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1. Introduction

A Bayesian network whose graph is a tree all of whose inner nodes represent
variables which are not directly observed defines an important class of models
containing both phylogenetic tree models and hidden Markov models. Inference
for this model class tends to be challenging and often needs to employ fragile
numerical algorithms. In [40] we established a useful new coordinate system to
analyze such models when all of the variables are binary. This reparametrization
enabled us not only to address various identifiability issues but also helped us
to derive exact formulae for the maximum likelihood estimators given that the
sample proportions were in this model class.

However, as well as making identifiability issues more transparent and open
to systematic analysis, this new coordinate system can be also used to analyze
the global structure of tree models. In particular, it enables us to obtain the
full description of these models in terms of implicit polynomial equations and
inequalities. Knowing this full semi-algebraic description is extremely useful
when used in conjunction with the identifiability structure as discussed in [40].
We explain in Section 3 how this study impacts the stability of the maximum
likelihood and Bayesian estimation procedures within the class of phylogenetic
tree models. It is also helpful in the construction of tree diagnostics and model
selection procedures within this class.

This paper builds on the results in [12] where some partial understanding
of the analytic approach to the maximum likelihood estimation was presented.
The problem here is that routinely fitted phylogenetic models often violate the
inequality constraints defining the model. One effect of this phenomenon is then
that the maximum likelihood estimators (MLEs) usually lie on to the bound-
aries of the parameter space (see Section 3 for an example). In a full Bayesian
analysis it will make the ensuing inference about probabilities highly sensitive to
the settings of prior distributions on the parameters (see [32, 33]). This, in turn,
automatically interferes with the appropriate functioning of model selection al-
gorithms. For example Bayes Factor scores will be highly influenced again by pri-
ors. On the other hand more classical methods like for example AIC or BIC algo-
rithms, when used routinely, misbehave because many of the MLEs will lie on the
boundary of the feasible region since usual dimension counting penalties are im-
plicitly too large (see [38]). For these and other reasons explained in more detail
in Section 3, the inequality conditions are of considerable practical importance.

This paper is part of an explosion of work which apply techniques in alge-
braic geometry to study and develop statistical methodologies. The particular
geometric study of tree models was first introduced by Lake [21], and Cavender



1278 P. Zwiernik and J.Q. Smith

X4
e .X3

Xo

Fic 1. The graphical representation of the tripod tree model.

and Felsenstein [9]. This research was initially focused on so called phylogenetic
invariants. These are algebraic relationships expressed as a set of polynomial
equations over the observed probability tables which must hold for a given phy-
logenetic model to be valid. We note that these algebraic techniques have also
been embraced by computational algebraic geometers [2, 17, 37] enhancing sta-
tistical and computational analysis of such models [7] (see also [1] and references
therein).

The main technical deficiency of using phylogenetic invariants alone in this
way is that they do not give a full geometric description of the statistical model.
However, the additional inequalities obtained as the main result of this paper
complete this description. Where and how these inequality constraints can help-
fully supplement an analysis based on phylogenetic invariants is illustrated by
the simple example given below.

Example 1.1. Let T be the tripod tree in Figure 1 where we use the convention
that observed nodes are depicted by black nodes. The inner node represents a
binary hidden variable H and the leaves represent binary observable variables
X1, X2, X3. The model is given by all probability distributions p, for o € {0,1}3
such that

3 3
H 7 H 7
pa = O Hegjm + o) Hegju,
=1 =1

where 9§H) =P(H =i) for i = 0,1 and HJ(T?C =P(X; =j|H =k) fori=1,2,3
and j, k = 0, 1. The model has full dimension over the space of observed marginal
distributions (X1, Xs, X3) and consequently there are no non-trivial equalities
defining it. However, it is not a saturated model since not all the marginal
probability distributions over the observed vector (X7, X, X3) lie in the model
class. For example Lazarsfeld and Henry [23, Section 3.1] showed that the second
order moments of the observed distribution must satisfy

COV()(l7 XQ)COV(Xl, Xg)COV(XQ, Xg) Z 0.

Together with many other constraints we derive later, this constraint, which
clearly impacts the inferences we might want to make (see Section 3), is not
acknowledged through the study of phylogenetic invariants. Therefore inference
based solely on these invariants is incomplete. For example naive estimates de-
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rived through these methods can be infeasible within the model class in a sense
illustrated later in this paper.

This example and the discussion of some inferential issues discussed above
motivated the closer investigation of the semi-algebraic features associated with
the geometry of binary tree models with hidden inner nodes. The main problem
with the geometric analysis of these models is that, in general, it is hard to ob-
tain all the inequality constraints defining a model explicitly even for very simple
examples (see [15, Section 4.3], [18, Section 7]). Despite this, some results can be
found in the literature. A binary naive Bayes model was studied by Auvray et
al. [3]. There are also some partial results for general tree structures on binary
variables given by Pearl and Tarsi [27] and Steel and Faller [36]. The most impor-
tant applications in biology involve variables that can take four values. Recently
Matsen [24] 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 provide a simpler and more statistically trans-
parent way to express the constrained space.

The semialgebraic description we obtain here also has an elegant mathemat-
ical structure. For example [8] gave an intriguing correspondence between, on
the one hand, a correlation system on tree models and on the other distances
induced by trees where the length between two nodes in a tree is given as a sum
of the length of edges in the path joining them. The new coordinate system for
tree models that we introduced in [40] enables us to explore in detail this re-
lationship between probabilistic tree models (also called the tree decomposable
distributions in [27]) and tree metrics and extend these results.

It has been known for some time that the constraints on possible distances be-
tween any two leaves in the tree imply some additional inequality constraints on
the possible covariances between the binary variables represented by the leaves.
These inequalities, given in (16), follow from the four-point condition ([29], Def-
inition 7.1.5) together with some other simple non-negativity constraints. By
using our new parametrization we are able to show in this paper that these two
types of inequality constraints cannot be sufficient to describe the model class.
Thus any probability distribution in the model class must satisfy many other
additional constraints involving higher order moments. Using our methods we
are able to provide the full set of the defining constraints in Theorem 4.7. This
is given by a list of polynomial equations and inequalities which describe the
set of all probability distributions in the model.

The paper is organized as follows. In Section 2 we briefly introduce gen-
eral Markov models. We then proceed to describe a convenient new change of
coordinates for these models given in [40]. In the new coordinate system the
parametrization of the model has an elegant product form. We use this to ob-
tain the full semi-algebraic description of a simple naive Bayes model. In Section
3 we discuss various ways in which an awareness of these implicit inequalities
can enrich a statistical analysis of this model class. In Section 4 we state our
main theorem and illustrate how it can be used. In Section 5 we discuss these
results for a simple quartet tree model.
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2. Tree models and tree cumulants

We begin by defining and reviewing a new coordinate system for tree models
and demonstrate how it can be used to provide a better understanding of this
model class. We list the main results from our previous paper [40] and link it to
the results presented in the next sections.

Parametrizations based on moments are one way of providing a structured
model a structure more amenable to an algebraic analysis (see [4, 14]). This ap-
proach has proved particularly effective in the presence of hidden data (see [31])
since then the analysis of a particular marginal distributions over a subset of the
observed variables can be specified as a function of the joint moments contain-
ing that subset only. On the other hand when a model class is defined by a set
of conditional independences further insight may be provided by reparametriz-
ing to other functions of these moments to elegantly represent this additional
underlying structure. These functions typically resemble cumulants.

One useful property of standard cumulants is that joint cumulants always
vanish whenever the random vector under analysis can be split into two inde-
pendent subvectors. Here we exploit analogous property using a reparametriza-
tion customized to the topology of a particular tree. These tree cumulants are
introduced in [40]. They vanish only if some of the edges in the defining tree
model are missing. This corresponds to the marginal independence of the leaves
of two connected components of the induced forest. The property follows from
a more general result in [39, Proposition 4.3] and partly explains the elegant
product-like structure of the resulting parametrization in Proposition 2.3.

In this paper we assume that random variables are binary taking values either
0 or 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 observed variables is denoted by X and the subvector of hidden
variables by H. A (directed) tree T = (V, E), where V is the set of vertices (or
nodes) and E CV x V is the set of edges of T, is a connected (directed) graph
with no cycles. 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. A rooted tree is usually denoted by T". For each v € V by pa(v) we denote
the node preceding v in 7. In particular pa(r) = (). A vertex of T' of degree one
is called a leaf. A vertex of T' that is not a leaf is called an inner node.

Let T denote an undirected tree with n leaves and let 7" = (V, E) denote
T rooted in r € V. A Markov process on a rooted tree T" is a sequence {Y,, :
v € V} of random variables such that for each a = (a)pey € {0,1}V its joint
distribution satisfies

_ g (v)
pa®) =07 T 0. 1)
veV\r
where 65 = P(Y, = «,) and eéi)lapa(m = P(Y, = au|Ypaw) = Qpa(w))- Since
05 +65"” =1 and () +657) =1 for all v € V\ {r} and i = 0,1 then the set of

parameters consists of exactly 2|FE|+1 free parameters: we have two parameters:
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(v) p(v)
91\07 91\1

the parameter space by O7 = [0, 1]2/Z1+1 and the Markov process on T" by M.

for each edge (u,v) € E and one parameter HY) for the root. We denote

Remark 2.1. The reason to omit the root r in the notation is that this model
does not depend on the rooting and is equivalent to the undirected graphical
model given by global Markov properties on 7. To prove this note that T is a
perfect directed graph and hence by [22, Proposition 3.28] parametrization in
(1) is equivalent to factorization with respect to T'. Since T is decomposable,
by [22, Proposition 3.19], this factorization is equivalent to the global Markov
properties.

