arXiv:2206.00173v2 [math.AG] 11 Nov 2022

Rational partition models under iterative
proportional scaling

Jane Ivy Coons™?, Carlotta Langer®, and Michael Ruddy*

1St John’s College, University of Oxford, United Kingdom
Mathematical Institute, University of Oxford, United Kingdom
jane.coons@maths. ox. ac.uk
3Hamburg University of Technology, Hamburg, Germany
carlotta.langer@tuhh.de
4Qventus
mruddy@quentus.com

November 14, 2022

Abstract

In this work we investigate partition models, the subset of log-linear models
for which one can perform the iterative proportional scaling (IPS) algorithm to
numerically compute the maximum likelihood estimate (MLE). Partition models
include families of models such as hierarchical models and balanced, stratified staged
trees. We define a sufficient condition, called the Generalized Running Intersection
Property (GRIP), on the matrix representation of a partition model under which
IPS algorithm produces the exact MLE in one cycle. Additionally we connect the
GRIP to the toric fiber product and to previous results for hierarchical models
and balanced, stratified staged trees. This leads to a characterization of balanced,
stratified staged trees in terms of the GRIP.

Keywords: Maximum Likelihood Estimation, Iterative Proportional Scaling, Log-Linear
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1 Introduction

The iterative proportional scaling (IPS) algorithm is a simple and efficient numerical
algorithm for computing the maximum likelihood estimate (MLE) for certain families of
log-linear statistical models, which we call partition models. The IPS algorithm is widely
used in survey statistics, such as in [9] 27, [44], and has been researched in connection to
optimal transport problems in its more restricted form as Sinkhorn’s algorithm [6], [36].
Partition models include hierarchical models, which have been the subject of much study
in connection with the IPS algorithm [21], 25] [43]. Maximum likelihood estimation for
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log-linear models and its relationship to algebraic and combinatorial objects is also of
interest in algebraic statistics. For example in [2], the authors connect invariant theory
and algorithms to compute the MLE including a form of the IPS algorithm. Many recent
works have also explored the number of complex critical points of the log-likelihood
function, also known as the ML-degree (see [I}, 8, 1T}, 19, 28| 29, 39]).

From an information-geometric perspective, calculating the MLE for a partition
model can be described as projecting to linear families defined by the partitions of
the matrix representing the model (see Definitions 2.1 and 2.3)). Given a data vector
and an estimate on the model, the IPS algorithm updates this estimate at each step by
projecting onto a different linear family, converging towards the MLE. We say that the
IPS algorithm has completed one cycle after it has iterated through each linear family
exactly once.

At each step of the IPS algorithm, the estimate is a rational function of the data
vector. Thus in the case of one-cycle convergence, the MLE itself is a rational function
of the data vector. Models for which the MLE can always be described as a rational
function of the data vector are called rational and are a subject of recent interest [12]
19, 30]. This is in contrast to what is sometimes called the genemlize IPS algorithm,
another numerical algorithm for computing the MLE for log-linear models, which does
not produce a rational function at each step, yet can be applied to any log-linear model.

In this work we are interested in the question, “When does the IPS algorithm exactly
produce the MLE after one cycle?” We first note that the matrix representation of
a partition model heavily influences the outcome of the IPS algorithm (see Example
2.17). In [25] the author defines the Running Intersection Property (RIP) for hierarchical
models, which gives sufficient conditions on the matrix representation of a hierarchical
model so that the IPS algorithm always produces the MLE exactly in one cycle. The
author shows that for decomposable hierarchical models, there always exists such a
representation. Drawing inspiration from the RIP, we define the Generalized Running
Intersection Property (GRIP) on the matrix representations of general partition models
and show that it gives sufficient conditions for the IPS algorithm to always produce the
MLE exactly in one cycle. In the case of hierarchical models we show that the RIP
is a special case of the GRIP (see Prop. [A1]). We also connect previous work on the
rationality of hierarchical models with the GRIP.

We additionally investigate another family of partition models: balanced and strati-
fied staged trees. Staged tree models, also known as chain event graphs, are probability
tree models that encode conditional independence relationships among events. They
have been the subject of much study from an algebraic perspective in recent years
[4, 19, 24], B38]. In this work we connect the GRIP to balanced and stratified staged
trees. Ome can associate a tree to any matrix representation of a partition model, as
described in Section 224l We show that if a matrix representation satisfies the GRIP,
then the associated tree must be a balanced and stratified staged tree. Moreover we
show that the unique matrix with no repeated columns associated to a balanced and

"Many works will refer to the generalized IPS algorithm as simply “the IPS algorithm” while referring
to its predecessor, the algorithm we consider in this work, as the “classical IPS algorithm.”



stratified staged tree satisfies the GRIP. In [20], the authors show that decomposable
hierarchical models are also balanced staged tree models and claim that balanced staged
trees are a natural generalization of such models. Our work also implies this result and
supports this claim.

We make use of the toric geometry of a partition model in order to determine whether
IPS achieves one-cycle convergence on a given parametrization of the model. In partic-
ular, we show that when a parametrization of the model satisfies the GRIP, the model
can be written as a toric fiber product of smaller rational partition models [40]. This in
turn allows us to write the MLE of the larger partition model as a normalized product of
the MLEs of the smaller models [3], which facilitates our proof of one-cycle convergence.

Our work draws novel connections between the geometry of a rational partition
model and the performance of the iterative proportional scaling algorithm applied to
it. Moreover, it gives sufficient conditions for a partition model to be rational. If
the partition model has a parametrization which satisfies the GRIP, then it is rational
and one can read the MLE directly from the matrix of this parametrization (Corollary
[B.I]]). These results highlight the significant role that model representation plays in the
performance of numerical computations of MLEs. We include a diagram of our main
results in Figure [Tl in which the matrix A is an integer matrix representing a log-linear
statistical model.

The vanishing ideal I(A) equals an
iterated toric fiber product of linear ideals
Thm. Prop. B.20

A represents a hierarchical | p rop. BTl [ A satisfies the GRIP [Thm. IPS converges

m(z)d;;;ztolzf% the RIP Definition [Z10 to the MLE in one cycle
Thm. B3 Thm.

The tree associated with A
is balanced and stratified

Figure 1: Diagram of the main results of this work.

The work is structured as follows. In Section [2] we introduce some basic notions
and previous results surrounding log-linear models, the MLE, the IPS algorithm, and
some important partition model families. In particular, we define partition matrices,
multipartition matrices, and partition models in 2T} describe the interative proportional
scaling algorithm in 2.2} introduce the toric fiber product in 2.3} and discuss staged tree
models and hierarchical models in 2.4 and respectively. In Section Bl we introduce
the GRIP and show this implies that the IPS algorithm produces the MLE after one
cycle (Theorem [3.22). In Section we investigate the connection between the GRIP
and staged tree models, showing that the GRIP characterizes a subset of such models.
In Section A1l we show that the GRIP is indeed a generalization of the RIP. We end the
work with a discussion of open problems stemming from our results in Section Bl



2 Preliminaries

2.1 Log-Linear Models

In this section we introduce the class of models to which we may apply the iterative
proportional scaling algorithm in order to compute the maximum likelihood estimate.
We start with some background on log-linear models before defining our main object of
interest, partition models.

Consider an nxm matrix A = (a;;) such that a;; € Z>( and all column sums 2?21 i
are equal. Then the matrix A defines a homogeneous polynomial map ¢4 : R® — R™

where
n n n
dalty, ... ty) = (Ht?”,Ht?iQ,...,Ht?im> . (1)
i=1 i=1 i=1

Let A,,—1 C R™ denote the open (m—1)-dimensional probability simplex. The support
of a row a of A, denoted supp(a) is the set of column indices in which a has a nonzero
entry.

Definition 2.1. The log-linear model, denoted M 4, associated to the integer matrix
A described above is the intersection of the Zariski closure of the image of ¢4 with the
open probability simplex; that is, M4 = Im(¢4)NA,,—1. This is the discrete exponential
family whose sufficient statistics are given by the rows of A. Hence it can be written as

My ={p € Ap_1|logp € rowspan(A)} .

We note that several integer matrices with the vector of all ones in their rowspan may
give rise to the same log-linear model. In this work we are concerned with the relationship
between the IPS algorithm and a particular choice of matrix A. This matrix should be
thought of as a particular representation of the log-linear model M 4.

Note that the map ¢4 is a monomial map. Hence the Zariski closure of M, is a
toric variety; for this reason the model M, is also referred to as a toric model in the
algebraic statistics literature. Let I(A) denote the ideal of polynomials that vanishes on
M 4. The following proposition, adapted from [41), Prop 6.2.4] describes the relationship
between the matrix A and the ideal of polynomials vanishing on M 4.

Proposition 2.2. Let A € Z"*™. Then the vanishing ideal of M4,
I(A) = (p" = p"|u,v € ZZ, and Au = Av) (2)

is the toric ideal of A and My is the intersection of the variety V(I(A)) with the
open simplex Ap,_1. Moreover, if A’ € Z"*™ satisfies rowspan(A) = rowspan(4’), then
I(A) =I(A") and My = M.

The integer matrices A that we can apply IPS to must satisfy several conditions,
which we outline below.



Definition 2.3. A matrix A € {0,1}"*™ is a multipartition matrix if one can par-
tition the rows of A into submatrices A',..., A* such that in each A%, ¢ € {1,... k},
the entries of each column sums to 1. The matrices A', ..., A* are called the partition
matrices of A. Such a matrix gives rise to a partition model M 4 and the monomial
map that parametrizes this model as described in (I]) is a homogeneous and multilinear.

Remark 2.4. In [37] the author uses the name “partition model” for the log-linear
model associated to one partition matrix. He studies these models as an example of a
family of log-linear models for which there exists a low constant that bounds the KL-
divergence from an arbitrary point in the simplex to these models. Thereby he proves
additional properties of the models defined by one partition matrix.

Let A, A? be partition matrices, each with m columns. Let A'A? denote the matrix
obtained by stacking A' above A?; that is,

Al

From the partitions of A we can build a new matrix, by stacking the partitions as defined
above
Alrok = ATA% AR, (4)

There are many ways to arrange the rows of A to build A'F: however, since they
all have the same collection of rows as A they clearly have the same rowspan, and
hence define the same toric model. As we show in the next subsection, a different
representation of the same model may affect the convergence of the iterative proportional
scaling algorithm. We assume throughout that A is a multipartition matrix.

Definition 2.5. Let af denote the i-th row of the /-th partition, as illustrated in Example
The If denote the set of column indices j € [m] such that the j-th entry of a! is
equal to 1. That is, If is exactly the support of af. Let ny denote the number of rows of
AL,

For a fixed partition A’ and index j € {1,...,m} there is exactly one row a} with
Jj in its support. We define the function S(¢,j) € {1,...,ns} where S(¢,j) is the index

such that j € Iﬁ*(z i) Thus ag(g i) is the row of A¢ that has j in its support.

