq4 satisfies (37).
This finishes the proof. ([l

Remark 14. The parameterization in (37) remains valid for general trees. If T is a
tree with inner nodes of the degree higher than three then denote by 7™ any tree
such that all the inner nodes have degree at most three and such that T can be
obtained from 7™ by contracting some edges. Then My C My« given as the image
of Qp C Qp« under Yp-. The constraints on {27 are such that if we identify two
inner nodes a, b (contracting (a, b)) then we set 75 = 1 and fig = [ip-

Corollary 15. Let T = (V, E) be a tree and let M be the general Markov model
onT. Then dim(Mry) = |E|+|V] by which we mean that there exists a dense open
subset of My diffeomorphic with a d-dimensional manifold.

Proof. The parametrization in (37) is injective. Its image is diffeomorphic to M.
Since dim M¥%. = dim Q7 = |V|+|E| so the dimension of M must be |V|+|E|. O
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5. PHYLOGENETIC INVARIANTS

Our new coordinates allow us to prove several useful results related to the struc-
ture of phylogenetic ideals defining My in the case when T is trivalent. In an
analogous way to the edge flattenings of tables representing probability distribu-
tions we can define edge flattenings of (kr);cp,), where by definition kg = 1 and
ki = 0 for all ¢ € [n]. Let e be an edge of T inducing a split (A)(B) € IIy such
that |A| = r, |B| = n —r. Then N, is a 2" x 2"~" matrix such that for any two
subsets I C A, J C B the element of Z\Afe corresponding to the I-th row and the
J-th column is kr;. Denote by N, its submatrix given by removing the column
and the row corresponding to empty subsets of A and B. Here the labeling for the
rows and columus is induced by the ordering of the rows and columns for P, (c.f.
Definition 8), i.e. all the subsets of A and B are coded as {0, 1}-vectors and we
introduce the lexicographic order on the vectors with the vector of ones being the
last one.

The following result allows us to rephrase equations from Theorem 9 in terms of
the new coordinates.

Proposition 16. Let T = (V, E) be a tree and let P be a probability distribution
of a vector X = (X1,...,Xn) of binary variables represented by the leaves of T. If
e € E is an edge of T inducing a split then rank(P,) = 2 if and only if rank(N,) = 1.

Proof. By using elementary operations that do not change the determinant we will
show that we can obtain, from the flattening matrix P, = [pag] induced by a split
(A1)(As), a block diagonal matrix D, = [dr;] with one as the first scalar block
(dpp = 1,dp; =0,drg=1forall I C A, J C B) and a matrix N, as the second
block. Tt will then follows that rank (P,) = 2 if and only if rank (N.) = 1.

First note that the flattening matrix P, can be transformed to the flattening of
the non-central moments just by adding rows and columns according to (4) and then
to the flattening of the central moments M, = [urs] such that I C Ay, J C As.
It therefore suffices to show that we can obtain D. from M, using elementary
operations.

Let I C Ay, J C A,. Then for each z € TS there is at most one block
containing elements from both I and J. For 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* C J. Note that by construction we have either
both I',.J’ are empty sets if > (A;1)(Az2) or both I’, J’ # () otherwise. We can
rewrite (35) splitting the blocks

(41) Hrg = Z dp H KB H KB :Z ZUH/dI/J’UJ’J

z€TlF ;5 IDBex  JDBex I'CIJ'CJ
for some uyp, vyy and T is a trivalent tree covering T. Setting u;p = 0 for
I ¢TI vpy=0forJ ¢ J we can write these coefficients in terms of a lower
triangular matrix U and an upper triangular matrix V. Since uy; = 1 for all

I C A; andvyy =1 for all J C Ay we have det U = det V = 1. Matrix U records
the row operations on D, and V records the column operations on D.. In this
way we have shown that using elementary operations one may obtain M, from D..
Because all the operations used in the transformation above are invertible we can
go equivalently from M, to D, which finishes the proof. O
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The proposition shows that the vanishing of all 3 x 3 minors of all the edge
flattenings of P and the trivial invariant > p, = 1 are together equivalent to the
vanishing all 2 x 2 minors of all edge flattenings of k = (HI)Ie[n]Zz- An immediate
corollary follows.