Let Agn_ = {p € R*" : EB ps = 1,pg > 0} with indices S ranging
over {0,1}"™ be the probability simplex of all possible distributions of X =
(X1,...,X,) represented by the leaves of T. We assume now that all the in-
ner nodes represent hidden variables. Equation (1) induces a polynomial map
fr: ©1r — Agn_q obtained by marginalization over all the inner nodes of T'

pp(0) = ZGEJT) H egti)lapaw)’ ®
H

veV\r

where H is the set of all a € {0,1}V such that the restriction to the leaves of T
is equal to 3. We let Mr = fr(©r) denote the general Markov model over the
set of observable random variables (c.f. [29, Section 8.3]).

A semialgebraic set in R? is a finite union of sets given by a finite number
of polynomial equations and inequalities. Since ©p is a semialgebraic set and
fr is a polynomial map then by [5, Proposition 2.2.7) My is a semialgebraic
set as well. Moreover, if f is a polynomial isomorphism from As»_1 to another
space then f(Mry) is also a semialgebraic set. The semialgebraic description of
F(Mr) in f(Agn_1) gives the semialgebraic description of M.

The idea behind tree cumulants was to define a polynomial isomorphism from
Agn_1 to the space of new coordinates K. We defined a partially ordered set
(poset) of all the partitions of the set of leaves induced by removing edges of the
given tree T'. Then tree cumulants are given as a function of probabilities induced
by a Mobius function on the poset. The details of this change of coordinates are
given in Appendix A and are illustrated below.

The tree cumulants are given by 2" — 1 coordinates: n means \; = EX; for
alli=1,...,n and a set of real-valued parameters {x; : I C [n] where |I| > 2}.
Each formula for x; is expressed as a function of the higher order central mo-
ments of the observed variables. These formulae are given explicitly in equation
(19) of Appendix A. Since the change of coordinates is a polynomial isomor-
phism then, by [5, Proposition 2.2.7], the image of My in the space of tree
cumulants, denoted by M., is a semialgebraic set. In this paper we provide
the full semialgebraic description of M., that is the complete set of polynomial
equations and inequalities involving the tree cumulants which describes M7, as
the subset of ICp, for subsequent use in a statistical analysis of the model class.

Example 2.2. Consider the quartet tree model, i.e. the general Markov model
given by the graph in Figure 2. The tree cumulants are given by 15 coordinates:
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1. 3
r a

[

2 4

Fic 2. A quartet tree

A for i =1,2,3,4 and k; for I C [4] such that |I| > 2. Denoting U; = X; —EX;
we have Kij = EUlUJ = COV(XZ',XJ') for 1 <1 <3< 4 and

Iiijk = E (UZUJUk)

for all 1 < i < 5 < k < 4 which we note is a third order central moment.
However, in general tree cumulants of higher order cannot be equated with
their corresponding central moments but only expressed as functions of them.
These functions are obtained by performing an appropriate M&bius inversion.
Thus for example from equation (19) in Appendix A we have that

K1234 = E (U1U2U3U4) — E (UlUg) E (U3U4) .

Note that since the observed higher order central moments can be expressed as
functions of probabilities, tree cumulants can also be expressed as functions of
these probabilities.

Let X; = (X1, X2, X3,X4) \ {X;} for ¢ = 1,2,3,4. From [39, Proposition
4.3] it follows in particular that, like for the joint cumulant, 1234 = 0 when-
ever X; 1L X; for any i = 1,2,3,4 or (X1, X2) 1L (X3, X4). However, in general,
k1234 # 0 for example if (X1, X3) 1 (X2, X4) and hence tree cumulants differ
from classical cumulants. Vanishing of the tree cumulants corresponds to an
edge being missing in the particular defining tree. This generalizes for other
trees and gives a heuristic explanation for the nice product-like parametrization
presented in Proposition 2.3 below. We explain this now formally.

Let T" = (V, E) and let Q7 denote the set of parameters with coordinates
given by fi, for v € V and n,, for (u,v) € E. Define a reparametrization map
fow 1 ©7 — Qp as follows:

Nu,o = 951')1) - 951'3 for every (u,v) € E and (3)
e =1—2X\, for each v € V,

where A\, = EY,, is a polynomial in the original parameters #. To see this let
r,v1,...,0, v be a directed path in 7. Then

N =P(Y,=1)= Y oW g g0, (4)

1‘0”c ak\ak,1 (o7
ae{0,1}k+1
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It can be easily checked that if Var(Y,) > 0 then n,, = Cov(Y,,Y,)/Var(Yy,).
Hence 7,,,, is just the regression coefficient of Y,, with respect to Y.
The parameter space Q0 is given by the following constraints:

-1<p,. <1, and for each (u,v) € E
—(1+ i) < (1= fu)u,o < (1= fiy) (5)
_(1 - ﬂ’u) S (1 + ﬂu)nu,v S (1 + ﬂv)

In Appendix A we show that there is a polynomial isomorphism between

Agn_1 and the space of tree cumulants Cr giving the following diagram, where
the dashed arrow denotes the induced parametrization.

Or # Aogn_1 (6)
j’we/{\ erw fm‘pT prm‘
Q- - Tk

One motivation behind this change of coordinates is that the induced parametriza-
tion Y : Qp — Kr has a particularly elegant form.

Proposition 2.3 ([40], Proposition 4.1). Let T be an undirected tree with n
leaves. Assume that T is trivalent which here means that all of its inner nodes
have degree at most three. Let T" = (V, E) be T rooted in r € V.. Then MY is
parametrized by the map Vr : Qr — Kr given as \; = (1 —fi;) fori=1,...,n
and

1 _
K1 = 1 (1 - ﬂi([)) H ﬂgeg(v) ° H Nuw  for I C[nl],[I]>2 (7)
veint(V (1)) (u,w)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).

Proposition 2.3 has been formulated for trivalent trees. However, it can be
easily extended to the general case as explained in [40, Section 4].

This result enabled us to completely understand identifiability of tree models
extending results in [10]. In particular [40, Theorem 5.4] identifies the cases when
the model is identified up to label switching. This condition is rather technical
and here we usually would recommend the use of the sufficient condition that
all the covariances between the leaves are nonzero. Further results focus on
the geometry of the unidentified space in the case when the identifiability fails.
More importantly, [40, Corollary 5.5] gives us formulae for parameters given a
probability distribution in the case when identifiability holds. This result gives
us a closed-form formulae for MLEs in certain special cases (see Corollary 3.1).

To illustrate our technique we next obtain the full semialgebraic description
of the tripod tree model. This result is not new (see e.g. [3, 30] and a special case
given by [26, Theorem 3.1]). However, this allows us not only to unify notation
but also to introduce the strategy we use to prove the general case. We begin
with a definition.
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Definition 2.4. Let A be a 2 x 2 x 2 table. The hyperdeterminant of A as
defined by Gelfand, Kapranov, Zelevinsky [19, Chapter 14] is given by

_ 2 2 2 2 2 2 2 2
Det A = (agooaiin + 010110 + 109701 + 99119700)
2(CL0006L001CL1106L111 + apo0@010@101@¢111 + @000@0113100G111
+  001@01001010110 + G001G011G110G100 + G010G011G101G100)

+ 4'-(C’JOOOaOll011010410 + aOOlaOlOGIOOalll)'

If > aijx = 1 then treating all entries formally as joint cell probabilities
(without positivity constraints) we can simplify this formula using the change
of coordinates to central moments. The reparametrizations in Appendix A are
well defined for this extended space of probabilities and we have that

Det A = p2ys + dp12fi13/123, (8)

which can be verified by direct computations.

From the construction of tree cumulants (c.f. Appendix A) it follows that
kr = s for all I C [n] such that 2 < |I| < 3. Henceforth, for clarity, these
lower order tree cumulants will be written as their more familiar corresponding
central moments.

Proposition 2.5 (The semialgebraic description of the tripod model). Let M3
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, Xa, X3)
with central moments p12, 13, o3, Hi2s (equivalent to the corresponding tree
cumulants) and means X;, for i = 1,2,3. Then P € Ms if and only if one of
the following two cases occurs:

(i) 123 = 0 and at least two of the three covariances pia, p13, a3 vanish.
(ii) piapzpees >0 and

ik |V Det P — piogppe < (1 — ﬂi)ﬂ?k,

9
|1k |V/Det P+ prospije < (1 + )3, Y

for all i =1,2,3 where by j, k we denote elements of {1,2,3}\ i.

Sketch of the proof. The proof is given in Appendix B. Here, for convenience,
we give its outline. Denote by M C Ay the family of distributions described
by (i) and (ii). We need to show that Mz = M. To show that M35 C M
we use the parametrization in Proposition 2.3 to prove that either (i) holds
or it does not, and then, inequalities in (ii) are equivalent to (5). To show
the opposite inclusion we propose formulae for the parameters in terms of the
observed distribution given by [40, Corollary 5.5], and show that this formulae
agree with the parametrization in Proposition 2.3 up to the sign. The inequality
tiapispes > 0 assures that there is a choice of signs for the parameters such
that the parametrization holds exactly. O

All the points satisfying (i) correspond to submodels of M where some of the
observed variables are independent of each other.
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3. Inferential issues related to the semialgebraic description

There are at least three reasons why the implicit inequality constraints of this
model class can have a critical impact on a statistical analysis of this model class.
First, used in conjunction with other geometric techniques these inequalities help
us determine, whether or not the likelihood associated with a given tree model
has multiple local maxima. Second, it gives us the basis for developing simple
model diagnostics which complement those associated with implicit algebraic
constraints. Finally, awareness of whether these constraints are active for given
data set enables us to identify when standard numerical methods might fail both
for estimation and model selection across different candidate trees. We consider
and illustrate all these issues below.