Example 2.6. The matrix A in Figure 2is an example of a multipartition matrix with
three partitions. We have m = 14,n1,n9 = 2 and ng = 4. For instance, the support of
the second row of the second partition is I3 = {4,5,6,7,11,12,13,14} and the row of
the first partition that has the tenth column in its support is S(1,10) = 2.



je{1, 2, 013, 14}
1111111 - - « .« . .. a{}Al

Figure 2: A multipartition matrix with three partitions and the used
row and column notation.

Definition 2.7. For a matrix A of the form (4), the column weight of the j-th column
is number of times the column is repeated and is denoted c; € Z,..

For a multipartition matrix A, let A denote the n x /m matrix obtained by removing
all repeated columns. This is then a k-way quasi-independence model. In fact what
we call partition models can also be thought of as k-way quasi-independence models
with repeated columns. We refer the reader to [12] for more information on the MLE of
2-way quasi-independence models.

We are able to apply the iterative proportional scaling algorithm as described in the
next section to a partition model M 4 in order to estimate the maximum likelihood of a
data vector in R’". These are in fact the only integer matrices defining log-linear models
for which we can apply the classical IPS algorithm.

2.2 TIterative Proportional Scaling

The iterative proportional scaling (IPS) algorithm is a method to calculate the maximum
likelihood estimator of a normalized data vector with respect to the model M 4. Before
we discuss the algorithm in more detail, we first define the maximum likelihood method.

Broadly speaking, maximum likelihood estimation is a way to find a distribution in
a statistical model, M 4 that best fits some observed data. Let u be the vector of counts
of the observed data. Assuming that the observations are independent and identically
distributed (i.i.d.), the likelihood function for u with respect to the model is the
function L(p | u) : M4 — R defined by

m

Lip|w) = [ p".

i=1

Evaluating the likelihood function at p € M4 yields the probability of observing the
data u from the distribution p. The maximum likelihood estimate (or MLE) for u



is then
argmax L(p | u).
pEMA

That is, the MLE for « is the distribution in the model that maximizes the probability of
observing u. We note that solving this optimization problem is equivalent to maximizing
the log-likelihood function, log(L(p | u)), as the logarithm is concave. We use d
throughout to refer to normalized data, and denote the MLE for d by p*(d), or simply
by p* when d is understood. One can find an introduction to maximum likelihood
estimation in most statistics resources, such as [26] 32 [34]. The MLE problem is also
described from an algebraic perspective in [41, Chapter 6].

Definition 2.8. If p*(d) is a rational function in the entries of d whenever it exists, then
we say that M4 has rational MLE. If moreover M 4 is a partition model, then we call
it a rational partition model.

The maximum likelihood estimate of any log-linear model can be characterized by
the following result. This result is sometimes referred to as Birch’s theorem [17, [35].

Proposition 2.9 (Corollary 7.3.9 in [41]). Let A be a matriz corresponding to a log-
linear model and d be the empirical distribution of the data. If the mazimum likelihood
estimate in the model M 4 exists, then it is the unique solution to the equations Ad = Ap

for p e My.

The iterative proportional scaling, or iterative proportional fitting algorithm is a
method for approximating the MLE in partition models. This is a well-known algorithm,
first defined in the statistics literature by Deming and Stephan in 1940 in [16] and
analyzed further by for example Csiszar in [I3] and Brown in [7]. There are various
types of iterative scaling alorithms. In [I7] and [41] the authors describe a variant of the
original algorithm, proposed as generalized iterative scaling by Darroch and Ratcliff in
[15]. We will focus on the earlier version defined below, because in this case each step is
guaranteed to produce a rational function.

In order to guarantee that the initial distribution lies in the partition model, we will
fix the uniform distribution p® = (%, R ﬁ) as the starting point. The fth-step of the
algorithm is then defined as

o ogq, Ad
p=p " * Aipt—1 (5)
for i = ¢ mod k where division and multiplication * are defined componentwise If p"
is the MLE, then by Proposition [ZQ], Ad = Ap" and every factor : =1for £ >r.

Thus if p” is the true MLE, then p’ = p" for all £ > r.

Moreover, we note that every step is an information projection to the linear family L
defined by the ith partition A’ as defined below. Indeed, the information projection
of p to a non-empty, closed, convex set M C A,,_1 is defined as the element p’ € M
that minimizes the KL-divergence between M and p, that is,

Azl

p' =argmin D(q || p) = qulog
qeEM



The information projection of p to the linear family

L'={p e Ap_1|A'p= A'd} (6)
is well-known and given by p’ = p * ﬁ—jz. This can be found, for instance, in [14],

Lemma 4.1]. Hence the algorithm defined in () performs an information projection
to the linear family associated to a partition matrix A’ at each step. This is sketched in
Figure 3

L3

L2

Ll

Figure 3: Sketch of the iterative proportional scaling algorithm in the
case of three linear families.

The IPS algorithm converges to the unique point in the intersection between L4 =
N, Li and M4, as shown in Theorem 2.8 in [5]. Hence the result of the IPS algorithm
minimizes the KL-Divergence with respect to the first argument
p* = arginf D(p || q) for all ¢ € My
pELA
as well as with respect to the second argument
p* =arginf D(p || q) for all p € L4.
gEM 4
The last minimization is equivalent to maximizing the log-likelihood in case of a discrete
model as discussed, for example, in [17].
Note that since the uniform distribution is in M4, minimizing with respect to the
first argument results in the maximum entropy estimation. Hence it is related to the
maximum entropy method proposed by Jaynes [31].

Example 2.10 (The Independence model). A multipartition matrix for the 2x2 in-
dependence model is given below on the right where each dot represents a 0. Let
d = (dy,d,ds3,ds)T denote a vector of normalized data. Performing the first step of
the algorithm results in:

1 di+d 1 o
p(f:pgzz 12 2:§(d1+d2), o101
; A=ri—-977]

1 ds+d 1 ) )
szpgzz' 32 4=§(d3+d4) R |



In this case the algorithm converges to the MLE with the second step:

ﬁ5“+@*am+£ﬂé@ﬁwm@”dM¢+%)
Py = %(dl +da) - L(dy + dczl2) i ?(ds +dy) = (0h +){da + )
ps = %(ds +da)- 1(dy + dczll) i C;(ds +dy) = (s +de){da + )
fﬁéwg*@*éwy+£§i§@+dnG%+@x@+d”

Note that at each step of the algorithm the approximation of the MLE is a rational
function of the data d. Thus if after finitely many steps the algorithm results in the
MLE of d with respect to M 4, the model has a rational maximum likelihood estimator.
The question naturally arises: for a partition model with rational MLE, does iterative
proportional scaling always result in the MLE after finitely many steps?

Example 2.11. Here we consider the two matrices A and A depicted on the right below.
Both matrices have rowspan equal to R3, so by Propo- 11

sition 221 My = Mj;.  Although they represent the N S 1]
same model, the convergence of the IPS algorithm is ol
heavily influenced by the chosen representation. Let - 11
d = (dy,dy,ds)” be normalized data. Using matrix A the 1

IPS algorithm converges in one step to the MLE, p* = d.

N
I
—

However, the IPS algorithm on A with normalized data vector
d results in

1 1
po = <§(d1 + d2), §(d1 + dg),d3>

(do +d3)
%(d1 +da) +ds’

ds (d2 +ds) )

1
Y= (di, =(d1+d
p (1 2(1+ 2) %(d1+d2)+d3

di + d3) 1

2_ g (dy , =(dy+d

P T Iy + do)(da 4 ) 2T )
di +

%(d1 +ds) + ds

%(Ch +ds) +ds %(d1+d2)(d2+d3) ’
1(dy +d2) +ds

ds
dy +

In general the different projections have the following form:

_1(do+d ds +d
p* = di, Ph 1(k31 3),d3(k31 ) kodd (7)
Do +d3 Dbo +d3

Pk :<d (dy + do) pl‘“_1 (dy + do) d >, k even (8)

1 — 19792 —1, U3
dy +pht dy +p5!



Suppose that there exists an index k such that the second entry of p* is exactly dy in
([@) as well as (B). Then we can deduce that dy = pg_l. Hence IPS can only result in
the exact result if d; = dy. Note that while the model is symmetric, the application of
the IPS is not. Hence if we would reorder the partitions, then exact convergence would
require do = d3.

In a practical evaluation with 20 000 random input distributions, the arithmetic mean
of the iteration steps taken to get a step size smaller than 10~® was approx 113,47 with
a minimum value of 8 and a maximum value of 287478. Recall that in case of A the
necessary number of iteration steps is exactly 1.

2.3 Toric Fiber Products

In this section, we review an algebraic construction, known as the toric fiber product,
which will facilitate the proofs in the following sections. Toric fiber products were first
introduced by Sullivant, and this exposition follows the notation of [40]. For the purposes
of this article, we may broadly think of the toric fiber product as describing a way to
concatonate the parametrizations of two log-linear models that preserves some of their
properties.

For any positive integer r, let [r] := {1,...,r}. Fix positive integers r and s;,t; for
each i € [r]. Define three polynomial rings,

Clx] = (C[xé |i€elr],j€ s,
Clyl = Cly; | i € [r],k € [t:]], and
Clz] = (C[z;k |i€r],7 € [si], k€ [t]].

Recall that a multigrading on a polynomial ring C[t] := C[ty,...%4] is an assign-
ment of a multidegree vector to each monomial, deg(t") € Z* that satisfies deg(t"“*?) =
deg(t") deg(t”). An ideal I € CJt] is homogeneous with respect to this multigrading if
each of its terms has the same multidegree.

Fix multigradings on C[z] and C[y| given by deg(m?) = deg(y?) = d’ for integer
vectors d’. Note that the multigrading of each indeterminate depends only on its super-
script, 4. Let D be the matrix with columns d' for i € [r].

Let I C C[z] and J C C[y] be homogeneous ideals with respect to this multigrading.
We define a ring homomorphism,

Y1y Clz] =(Clz]/T) @c (Cly]/J)
Z;‘k — x; Kc y}c

Definition 2.12. The toric fiber product of I and J with multigrading D is the ideal
I xp J =ker(¢y,) in Clz].

We assume throughout that I and J are toric, as the ideals associated to rational
partition models are always toric. In order to parametrize the toric fiber product of I
and J, we may simply take the product of their parametrizations. More precisely, if ¢;

10



and ¢; are monomial parametrizations of I and J, then we obtain a parametrization for
their toric fiber product according to multigrading D via z; B (ﬁ[(x;»)qﬁ J(y,zg)

Now assume further that D is linearly independent. In this case, we can explicitly
describe a generating set for I xp J using the following families of polynomials. First,
let ¢ € [r]. Then we define

Quad’ := {225 — 25z | 5,5 € [sil kK € [t]).