Corollary 17. Let T = (V, E) be a trivalent tree. Then the general Markov model
M is defined by the following set of equations. For each split (A)(B) induced by an
edge consider any four nonempty sets Iy,Io C A, Jy,Jo C B. The set of equations
of the form k1, j,K1,5, = K1, J, 51,0, generate the phylogenetic ideal defining Mr.

In [12] Eriksson noted that some of invariants usually prove to be better in
discriminating between different tree topologies than the others. His simulations
showed that the invariants related to the four-point condition were especially pow-
erful. The binary case we consider in this paper can give some partial understanding
of why this might be so. Here, the invariants related to the four-point condition
are only those involving second order covariances (c.f. Section 3). Moreover, the
estimates of the higher-order moments (or cumulants) are sensitive to outliers and
their variance generally grows with the order of the moment. Let i be a sample
estimator of the central moments p and let f be one of the equations in Theorem
17. Then using the delta method we have

Var(f(f1)) = V f(u) Var(i)V f ().

Consequently, the higher order of the central moments involved the higher vari-
ability of the invariant (see [25, Section 4.5]). This shows that invariants involving
lower-order moments should be of a greater value in practice. The results of this pa-
per further suggest that third-order moments are also helpful because they give us
all the inequalities implicit in a phylogenetic model as well as some other invariants.

6. PROOF OF THE MAIN THEOREM

Note that the map f,,. : C, — Krp defined by (34) gives an isomorphism between
MY, and M4 and consequently also Mr by fp, : Agn_y — C,. The following
proposition gives the inequalities defining M. The result is formulated in terms
of the complex numbers, i.e. we consider the domain of ¥ without any constraints
as CIVIHIEl This allows us to make a link to the algebraic theory of phylogenetic
invariants.

Proposition 18. Let T = (V, E) be a tree with n leaves. Let My be a general
Markov model on T. If k € Kr is such that k € p(CVIFIE then k € MY =
Yr(Qr) if and only if conditions (C2)-(C4) in Theorem 11 are satisfied.

Constraints in Theorem 11 are formulated in terms of the second and the third
order central moments. However, since py = sy for all I € [n]<s they can be
trivially translated to the constraints on k. We prefer to keep the formulation in
terms of moments but extended to the complex domain.

Proof. Note that by Lemma 10 we can assume that each of the inner nodes of T" has
degree greater than two. Let # € 17 (CIVIFIEl) satisfy (C2)-(C4). We will show that
(Y1)~ (k) NQr # 0 and consequently that k € M. Our analysis does not depend
on a rooting of T. Indeed, without loss fix two different rootings r and r'. Let T
be a tree rooted in 7 and by T” denote its copy rooted in r’. Then My = Mz, and
the parameters (1), (i,) and (n.), (@) are related as follows. We have G, = fi,,
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for all v € V. Moreover, if (u,v) € EN E’ then n,, = 1., and if (uv,v) € E\ E’
then (1 — i2)nu, = (1 — i2)n’,,. From the form of inequalities in (14) it suffices to
check constraints on (fip) and 7, , whenever (u,v) € E or (v,u) € E.

The idea of the proof is to identify the preimage of x and show that there is a
point in the preimage which lies in Q7. First we identify fij, for each inner node
h € V. Fix h and let 4, j, k € [n] be any three leaves separated in T by h. Then as
in the proof of Lemma 3 (c.f. (22)) we have

(42) Det PU% = 2, (1= i2)Det PU* = dp iz,

where Det PY% = 12, + 445 pirjujn, denotes the hyperdeterminant of the 2 x 2 x 2
table representing the marginal distribution of (X;, X;, X) as given by Definition
2. In particular because k € Kr it follows that all p1;; and g% for i, j, k € [n] are
real. Moreover, because & satisfies condition (C2) then Det P¥* > 0. If there exists
a triple 4, j, k € [n] separated by h such that Det P* > 0 then we can divide by
Det PU% in (42) obtaining a formula for 2 € [0,1] and so identify it up to a sign
after taking the square root. Otherwise the value of this parameter is not identified
but zero is always one of the possible values.