Proposition 2.5 and Theorem 4.7 give explicit descriptions of tree models as
subsets of the probability simplex and hence also as submodels of the multino-
mial model. The literature on constrained multinomial models (see [13] for a
review) gives many examples of what may go wrong in this case. If the multi-
way marginal table of observed random variables is sampled at random then its
likelihood will be given as the multinomial likelihood constrained to the model.
The unconstrained multinomial likelihood is of course a very well-behaved func-
tion. In particular it is log-concave and its unique maximum is given by the
sample proportions p as long as all the entries of p are nonzero. However, af-
ter constraining to the model this function may become much more compli-
cated.

We know that unidentifiability of parameters causes estimation problems
associated for example with multiple local maxima of the likelihood and the
posterior density. However, because the constraints on the model do not define
a convex region, the constrained likelihood will not necessarily have a unique
maximum (see Figure 4). So even if we use ways of cleverly accounting for
the aliasing caused by unidentifiability we can still be left with other multiple
local solutions induced by the violations of the constraints. This, in turn, can
make estimation schemes unstable. The discussion below complements results
presented in [12].

If the unconstrained multinomial maximum likelihood estimator given by
the sample proportions satisfies the equation but does not satisfy some of the
inequalities then the MLE of the given tree model will always lie on the boundary
of the parameter space ©p. Of course, if all the inequalities hold but some of
the equalities do not then, in principle, it is not such a serious problem as the
estimates will typically lie in the interior of the parameter space. However, if
there are even the smallest perturbations of the model class we are likely to
be drawn outside the feasible region. This is a phenomenon observed in many
applied analyzes of these models (see, e.g. [12]). This occurs even in the simple
tripod tree above where the feasible region accounts for only 8% of A7. Of
course simply sampling from the tree model itself will not identify this potential
difficulty since such samples will automatically not violate the constraints in
any significant way. But if the tree only approximately holds then we begin to
encounter certain difficulties.
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F1c 3. The space of all possible covariances pi2, p13, pe3 for the tripod tree model in the case
when A1 = A2 = A3 = % and pi23 is equal to 0, 0.005 and 0.02 (from left to right).

Fic 4. The multinomial likelihood and a submodel of the saturated model given by four disjoint
regions. The four local mazima are obtained on boundaries of these regions.

Since the tripod tree model Mg is of full dimension there are no non-trivial
phylogenetic invariants and so the feasible regions of the model class are purely
associated with inequality constraints and so particularly straightforward. In
Figure 3 we depict these constraints as they apply to the second order moments
of the three observed variables given some typical values of the other coordinates.
For example there are four components corresponding to four possible choices
of signs for covariances satisfying pqop13123 > 0.

We can now give an explicit illustration of the type of multimodality that
can be induced in this context. The likelihood function ¢ : ©1r — R for the
tripod tree model can be also treated as a function on A7 by ¢(0) = £(p(#)) in
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which case it will be denoted by £(p). Since we understand the parametrization
p: Or = Ay of M3 then understanding ¢(p) gives us automatically under-
standing of £(6). The advantage is that in this setting £(p) is just obtained as
the multinomial likelihood function 4(p) = ¢(p;z) = prjfc’“ constrained to the
model as explained above. If p lies in the model class M3 then ¢(p) has a unique
maximum and the maxima of £(f) can be obtained by mapping back p to the

parameter space O by using [40, Equation (3)]. This result generalizes.

Corollary 3.1. Let T = (V, E) be a phylogenetic tree with n leaves and let M
be the corresponding tree model. If p € My then [40, Corollary 5.5] gives the
formulae for the maximum likelihood estimators. In the case when the number
of MLEs is finite, there are always ezactly 2!VI=" MLEs which are equivalent
up to switching labels of the hidden variables.

We have however argued that usually p ¢ M. In this case there is poten-
tially more than one local maximum of the constrained multinomial likelihood
function. Let p the sample proportions for some observed data on three binary
random variables. We have three possible scenarios:

(i) p € M3 and then ¢(p) is unimodal.
(ii) p ¢ M3 and £(p) is multimodal but there exists only one global maximum.
(iii) p ¢ M3 and £(p) has multiple global maxima.

The situation in (iii) raises an interesting question related to the model iden-
tifiability. For every data point satisfying (iii) we are not able to identify the
parameters using the maximum likelihood estimation even if we take into ac-
count the label switching problem.

Of course from the numerical point of view the situation in (ii) and (iii)
may describe equally bad scenarios since in both cases the algorithms become
unstable even for arbitrary large sample sizes. Thus suppose that a sample of
size 10000 has been observed

100 T101 :| _ |: 2069 16 ‘ 2242 331

oo 001
[ 2678 863 | 442 1359]' (10)

Lo10 o1l | L110 T111

By direct computations we check that all the constraint in Proposition 2.5 hold
apart from piou13p023 > 0 and hence p does not lie in M3. The corresponding
parameters will lie on the boundary of the parameter space. We performed the
following simulation. We sampled uniformly from ©7 = [0,1]” the starting pa-
rameters for the EM algorithm and noted the results of the EM approximation.
For 100 iterations the procedure found four different isolated maxima given in
Table 1.

Up to label switching on the inner node these are two distinct maximiz-
ers of the log-likelihood function £(6) corresponding to rows 1,3. The value of
the log-likelihood function, computed as Zijk Zijk log piji, is equal to —18387
and —18917 respectively. Both points correspond to somewhat degenerate tri-
pod 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
X1 1L X3 Xo. We performed a similar analysis for other data points for which
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TABLE 1
Results of the EM algorithm

I T T 2 2 3 3

07" 95\3 95\% 95\3 95\% 95\3 95\%
1 0.4658 0.3371 0.5524 1.0000 0.0000 0.4159 0.0745
2 0.5342 0.5524 0.3371 0.0000 1.0000 0.0745 0.4159
3 0.4771 0.0000 0.9167 0.6369 0.4216 0.1468 0.3775
4 0.5229 0.9167 0.0000 0.4216 0.6369 0.3775 0.1468

only piap13p23 > 0 fails and three different EM maximizers were often found. In
every case the maximizers corresponded to degenerate submodels. In conjunc-
tion with [40, Theorem 5.4] we also have data for which the likelihood function
£(#) 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;; = Apis; for some A and each ¢,7 = 0,1. In this case
p12 = 13 = 0 and the MLEs form a set of a positive dimension by [40, Theo-
rem 5.4].

We note that the whole discussion above remains valid for more general
tree models. The conditional independence properties of tree models imply
that, since any three leaves are separated by an inner node, the correspond-
ing marginal distributions form a tripod tree model. Demanding that tripod
tree constraints must be satisfied by all triples of observed random variables
cuts out all but a small proportion of the probability simplex. Furthermore by
Theorem 4.7 we know that, in addition, many other constraints involving higher
order moments will also apply. Therefore, the types of issues we illustrated above
become increasingly critical for inference on trees, which in practical applica-
tions are of a much higher dimension. Thus real-world data will typically satisfy
all the constraints defining the model very rarely. This, in turn, tends to result
in multimodality of the likelihood function and MLEs lying on the boundary of
the parameter space.

By acknowledging the existence of the inequality constraints we have already
demonstrated how graphical methods can be used to identify why and where
the fitted tree model might be flawed. Most naively, when samples are very large
we could calculate the sample moments and notice which inequality constraints
are active on the data set presented. When these lie outside these regions then
we have strong information that the fitted tree model is inappropriate and we
can expect there to be problems with both estimation - as illustrated above -
and model selection. Slightly more sophisticatedly we could also compare the
model MLE: constrained as it is by these inequalities, with the MLE in the
saturated model. Likelihood ratio statistics can then be used to measure the
extent of the model inaccuracy. Of course this comparison can be performed
directly. However, then we lose the geometrical insight as to exactly why and
how the model is failing. This insight will be helpful in guiding us in identifying
alternative models that might better explain the data. We note that the likeli-
hood ratio statistics for a constrained multinomial model against the saturated
model in general will not asymptotically have the x? distribution (see e.g. [11]).
If the constrains are linear then the underlying distribution is called the chi-bar
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squared distribution (see [13]). The situation is however much more complicated
for tree models since here the constraints define a union of non-convex bodies.
In the end of Section 4 we provide a short discussion on a description of My in
terms of convex sets.

Inequalities are also relevant for the model choice. Suppose that the sufficient
statistic does not satisfy some inequalities for each of the models under analysis.
Then asymptotic model selection techniques like BIC can mislead. The effective
parameter size will be miscounted because at least some of the MLEs will lie
of the boundary of the space (see e.g. [28, 38]). Model selection based on Bayes
factors will also tend to be unrobust. Since the estimates lie on the boundary the
marginal likelihood for each of the models depends heavily on the tail behavior
of the prior distribution on that boundary. See [32] and [33] for explanations
of why this is so. For example a standard choice of a prior distribution for
conditional distributions in tree models is the Dirichlet distribution. However,
for different choices of its prior parameters the Bayes factors generated by the
prior tails can be very different. Note that within the Bayesian paradigm the
sampling of the tripod tree is straightforward once we recognize the constraint
structure using a simple importance sampler generating samples from A; and
rejecting if they do not satisfy the defining inequalities. Of course this is not the
only way of specifying a prior density for selecting between the saturated model
and the tree model. However, our suggestion is very simple to implement and
its inferential consequences are more transparent than more conventional meth-
ods using default priors within the conventional probabilitistic parametrization,
where the selection can be highly dependent on the tails of priors.

4. Explicit expression of implied inequality constraints

In this section we discuss the geometry of general tree models. First, we use
some links to tree metrics to provide a simple set of algebraic constraints on
the model space. Then, in Theorem 4.7, we provide the complete semialgebraic
description for this model class.