By replacing each indeterminate with its parametrization in terms of ¢; and ¢ s, we may
see that each element of Quad® belongs to I xp J. We define Quad := UZT:lQuadi.

Let f = szl x;‘; — szl x;‘j,l € I. Note that all binomials in I can be written in this
form as D is linearly independent and I is homogeneous with respect to the multigrading
specified by D. We define the set of binomials,

d d
Lift(f) = { Z;Zka — H z;.‘,’ka | ko € [t;,] for all a € [d]} .
a=1

a=1

Observe that each binomial in Lift(f) also lies in I xp J. For each binomial g € J, we
define Lift(g) analogously. Let F' be a generating set for I. Then we define the family of
polynomials, Lift(F') := UscpLift(f), and similarly for any generating set of J. We are
now able to describe the generating set, and in fact, a Grobner basis, for I xp J. The
following is an adaptation of Theorem 2.9 of [40] for our purposes.

Theorem 2.13 ([40]). Let I and J be toric ideals that are homogeneous with respect
to the multigrading specified by D. Suppose further that the columns of D are linearly
independent. Let F' be a Grobner basis for I and let G be a Grébner basis for J. Then

Quad U Lift(F') U Lift(G)
is a Grébner basis for I xp J with respect to a certain weight order.

Example 2.14. Consider the matrices

1 110 o 1 1(0 0

0 o0l1 o 0 0|1 1
B= 0 olo 1 and C=11 0|1 o0
0 10 1

The columns of B correspond in order to variables x1,z}, 22 22 and the columns of

C correspond in order to variables yi,yd,y?,y5. Let I be the vanishing ideal of the
log-linear model specified by B and let J be that of C. We have I = (zi — 2l) and
J = (yiy3 — yiy?). Consider the multigrading with respect to the 2 x 2 identity matrix
D, where deg(x]l) = deg(y]l) = e; and deg(m?) = deg(y?) = ey for j = 1,2. Observe that

11



both I and J are homogeneous with respect to this multigrading. The matrix defining
the parametrization of their toric fiber product, I xp J, is

A1 2y F Fm | D Al An An
11 1 1 {0 0 0 0]
o o0 o0 o1 1 0 O
o o0 o0 o0 0 1 1
11 1 1[0 O 0 ©
o o o0 o1 1 1 1
1 0o 1 o011 0 1 ©
o 1 0 1,0 1 0 1]

In order to construct a generating set for I x pJ, we consider the lifts of the binomials
that generate I and J. We have

Lift(z1 — 23) = {211 — 221, 212 — 23}
Lift(y%y% - y%y%) = {2%12%2 - 2%22%17 2%1232 - 2%22517 2512%2 - 2522%17 251232 - 252231}
For each i = 1,2, we have Quad’ = {2}, 24, — 21,23, }. By Theorem I3}, we have that
Lift(z] — 23) U Lift(y1y3 — yay?) U Quad! U Quad?
is a generating set for I xp J.

We conclude this introduction to the toric fiber product by describing the MLE of the
model associated to the toric fiber product in terms of the MLE of its factors. Let B, C
be matrices representing the log-linear models associated to I and J. Let p(B),p(C)
and p(D) denote the maximum likelihood estimators for the log-linear models given by
B, C and D, respectively. The following is Theorem 5.5 of [3] and plays a critical role in
our proofs of the results in Section 3.

Theorem 2.15 ([3]). If D has linearly independent columns, then the (i, j,k)th coordi-
nate function of the maximum likelihood estimator for the log-linear model associated to
the toric fiber product I xXp J is

5 _ B(B)BL(C)
ik p(D)

2.4 Balanced Staged Tree Models

We introduce staged tree models following the presentation in [4]. Staged tree models
are a type of probability tree model, which are graphical models that encode conditional
independence statements between events. This is in contrast to hierarchical models,
which instead encode conditional independence of random variables. For a detailed
introduction see [I0]. Every discrete Bayesian network and decomposable graphical

12



model is a staged tree model [20]. In this section, we define the notion of balanced and
stratified staged trees, and we describe the correspondence between balanced, stratified
staged tree models and partition models with a rational maximum likelihood estimator.

Let T = (V, E) be a tree with vertex set V and edge set E. A directed tree is rooted
if there exists a vertex vg, which we called the root, such that the unique path from v
to each leaf in T is a directed path.

For a particular vertex v € V, we can define the set of children of v as the set
ch(v) = {u]|(v,u) € E}. Then the outgoing edges from v can be denoted as the set
E() = {(v,u) |u € ch(v)}, and v is a leaf if E(v) = 0. A tree is labeled if there exists
a label set S and a surjective mapping, called a labelling, 8 : E — S. From now on we
assume that (7,0) is a rooted labeled tree graph.

Definition 2.16. For any vertex v € V, the set of labels of its outgoing edges is the
floret of v, denoted F, := {f(e)|e € E(v)}. The set of florets of (7,0) is denoted Fr.

Definition 2.17. The labeled tree graph (7,60) is a staged tree if the following are
satisfied:

e For each v € V, no two edges in E(v) have the same labelling, i.e. |6, = |E(v)|.

e For any two vertices v,w € V, the florets F, and F,, are equal or disjoint. When
Fy = Fu we say that the vertices v and w are in the same stage.

A staged tree model can be associated to a staged tree (7T, 60) as follows. Let A denote
the set of root-to-leaf paths in 7 and suppose |A| = m. For A € A let E(\) be the set of
edges in A and define the multiset () := {{s; |0(e) = s; for e € E(\)}}. The paths A
parameterize the model My defined below.

Definition 2.18. For a staged tree (7,6) with label set S = {s1,...,s,}, the staged
tree model M is the image of the map ¢ : © — A,,_1 defined by

or(st, o8 = ] s (9)

5i€0(N) AEA

where the parameter space is

©:=1 (s1,...,8:) € (0,1]"| Z s; = 1 for all florets F € Frr
s, €F
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Example 2.19. Consider the staged tree (7,0) in Figure [
In this diagram, the vertices in the same
stage have the same coloring. We can
immediately see that each floret has
equal or disjoint label set. We can refer
to the vertices of the tree by the edge
labels defining the path to the vertex, proo
i.e. the blue vertices are vy, and vs,¢,- ) O<§ ZZ;
If vy is the root vertex then the florets

of the tree are

Pooo

Poo1

00O

Poo2

Poio

Poi11

Pp110

P11

Foor Fugg = Foys Figure 4: Staged tree associated to
Fuosgrg = Fosytg: the model M.
‘FUsotl = ‘FUsltl .

The associated staged tree model M7 is image of the map ¢ : © — Ag where

7 (50, 51,0, 1,70, 71, 72) = (SotoTo,SotoT1, Sotore, Sot173, Soti74,
sitoro, sitor1, sitore, s1t173, S1t174),

and

© = {(s0, 51, t0,t1,70,71,72) € (0,1]" | 50+ s1 = Lto +t1 = 1,
ro+mr +ro=1,r3+r3+ry=1}

Remark 2.20. We use the slightly more general definitions of staged tree and staged
tree models introduced in [4] that allow for staged trees with singleton florets. The
authors show that the staged tree obtained by contracting these florets, which satisfies
the definition used in previous literature (i.e. [10, 23]), results in the same staged tree
model [4, Lemma 5.11].

The map ¢7 in Definition 218 also defines a toric model if one “forgets” the condi-
tions imposed on the parameter space by the florets. We denote the map obtained by
extending ¢ to all of R™ as (bT R"™ — R™ and the corresponding toric model as ./\/l7~
Immediately it follows that M+ C MT, but in general it is not true that My = MT
In [18] the authors found necessary and sufficient graphical conditions on (7,6) such
that M+ = MVT. We detail those conditions in Section

Definition 2.21. For any vertex in a staged tree (7, 6), we define the level ¢(v) as the
number of edges in the unique root-to-v path. A staged tree (7,0) is stratified if all
its leaves have the same level and for any two vertices v, w such that F, = F,,, we have
l(v) = l(w). We say that the level of a stratified staged tree is the level of its leaves.

There is a natural partition of the label set of a stratified staged tree by level. For

a stratified staged tree of level ¢, we can write S = {58,8?, e ,sgo,sé, . -’sze where

14



ny is the number of distinct edge labels for edges emanating from vertices with level
k. Thus the monomial map ¢ for a stratified staged tree of level ¢ is multilinear and
homogeneous, which implies that the associated matrix is a multipartition matrix with
¢ partitions. We denote the matrix associated with ¢ as Ar.

Similarly with multipartition matrix A, we can associate a directed, rooted tree with
a labelling induced by the rows of A. We define the label set associated with A as

SA:{S%,...,SI ...,s‘i,... sgz} associated to the row vectors a%,a%,... at

ny’ »°on > Ymype

Starting With1 a root vertex, we add a labeled edge sil for each associated iow vector
in A'. To each edge sil, we attach an edge labeled s? to the outgoing vertex for each s?
is the label set S4 such that Ii1 N 1]2 # (). The resulting directed, rooted, and labeled
tree graph is 7412 where AL? is the matrix with partitions A;, Ay. The paths of T41.2
exactly correspond to the distinct columns of A2, We note that if A%? has two columns
that are equal to one another, these correspond to the same path in 741,2. We repeat
this process for each A*. In this way we can define Ty as the directed, rooted tree graph
with labelling such that the paths in ’7;@ correspond to the distinct columns of Ab-t.

We will see that staged trees are useful in describing certain properties of multipar-
tition matrices. In particular, when we introduce conditions under which multipartition
matrices produce the MLE after one IPS cycle, we require that 74 is a staged tree. We
also show in Section that the staged tree models for which M7 = M also produce
the MLE after one cycle of IPS.

2.5 Hierarchical Models

A hierarchical model is a log-linear models for which the independence structure be-
tween random variables can be described by a simplicial complex. We will introduce
hierarchical models using the notation in [4I]. They comprise another interesting class
of partition models.

Let 2" be the powerset of [n]. A simplicial complex T' with the ground set [n] is
a subset of 2[" with the property that if F € T and F/ C F, then F’ € I". The elements
of a simplicial complex are the faces of I', the inclusion-maximal faces of I' are called
facets, and the set of all facets of I" is denoted facet(I'). A simplicial complex can be
completely identified by its set of facets. So we may, for example, write I' = [12][13] for
the simplicial complex I' = {0, {1}, {2}, {3}, {1, 2}, {1, 3}}.

Up to this point we did not assume any additional structure on A,,_1, but now
we will consider a collection of random variables X7, ..., X, with discrete state spaces
Ry,...,Ry. A simplicial complex with the ground set [¢] describes the interactions
among the different random variables on the joint state space R = R; X --- X Ry . The
corresponding log-linear model is called hierarchical model and defined as follows.

