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Mixtures of r independent distributions for two discrete random vari-
ables can be represented by matrices of nonnegative rank r. Likelihood in-
ference for the model of such joint distributions leads to problems in real
algebraic geometry that are addressed here for the first time. We characterize
the set of fixed points of the Expectation—-Maximization algorithm, and we
study the boundary of the space of matrices with nonnegative rank at most 3.
Both of these sets correspond to algebraic varieties with many irreducible
components.

1. Introduction. The rth mixture model M of two discrete random variables
X and Y expresses the conditional independence statement X Ll Y|Z, where Z is
a hidden (or latent) variable with r states. Assuming that X and Y have m and n
states, respectively, their joint distribution is written as an m x n-matrix of non-
negative rank < r whose entries sum to 1. This mixture model is also known as the
naive Bayes model. Its graphical representation is shown in Figure 1.

A collection of i.i.d. samples from a joint distribution is recorded in a nonnega-
tive matrix

Uil ui2 ot Uln

Uz uz?2 et U2p
U= . . .

Uml Um2 - Umn

Here, u;; is the number of observations in the sample with X =i and ¥ = j.
The sample size is uy4 = >_; juij. It is standard practice to fit the model to the
data U using the Expectation—Maximization (EM) algorithm. However, it has been
pointed out in the literature that EM has several issues (see the next paragraph for
details) and one has to be careful when using it. Our goal is to better understand
this algorithm by studying its mathematical properties in some detail.

One of the main issues of Expectation—Maximization is that it does not provide a
certificate for having found the global optimum. The geometry of the algorithm has
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F1G. 1. Graphical model on two observed variables and one hidden variable.

been a topic for debate among statisticians since the seminal paper of Dempster,
Laird and Rubin [13]. Murray [30] responded with a warning for practitioners to be
aware of the existence of multiple stationary points. Beale [6] also brought this up,
and Fienberg [18] referred to the possibility that the MLE lies on the boundary of
the parameter space. A recent discussion of this issue was presented by Zwiernik
and Smith [36], Section 3, in their analysis of inferential problems arising from the
semialgebraic geometry of a latent class model. The fact that our model fails to be
identifiable was highlighted by Fienberg et al. in [19], Section 4.2.3. This poses
additional difficulties, and it forces us to distinguish between the boundary of the
parameter space and the boundary of the model. The image of the former contains
the latter.

The EM algorithm aims to maximize the log-likelihood function of the
model M. In doing so, it approximates the data matrix U with a product of non-
negative matrices A - B where A has r columns and B has r rows. In Section 3,
we review the EM algorithm in our context. Here, it is essentially equivalent to the
widely used method of Lee and Seung [26] for nonnegative matrix factorization.
The nonnegative rank of matrices has been studied from a broad range of perspec-
tives, including computational geometry [1, 10], topology [29], contingency tables
[7, 19], complexity theory [28, 33] and convex optimization [17]. We here present
the approach from algebraic statistics [14, 31].

Maximum likelihood estimation for the model M is a nonconvex optimization
problem. Any algorithm that promises to compute the MLE P will face the fol-
lowing fundamental dichotomy. The optimal matrix P either lies in the relative
interior of M or it lies in the model boundary 9. M.

If P lies in the relative interior of M., then the situation is nice. In this case, Pis
a critical point for the likelihood function on the manifold of rank r matrices. There
are methods by Hauenstein et al. [24] for finding the MLE with certificate. The ML
degree, which they compute, bounds the number of critical points, and hence all
candidates for the global maximizer P. However, things are more difficult when
P lies in the boundary 9. M. In that case, Pis generally not a critical point for
the likelihood function in the manifold of rank » matrices, and none of the results
on ML degrees in [14, 19, 23-25] are applicable. The present paper is the first
to address the question of how P varies when it occurs in the boundary dM.
Table 1 underscores the significance of our approach. As the matrix size grows,
the boundary case is much more likely to happen for randomly chosen input U.
The details for choosing U and the simulation study that generated Table 1 will be
described in Example 3.4.
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TABLE 1
Percentage of data matrices whose maximum likelihood estimate P
lies in the boundary 9 M

Size
Rank 4 x4 5x5 6x6 7Tx7 8x8
3 4.4% 23% 49% 62% 85%
4 7% 37% 71% 95%
5 10% 55% 96%
6 20% 75%
7 24%

We now summarize the contents of this article. Section 2 furnishes an introduc-
tion to the geometry of the mixture model M from Figure 1. We define the topolog-
ical boundary of M and the algebraic boundary of M, and we explain how these
two notions of boundary differ. Concrete numerical examples for 4 x 4-matrices
of rank 3 demonstrate how P behaves as the data U vary.

In Section 3, we review the EM algorithm for the model M, and we identify its
fixed points in the parameter space. The main result is the characterization of the
set of fixed points in Theorem 3.5.

In Section 4, we identify M with the set of matrices of nonnegative rank at
most 3. Theorem 4.1 gives a quantifier-free formula for this semialgebraic set. The
importance of finding such a formula was already stressed in the articles [3, 4].
The resulting membership test for M is very fast and can be applied to matrices
that contain parameters. The proof of Theorem 4.1 is based on the familiar char-
acterization of nonnegative rank in terms of nested polytopes [1, 10, 33], and, in
particular, on work of Mond et al. [29] on the structure of critical configurations in
the plane (shown in Figure 5).