Let T = (V, E) be a general undirected tree with n leaves and T the tree
T rooted in r € V. Before stating the main theorem of the paper we first show
how to obtain an elegant set of necessary constraints on M. In this section we
assume that zi2 # 1 and n,,, # 0 for all (u,v) € E. By [40, Remark 4.3], this
implies that zi2 # 1 for all v € V. Since Var(Y,) = (1 — i2) the correlation
between Y,, and Y, is defined as p,, = — A Thig gives

(1-p2)(1—p3)
1 - 2 1_ 2

Puv = Nu,v 1— ,L_L% = Mv,u 1— IL_L% .

Lemma 4.1. For any i,j € [n] let E(ij) be the set of edges on the unique path
joining i and j in T. Then

(u,0)EE(ig)
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for each probability distribution in MY, such that all the correlations are well
defined.

Proof. By (7) applied to T'(ij) we have p;; = +(1 — ii2) [L(u)ep(ij) Muw, Where
r is the root of the path between ¢ and j and hence

[1—p2 [1-p2
Pij = 1_ IL_L2 1— ,L_LQ H Nu,v-
! 7 (u,0)€E(ij)

Now apply (11) to each 71, in the product above to show (12). O

The above equation allows us to demonstrate an interesting reformulation of
our problem in term of tree metrics (c.f. [29, Section 7]) which we explain below
(see also Cavender [8]).

Definition 4.2. A function § : [n] x [n] — R is called a tree metric if there
exists a tree T' = (V, E) with the set of leaves given by [n] and with a positive
real-valued weighting w : E — Rs¢ such that for all i, j € [n]

6(i, 4) ={ 2een(iy) wle), ifi#7,

0, otherwise.
Let now d : V x V — R be a map defined as

—log(p?,), for all k,I € V such that pg # 0,
~+o00, otherwise

d(k, 1) = {

then d(k,1) > 0 because p?; < 1 and d(k,k) = 0 for all k € V since pgr = 1.
If K € M7 then by (12) pf; = [l.cpy) i and we can define map d(r.x) :
[n] x [n] > R

_ 2y = 7)) = Z(u,v)EE(ij) d(u,v), ifizj,
log(p;;) dir;x) (4, ) { 0 otherwise. (13)

)

This map is a tree metric by Definition 4.2. In our case we have a point in
the model space defining all the second order correlations and d(p;x (i, j) for
i,j € [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 (13) is satisfied? Or equivalently: What are the conditions on the
absolute values of the second order correlations in order that p3; = [[.cp,, P2
(for some edge correlations) is satisfied? We have the following theorem.

Theorem 4.3 (Tree-Metric Theorem, Buneman [6]). A function 6 : [n] X [n] —
R is a tree metric on [n] if and only if for every four (not necessarily distinct)
elements 1,7, k,l € [n],

0(,7) + (k1) <max{d(i, k) +d(4,1),0(i,1) +0(j, k) } .

Moreover, a tree metric defines the tree uniquely.
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This theorem gives us a set of explicit constraints on the distributions in a
tree model. Since §(i,5) = log(—pi;) the constraints in Theorem 4.3 translate
in terms of correlations to

—log(p?;piy) < — minf{log(pf.p%), log(p}p3)}-
Since log is a monotone function we obtain

2 2 2 2 2,2 2.2
n{p;’“pél,p”pj’“} _min{”“““” ”””J’“} <1 (14)

Pij Pl Pzsz%l M?jﬂiz , /J’zzjuil

for all not necessarily distinct leaves 4,7, k,l € [n]. Hence, using the relation
between correlations and tree metrics given in [8] we managed to provide a set
of simple semialgebraic constraints on the model. Furthermore, later in Theorem
4.7 we show that these constraints are not the only active constraints on the
model Mrp. Before we present this theorem it is helpful to make some simple
observations about the relationship between correlations and probabilistic tree
models.

Since py, can have different signs we define a signed tree metric as a tree
metric with an additional sign assignment for each edge of T.

Lemma 4.4. Let T be a tree with set of leaves [n]. Suppose that we have a map
o:[n] x [n] = {—1,1}. Then there exists a map so : E — {—1,1} such that for
all i,5 € [n]

oi,j)= JI = so(uv) (15)

(u,v)EE(ij)
if and only if for all triples i,j,k € [n] o(i,5)o(i, k)o(j, k) = 1.

The proof is given in Appendix B.

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 4.5. Let P € Agn_1 be a probability distribution. If P € My for
some tree T with n leaves then

Ogmm{M,M}gl (16)
Mgl Mg okl

for all (not necessarily distinct) i,7,k,1 € [n] whenever p;;, pu # 0.

Proof. Lemma 4.4 implies that for all ,j,k € [n] necessarily p;jpirpr > 0.
This in particular implies that % > 0 for all 4,4, k,l € [n]. By taking the
square root in (14) these constraints can be combined to give the inequalities
in (16). O

In Theorem 4.7 we show that (16) provides the complete set of inequality
constraints on My that involve only second order moments in their expression.
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The fact that additional constraints involving higher order moments exist is
illustrated in the following simple example.

Example 4.6. Consider the tripod tree model in Proposition 2.5. Let K be
a point in Krp given by A\; = 0.15 for i = 1,2,3, p;; = 0.0625 (or equivalently
pi; = 0.49) for each ¢ < j and pi23 = 0.0526. This point lies in the space of tree
cumulants K7 which can be checked by mapping back the central moments to
probabilities, since the resulting vector [p,] lies in Az,

Clearly K satisfies all the tree metric constraints in (16). The equation (12)
is satisfied with pp; = 0.7 for each i = 1,2,3. We now show that despite this
K ¢ M. For if K € M then we could find fij, and 7y, ; satisfying constraints
in (5) so that (21) held. Using the formulae in [40, Corollary 5.5] it is easy to
compute that fip, = 0.86 and n,,; ~ 0.98. However, K is not in the model since
these parameters do not lie in Q7. Indeed,

(14 fn)nns ~1.8228 > (1 + ;) = 1.7

and hence (5) is not satisfied.

The consequence of the fact that the parameters do not lie in Q7 is that this
parametrization does not lead to a valid assignment of conditional probabilities
to the edges of the tree. For example with the values given above we can cal-
culate that the induced marginal distribution for (X;, H) would have to satisfy
P(X; =0,H = 1) = —0.0043 which is obviously not a consistent assignment for
a probability model. Thus, there must exist other constraints involving observed
higher order moments that need to hold for a probability model to be valid. We
note that for the tripod tree these were given by Proposition 2.5.

The following theorem gives the complete set of constraints which have to be
satisfied by tree cumulants to lie in My in the case when T is a trivalent tree.
Let P € Agn_1 be the probability distribution of the vector (X1,...,X,) then
for any i, j, k € [n] let P“* denote the 2 x 2 x 2 table of the marginal distribution
Of (Xl, Xj, Xk)

Theorem 4.7. Let T = (V,E) be a trivalent tree with n leaves and My C
Aogn_1 be the model defined as an image of the parametrization in (2). Suppose
P is a joint probability distribution on n binary variables. Then P € M if and
only if the following conditions hold:

(C1) For each edge split A|B (c.f. Definition A.1) of the set of leaves of T
whenever we have four nonempty subsets (not necessarily disjoint) I, Is C
A, Jl,JQ - B then

IiflJlK:Isz - H[1J2K]2J1 - O

(C2) For all1 < i< j <k <n the corresponding marginal distribution P*
lies in the tripod model.
(C3) for all I C [n] if there exist i,j € I such that p;; =0 then k; =0
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(C4) for any i,j,k,l € [n] such that there exists e € E inducing a split A|B
such that i,j € A and k,l € B we have

pirpj)? < (y/ 13 Det Pk £ pujipun) (VDet PHRUF piipg).

Moreover, if p;j # 0 for all i,j € [n] then the constraints in Proposition 4.5 are
the only constraints involving only second order moments.

Sketch of the proof. The proof is given in Appendix C. Here, for convenience,
we give its outline. Denote by M C Agn_; the family of distributions described
by (C1)-(C4). We need to show that My = M. To show that My C M we use
the parametrization in Proposition 2.3 to show that (C1) and (C3) always hold,
and that (C2) and (C4) are equivalent to (5). To show the opposite inclusion we
propose formulae for the parameters in terms of the observed distribution given
by [40, Corollary 5.5], and show that this formulae agree with the parametriza-
tion in Proposition 2.3 up to the sign. The last part is technical since we need to
show that (C1)-(C4) also imply that there is a choice of signs for the parameters
such that the parametrization in Proposition 2.3 holds exactly. O

Theorem 4.7 has been formulated for trivalent trees. However, any tree with
degrees of some nodes higher than three can be realized as a submodel of a
trivalent tree model as explained in [40, Section 4]. Also, including degree two
nodes does not change anything in the induced marginal distribution. This result
is well known (see e.g. [40, Lemma 2.1]).

A natural question arises for how large trees it is feasible to verify the con-
straints defining the model. The equality constraints in (C1) can be expressed
directly in the raw probabilities and they are easy to check even for relatively
large trees. This, by [2, Theorem 4],can be done using so called edge flattenings,
which is explained in more details in Appendix D. Checking the other con-
straints requires only computing (g) covariances between the observed variables
and (g) third order central moments. In particular, in practice there is no need
of changing the coordinates from the raw probabilities to tree cumulants which
can be quite complicated even for relatively small trees.