Definition 2.22. Let I" be a simplicial complex. For every facet F' = {fi, fo,...} in
facet(I'), let rp = [[;ep Ryl For i = (ir,... i) € Rlet ip = (ify,if,,...). Ad-

ditionally, we introduce a set of rp positive parameters Hf; for every facet. Now the

15



hierarchical model corresponding to I' is

1
Mr=<(ppd. on R|p;=—— H 9{;

Z(a) Fefacet(T")

with the normalizing factor

1€R Fefacet(I")

A description of the partition matrices that define a hierarchical model can be found
in Section LIl A hierarchical model with the simplicial complex I'" can be associated
with its skeleton graph G(I'). The vertex set of this graph is the ground set [¢] and two
vertices are connected by an edge if they lie together in a face in I'.

Definition 2.23. A simplicial complex I'" is called decomposable if it is a simplex or
if facet(I") is the union of two decomposable simplicial complexes I'1, 'y such that there
exist F; € I'1 and Fy € I'y with

U Fn U F=FnNk.
Fely Fely

Example 2.24. e The 2x2 independence model in Example 210 is a hierarchical
model on two disjoint vertices where each random variable has state space {1,2}.
This is depicted in Figure [ (1). This simplicial complex is decomposable.

e The decomposable simplicial complex depicted in Figure[Hl (2) is " = [1, 2, 3][3, 4, 5].
This graph has two cliques {1, 2,3} and {3,4, 5}, which are exactly the facets of I".

e In the simplicial complex I' = [12][13][23], the set {1, 2,3} is not a face, hence the
associated graph in Figure [ (3) lacks the grayed space between the nodes. This
simplicial complex is not decomposable.

ey ) ®)

© &

Figure 5: Three different examples of hierarchical models.

In [33] in Theorem 2.25 Lauritzen shows that every decomposable simplicial complex
is conformal. The simplicial complex in Example 2.24] (2) is decomposable with F} =
{{1,2,3}} and F» = {{3,4,5}}. The example in (3) is not decomposable.

Now we will introduce a special ordering to the facets of a simplicial complex.
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Definition 2.25. Let £ = {F},...,Fs} be an ordering of the facets of a simplicial
complex I'. Then this ordering satisfies the running intersection property (RIP),
if for each r € [s] there exists a k, such that

T
<U Fk) NFry1 = Fp, N F

k=1
The connection between decomposable simplicial complexes and the running inter-

section property, as stated in the Lemma below, is proven for example in Lemma 5.10
in [25].

Lemma 2.26. Let I be a decomposable simplicial complex. Then there exists an ordering
of the facets that satisfies the RIP.

The following is Theorem 5.3 in [25]. It draws a connection between decomposability
of a simplicial complex and one-cycle convergence of the IPS algorithm for the corre-
sponding hierarchical model. One-cycle convergence can be achieved by requiring that
the multipartition matrix is ordered so that the facets corresponding to the partition
matrices satisfy the RIP. An additional condition for one-cycle convergence was proven
in [42].

Theorem 2.27 ([25]). Suppose the simplicial complex T' is decomposable.. Let A =
Ak be the multipartition matriz corresponding to the ordering of the facets of T' that
satisfies the RIP. Then the iterative proportional scaling algorithm applied to A yields
the maximum likelihood estimate in one cycle.

In the following section, we define a generalized running intersection property that
can be applied to a broader range of partition models. We show that multipartition
matrices that satisfy the generalized running intersection property exhibit one-cycle
convergence under iterative proportional scaling.

3 Generalized Running Intersection Property

In this section, we define the generalized running intersection property, or GRIP. We
show that a partition model satisfies the GRIP if and only if it can be written as an
iterated toric fiber product of partition models. This allows us to give a formula for the
maximum likelihood estimate of a model that satisifies the GRIP. We use this formula to
show that iterative proportional scaling exhibits one-cycle convergence on models that
satisfy the GRIP.

Definition 3.1. Let B and C be two partition matrices with the same number of

B and af are connected if their

supports intersect nontrivially; that is, if I N T 5 # .

columns and with rows a” and af. Two rows a

For a matrix to satisfy the GRIP, we require that rows from one partition to the
next are connected in a way that satisfies certain conditions. The following definition
is motivated by the way column weights (see Definition [Z7]) appear in the expressions
produced by each step of the IPS algorithm.

17



Definition 3.2. For a multipartition matrix A = AL define cﬁ to be j-th column

weight for the matrix Al»* obtained by only considering the first ¢ partitions of A.
Then A is well-connected if for any row vector a!, with £ > 1, we have that (c§ / cﬁfl) =

¢, /5 for all i, 5 € I'. We call this quantity the connection ratio for a’ and denote
11 €; 1] u y w
this quantity as C% with the convention that C} = |I}|.

Remark 3.3. Suppose that A is a well-connected matrix. Then for any index j € [m],
we see that the column weight c¢; can be expressed as the product of the connection

. koo
ratios, ¢; = [T;_1 C(y -

Example 3.4. Consider the matrix A in Figure [l We note that it is well-connected
and display the connection ratios of each row to the right of the matrix.

A Cl
1111111 - - « -« « - -\ 7
1111111 7
I T R PR I
1111 - 1111 1

(1 o .
1 . .o 1 %

1 1 - 3

1 1 -1 i

1 1 Sl 1/ 3

Figure 6: The matrix A with its connection ratios displayed on the
right.

Let Al,..., A% be a set of partition matrices with m columns. Let # be number of
distinct columns of AV¢. Define a labeling of the columns of Ab++¢, X : [m] — [B] such
that A(j) = A(j’) if and only if the jth and j'th columns of Ab¢ are equal.

Definition 3.5. We define the partition matrix B = U’_, A" to be the 8 x m matrix
with jth column ey;. Since the labeling A of the columns of ALt simply permutes
the rows of LlﬂszlA", we omit the specification of A from this notation.

In order to define the GRIP, we require that the tree associated to the multipartition
matrix be staged. The word “floret” in the definition below is deliberately suggestive of
the terminology for staged trees discussed in Section [2.41

Definition 3.6. Let B and C be two partition matrices with the same number of
columns and with rows a? and a§. The matrices B and C satisfy the floret condition

if for every two rows of B, af and aB, the sets of rows of C that are connected to a?

and af, are disjoint or equal. In this case, the set of rows of B connected to a row aUC is

called a floret of B and the set of rows of C' connected to a row aZ is a floret of C.
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The florets of the matrix C' correspond exactly to the second-level florets of the tree
associated with the multipartition matrix BC. In fact, BC' satisfies the floret condition
if and only if Tpc is a staged tree.

Suppose that B and C' are two partition matrices that satisfy the floret condition,
and let ]:10’ . ’-7:,9 be the distinct florets of C' with respect to the matrix B. For each

t € [f], let 2 be the set of all rows of B that are connected to the rows of F<.

Remark 3.7. The floret condition in Definition implies that 77 is well-defined for
any t € [f] and that this encompasses all florets of B. Indeed the florets of B are in
one-to-one correspondence with the florets of C in this way.

Let t(u,v) be the index in [f] such that a? € ffu v and al € .Fgu »- In fact,
B

t(u,v) is determined by the row a? or the row a¥; it is not necessary to provide both

indices. Hence, we write t(u,®) to be the index such that a? € ft?u o Similarly,

t(e,v) is the index such that al € fg. vy Thus aB and af are connected if and only
if t(u, o) = t(e,v). Note that the function ¢(u,v) implicitly depends on the matrices B

and C.

Example 3.8. Consider the matrix in Example 34} and let B = A' W A%, which results
in the following matrix:

111 - - - .
L 1111 :
B=AUA" = 111 . . . .

1 1 11
Now let C = A3. Note that B and C satisfy the floret condition and that the florets
of C are given by FC = {af,aS,a{} and FY = {a{,a$'}. Note that the florets of C
are exactly the third-level florets of the staged tree T4. We see that t(e,1) = t(e,2) =
t(e,3) = 1 and t(e,4) = t(e,5) = 2. The corresponding florets of B are given by
FP ={aP, al} and FP = {af,al}. This implies that t(1,e) =(3,8) = 1 and t(2,e) =
t(4,e) = 2. At this point the function ¢(u,v) is completely defined and it can be used to
answer questions like, “Which floret of C' is connected to the row aZ?” This is given by

C —_
ft(3,0)_f1

For a set of partition matrices A',..., A’ with m columns, let B = W!_ A", Let
C = A" have 4 rows and m columns. Then the matrix BC has m columns of the form
[ew €] where u € [B] and v € [y]. Let wy, denote the number of columns of C' of the
form [e, e,]T. Then the columns of BC can be indexed by triples of the form (u,v,s)
for s € {0,...,wyy, — 1} where column (u, v, s) is the (s + 1)st column of BC' of the form
[ew )T We adopt this column indexing scheme for the remainder of this section.

Definition 3.9. Suppose that B and C satisfy the floret condition with f florets,
]:10, e ,]:J(ej. We define the matrix B m C to be the f x m matrix whose columns
are indexed by the triples (u, v, s) such that the (u, v, s) entry of the tth row of BmC' is
equal to 1 if t = t(u, v) and 0 otherwise. Note that any two columns with indices (u, v, s)
and (u,v,s’) are identical.
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In other words, a column of B M C are indicator vectors for the floret that the
corresponding column’s nonzero rows belong to in BC. Note that B m C is only defined
when B and C' satisfy the floret condition.

Definition 3.10. Let A',... A* be partition matrices. For each ¢, let B, denote
@flzlA". Then the multipartition matrix AlF satisfies the generalized running
intersection property, or GRIP if for each ¢ € [k — 1],

1. the matrix ByA“t! is well-connected,
2. ByAY! satisfies the floret condition, and
3. the rows of By M A lie in the rowspan of At

Remark 3.11. The first point in the above definition is equivalent to A'* being well-
connected. Additionally it is easy to see that the second point is satisfied if and only if
T a1,k is a staged tree. We frame these conditions above in an iterative way to facilitate
the proofs in this section.

Example 3.12. We show that the matrix A from Example B4l satisfies the GRIP. Since
A is well-connected and T4 is a staged tree (see Example 2.19]) A satisfies conditions (1)
and (2) from Definition B.I0 We have included the the associated tree below, as well as
all the necessary partition matrix operations to check the third condition of the GRIP.

AlmA*> =(11111111111111)
I
Alw A% = |

(A'w A%)m A3 = (

Figure 7: The matrices A @ A%, A U A% and (A' W A%) @ A3 on the
left and the tree associated to A on the right.

For /=1, By = Al and By m A% = A2 so (3) is trivially satisfied. Thus all that is left is
to check that the rows of B2 @ A3 lie in the rowspan of A. First consider B? = Al w A2,
The rows of this matrix are indexed by the distinct columns of the multipartition matrix
A2 and thus, all the distinct paths in Ty1.2.