In Section 5, we return to Expectation—-Maximization, and we study the system
of equations that characterize the EM fixed points. Proposition 5.1 characterizes
its solutions in the interior of M. Even in the smallest interesting case, m =n =4
and r = 3, the variety of all EM fixed points has a huge number of irreducible
components, to be determined and interpreted in Theorem 5.5.

The most interesting among these are the 288 components that delineate the
topological boundary d.M inside the simplex Ajs. These are discussed in Ex-
amples 5.7 and 6.2. Explicit matrices that lie on these components are featured
in (6.5) and in Examples 2.1, 2.2 and 3.2. In Proposition 6.3, we resolve a prob-
lem left open in [24, 25] concerning the ML degree arising from d M. The main
result in Section 6 is Theorem 6.1 which characterizes the algebraic boundary of
m x n-matrices of nonnegative rank 3. The commutative algebra of the irreducible
components in that boundary is the content of Theorem 6.4. Corollary 6.6 furnishes
a quantifier-free semialgebraic formula for d. M.
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The proofs of all lemmas, propositions and corollaries appear in Appendix A.
A review of basic concepts in algebraic geometry is given in Appendix B. This will
help the reader understand the technicalities of our main results. Supplementary
materials and software are posted at the website http://math.berkeley.edu/~bernd/
EM/boundaries.html. Our readers will find code in R, Macaulay?2 and Magma
for various sampling experiments, prime decompositions, semialgebraic formulas
and likelihood equations discussed in this paper.

The methods presented here are not limited to the matrix model M, but are
applicable to a wide range of statistical models for discrete data, especially those
used in computational biology [31]. Such models include phylogenetic models
[2, 4] and hidden Markov models [12]. The most immediate generalization is to
the rth mixture model of several random variables. It consists of all distributions
corresponding to tensors of nonnegative rank at most r. In other words, we replace
m X n-matrices by tensors of arbitrary format. The geometry of the case r =2 was
studied in depth by Allman et al. [3]. For each of these models, there is a natural
EM algorithm, with an enormous number of stationary points. The model itself is
a complicated semialgebraic set, and the MLE typically occurs on the boundary of
that set. For binary tree models, this was shown in [36], Section 3.

This article introduces tools needed to gain a complete understanding of these
EM fixed points and model boundaries. We here study them for the graphical
model in Figure 1. Already in this very simple case, we discovered patterns that are
surprisingly rich. Thus, the present work serves as a blueprint for future research
in real algebraic geometry that underlies statistical inference.

2. Model geometry. We begin with a geometric introduction of the likelihood
inference problem to be studied. Let A,,,_1 denote the probability simplex of
nonnegative m x n-matrices P = [p;;] with p, = 1. Our model M is the subset
of A,,,—1 consisting of all matrices of the form

2.1) P=A-A-B,

where A is a nonnegative m x r-matrix whose columns sum to 1, A is a non-
negative r x r diagonal matrix whose entries sum to 1, and B is a nonnegative
r X n-matrix whose rows sum to 1. The triple of parameters (A, A, B) represents
conditional probabilities for the graphical model in Figure 1. In particular, the kth
column of A is the conditional probability distribution of X given that Z = k, the
kth row of B is the conditional probability distribution given that Z = k, and the
diagonal of A is the probability distribution of Z. The parameter space in which
A, A, B lie is the convex polytope ® = (A,—1)" X Ay—1 X (A,—1)". Our model
M is the image of the trilinear map

(2.2) $¢:0 = Apu_i, (A, A,B) P.
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We seek to learn the model parameters (A, A, B) by maximizing the likelihood
function

(2.3) <M++> 1—[ 1—[ puu

i=1j=1

over M. This is equivalent to maximizing the log-likelihood function

(2.4) ty = Z Z R log(Z a,kxkb,q)

i=1j=1

over M. One issue that comes up immediately is that the model parameters are
not identifiable:

25  dim@) =r(m+n)—r—1 but dim(M)=r(m+n)—r’—1.

The first expression is the sum of the dimensions of the simplices in the product
that defines the parameter space ®. The second one counts the degrees of freedom
in a rank r matrix of format m x n. The typical fiber, that is, the preimage of a point
in the image of (2.2), is a semialgebraic set of dimension > — r. This is the space
of explanations whose topology was studied by Mond et al. in [29]. Likelihood
inference cannot distinguish among points in each fiber, so it is preferable to re-
gard MLE not as an unconstrained optimization problem in ® but as a constrained
optimization problem in M. The aim of this paper is to determine its constraints.