Another important practical aspect is whether there exist some efficient con-
vex bounds for the model in the space of the raw probabilities. The answer to this
question is negative, which follows from the fact that conv(Mp) = Agn_;. This
is easily seen from the fact that Mj,q C My, where Mj,q denotes the model of
full independence X I ... 1 X,,, and that conv(Mi,q) = Agn_1. To get some
informative convex bounds one possibility is to generalize the tripod tree case.
Here the model consists of four components depicted in Figure 4 corresponding
to different sign patterns of the observed covariances. These components are
equivalent up to rotation and symmetry. Instead of taking the convex hull of
the whole model we suggest the analysis of the convex hull of each of the com-
ponents separately. This is also well motivated by the fact that in phylogenetics
it is usually assumed that 7, , > 0 for all (u,v) € E which means restriction to
one of the components with all the observed covariances positive. We will not
discuss this issue here in more detail.
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TABLE 2
Moments and tree cumulants for a probability assignment which lies in My, where T is the
quartet tree

« I Pa A1 Kr
0000 0 114"157815{6 1 0
0001 4 1140107713; 6 % 0
0010 3 7%88156878 % 0
0011 34 74058955858 3572 K56
0100 2 B30T % 0
0101 24 % % oo
0110 23 73068050898 38204 8%
0111 234 25831 2189 157
1000 1 740182558?8 % ?
1001 14 73078351808 gdg 4§6
1010 13 TS i i
o s g B
1100 12 7%38t7818 % 72209
1101 124 7%48157818 582140878 %
1110 123 T3 ne o
11 1234 1143107514776 1143107514776 5()4004()

5. Example: The quartet tree model

We can check that the point K € Kp provided in Table 2 satisfies all the
constraints in Theorem 4.7. It is convenient to provide the numbers as rationals
so that the equalities can be checked exactly. To check (C1), note for example
that
5 2 5 1
K13K24 — K14K23 = “5a T Tar oT
10 5 40 5 0

2187 2187 59049 324

To check (C2) verify for example that DetP'?% = =22 and

R123R134 — R1234K13 =

1369 289
((1:&/11)#234:#123)2 = { }

4782969 4782969
30625 9025
76527504 76527504

7225 4225
4782969 4782969

(1 £ A2)ms F M123)2 = {

(1 + Az F M123)2 = {

and hence

289

. _ 2
DetP'?? < mln{((l * flo (i) ) Mo (j)o(k) T Mz‘jk) } = 7759965

is satisfied.
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TABLE 3
Moments and tree cumulants of the given probability assignment which does not lie in M
[ I Pa Ar KI

163837

0000 0 1417176 1 0
83213 1

0001 4 1417176 2
10999 1

0010 3 177147 2
11519 1009 70

0011 34 177147 2916 729
105785 1

0100 2 1417176 2 0
52489 97 4

0101 24 1417176 324 81
6875 95 7

0110 23 177147 324 162
8515 4285 56

0111 234 177147 17496 2187
13834 1

1000 1 177147 2 0
7226 283 10

1001 14 177147 972 243
61777 139 35

1010 13 1417176 486 972
51137 6113 140

1011 134 1417176 26244 6561
13760 293 25

1100 12 177147 972 186
3088 3749 40

1101 124 177147 17496 2187
13445 1805 35

1110 123 1417176 8748 2187
278965 278965 560

1111 1234 1417176 1417176 59049

From the point of view of the original motivation a different scenario is of
interest. Imagine that we have K € K such that all the equalities in (C1)
are satisfied, i.e. all the phylogenetic invariants hold. If one of the constraints
in (C2)-(C5) does not hold then K ¢ MY4. This shows that the method of
phylogenetic invariants as commonly used can lead to spurious results. For ex-
ample consider sample proportions and the corresponding tree cumulants as in
Table 3. It can be checked that for this point all the equations in (C1) are sat-
isfied. However, this point does not lie in the model space. Using the formulae
in [40, Corollary 5.5], which gives the inverse map for the parametrization, it

is simple to confirm that the point mapping to K satisfies 95]? = g—z > 1. This
cannot therefore be a probability and so 6 ¢ Or.

6. Discussion

The new coordinate system proposed in [40] provides a better insight into the
geometry of phylogenetic tree models with binary observations. The product
form of the parametrization is useful and has already enabled us to obtain the
full geometric description of the model class.

Of course it is one thing formally being able to identify the constraints in
the model and quite another to use this understanding for model selection and
estimation in realistically large scale problems. The results in this paper only
formally allow us to determine explicitly the extremely complex nature of the
feasible solution space of a given tree model and determine whether a proposed
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estimate is feasible. So they simply represent the first stage in constructing
methodology which supports these insights with an inferential technology that
can address statistical issues in large tree. In particular, there remains the much
more challenging issue of designing samplers that use our results explicitly to
efficiently estimate and explore the tree model space. We are currently investi-
gating this issue and hope to report such algorithms in a later paper.

One of the interesting implications of our results for phylogenetic analysis
is that it enables us to consider different, simpler model classes containing the
original one in such a way that the whole evolutionary interpretation in terms
of the tree topologies remains valid. If we were interested only in the tree we
could consider the model defined only by a subsets of constraints in Theorem
4.7 involving only covariances. The cost of this reduction is that the conditional
independencies induced by the original model no longer hold, which, in turn,
affects the interpretation of the model. We note that this approach is in a similar
spirit to that employed to motivate the MAG model class introduced in [34].
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Appendix A: Change of coordinates

In this section we index raw probabilities with subsets of [n] instead of {0,1}".
We identify I C [n] with a € {0,1}" such that o; = 1 only if ¢ € I. We first
change our coordinates from the raw probabilities p = [pr];cpn) to the non-
central moments A\ = [Ar];cn), where A7 = E(]],c; X;). This is a linear map
fox R?" — R?" with determinant equal to one, where the components \; of
the vector A = f,a(p) are defined by

Ar = ZpJ for any I C [n]. (17)
JoI

In particular Ay = 1 for all probability distributions and the image fyx(Agn_1)
is contained in the hyperplane defined by Ay = 1. Moreover, from (17), it fol-
lows that the \’s are just marginal probabilities. The linearity of the expectation
implies that the central moments can be expressed in terms of non-central mo-
ments. Define pur = E([];c; Ui), where U; = X; — EX;. Then

pr= Y (=DYIps [N for ISl (18)

JCn] icJ

Using these equations we can transform coordinates from the non-central mo-
ments A = [A7] to another set of variables given by all the means Ay,..., A\, and
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central moments (7] for I C [n]. The polynomial map fy, : R?" — R x R?"
is an identity on the first n coordinates corresponding to the means A\1,..., A\,
and is defined on the remaining coordinates using the equations (18). Let C,, =
(fop © for)(Agn_1). This is contained in a subspace of R” x R?" given by

wg=1 and pi=---=p,=0.

Since fy, is invertible (see [40, Appendix A.1l]) it provides a change of coor-
dinates from the non-central moments to a coordinate system on C,, given by
Al .-y An together with py for all I C [n] such that |I| > 2. Note that the
Jacobian of f, o fpx : Aon_1 — C, is constant and equal to one.

The final change of coordinates requires some combinatorics.

Definition A.1. Let T = (V, E) be a tree with n leaves. An edge split is a
partition of [n] into two non-empty sets induced by removing an edge e € E and
restricting [n] to the connected components of the resulting graph. By an edge
partition we mean any partition By|---|By of the set of leaves of T induced by
removing a subset of E. Each B; is called a block of the partition.

Let I denote the partially ordered set (poset) of all tree partitions of the set
of leaves. The ordering in this poset is induced from the ordering in the lattice
I1,, of all partitions of [n] (see [35, Example 3.1.1.d]). Thus for 7 = By|---|B,
and v = Bj|---|B. we have 7 < v if every block of 7 is contained in one of
the blocks of v. The poset Iz has a unique minimal element 1|2] - - - |n induced
by removing all edges in E and the maximal one with no edges removed which
is equal to a single block [n]. The maximal element is denoted by 1 and the
minimal one is denoted by 0.

For any poset II a Mdébius function my : II x II — R can be defined in such
a way that mp(m,7) = 1 for every m € II, mp(v,m) = =3 5. mnu(v,d) for
v < 0 in IT and is zero otherwise (c.f. [35, Section 3.7]). Let T'(W), for W C V,
denote the minimal subtree of T containing W in its set of vertices. Then Iy
is the poset of all multisplits of the set of leaves of T (W) induced by edges of
T(W). The Mobius function on Il7 ) will be denoted by my, and the Mobius
function on II7 will be denoted by m. Let Oy and 1y denote the minimal and
the maximal element of Il7 () respectively.

Consider a map f,, : R™ x R?" — R" x R?" where the coordinates in the
domain are denoted by A1, ..., A, and uy for I C [n] and let the coordinates of
the image space be denoted by A1, ..., A, and k; for I C [n]. The map is defined
as the identity on the first n coordinates corresponding to A, ..., A, and

Kp = Z wy(m,1r) H pp  for all I C [n], (19)

TI'EHT(I) Bew

where by convention kg = pg. Let K7 = f,..(Cr). Note that for any I C [n] such
that |I| < 3, k; = pr. In particular Kr is contained in the subspace of R™ x R2"
given by

kp=1, K1 =-=Kp,=0



1298 P. Zwiernik and J.Q. Smith

The map f, : C,, = K is a polynomial isomorphism with a polynomial inverse
fru- It therefore gives a change of coordinates to a coordinate system on Krp
given by Ai,..., A, and sy for |I| > 2. The exact form of the inverse map is
given by the Mébius inversion formula (c.f. [40, Section 3.2])

pi= Y [[rs foral1Cin]|1>2 (20)
TI'EHT([) Bew

Note that after restriction to Agn_1, fpr(Aan_1) and C,, respectively all fox, fi,
and f,,. are polynomial maps with polynomial inverses (c.f. [40, Appendix A]).
This therefore implies that there is a polynomial isomorphism between Aon_q
and Kr.

Appendix B: Proofs

Proof of Proposition 2.5. By Remark 2.1 M3 does not depend on the rooting.
Therefore, we can assume that T is rooted in h. In this case Proposition 2.3
implies that M5 is given by A; = %(1 — ;) for i =1,2,3 and

1 .