Note the rows of the matrix B2 m A3 = (A' W A%) m A3 index the level three florets of
the staged tree Ta. Since B? @ A% = A%, we can easily see that (3) is satisfied.

We now describe the iterated toric fiber product structure on the partition model
defined by a matrix AVF that satisfies the GRIP. The following lemma is crucial to
our construction of the toric fiber product.
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Lemma 3.13. Suppose that BC' is well-connected. Then there exist positive integers
Tlyees TR Y15 - -5 Yy Such that whenever wy, is nonzero, we have wy, = .Y, for all
u € [f] and v € [y].

Proof. By Remark B3] for all u € [f],v € [7] such that t(u,e) = t(e,v), we have wy, =
CLC? where C! is an integer and C2 is a rational number. Let C2 = a, /b, for positive
coprime integers a, and b,. Since (Cla,)/b, is an integer for all u and v, we have that
b, divides C} for all u and v. Let x, = C&/lcm(bh)hem and let y, = (aylem(bp)nefy))/bo-
Each of these is an integer and satisfies z,y, = ClC? = w,,. Applying this result to
each of the florets yields the desired integers. O

We assume throughout that Al ¥ satisfies the GRIP. Consider the submatrix AL¢+1
where ¢ € [n —1]. Fix B = @flzlA" and C' = A1 as in the paragraph preceding Defi-
nition 10l

Define the polynomial ring,

R=Cp%y |ue[flvehlse{0,... ww— 1}

u,v,8

Let x1,...,23,y1,-..,Yy, be positive integers such that w,, = x,¥,; these are guaranteed
to exist by Lemma 313l Define two other polynomial rings,

Rp=Clq\%” |ue[pl,s €{0,... a0, — 1}], and
Re = (C[rt('},v) |vel],s" €{0,...,y, — 1}].

v,8

Recall that A\ maps the columns of A% onto [8] by labeling the columns of Al
so that A(u) = A(v) if and only if the uth and vth columns of AL are equal. Let At
be the matrix defined as follows. Its columns are indexed by ordered pairs (u,s’) such
that u € [8] and &’ € {0,...,2,—1}. The (u,s’) column of A1 is equal to the columns
of Abf with label u. In other words, the matrix AV has the same underlying set of
columns as Af; however, the column with label u is repeated in A% only z, times.
In general, we say that a matrix A is a compression of A if A and A have the same
underlying set of columns, and A contains at most as many copies of each column as A.

Similarly, let A“+! have columns indexed by ordered pairs (v,s”) such that v € [4]
and s” € {0,...,y, — 1}. The (v,s") column of A*! is equal to the vth standard
basis vector. The matrix A*! has the same underlying set of columns as A“!, and
this underlying set is equal to {e1,...,e,}; however, the vth standard basis vector is
repeated in A“! only y, times.

Recall that for any integer matrix A, I(A) is vanishing ideal of the log-linear sta-
tistical model M4 as described in Proposition We define a ring homomorphism
by

¢: R —Rp/I(AY")@c Re/I(A™) (10)

t(u,e) t(eo,v)

t(u,v)
7 u,s’ v,8"

Duw,s’ 4 Scr
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where s,s” are the nonnegative integers such that s = sy, + s”. Note that each
s € {0,...,wyy — 1} has a unique representation in this way. Define a multigrading
on Rp by deg(qfﬁ;}.)) = €4(u,e) and a multigrading on R¢ by deg(rf)(’;},v)) = Ci(e)- We
will show that ker(t)) is the toric fiber product of I(AY*) and I(A*t!) with respect to
this multigrading and is equal to I(Al-#+1).

Proposition 3.14. Let AV and A be any compressions of ALt and AY, respec-

tively. The toric ideals I(A%*) and I(A“") are multihomogeneous with respect to the
& t(e,

multigradings deg(qug,’.)) = €4(u0) and deg(rw,,v)) = Ci(e,0)-

Proof. Let D = Bm C. The rows of D are in the rowspan of Al by the generalized
running intersection property. Moreover, the row of D corresponding to a floret F in C
is Z ag. Hence, the rows of D are in the rowspan of A1 as well.
a§eF
The matrix A% is obtained by deleting some columns of Af. Let D be ob-

tained from D = B @M C by deleting the same columns. Then the matrix D defines
t(uv.))
S/

u, _
of AL+t Thus I(A%*) is multihomogeneous with respect to the grading given by D
since ker(A!%) C ker(D). The argument for the linear ideal I(A**?!) is analogous. O

the multigrading deg(q = €y(ue) 00 Rp. The rows of D remain in the rowspan

Theorem 3.15. Let A1 be a multipartition matriz that satisfies the generalized
running intersection property. Then I(Ab++**1) can be obtained via a toric fiber product.
In particular this toric fiber product is given by ker(), defined in ([I0).

Proof. By Proposition B4, I(AYf) and I(A*"') are both multihomogeneous with
respect to the grading specified by D. For each h € [¢ + 1], let n;, denote the number of
rows of A", We can replace each ideal with its parametrization to construct the map v/,

R—Cnl | hel], g € [nn]] @c Clni™ | g € [nesa]

0
t(u, h 0+1
i) = L1 78005 @€ M1 00,0
h=1
041
_ h
= H NS (h,(u,v,5))"
h=1

The map v has the same kernel as 1), which is equal to the toric fiber product. This is
exactly the map ¢ 41....e+1 whose kernel is I(A"*1) as needed. O

We are now ready to examine the maximum likelihood estimators of multipartition
matrices that satisfy the GRIP. Recall that the number of copies of column e, in B is

Z Wyy = Ty Z Yu-

.4C C .4C C
viay €Fy, o) viay €F0, o
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For each u, let

Yu = Z Yo-

.qC C
v:a§ Eft(uy.)

Then we can index columns of Ab¢ by (u,s) where u € [8] and s € {0,...,z,Y, — 1}.
Let d be an m-dimensional normalized data vector for ALt with this indexing. We
form an associated data vector d for A¢ by setting

Yu—1
d(u,s’) = Z d(u,s’Yu-l—n) (11)

n=0

for each u € [8] and s’ € {0,..., 2, —1}. When we compress the matrix AV to AL,
we have a single column with label (u, s’) representing Y,, copies of an identical column
in AV, In order to form the (u, ') coordinate of d, we add the Y, coordinates of d that
are represented by column (u, s') in A¢. Let p’(k )(d) denote the (u,s) component of

the MLE for d in M(AL4)., ’

Proposition 3.16. Let d be a data vector for M(AYY) and let d be as defined in
Equation (Id). Then the MLE for d in M(A%%) has (u,s') component Y, Pl 0)(d).

Proof. Let ¢* be the (3 z,)-dimensional vector with (u, s’) component equal to

Yy - P, 0)(d) for each u € [B] and s €{0,...,2, —1}. We show that ¢* satisfies the
conditions of Proposition 2.91 . . )
First, we show that Alfq* = AL+d. Let @ be a row of A% and let a be the

corresponding row in A¢. Then we have

i-q" = Y. Yuplgd)

(u,s")Esupp(a)
Note that if (u,s’) € supp(a) for some s, then we have (u,h) € supp(a) for all h in

{0,...,2, — 1}. Moreover, by Proposition 29 applied to M (Al+*), pz‘uﬁ) = pz‘up) for
all s € {0,...,2,Y, —1}. Thus

i q" = Z 20 Yo Ply.0)(d)
u:(u,0)Esupp(a)
Ty You—1

n=0

u:(u,0)Esupp(a)

=a-p".
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Similarly, we have that

a-d= Y duw
(u,s”)Esupp(a)

Toy—1

= ( Z d(u,s’Yu-‘rn))
(u,s’)e€supp(a) n=0

TuYu

= > D duw

u:(u,0)€supp(a) n=0

= )

By Proposition 2.9 applied to A, we have a-p* = a-d. Hence a-¢* = d-ci, as needed.

Now we must argue that ¢* lies in I(Ab%). Let Ab¢ denote the matrix obtained
from Ab+* by removing all repeated columns. The columns of Al are indexed by
u € [B]. Let J denote the inclusion of I(A*) into the polynomial ring,

C[p(ws) |ue[Bl,s €{0,...,2,Y, — 1}]

obtained by mapping p, t0 p,0). Then by definition of the toric ideal associated to a
matrix, we have that

I(AYYY = gy = Py | w € [B, 5,7 € {0, 2, Yy — 13) + J.

Similarly, let J denote the inclusion of I (Ab+%) into Rp obtained by mapping p, to
q(u,0)- Then we have that

1(1211,...7@) _ <Q(u,s) — Qlur) |ue[p],s,r€d{0,...,2, —1}) + J.

Thus we must check that ¢* lies in each of the summands of I(A?).
First, qz‘u 5 = qz‘u " for all u € [$] and s,r € {0,...,z, — 1} by construction. Next,

let
N N
f= H Q(un,0) — H 9(vn,0)
n=1 n=1

lic in J and f = Hi:[:1 Plun,0) — Hi:[:1 P(vn,0) De the corresponding element of J where
N = deg(f) = deg(f). By BI4l J is multihomogeneous with respect to the multigrading
specified by D. Since the columns of D are linearly independent, we may assume that

for each n € [N], af and af lie in the same floret of B with respect to AL Thus
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Y., =Y, for all n. Evaluating f at ¢* yields

~ N N N N
f(q*) = H qzkun,(]) - H qzkvn,o) = H Yu" ’ p?un,(]) o H YU” ' p?vn,(])
n=1 n=1 n=1

n=1
N

N N
= ( H Yun) ( szkun,O) - szkvn,O)) = O’
n=1 n n=1

=1

since p* € V(J). Thus ¢* lies in the closure of M(AL+4). So by Proposition Z3, ¢* is
the MLE for d in M(Al-%). O

Let A be a multipartition matrix with k partitions that satisfies the GRIP. The fth
level florets of the matrix A are given by the florets of A“*! (as defined in Definition 3.6))
in the pair of matrices By = W’_; A" and A**! with the convention that the 1st level
florets are given by the rows of A'. We denote the (th level floret containing the row af
as F*[i]; thus the ¢th level floret corresponding to the jth column of A is F*[S(¥, 5)].

Remark 3.17. There is a clear relationship between the notation described above and
that used for florets of rows up until this point. In particular for the pair of matrices

By and A“! we have that FHS(C +1,5)] = J—“tf(‘ff;(m gy for 1< < k—1. We make
this distinction in order to avoid dependence on the matrix B produced at each step.
As the rows of A correspond to the labels of the edges in the stratified, staged tree T4,

the florets of A correspond exactly to the florets of T4 (see Remark [£.TT]).