If h is adjacent to one of the leaves i then as in (23) we have
(43) M 15, = Det P*,
where j,k € [n] are two other leaves such that i, j, k are separated by h. If we
can find j, k such that Det P¥* > 0 then in particular ,u?k > 0 and (43) gives a
formula for 7, ; up to the choice of sign. By an identical argument to the one in
proof of Lemma 3 this parameter takes a value within constraints defining Qp if
the inequalities in condition (C3) hold for the given triple i, j, k € [n]. If for all j, k
the hyperdeterminant is zero then 7y, ; can be set to zero as in the proof of Lemma
3. Indeed, if there exists j, k such that p;;, # 0 then necessarily n, ; = 0. Otherwise
this parameter is not identified and zero is one of the possible values. Note that
Nhi = 0 is always allowed in Qp for all values of fi;, i (c.f. (14)).

To compute the inner edges parameters 7, for each inner edge (a,b) € E note
that we get at least four subsets of the set of leaves such that for any four leaves
each from a different subset we have a quartet subtree (see Figure 1). Denote the

FIGURE 1. On the left we pick two adjacent inner nodes and four
leaves (one from each of the shaded areas). On the right we have
the marginal subtree for those four variables.

four chosen leaves as i, j, k, . Again by the definiton of ¢ we obtain
(44) pikttit (L — i) = pighn (L — 1)1z

and ki = papie. Take {i,7,k} and {4, k,l} as triples separated by a and b.
Then we have the following possible situations. If for all choices of i, j, k, [ we have
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Det Pijk = 0 and Det Pikl = 0 then Hij ik ik = 0 and Hik il bjr = 0. In this
case we can set 7, = 0 which is a valid parameter for all choices of fi, and fi,.
Indeed, in this case by condition (C2) for both triples at most one covariance is
non-zero. If all the six covariances are zero then the value of the parameter is not
identified and it can be set to zero. If one of the covariances is non-zero then since
piktijt = pirptjx in Yp(CVIFIED this can be only either p;; or yy; and in this case
7ap is not identified either and we can set 7 = 0. If both p;; # 0 and pg # 0
then 7,4 is necessarily zero.

Now consider one of the two cases: either for each 4, j,k,1 Det P7F = ( and
there exists 4, j, k,! such that Det P*! > 0 or for each i, 7, k,I Det P** = 0 and
there exists 4, j, k, [ such that Det P¥* > 0. By symmetry without loss assume the
first holds. In this case we consider the marginal model for T'(ikl). By Lemma 3,
Mip = MiaMab can be identified and is a valid parameter for the marginal model
for T'(ikl) when conditions (C3) for i, k,[ are satisfied. Moreover, by Corollary 2
in [20] if n; takes value in the feasible region defined by (14) and it is non-zero
then we can always find values of 7; 4,7, and [, such that (1 — ﬂg)nmb satisfies
the inequalities in (14).

Finally, assume that there exists 7, §, k, { such that Det P“* > 0 and Det P*! > 0.
Using (42) write

(1 — fig)Det PY* = dpijpinpn, (1= fiy)Det P = dpgp iy
Multiply both sides of (44) by DetP¥* Det P! and then use the above formula
together with the fact that prpe; = papjr to obtain
(45) ,u?jDet Piklnz,b = p2Det Pk,

The above formulas identify values of the parameters fi,, iy and 74 up to the
choice of signs. Now we show that they give values within constraints defining Qr
as long as the constraints in Theorem 11 are satisfied. Assume 7, > 0, i.e.