Wij = Z(l — @) np,imn,; for all i # j € {1,2,3} and
1 oy

H123 = 1(1 — [12) BTk 1k, 278, 3

subject to constraints in (5).

Denote the subset of K7 given by constraints (i),(ii) by M. We need to show
that M = M. First, we prove that M5 C M. Let K = ¢y (w) for some w € Qp
with coordinates given by fi;, and fi;, np s for i = 1,2, 3. We consider two cases.
Either (1 — ﬂ%)nh,lﬁh,znhﬁ is zero or not. In the first case 123 = 0 and at least
two covariances vanish and hence (i) holds.

Now we show that if (1 — [i2)nn17h,274,3 # 0 then (ii) holds. From (21)

1

3
Hizfispes = (Z(l—ﬂi)> (Mhanmonna)?® > 0. (22)

To show that K satisfies (9) we can simply substitute for the corresponding
moments using (21). After trivial reductions we then obtain that

[Nhil £ Bains < (1 £ @),

which is equivalent to (5). Therefore, since by hypothesis (5) holds, we also have
that M4 C M.

To show M C M} we prove that for K € M a parameter w in (21) exists
which satisfies the constraints defining Q7 and K = ¢r(w). Let P be the prob-
ability distribution corresponding to K. First, consider the points satisfying (i).
If all three covariances vanish for this point then taking n,1 = nn2 = 74,3 =0
and iz = 1 we obtain a valid choice of parameters in (21) and their values
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satisfy (5). When one covariance is non-zero, say pi2 # 0, then, if a choice of
parameters exists it must satisfy 2 # 1, ngp1,7n,2 # 0 and 7,3 = 0. Such a
choice of parameters will exist if we can ensure that po = (1 — ﬂ%)’l]h)lnh)g.
This follows from [20, Corollary 2] which states that if only g2 # 0 then there
always exists a choice of parameters for model X; Il Xo|H, where H is hidden.

Consider now case (ii). Since p12p13p23 > 0 then in particular Det P > 0. Set

- i Det P . 1 .
[y = $2%5 and 77,2171- = :]Ttk for i =1,2,3. It follows that (;(1— /‘}21))277%,1‘77}21,3‘ =

p?; for i,j =1,2,3 and (5(1 — [27,))2 4207 107 o 5 = Hiag- This coincides with
(21) modulo the sign. It can be easily shown that piap13pes > 0 implies that
there exist a choice of signs for 7, ; for ¢ = 1,2, 3 such that

1 _
1 (L= B )i, = iy

for all 1 < i < j < 3 asin (21). For example set sgn(ny ;) = sgn(u;r) and use

the fact that, by our assumption, sgn(u;;) = sgn(pix)sgn(p;x). This choice of
signs already determines the sign of fi so that

(1 — [i3) hTh, 10,270 3 = H123

FNgr.

holds.

It remains to show that parameters set in this way satisfy the constraints
defining Q. First note that since 0 < 4pujop13m23 < Det P then ﬂ% e (0,1)
as required. From [40, Appendix D] we know that if (9a.1,mn,2,7n,3, Bn) is
one choice of parameters then there exists only one alternative choice and it
is (=0n,1, —Nh.2, —Mn,3, —fn). For a fixed i = 1,2,3 it is easily checked that
(Mhi, i) satisfies (5) if and only if (—ny,;, —fin) does. Therefore, we can assume

that np; = V\EJ-C:IP > 0. In this case fip, = sgn(ujk)\/‘%. It follows that (5) is
satisfied if and only if (9) holds. O

Proof of Lemma 4.4. First assume that the map so : E — {—1, 1}, given in the
statement of the lemma, exists. This induces a map s : V x V. — {—1,1} such
that s(k,l) = H(u)v)eE(M) so(u,v). For any triple 7, j, k there exists a unique
inner node h which is the intersection of all three paths between i, j, k. By the
above equation the choice of signs for all (u,v) € E gives s(i, h), s(j,h) and
s(k, h). Since s(i,j) = s(i, h)s(j, h) and the same for the two other pairs, we get
that s(i, j)s(i, k)s(j, k) = s%(i, h)s*(j, h)s*(k, h) = 1 and the result follows since
by construction o(i,j) = s(i,7) for all 4, j € [n].

Now we prove the converse implication. Whenever there is a path E(uv) in T
such that all its inner nodes have degree two then a sign assignment satisfying
(15) exists if and only if there exists a sign assignment for the same tree but
with F(uv) contracted to a single edge (u,v). Hence we can assume that the
degree of each inner node is at least three.

We use an inductive argument with respect to number of hidden nodes. First
we will show that the theorem is true for trees with one inner node (star trees)
denoted by h. In this case we will use induction with respect to number of leaves.
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It can easily be checked directly that the theorem is true for the tripod tree.
Assume it works for all star trees with k& < m — 1 leaves and let T be a star tree
with m leaves. By assumption for any three leaves i, j, k: o (¢, j)o (¢, k)o (4, k) = 1.
If we consider a subtree with (1,h) deleted then by induction assumption we
can find a consistent choice of signs for all remaining edges. A choice of a sign
for (1,h) consistent with (15) exists if for all i > 2 o(1,47) = so(1,h)so(i, h).
This is true if either o(1,4)s¢(i,h) = 1 for all i or o(1,4)sg(i,h) = —1 for all 3.
Assume it is not true, i.e. there exist two leaves 4, j such that o(1,4)so(i,h) =1
and o(1,7)so(j,h) = —1. Then in particular since o(i,j) = so(¢, h)so(j, h) we
would have that o(1,7)o(1,j)o(i,7) = —1 which contradicts our assumption.

If the number of the inner nodes is greater than one then pick an inner node
h adjacent to exactly one inner node. Let i’ be the inner node adjacent to i and
let I be a subset of leaves which are adjacent to h. Choose one i € I and consider
a subtree T” obtained by removing all leaves in I and the incident edges apart
from the node i and the edge (h,7). By the induction, since h has degree two
in the resulting subtree, we can find signs for all edges of T". Set so(h,h’) =1
then sg(h,i) = s(h',4) which identifies so(h,%). Similarly it can be showed that
there exists a choice of signs for all remaining edges (i, h). The result follows
since the choice of i € I was arbitrary. O

Appendix C: The proof of the main theorem

Let K € Kp have coordinates given by \; for i« = 1,...,n and &y for I C [n]
such that |I| > 2. Let K7, J C [n], denote the projection onto the coordinates
given by \; for i € J and k1, I C J, |I| > 2. Directly from the definition of My
it follows that K € M4 if and only if K! € Mgy for all I € [n].

Let M denote the subset of K1 defined by constraints in (C1)-(C4). We need
to show that M = M%. We divide the proof into series of lemmas.

Lemma C.1. The inclusion Mf. C M holds.

Proof. Since the rooting is not relevant by Remark 2.1, we choose an arbitrary
inner node as the root node. Let K € M4 and hence K = t¢p(w) for some
w € Qr.

To show that the equations in (C1) hold let A|B be an edge split and let
e = (w,w’) be the edge inducing this split. By T\ e we denote the graph
obtained from T by removing the edge e. We assume that w lies in the same
connected component of T'\ e as A and w’ lies in the second component of T'\ e.
For every non-empty I C A and J C B from Proposition 2.3

1 _ —deg(v)— —deg(v)—
Kry = 1(1 o) I w2 I A2
veint(V (Iw’)) veint(V (Jw))
* Nw,w’ H N, H N, -
(u,v)EE(Tw) (u,w)EE(Jw’)

From this it easily follows that for any non-empty I, C A and Jy,Js C B,
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RI,J1RI,Jy — RI1 J, RI, g, = 0 if and only if

(1- H?«([lJl))(l - H?«(Izb)) =(1- N?«(Ilb))(l - Hi(le))- (23)

To show that (23) is always true, we consider two cases: either r(AB) € V(Aw)
or r(AB) € V(Bw'). If r(AB) € V(Aw) then r(I1J1) = r(Lw), r(I1J2) =
r(Lw), r(IaJy) = r(law) and r(l2J2) = r(Iaw). Hence in this case (23) holds.
The case 7(AB) € V(Buw') follows by symmetry. Therefore the equations in
(C1) always hold.

To show that K satisfies (C2) consider the projection K* for each i, j,k €
[n]. By [40, Corollary 2.2] M., is equal to the tripod tree model. Since
Kk ¢ /\/l%(ijk) then, by Proposition 2.5, (C2) must hold. To show that K
satisfies (C3) let ¢, j € [n] be such that y;; = 0. Let I C [n] be such that 4,j € I
and assume that k7(w) # 0. Then by (7) in particular Ni([) # 1 and 1y, # 0 for
all (u,v) € E(I). By [40, Remark 4.3] this implies in particular that 47, # 1.
From this, again by (7), it follows that u;; # 0 and we get a contradiction.
Hence if p1;; = 0 then x; = 0 for all I such that ¢,7 € 1.

To show that K satisfies (C4) let 4, j, k,l € [n] be the four leaves mentioned
in the condition. Let w and v be two inner nodes such that u separates i from j,
v separates k from [ and {u,v} separates {7, j} from {k,[}. In other words u, v
are the only inner nodes of degree three in T'(ijkl). By [40, Lemma 2.1], T'(ijkl)
gives the same model as the quartet tree with four leaves 4, j, k,[ and two inner
nodes u, v. Moreover, by Remark 2.1, Mrp(;;x1) does not depend on the rooting
so we can assume that the tree is rooted in u. Since K% ¢ M (ijryy then for
some parameter choices

1 B 1 ~
ik = 1(1 — B2 NNy oy Hgt = 1(1 — o) T MM

1 o 1 o
pir = 7(1= B ) BT, i, i oMo s ikl = il T2 oo M T, e 1 -

Substitute these equations into (C4). There are then two cases to consider:
Ly > 0, iy < 0. Laborious but elementary algebra shows that the condition
in (C4) is equivalent to (5) applied to (1 — i2)n,,, and hence (C4) holds by
definition. Consequently M4 C M. O

To show the opposite inclusion is a bit more complicated. We consider two
separate cases. Let K € M. We construct a point wy € RIVIHIEl such that
wo € Qp and Yp(we) = K, i.e. wy is such that, for all I C [n] such that |I| > 2,
k1 can be written in terms of the parameters in wy as in (7).