Corollary 3.18. Let A be a multipartition matrix with k partitions that satisfies the
GRIP. Then the MLE p* of d has as its jth coordinate function:

k ¢
L1 @s(e.)(4)
p;=— : : (12)
T H > a(d)
ai€F[S(L,5)]

Proof. We induct on k. First, let &k = 1. Then I(A') = (p; — p;s | A(j) = A(j')). Thus,
it is straightforward to check that p; = é D ic L
1,5
Now suppose that the result holds for all / < K for some natural number K > 1.
Consider a patrition matrix A& +1 that satisfies the GRIP; then by definition of the
GRIP so does ALK Now let B = LUJf:lAZ, C = AX*! and D = BmC. By the GRIP,
BC satisfies the floret condition. By Lemma B.I3] for each u € [8] and v € [y], there

exist X, Yy € Zy such that

{xuyv if t(u,e) =t(e,v)
Wyy =

0 otherwise.

d; = cljaé(l i d, as needed.

Let /NlK‘fl have columns indexed by (v, s”) where s € {0,...,y, — 1}. The (v,s")
column of AX*! is equal to the vth standard basis vector in Z?. For each v € [v], let

XU = Z an

u:afe]:ﬁ.’v)
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so that Zu:aBe]:B Wy = XyYy- Let d® Dbe the vector of data with entries indexed by

t(e,v)
(v, ") such that

Ty,—1

dg),s”) = Z Z d(u,v,s”a:u-l—n)'
n=0

w:a 6]:50,1;) —

Finally, D be the f x f identity matrix where f is the number of distinct florets
of BC. Let dP be the vector of data indexed by the distinct florets of BC with tth

component
Wyv—1

dtD = Z Z d(u,v,s) .

u,v:t(u,v)=t =0
Let (p*)? denote the MLE for d in M(AY%), (p*)¢ denote the MLE for d€ in

MQ/IKH) and (pf)D denote the MLE for dP in M(D) By Theorem B.15] I(Al""’KH) =
I(AYK) x p I(AK+1). So by Theorem 215, we have that

pz(u,v,s) (d) = (p*)g )

where s’ and s” are such that s = 'y, + s”. We compute (p*)Z, (p*) and (p*)” to
prove the desired result. Fix u € [§] and v € [7]. By induction and Proposition .16 we
have that

K
x\ B _ * _
(p )(u73/) = Yu -p(u,v,o) - quu H ai/(d)

1 ﬁ s, (u,v,5))
- : 7
U= W

af;, G-FZ [S(zv(uvvvs))}

since S(¢, (u,v,8)) = S(¢, (u,v,0)) for all s. Since AX*! is an identity matrix with
repeated columns, we have that

Yo—1

Wyv

1 1
*\C o C o
P s = o > diny = " Yo D duwm
Y n=0 v waBerl, ~n=0
1
= —(al*'d)

v

1k

= Yo (aS(K+L(uvvvs))d> .
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Let t = t(u,v). Finally, since D is an identity matrix, we have that

Wl y! — 1

(p*)tD - dtD = Z Z d(u’,v’,s)
s=0

u/ vt (u e)=t(e,v )=t

K+1
= Z av,+ d.

alS T e FEHS (€, (u,0,9))]

Thus by Theorem 5.5 of [3], the (u, v, s) coordinate of the MLE for u in M (ALK +1)
is

K l
* (d) _ i aS(ﬁ,(u,U,s))(d)
Plu,p,s) Ty | ot > aﬁ,(d)
B af;,e}“f (S, (u,v,9))]
X y_U(aS(KJrl,(u,v,s))d) X Z a[ngl(d)
al T e FEHS(£,(u,0,9))]
_ 1 Iﬁl (e ) (D
xuyv = Z ai/ (d)

=1 ai, EFES(4,(u,v,9))]

_ Iﬁl (6, ) D

Wyw 1 Z af;, (d)
- af;, G-F[[S(Zv(uvvvs))}

K+1

This proves the result for Al and we are done by induction. O

We now define an iterated toric fiber product of linear ideals. These are defined
so that if I(A~*) can be constructed as an iterated toric fiber product of models
corresponding to partition matrices, then AlF satisfies the GRIP.

Definition 3.19. Let A, ..., AF be partition matrices such that A'¢ and A+ satisfy
the floret condition for each ¢ € [k —1]. Let D, = (W _; A™) m A**! for each ¢ € [k —1].
Suppose there exist compressions A and A1 of AL+ and A, respectively, such
that T(Ab %) x p, [(A*1) is defined and equal to I(A"‘+1) for each £ € [k —1]. Then
the ideal I is an iterated toric fiber product of linear ideals.

Proposition 3.20. Let AM* be a multipartition matriz such that I(AYF) is an iter-
ated toric fiber product of linear ideals. Then Ak is well-connected and satisfies the
GRIP.

Proof. Fix ¢ € [k —1]. Let B = LUJfLZIA" and let C = A1 By Definition 3.19, BC
satisfies the floret condition. Thus, D; = B @ C is well-defined. Let A¢ and A1 be
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such that I(Ab %) x p, [(A*1) is defined and equal to I(A%**1). Then since the toric
fiber product is defined, both I(A%¢) and I(A*!) are multihomogeneous with respect
to the multigrading given by D,. But AL is obtained from Ab¢ by adding repeated
columns. Thus, each row of Dy is contained in the orthogonal complement of the kernel
of A+t which is equal to the rowspan of Al

Let A have 8 distinct columns with labels 1,...,8. Let z, be the number of
copies of column u in A*. Let y, be the number of copies of the vth standard basis
vector in A“T!. Then by the construction of the toric fiber product, there are wyy = Ty
columns of AL+ that consist of column u of A% concatenated with e,.

Let u,u’ € [B] be such that a? and af, belong to the same floret of B. Let aUC
belong to the corresponding floret of C' and let F denote the set of all rows of C' in the
same floret as al. Then the number of copies of column u in AL is z, Zv,:ac, cF Y-

Similarly, the number of copies of column ' in A% is Y vaCer Yo Thus we have
a§,

wa/(Tu Y y) = /(YY) =wen/ (B YY)

v/:avc, eF v’:avc/ eF v’:avc/ EF

Thus BC is well-connected. The above argument holds for all £ € [k — 1]. Thus AbF
satisfies the GRIP. O

We now show that for multipartition matrices that satisfy the GRIP, the IPS algo-
rithm produces the MLE in exactly one cycle. In order to understand this MLE, we
must first establish the following equality.

Lemma 3.21. If A is a multipartition matriz with k partitions that satisfies the GRIP,
then the following equation holds for any row vector af of AF:

k—1 £
1 aS(&j)(d) k k
> —|=ct Y )
jerk i (=1 Z ay(d) ak e FF[i]

af/ eFt [S(£,)]

Proof. By Corollary B.I8], the MLE of M4 is given by p = (p1,...,pm) where

£ A

1
A X d@ ]’
ateFS(¢,5)]

pj =

for j € {1,...,m}. Since p is the MLE it also satisfies Ap = Ad by Proposition 29 In

particular for any row vector af we have that

k l
1 as(e,; (d)
dp)=> 5 | [[ —=2L—— | =df@)
jelf Cj (=1 Z Qg (d)

af, e FHS(£4,3)]
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Note that for any j € IF, we have (1/0?) = (cffl/cfflcé?) = (1/Cfcf71) since A is
well-connected. Thus we can pull out a factor of (1/CF) out of each term. Additionally
for any j € Iik, we have that S(k,j) =i by definition, and hence the middle term of the
above equation can be rewritten as

al, €F*[j) al, €FS(4,1)]
The result immediately follows from this. O

Theorem 3.22. If A is a multipartition matriz with k partitions that satisfies the GRIP,
then the IPS algorithm applied to A results in the MLE after one cycle.

Proof. We proceed by induction on k. For k = 1, IPS produces the MLE of M 4 after
just one step. Indeed the information projection onto the linear family defined by A in
this case is simply the MLE of M4 (see (@) and Proposition [29). Now assume that
for any multipartition matrix A satisfying the GRIP where ¥ < K for some natural
number K > 1, the IPS algorithm results in the MLE. By Corollary B.I8, the MLE p*
for M 41,k is of the form in (I2]) in this case.

Now let ALK+l be a multipartition matrix with K + 1 partitions satisfying the
GRIP. Note that based on the definition of the GRIP, ALK also satisfies the GRIP.

Performing the first K steps of the IPS algorithm on A is equivalent to one cycle on
AbK  Thus we have, by the induction hypothesis and Corollary B.I8] that p’ is the
MLE of M 41,...k, i.e.

K_ 1 ﬁ @e)(D)
J | e=1 Z af(d)

af €F[S(L.9)]

Then the (K + 1)st step of IPS scales each ij by

K+1 K+1
a5k 11,5)(d) _ Uk 41,5)(d)
. , CE(KH,J‘) Z a; ()
Z 1 H ag g, () af TTeFEH[S(K+1,5)]
K41 T Z aﬁ(d)
7"€ls(k+1.9) B '

af€FHS(£,5")]

K41

where equality follows from Lemma [3.2Tl Since C 5(41_(14—1 = CJC—K this implies that p&+1
: J

is exactly the MLE of M 41,..xk+1 by Proposition B.I8 By induction this proves the

result. O
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In order to prove one-cycle convergence for models satisfying the GRIP in Theorem
B.22] we took three important steps, which are similar to the structure of the proof of
one-cycle convergence in the case of the RIP in [25] Theorem 5.3. There the author first
proves in Lemma 5.8 that the MLE can be written as a normalized product of the MLE
for two submodels. We use a generalization of this result from [3] in LemmaB.2T]to show
the structure of the MLE. This corresponds to Theorem 5.1 in [25]. Finally, in Theorem
and Theorem 5.3 in [25], respectively, the now known structure of the MLE is used
in the induction to show one-cycle convergence.

Not only does the proof of Theorem show that the IPS algorithm constructs the
MLE in one cycle, but also that at the ¢-th step the vector p’ is exactly the MLE of
the At Tt is natural to ask if the property of producing the MLE in one cycle also
characterizes multipartition matrices satisfying the GRIP. However, we can immediately
see that this is not the case in general. Consider a n x m multipartition matrix A with k
partitions such that A* is the identity matrix I,,. Then M4 is the entire simplex Ay,_1
and IPS automatically produces vector d (the MLE of M, in this case) regardless of
the first £ — 1 partitions.

Remark 3.23. For a multipartition matrix A with k& = 2, it is possible to show that
if the IPS algorithm produces the MLE in one cycle, then A satisfies the GRIP. This
relies on being able to explicitly write the coordinate functions of the MLE as a product
of linear forms that must satisfy the Horn uniformization [19, B30]. While the above
counter-example implies that this is not the case for k = 3, it would be interesting
to investigate whether requiring IPS to produce the MLE of Al¢ at the ¢-th step is
sufficient to guarantee that A satisfies the GRIP.