|t fouP7
Na,b = e Det PiF
then
oy || [Det Pk Ay puip g 4 g
(46)  map(l —fg) = |— =
“ “ " |pij| V Det Pikl DetPiik ~ \/Det PidkDet Pk’

where the second equation follows from the equation p;rpj = piptsr and the fact
that sgn(p i) = sgn(gr). Since nq,p > 0 (14) implies that the following constraint
must be satisfied by (46)

Ay g
VDet PiikDet Pkl
Adopting the notation from the proof of Lemma 3 we have that 0, = 0;j104,00,a04,600.k
and 0p = 04%104,604,600,:0p,1, Where by construction o, = 1. So we can write

- Hijk o Hikl
Ha = 04,a04,a0b,k \/W7 Mo = 04,a0b,k0b,1 \/W
Multiply both sides of (47) by |u;i|vVDet PiikDet Pi*l. Since

(47) < min{(1 % i) (1 F i)}

|Mjl| = 0jiltjl = Oq,jO0b, 11 1
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we obtain
(2pikpi0)* < min {(\/@Det Pk % pjipige) (VDet PR £ ,uikl)}

which holds by (C4). Consequently, the preimage of x under ¥ has a non-trivial
intersection with Q.

The converse implication is straightforward. This follows by checking that for
each parameter the induced constraints are the same for all sign choices for the
parameters. U

Proof of Theorem 11. To use Proposition 18 we show that up to the inequality
constraints in (C2)-(C4) the image of ¥ is described by all the 3 x 3 minors of
all the edge flattenings of the joint probability table P of leaves of 1. Denote by
J the ideal in Clp, : o € {0,1}"] generated by all 3 x 3-minors of all the edge
flattenings supplemented with the trivial invariant > p, = 1 (c.f. [1]). Let Z be an
ideal defined as follows. For all inner edges of T consider a split of the set of leaves
(A)(B) and for all nonempty subsets I, > C A, Jy, Jo» C B take

KL KIyJo — KL Jo KL, = 0,

where the k’s are the tree cumulants which are polynomials in the raw probabilities.
By Proposition 16 the ideal is isomorphic to J. Moreover, the zeros of Z define the
smallest algebraic variety containing ¢ (CIVI+IE]),

Let U; € CIVIHIEI be an open subset such that 7, # 0 for all e € E and 2 # 1
for all v € V. Then in particular for any triple 4,7,k € [n] Det P¥* £ 0 (see (21))
and from the proof of Lemma 18 the map ¢ restricted to U; is a proper and quasi-
finite map (the preimage is always a finite set) and hence it is closed. Consequently
if P is such that Det P¥* 2 0 for all 4,4,k € [n] and it satisfies all the equalities
then it is in the image of the parametrization of 1 restricted to U;.

If P for all 4,7, k € [n] Det PY% > 0 but for some of the triples the inequality is
not strict then P is a limit of points (P,) for which the inequalities are all strict.
Moreover if P satisfies the equalities then we can assume that all P, satisfy the
equalities as well. From the paragraph above each of the P, lies in the image of
the parametrization. However, since ¥ is a continuous map it also follows that P
lies in the image. Again by Lemma 18 it lies in M/ if and only if P satisfies the
inequalities. O

7. DISCUSSION

The new coordinate system proposed in this paper provides a better insight into
the geometry of phylogenetic tree models with binary observations. The elegant
form of the parametrization is useful and has already enabled us to find generaliza-
tions of the formulas for Bayesian information criteria in [30]. We will report these
results in a later paper. We also believe that it can be used to derive asymptotic
distributions of certain likelihood ratio statistics.

The derived coordinate system is based on a novel use of Mdbius function in
statistics, mimicking the combinatorial definition of cumulants. A similar idea is
exploited in the theory of free probabilities (see e.g. [33]). We believe that our
approach can be extended to more general families of graphical models.

Since My forms a quadratic exponential family (see [22]) its geometry is rela-
tively simple [16] [18] and in some sense similar to tree models for Gaussian variables
(see [10]). This partly explains why some of our results mirror the results obtained
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n [10]. It may be an interesting problem to understand in a better way the rela-
tionship between those two model classes.
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