Lemma C.2. Let K be such that pi; # 0 for all i,5 € [n]. If K € M then
K e M%.

Proof. We set squares of values of all the parameters in terms of the observed
moments using [40, Corollary 5.5]. We will show that the equations in (7) must
hold for their absolute values. We will then need to ensure there is at least one
assignment of signs for a set of parameters such that all equations in (7) hold
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exactly. Finally, we will show that the parameter vector wqy defined in this way
lies in Q7.

For each inner node h of T let 4, j,k € [n] be any three leaves separated by
hin T. By (C2) we have that j;;puixfe;r > 0 and hence also that Det PY% > 0.
Now set 9

_0\2 :u%'jk

()" = Degpik
We show that (C1), which K satisfies by assumption, implies that the value
of (i%)? does not depend on the choice of 4,7, k. It suffices to show that if &
is replaced by2 another leaf &’ such that 4,7, k' are separated by h in T then
Dflg@k = Deﬁgﬁ,;k,. Since h has degree three in 7' then there exists an edge
e € E inducing a split A|B such that i,j € A and k,k’ € B. From (C1) it
follows that

(24)

Wik ikt = Mike iy Mijk ik = Mijk! Miks  Hijk ikt = Hijk fik (25)
and consequently
DetPijk‘uij'uik/ ik = DetPijk,uijuik,ujk (26)
which implies that

2 2 2 2
Mg HjeHag ik Bk P Hag ik gk Hyjpe

Detpijk Detpijkﬂijﬂik’ﬂjk’ o DetPijk'uijuikujk o Detpijkl

as required.
For terminal edges (v,¢) of T such that i € [n], let j, k € [n] be any two leaves
of T such that v separates 1, j, k. Set
Det Pk
(14)? = —5— (27)
Hig
As in the previous case it is straightforward to check that, given (C1), this value
does not depend on the choice of j, k. For example, if instead of k& we have k'

and v separates i, 7, k" in T then there exists an edge split such that {7, j} and
{k,K'} are in different blocks. By (25), we can show that

DetP* 1, DetP%  DetPi*
115 ik ikt ik 12

For inner edges (u,v) € E let 4,j,k,l € [n] be any four leaves such that u
separates ¢ from j, v separates k from [ and {u,v} separates {i,j} from {k,[}.

Set ) e
0 y2 _ My DetPV

(nu,v) = M_QW (28)

ij

which is well-defined since ufj and Det P are strictly positive. We now show
that this value does not depend on the choice of 7, j, k, [. By symmetry it suffices
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to show that we obtain the same value if instead of [ we took another leaf I’
such that u,v are the only degree three nodes in T'(ijkl’). Since v has degree
three then there must exist an inner edge separating i, j, k from [,1’. From (C1)
it follows that

pivr pu Det P = i1y Det P*Y 0 iy = iy

and hence

12 DetPYU% g p? DetPY% 42, Det Pk

112; Det PR g iy 112, Det PRL 12 Det Pk

as required.

We now show that with the choice of parameters satisfying (24), (27) and
(28) the modulus of equations in (7) hold. First consider the case I = {i,j}.
Label the inner nodes of E(ij) by v1,...,v; beginning from the node adjacent
to 7. For each s = 1,...,k let i5 denote a leaf such that v, separates i, j,is in
T. By Remark 2.1, we can choose any rooting. We assume that the root r(ij)
of this path is in v;. We now proceed to check that

2
i = (j0-wew®) I ek (29)

(u,0)EE(ig)

1 2 k
(30 @) 8.2 (Hmﬂwvsf) 00, o)

s=2

Since vy separates i, j, i1 by construction, from (24) we therefore have

1— =0 )2y Nijﬂiilf{jil_
( ( ’Ul) ) Det(Pl'”l)

FNgr.

Now substitute this equation and all the set values in (27), (28) into the right
hand side of (29). Use the fact that vy separates i,7,ix in T and is_1,is are
the only degree three nodes in T'(iis—17jis). Since (v1,7) and (vg, j) are the only
terminal edges we obtain

(Hijum Hjia )2 Det P" ﬁ P, DetPUis-1) DetP' (30)
Det(Piin) u?il i ufisil Det Pijts flk

It can now be checked that all the expressions with hyperdeterminants cancel
out and the formula reduces to ufj as required.

Now we need to show that for every I = {i,j, k}

2
= (30-meo®) @ T b ey

(u,v)EE(ijk)
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where by w we denote the node separating i, j and k. Assume that T'(ijk) is
rooted somewhere on the path between ¢ and j. Using (29) the right hand side
of (31) can be rewritten as

i) T )™ (32)

(u,v)EE(wk)

Number the degree three nodes in E(wk) by v1,...,v; and let is denote a leaf
such that the inner nodes of T'(ijkis) of degree three are exactly vs—1 and vy,
where v9 = w. By an exactly analogous argument as in the case above we obtain

I .2
(u,v)EE(wk)

 p%, Detpidk li[ (2 ;. DetPis—2is-1k\ DetPi-1itk
ufj Det Pikit u5872i371 Det Pis—1isk uflim

, (33)
s=2

where 79 = i. It can be easily checked that all the hyperdeterminants apart
from the term Det P“* cancel out. Moreover, all the covariances apart from the
DetP7*

term ,ul-_jz cancel out as well. Hence (33) is equal to . Now, by using the

ij
definition of (fiy,)* in (24), it can be easily checked that (32) is equal to 7, as
required.

So far we have confirmed only that the squares of parameters in wg sat-
isfy required equations at least for the tree cumulants up to the third or-
der. Next, we show that there exists a consistent choice of signs for these pa-
rameters such that the equations are satisfied exactly. Let o(i,7) = sgn(wi;)-
Since by assumption u;; # 0 for all 4,5 € [n] then the conditions in (C2) im-
ply that o(i,j)o(i,k)o(j, k) = 1 for all triples 4, j,k € [n]. Hence by Lemma
4.4 there exists a choice so(u,v) € {—1,+1} for all (u,v) € E such that
o(i,5) = Il v)eny so(u,v) for all i,j € [n]. For any two nodes k,l € V
we define s(k,1) = [[(, ,)ep( So(u,v). A choice of signs for the parameters
can be obtained as follows: For each edge (u,v) € E we set sgn(n9 ) = so(u, v)
and, for each inner node v, set sgn(i1Y) = sgn(wijx)s(v,i)s(v,j)s(v, k) where
i,J, k are any three leaves of T" separated by v.

Assume now that the choice of the signs of the parameters, induced by sq(u, v)
for (u,v) € E, has been made. This choice of signs gives

’g:sv,isv,’sv,kimjk , 34
A = (0, )s(0, )0, k) (34

.V Det Piik

0
Ny.; = (v, 1)
o |11k |

[ Det Ptik
Det Pikl” (36)

, (35)

il
T,o = S0(u, ) | ==
Mg
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Note that, in particular, with this choice of signs sgn(n ) = so(u,v) for all
(u,v) € E and sgn(?) = sen(iji) [ (u,0)ep@ijr) So(u, v). Since (29) holds, it
follows that )
|piz| = 1(1 - (ﬂg(ij))2) H 7% -
(u,v)€E(if)

Now multiply both sides by s(¢, j) = [,y em(ij) So(u, v) to get

o 1 _
pig = s(i, )il = 1(1_(M2(ij))2) T soCwo)n,l
(u,v)€E(ij)
1 _
= Z(l_(ﬂg(ij))z) T . (37)

(u,0)€E(ij)

Similarly, from (31), we have that

(1- (ﬂg(ijk))2)|ﬂ2;| H |772,v|-
(u,v)EE(ijk)

B~ =

g | =

Multiply both sides by sgn(p;x) and use the fact that ([, .y g i) So(u v))? =
1 to get

1 _ _
Hijk = ZO-(ME(U@)Q) S Isen(uise) [ solw,v)
(u,v)EE(ijk)

I sow o).l
(u,v)EE(ijk)
1 _ _
= 1(1_(:u(r)(ijk))2),u?u H nﬂ,v
(u,v)EE(ijk)

as desired.