Example 3.24. Here we apply IPS to the matrix A from Example The rows of A
are colored blue in this Example.

Let d = (dy,...,d14) be the normalized data vector. Projecting to the first partition
of Aleads to p{ =--- =pJ = %a%(d) and pd = - =p?, = %a%(d). The second step of
the algorithm results in four different types of indices. These are given by the different
rows in the matrix A' W A2, indicated by the different dashed and dotted lines below the
matrix.

A'mA*>=(1 111111 111 1 1 1 1) alm2
1 1 1 . . . . . . . . . . . (l%w2
.01 1 1 1 - - e e al¥?

1 2
AvAT= A s aly?
11 1 1 alv?

Note that since A' U A? consists only of the ones vector and d is normalized, we have
ai"(d) = 1. Therefore the second projection simplifies in the following way:
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I 1 1 1 Iy a%(d) 1y 2
| P1 =P2 =P3 11@1( )012 (l%m(d) 3a1< )al( )
: 1 a3(d) 1
1 1 = 1 = 1 = 1 — — 41 d _ M\ —— 1 d 2 d
! Py = DPs = DPs = D7 11a1( )C22 a%m(d) 4a1( Jas(d)
1 a?(d) 1
Py =Ps = plo = C—%ai(d)m = ga%(d)af(d)
1 a3(d) 1
ph = p%g = p%:), =DP1s = —%a%(d)m = Zaé(d)a%(d)

For the last projection we only demonstrate four indices as an example.
1 2 s (1 1.1 - - - - 1 1 1 - - - . a{!¥20?
(A'u A?) @ A% = ( i1l il

In this case A2 = (A' W A2) @ A3, hence a2(d) = o!""”"*(d). In order to visualize the

)
structure created by IPS, we also display the general formula of p? without simplifications

= el A L9 %agfjxgg(d) ~ a}(@yat(d)
pi= Ci%a%(d) 02262%(;?((1) 02”;%(2?21::“) = %a}(d) 1 me(wglzd) %aéwa?%m(d) = %a}(d)ai(d)
1 = GO g g = O e Ty = @
P%l = Ci%a%( )02262%(@6?((1) Cg{[;%(‘zc)lzwrzw) = ;aé( )%meggzd) %aélegm(d) = %a}(d)ai(d)

There exist two columns identical to column 4 and two columns identical to column 11. Hence
the corresponding connection ratios do not add up to one, but to %

We end this section by noting that the formula for the MLE of a matrix satisfying the
GRIP in (I2) factors through the associated monomial map ¢ 4. Re-ordering if necessary,
we can denote d in the ambient space of My as d = (d},...,d{,d3, ..., d3?, ... dsm)
where c; is the column weight. We have that

S (d) gM(s%(d) 51, (4) s3(d) szku))

e T
Cl Cnl Cl an
¢ at(d) . C. . . .
where s;(d) = W. This factorization implies a nice correspondence between
a;
af, eF4)

the MLE of the matrix A obtained by removing all repeated columns of A and the MLE

of A. Suppose that A is of size n x m and let d = (dy,...,d,,) be a normalized data
vector of counts.
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Proposition 3.25. If A is a multipartition matriz with k partitions that satisfies the
GRIP, then the MLE of Mz for a data vector d is given by

pi(d) = 04 (s1(d),...sh (@), 83(d), ..., 5%, (d)

0 = a(d)
D AT

at, eFli*

where s for row vectors df of A.

Proof. Clearly p}(ci) lies on the model M j; it remains to show that fl(p}(cz)) = A(d)

which implies that p}(d) is the MLE of M ; by Proposition 291 Consider a data vector
d in the an}bient space of My Where d; = (d;/c;) for all j € [m] and i € [c;]. Then we
have that d; :djl- —i—djl- —i—...—i—d;J.

Since A satisfies the GRIP, the MLE of M4 with respect to d, denoted p* (d), is

given in (I2). For any row a; of A, it is easy to see that a!(d) = a(d). Thus we can
write the coordinate functions of p (d) in terms of the coordinate functions of p*%(d) as

pi(d);

for all 7 € [¢j]. So we have that

¢
> (@) = pald);,
i=1

which implies that

m G m

ai(pa(d) =YY pald)j =Y pi(d); = ai(pi(d)).
j=1i=1 j=1

Putting the above two equalities together, along with the fact that p%(d) is the MLE

of M, we have that at(d) = af(d) = af(pa(d)) = at(pz(d)), which in turn implies that

a;(d) = aj(pa(d))- O

Example 3.26. In Proposition B.25] if one removes all repeated columns from a multi-
partition matrix that satisfies the GRIP, the result also satisfies the GRIP. The reverse
is, however, not true. Consider the independence model from Example 2.10. We see in
that example that the IPS algorithm produces the MLE in one cycle. One can easily
check that this model satisfies the GRIP as well, so this is not surprising.

However, if we simply repeat the last column to obtain a new

multipartition matrix, shown here to the right, then the IPS algo-

rithm does not produce the MLE after one cycle. In fact, one can b 1 1 1
check (by computing the solution set to the polynomial equations I T
defining the ML-degree) that the resulting partition model has 1 1 1

ML-degree greater than one, and hence non-rational MLE. This
implies that the IPS algorithm cannot produce the MLE exactly.
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4 Model families satisfying the GRIP

4.1 Hierarchical models

In this section, we justify our use of the name “generalized running intersection property”
in the case of binary hierarchical models. As discussed in Section [2.5] we can associate
a hierarchical model with a simplicial complex I'. Recall that if a simplicial complex is
decomposable, then by Lemma 2.26] there exists an ordering on the facets that satisfies
RIP. First we define the matrix Ar that realizes the hierarchical model on I' as a log-
linear model in the case where each random variable has exactly two states. The columns
of the matrix Ar are indexed by subsets of [n]. We could equivalently index the columns
by 0/1 strings of length n by taking each S C [n] to be the the set of positions in the
string equal to 1.

Let Fi, ..., F}, be the facets of I'. The rows of Ar are divided into blocks A!,..., A*
each with 2/¥il rows. The rows of the partition matrix A’ are of the form aiS where
S C F; with

o (T) = {1, lmein =S
0, otherwise,
for each T' C [n]. The hierarchical model Mr is the closure of the image of the
monomial map defined by Ar intersected with the probability simplex, Aon.

Proposition 4.1. Let I' be a simplicial complex and let A be a multipartition matrix
representing the binary hierarchical model on I' that satisfies the running intersection
property. Then A satisfies the generalized running intersection property as well.

Proof. Let T be a simplicial complex on [p] with facets Fi, ..., Fj such that the resulting
multipartition matrix Al ¥ satisfies the running intersection property. Let 1 < ¢ < k,
B = LUJflzlA" and let C = A, Without loss of generality, let Fy,...,F, form a
simplicial complex on [q] for ¢ < p. Since Al ¥ satisfies the RIP, there exists an s < ¢
such that [¢] N Fyyq1 = Fs N Fyyg.

First, we wish to show that the matrix BC satisfies the floret condition. The matrix
B has rows indexed by subsets of [g]. For each S C [p] and T C [q], the S entry of a¥ is
equal to 1if "= SN |[g] and 0 otherwise. Let U C Fyy1. We claim that a[C] is connected
to a2 if and only if U N [q] = T N Fyyq.

Indeed, suppose that UN[¢] =T N Fyy1. Let S=UNT. Then

SAld=UN)UTNIg) = (TN Fy)UT =T,

Similarly, S N Fyy 1 = U. Hence the S coordinates of a? and a[C] are both equal to one,
and these rows are connected.

Conversely, suppose that ar? and ag are connected. Then there exists an S C [p]
such that U = SN Fy11 and T = SN [q]. Intersecting the first equation with [¢] and the
second with Fyq yields that U N[q¢] =T N Fyy1, as needed.

Thus, for each T, T" C [q], if TN Fy11 = TN Fyyq, then we have that the sets of rows
of C' connected to ar? and a?, are equal. Otherwise these sets are disjoint. Hence BC
satisfies the floret condition.
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For each S C [p|, the number of columns of B identical to the column associated
to S is 2P79. Indeed, the columns of B associated to S and S’ are equal if and only
if SNlgl = 5 Ng], and there are 2P~7 such subsets of [p]. Similarly, the number of
columns of BC identical to the column associated to S is 2=, where ¢’ = #([q]U Fy41).
Thus, since all column weights within B are equal to one another and all column weights
within BC' are equal to one another, BC' is well-connected.

Finally, we must show that B @ C lies in the rowspan of A'f. Recall that there
exists an s < ¢ such that [¢] N Fy41 = Fs N Fyy1. We showed above that the rows of
D = BMC are indexed by subsets of [q]N Fy,1. For each T' C [¢|N Fy41 and each S C [p],
the row aZ has S entry equal to 1 if SN ([g] N Fyy1) = T and 0 otherwise.

We claim that for each T C [¢] N Fy11, aX is the sum of all rows of A%, af;, such that

UNFp =T, ie. aIQ is equal to
> apn (13)

UCFs:
UNFp1=T

Indeed, let S C [p] satisfy SN Fpi1N[g] =T. Then we have that (SNFs)NFyppq =T
In particular, the term of Equation [I3] corresponding to U = S N F; has S entry equal
to 1, as needed.

Similarly, if SNFp1N[g] =T # T, then we have T" = (SN Fs)N Fyy1. In particular,
the row agqp is the row of A° supported on S. But it is not a term of the sum in
Equation (I3]). Hence the sum in (I3]) has S entry equal to 0, as needed.

Since each row of D lies in the rowspan of A%, it lies in the rowspan of AL as
needed. Hence AlF satisfies the generalized running intersection properety. O

We note that an analogous argument proves the result for non-binray random vari-
ables as well; we do not include a proof here to maintain notational simplicity.

4.2 Staged tree models

In this section, we explore the implications of the results in Section B] for staged tree
models. We show that a staged tree model is balanced and stratified if and only if
the associated matrix satisfies the GRIP, leading to a new characterization of balanced,
stratified staged trees. In particular for the associated multipartition matrix, the IPS
algorithm results in the MLE after one cycle.

To define the notion of a balanced staged tree, first we must describe the interpolating
polynomial of a staged tree T, first introduced in [23]. For any vertex v € V, we can
consider the subtree T, rooted at v. We denote the set of root-to-leaf paths of 7, (or
equivalently the v-to-leaf paths in 7) as A,.

Definition 4.2. For a staged tree (T,0) and a vertex v € V, let t(v) := 3" \cn, [1s,e000) 5i-
If vg is the root of T, then t(vy) is the interpolating polynomial of 7.

Definition 4.3. A staged tree (7,6) is balanced if for any two vertices v,w € V such
that F, = Fy, the following equation

t"t(w") = t(w')t(v") (14)
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is satisfied for all distinct pairs of vertices v/,v” € ch(v) and w',w” € ch(w) where

0(v,v") = O(w,w’) and O(v,v") = O(w,w").