We now show (7) for |I| > 4 by induction. Let (u,v) € E be any edge splitting
I into two subsets I; and I such that |I1],|I2] > 2 and wu is the node closer to
I. Let i € I} and je I then, by (Cl),
_ KnjKil,

Kzfllg -
Rij

By induction we can assume that xr, j, K7, and k;; have form as in (7). Moreover,

H(u,v)GE(Ug) Nu,v H(u,v)eE(Ilj) Muw H

Nu, v
H(u,v)EE(ij) N (uw)eE(I)

—degh—2 __ —degh—2
II w = I m ’

hEN (il) hEN (vIa)
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—degh—2 —degh—2
II @ = I m :
heN (I17) heN (I1u)

Using this we can write

1 (1= 727,)) (X = E2p, ) deg h—2

= Thes - 38
1 -2 ) || H, ” T, (38)
r(ig) hEN(I) (u,v)EE(T)

K’IlIQ =

The root of T'(I) is either in T'([yu) or in T'(vl2). In the first case r(I1j) = r(I)
and 7(iI3) = r(ij). In the second case r(I1j) = r(ij) and r(ilz) = r(I). Hence

in both cases L o
(= Bny) (L= A, )

(1= A7)

and (38) has the required form given by (20). It follows that K = ¢ (wo).
It now remains to show that the parameters defined in (34), (35) and (36)
define a parameter vector wy which lies in Q. Since, by (C2), uZ;, < DetP*

= (1 - :LL’I"(I))

for all i,j,k € [n] for all inner nodes h we have i9 € [—1,1] as required. For
a terminal edge (v,7) consider the marginal model induced by T'(ijk), where
J, k are any two leaves such that v separates i, j, k in T'. From Proposition 2.5

constraints (C2) and (C3) imply that 7, ; is a valid parameter. To show that
(36) satisfies (5) write
ov0 , , Wijk il | Det Piik
(1 + /J'u)nu,v - (1 + S(uv z)s(uvj)s(uv k)\/m) S(“? U) Wi Det Pikl :

Now substitute this together with the expressions for ji¥ and i, given by (34),
into (5). First assume s(u,v) = 1. Then s(u, k) = s(v, k), s(v,i) = s(u,) and
(5) becomes

(\/ Det P + s(u, i)uijk)

il

J

< (\/ Det PiFl + s(v, l),Uikl) .

By multiplying both sides by a positive expression | ;;|(V Det P7* F s(u, @) pij)
we obtain

4#?1@#?1 < (v Det Piik + s(u, l)ujmijk) (v Det Pkl  s(v, l)uikl) )

However, s(u,l) = s(v,1) hence this is satisfied by (C5). It is easily calculated
that the case s(u,v) = —1 leads to the same constraint. This finishes the proof
of Lemma C.2. O

Lemma C.3. The inclusion M C M. holds.

Proof. Let K € M be a tree cumulant and let ¥ = [u1;;] € R™*"™ be the matrix of
all covariances between the leaves. We say that an edge e € F is isolated relative
to K if p;; = 0 for all 4, j € [n] such that e € E(ij). By E C E we denote the
set of all edges of T which are isolated relative to K. By T = (V,E\ E) we
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denote the forest obtained from 7' by removing edges in E and we call it the
K-forest. We define relations on F and F \ E. For two edges e, e’ with either
{e,e'y C Eor{e,¢'} C E\E write e ~ ¢ if either e = ¢’ or e and ¢’ are adjacent
and all the edges that are incident with both e and e’ are isolated relative to
K. Let us now take the transitive closure of ~ restricted to pairs of edges in
E to form an equivalence relation on E. This transitive closure is constructed
as follows. Consider a graph with nodes representing elements of £ and put an
edge between e, e’ whenever e ~ ¢’. Then the equivalence classes correspond to
connected components of this graph. Similarly, take the transitive closure of ~
restricted to the pairs of edges in B\ E to form an equivalence relation in £\ E.
We will let [E] and [E \ E] denote the set of equivalence classes of E and E \ E
respectively (for details see [40, Section 5]).

Again we show that there exists wo € Q7 such that ¢ (wo) = K. Set 79, v = =0

for all (u,v) € E and f2 = 0 for all inner nodes of T with degree zero in T. It
then follows that (14 fiy,)n,,, = 0 satisfies (5) for all (u,v) € Eand i° € [-1,1]
for all v € V and hence these parameters satisfy constraints defining Q7. If
I C [n] is such that E(I) N E # 0 then x; = 0 by (C3). Hence in this case we
can assert that

1 = v
Kr = 1(1 - (Ng(z))z) H (Mv)deg( )-2 H nﬁ,v

veEN(I) (u,v)EE(I)

simply because both sides of this equation are zero. By [40, Remark 5.2 (iv)]
every connected component of T is a subtree which is either an inner node or a
tree with the set of leaves contained in [n]. Denote the connected subtrees which
are not inner nodes by T4, ..., Ty and their sets of leaves by [n;] for [ =1,... k.
For every I =1,...,k and all 4, j € [n;] we have that p;; # 0. Hence for each T;

applying Lemma C.2 we have K" € My, If I C [n] is such that E(I) N E = ()

then I C [ny] for some [ = 1,..., k. Since K"l € Mz, then there exists a choice
of parameters such that x; can be written as (7). Therefore K € My and we
are done. O

The proof that M = M7, follows from Lemma C.1 and Lemma C.3. It suffices
to show that, given that all covariances are non-zero, the only constraints of M
involving only second order moments are (16). In the formulation of the main
result the only such constraints are all the equations in (C1) involving only
covariances and the positivity constraints in (C2). By the four-point condition
(c.f. (14)) the inequalities

2 2
min <,u1k,ugl) 7 (Uzlﬂ]k) S 1
Mg [kl Mg Lkl

for all not necessarily distinct i, 7, k,l € [n] uniquely define the underlying tree
metric and hence they are equivalent to all the equations in (C1) involving only
second order moments. The inequalities

in {umu;z ,Uil,ujk} >0
Mgl Mg okl
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are equivalent to p;pirpjr > 0 for all ¢, 7, k € [n]. However, the two above sets
of inequalities are exactly equivalent to (16). O

Appendix D: Phylogenetic invariants

In a seminal paper Allman and Rhodes [2] identified equations defining the
general Markov My in the case when T is a trivalent tree. In this section
we relate their results to ours. To introduce their main theorem we need the
following definition.

Definition D.1. Let X = (Xy,...,X,) be a vector of binary random variables
and let P = (py)yefo,13» be a 2 x ... x 2 table of the joint distribution of X.
Let A|B form a split of [n]. Then the flattening of P induced by the split is a
matrix

Pyjp = [pagl, € {0,134, 5 = {0,137,

where pog = P(X4 = o, Xp = ). Let T = (V, E) be a tree. In particular, for
edge partitions the induced flattening is called an edge flattening and we denote
it by P., where e € E is the edge inducing the split.

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. This gives in
particular the ordering of rows and columns of flattenings.

Theorem D.2 (Allman, Rhodes [2]). Let T™ be a trivalent tree rooted in r and
M be the general Markov model on T" as defined by (2). Then the smallest
algebraic variety, i.e. a subset of a real space defined by a finite set of polynomial
equations, containing the general Markov model, is defined by vanishing of all
3 x 3-minors of all the edge flattenings of T" together with the trivial polynomial

equation Y pa = 1.

Note that the result includes the case of 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 non-trivial polynomials vanishing
on the model.

Just as we defined edge flattenings of probability tables we can also define
edge flattenings of (kr)rc,) where kg = 1 and k; = 0 for all i € [n] (c.f.
Appendix A). 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 Ne corresponding to the I-th row and the
J-th column is k7. Let N, denote 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 columns is induced by the ordering of the rows and columns for P,
(c.f. Definition D.1), 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.
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The following result allows us to rephrase the equations in Theorem D.2 in
terms of our new coordinates.

Proposition D.3. Let T = (V, E) be a tree and let P be a probability distribu-
tion of a vector X = (X1,...,X,) of binary variables represented by the leaves
of T. If e € E is an edge of T inducing a split A1|As then rank(P.) = 2 if and
only if rank(N,) = 1.

Proof. Let P. = [pag] be the matrix induced by a split A;]|A2. We will show
that rank(P.) = rank(D,) where D, = [d;;] is a block diagonal matrix with 1
as the first 1 x 1 block (i.e. dgg = 1, dgy =0, drg = 0 for all I C Ay, J C Ay)
and the matrix N, as the second block. It will then follow 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 (17)
and then to the flattening of the central moments M, = [uys] such that I C Ay,
J C As using (18). It therefore suffices to show that rank(M.) = rank(D.).

Let I € Ay, J C Az. Then for each 7 € Ilp(r ) there is at most one block
containing elements from both I and J. For if this were not so then removing e
would increase the number of blocks in 7 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 7 > A;|Ag in Iy y) or both I', J" # 0
otherwise. We can rewrite (20) as

iy = Z KrrJs H KB H kB | - (39)

w€llp(ry) IDBem JDOBem

We have djj» = Ky and it can be further rewritten as

Mng E urpdp vy g

'CrJ'CJ

where urp = ZﬂGHT(I\I,) [k and vy = ZWGHT(J\J’) [15cx kB Setting
urp = 0 for I' ¢ I, vyy = 0 for J ¢ J we can write these coefficients in
terms of a lower triangular matrix U and an upper triangular matrix V. Since
by construction uy; = 1 for all I € Ay and vy; = 1 for all J C Ay we have
det U = det V' = 1. Therefore, M, has the same rank as D.. O

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 kK = (k1)re[n].,. An
immediate corollary follows which gives the equations in (C1) in Theorem (4.7).

Corollary D.4. Let T = (V, E) be a trivalent tree. Then the smallest algebraic
variety containing M is defined by the following set of equations. For each split
A|B induced by an edge consider any four (not necessarily disjoint) nonempty
sets I1,1o C A, Ji,Jo C B and the induced equation K1, .1,K1,.0, — K1, JokI,.0, = 0.



1310 P. Zwiernik and J.Q. Smith

In [16] Eriksson noted that some of the 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
powerful. The binary case we consider in this paper can give some partial under-
standing of why this might be so. Here, the invariants related to the four-point
condition are the only ones which involve second order moments (c.f. Section 4).
Moreover, the estimates of the higher-order moments (or cumulants) are sensi-
tive to outliers and their variance generally grows with the order of the moment.
Let {1 be a sample estimator of the central moments p and let f be one of the
polynomials in Theorem D.4 but expressed in terms of the central moments.
Then using the delta method we have

Var(f(f1)) = V f (1) Var(i)V f ().

Consequently, in this loose sense at least, the higher the order of the central
moments (or equivalently the higher the order of the tree cumulants) the higher
the variability of we might expect the invariant to exhibit (see [25, Section 4.5]).
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