Example 4.4. Consider the staged tree (7, 6) in Example2.191 To determine if the tree
is balanced we must compare all pairs of vertices in the same stage. The pairs vy, , Vs, 1,
and v, Vsyy, trivially satisfy the condition in (I4]). Thus to determine whether 7 is
balanced it is enough to check whether (I4]) holds for vs, and vs,. We have that ch(vs,) =
{Vsotos Vsot, } and ch(vs,) = {vs,t9, Vs,t, }- S0 we have to check that t(vs,, )t(vsye,) =
t(Vsot, )t (Vsy1,). Writing out the corresponding polynomials,

75(1)80250) = t(vslto) =ro+ 711+ 1o, t(vsoh) = t(vsu&l) =13+ T4,

we see that this is satisfied. The staged tree (7,6) additionally satisfies the property
that for any two vertices v,w in the same stage, t(v) = t(w). In [4, Lemma 2.13] it
was shown that this property implies balanced. To “unbalance” the staged tree, one
could re-color as blue one of the red vertices, changing the resulting floret. For another
example of an unbalanced staged tree see [4, Example 2.14].

One can determine statistical and algebraic properties of a staged tree model from its
interpolating polynomial [22], 23] and whether or not it is balanced [4, 18]. In particular
the following proposition follows from [I8, Thm. 10] and applies to our definition of
staged tree models due to [4, Lem. 5.13]

Proposition 4.5. A staged tree model M is equal to the toric model MT if and only
if (T,0) is balanced.

Example 4.6. For the staged tree (7, 6) introduced in Example 2.19] we can define the

toric model MVT by the monomial map ¢7. 11111 - - - - \s
This is equivalent to the monomial map ¢ .- (- - - - 111 1 1}s
arising from the multipartition matrix A7 on L 1 1 i 1 1 io
the right. P R i I
Thus M7 is the log-linear model M 4. In T TR ot
Example 4] we showed that (7,6) is a bal- T TR K
anced staged tree, ag\cl hence Proposition S T N Rk
implies that My = My = My, SR S VAL

In the case that (7, 0) is stratified and balanced, the staged tree model M7 is also a
partition model. Since the tree is stratified the associated matrix A7 with the monomial
map ¢ (defined in ([@)) is a multipartition matrix, and being balanced implies that
My =M, = Ma,.

Note that the set of models defined by multipartition matrices A whose associated
tree T4 is a balanced, stratified staged tree is larger than the set of staged tree models
arising from balanced, stratified staged trees. When the matrix A has repeated columns,
this information is lost when constructing the tree graph 74. Thus the staged tree model
arising from (74,64) is the model obtained by removing repeated columns from a staged
matrix A.
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Example 4.7. Consider the matrix A from Example 34 which is used throughout
Section Bl  On the left of Figure 8 the associated tree (74,604) is drawn and on the
right we color portions of the matrix corresponding to the blue and red florets. We
draw double circles around four of the leaves to indicate that the associated column is
repeated in the matrix A. However, the underlying labeled tree graph is exactly the
same as in Examples 2,19 and 4.4], and hence is a stratified and balanced staged tree.

Opooo FE
rpom 11111 11 « -« « s
b O - - -+ -« -1 1 1 1 11 1} s
20 pooz (1711 T T T e
O<: Poto; Poro G 1 1 1 1 KN 1 1 1 1) &
Poi1,; Por1’ A=z - - . . . .1 - . . . . .|7r

T

Om BN P B R |
Opl‘” S T TR R I

() pioz B T T S Y A
tl P110,P,110 Fougrg = Foeyry = {ro,r1,m2} Frogry, = Fveyey, = ={rs,rq4}

T4 P111,P111

Figure 8: The stratified and balanced staged tree T on the left corre-
sponding to the matrix A on the right.

We show that the stratified and balanced conditions on a staged tree are related to
the generalized running intersection property for multipartition matrices.

Lemma 4.8. The multipartition matrix associated to a stratified and balanced staged
tree is well-connected.

Proof. For a balanced and stratified staged tree we have that M4 = M7, and each
column of A represents a distinct root-to-leaf path A; in T4. Consider an edge (v,v’)
of Ta with label sf, 1 < ¢ < m. Then there exists a subset of I C If C {1,...,m}
representing the set of root-to-leaf paths containing (v,v’), i.e.

AeA|(v,v) e EN}={N|jelcCTIf}.

The number of these paths, |I] is exactly c for any j € I since c] describes the number
of repeated columns of the first ¢ parmtlons each of which is a distinct column of A.
Thus the number of terms in the summation

=2 =2 1l s

AEA, s€f(N) Xj | JET s€6(N;)

is cﬁ. In other words if we denote o(t(v')) as the sum of the coefficients of ¢(v'), then

a(t(v')) = cﬁ. Note that, for any v,w € V, since t(v) is a polynomial with positive
integers coefficients, o(t(v)t(w)) = o(t(v))o(t(w)).

Now fix a row a} in the f-th partition of A and an index j € If. Let (v,v) be the
edge in 7, such that 6(v,v’) = s¢ and (v,v') € ();). Similarly let j € If be any other
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index in I/ and (w,w’) be the edge such that 8(w,w’) = st and (w,w’) € 0(A;). Since
Ta is balanced, for any edges (v,v”) € E(v) and (w,w”) € E(w) we have t(v')t(w") =
t(w")t(v"). In particular we can sum over all the vertices in ch(v) and ch(w):

) Y ) =tw!) Yo ("),

w’ €ch(w) v’ ech(v)

and hence t(v')t(w) = t(w')t(v). Similarly as before, the number of paths containing
U

an edge (v,v”) or (w,w”) for v" € ch(v),w” € ch(w) is cﬁfl or cgfl respectively. Thus
o(t(v)) = ﬁ_l and o(t(w)) = cg_l. Then the above equality implies that o (t(v)t(w)) =
o(t(w)t(v)). Thus cfc?l = cgcﬁfl, which proves the result. O

Theorem 4.9. The associated multipartition matrixz for a stratified and balanced staged
tree satisfies the GRIP.

Proof. By Lemma [A.8 we know that the associated multipartition matrix A is well-
connected, and satisfies the floret condition by assumption. Thus it remains to show
that for each 1 < ¢ < k we have that the rows of B, M A“*! lie in the rowspan of Al*
where Bf = LlﬂfnzlAg.

In the proof of [4, Theorem 2.5], the authors compute the generators of the toric ideal
I(AY+%). In order to accomplish this, they show in [4, Proposition 4.5] that I(A%f)
is multihomogeneous with respect to the grading given by D. In particular, this implies
that for all b in the integer kernel of AL+ and all rows a®” of D, a” -b = 0. Since Al:*
is an integer matrix, there exists an integer basis for its kernel. Thus for each row a” of
D, we have a” € (ker(A"V %))t = rowspan(Alf), as needed. O

Thus stratified and balanced staged tree models lie in the family of partition models
whose matrix satisfies the GRIP, which by Theorem implies the following corollary.

Corollary 4.10. For the multipartition matriz associated with a stratified and balanced
staged tree, the IPS algorithm results in the MLE after one cycle.

Remark 4.11. Consider the model My obtained from a stratified staged tree 7 with
k levels. Denote the florets of 7 by ]:f where 1 < ¢ < k indexes the levels of 7 and
1 <i < ny indexes the edge labels of the fth level of T; thus .7-"; is the floret associated
with edge label sf. As discussed in Remark 317 there is a one to one correspondence
between the florets of 7 and of Ay. Let A7 be the associated multipartition matrix
with 77, and d be a data vector. Then by [19, Proposition 11] the MLE of M7 is given

p(d) = 64y (51, sh, (), 53(d). .. b, () (15)
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We now show that the GRIP is, in some sense, a characterization of stratified and
balanced staged trees. All multipartition matrices that satisfy the GRIP, in fact, have
an associated tree that is a stratified and balanced staged tree.

Theorem 4.12. For any multipartition matric A satisfying the GRIP, the associated
tree T4 is a stratified and balanced staged tree.

Proof. Consider the matrix A obtained by removing the repeated columns of A. The
associated tree T3 is equivalent to 74, and hence is a stratified staged tree. Since there
are no repeated columns, we have that the toric model for the staged tree T4 is given
by the partition model of A, i.e. My, = M .

By Proposition L5 the staged tree model M, is equal to M z if and only if 74 is
a balanced staged tree. By Proposition the MLE of M j is equal to the MLE of
the staged tree model 74 (Remark LIT]). Since the maximum likelihood estimator also

parameterizes the model, this implies that My, = M ;7 = M7,. Hence by Proposition
45l T4 is balanced. O

Putting the previous results together, we can say that a multipartition matrix without
repeated columns satisfies the GRIP if and only if the associated tree is a stratified and
balanced staged tree. We also note that this implies that the IPS algorithm provides
another method for determining whether a stratified staged tree is balanced. If the IPS
algorithm produces the MLE exactly in one cycle for an arbitrary data vector and, in each
case, the MLE is given by (IZ]), then the stratified staged tree is balanced. Otherwise
the stratified staged tree is not balanced via Corollary E10L

5 Discussion

In this work we explored the relationship between multipartition matrices, their asso-
ciated partition model, and the IPS algorithm. In particular we showed equivalences
between the GRIP and other conditions from disparate areas of algebraic statistics and
examined their implications for exact convergence under the IPS algorithm. We conclude
with a discussions of some natural questions that arise from these results.

Question 1. For a multipartition matrix A with k partitions, does the requirement that
the IPS algorithm produces the MLE for A% at each step imply that A must satisfy
the GRIP?

In Remark [3:23] we claim that IPS producing the MLE in 2 steps for a multipartition
matrix with 2 partitions is enough to guarantee that the GRIP is satisfied. While the
GRIP is sufficient for the algorithm to produce the MLE for Al¢ at each step, it is
possible that the reverse logical direction holds.

Question 2. Let M be a log-linear partition model with rational MLE. Does there
always exist a multipartition matrix A representing M that satisfies the GRIP?
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It is clear that the matrix representation of a particular model affects the IPS al-
gorithm. In [I2], the authors show sufficient conditions for 2-way quasi-independence
models to have rational MLE. Since k-way quasi-independence models are just partition
models without repeated columns, it would be interesting to see if these results can be
used to show that every such matrix has a representation satisfying the GRIP. Indeed
our preliminary computations indicate that this is true.

Finally there are many results and questions related to the convergence of the gen-
eralized IPS algorithm on log-linear models and its connections to tools from algebraic
statistics (see [2, Sec. 5] and [I7, Sec. 7.3]). Our work falls adjacent to this line of
inquiry and that it would be worthwhile to investigate whether tools that have recently
produced results in this area connect to our work on the generalized running intersection

property.
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