Let V denote the set of real m x n-matrices P of rank < r satisfying p4y+ = 1.
This set is a variety because it is given by the vanishing of a set of polynomials,
namely, the (r + 1) x (r 4+ 1) minors of the matrix P plus the linear constraint
p++ = 1. A point P € M is an interior point of M if there is an open ball U C
Amn—1 that contains P and satisfies U NY = U N M. We call P € M a boundary
point of M if it is not an interior point. The set of all such points is denoted by d.M
and called the fopological boundary of M. In other words, .M is the boundary of
M inside V. The variety V is the Zariski closure of the set M; see Appendix B.
In other words, the set of polynomials that vanish on M is exactly the same as the
set of polynomials that vanish on V. Our model M is a full-dimensional subset of
the variety V and is given by a set of polynomial inequalities inside V.

Fix U, r and P € M as above. A matrix P is a nonsingular point on V if and
only if the rank of P is exactly r. In this case, its tangent space Tp(}) has di-
mension r(m + n) — r> — 1, which, as expected, equals dim(M). We call P a
critical point of the log-likelihood function £y if P € M, P is a nonsingular point
for V, that is, rank(P) = r, and the gradient of £y is orthogonal to the tangent
space Tp (V). Thus, the critical points are the nonnegative real solutions of the
various likelihood equations derived in [14, 24, 31, 35] to address the MLE prob-
lem for M. In other words, the critical points are the solutions obtained by using
the Lagrange multipliers method for maximizing the likelihood function over the
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set V. In the language of algebraic statistics, the critical points are those points in
M that are accounted for by the ML degree of the variety V.

Table 1 shows that the global maximum P of ¢y is often a noncritical point.
This means that the MLE lies on the topological boundary d M. The ML degree
of the variety V is irrelevant for assessing the algebraic complexity of such P.
Instead, we need the ML degree of the boundary, as given in Proposition 6.3, as
well as the ML degrees for the lower-dimensional boundary strata.

The following example illustrates the concepts we have introduced so far and
what they mean.

EXAMPLE 2.1. Fixm =n =4 and r = 3. For any integers a > b > 0, consider
the data matrix

b
b
(2.6) Usp = 4

S Q

a
b
a

S
QT

b

a

Note that rank(U, ) < 3. For a =1 and b = 0, this is the standard example [10]
of a nonnegative matrix whose nonnegative rank exceeds its rank. Thus, %U 1,0
is a probability distribution in ¥V \ M. Within the 2-parameter family (2.6), the
topological boundary M is given by the linear equation b = (/2 — 1)a. This
follows from the computations in [7], Section 5, and [29], Section 5. We conclude
that

2.7) Usp  liesinV\ M ifandonlyif b<(v2—Da.

8(a +b)

For integers a > b > 0 satisfying (2.7), the likelihood function (2.3) for U, ; has
precisely eight global maxima on our model M. These are the following matrices,
each divided by 8(a + b):

a a b b v ot ow u] [t v u w
v o w t u a b a b r.s r s
w v u t|’ s r s r|’ b a b al’
s s r r w u v ot Llu w t v
r r s s a v w S v a s w
tu vow a w v s t b r u
u t w v |’ b t u r|’ w a s v |’
b b a a b u t r Lu b r t

t r b u r t u b

v s a w r u t b

u r b t |’ s vV ow a

w s a v s w v a
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This claim can be verified by exact symbolic computation, or by validated nu-
merics as in the proof of [24], Theorem 4.4. Here, ¢ is the unique simple real root
of the cubic equation

(6a* + 16a*b + 14ab® + 4b%)1> — (20a* + 44a>b + 8ab> + 324°bH*)1?
+ (22a° 4+ 43a*b + 30a°b* + 7a*b*)t — (84° + 16a°b + 10a*b* + 2a°b?)
=0.

To fill in the other entries of these nonnegative rank 3 matrices, we use the rational
formulas

(a+b)t —a? tb
S§=—, u=—,
a a
_ 1(3a*+5ab +2b*)t — 4a’ — 5a%b — 2ab*
- 2a3 + a%b ’
202 +ab — (a + b)t
r= ,
a
(3a? 4 5ab + 2b%)t? — (6a> + 8a2b + 3ab®)t + 6a3b + 2a*b? + 4a*
V= .

2a* +a’b
These formulas represent an exact algebraic solution to the MLE problem in this
case. They describe the multivalued map (a, b) — ﬁa, p from the data to the eight
maximum likelihood estimates. This allows us to understand exactly how these
solutions behave as the matrix entries a and b vary.

The key point is that the eight global maxima lie in the model boundary d. M.
They are not critical points of £;; on the rank 3 variety V. They will not be found by
the methods in [24, 31, 35]. Instead, we used results about the algebraic boundary
in Section 5 to derive the eight solutions.

We note that this example can be seen as an extension of [24], Theorem 4.4,
which offers a similar parametric analysis for the data set of the “100 Swiss Francs
Problem” studied in [19, 35].

We now introduce the concept of algebraic boundary. Recall that the topological
boundary d. M of the model M is a semialgebraic subset inside the probability
simplex A,,—1. Its dimension is

dim(OM) =dim(M) — 1 =rm +rn — r> — 2.

Any quantifier-free semialgebraic description of d M will be a complicated
Boolean combination of polynomial equations and polynomial inequalities. This
can be seen for r = 3 in Corollary 6.6.

To simplify the situation, it is advantageous to relax the inequalities and keep
only the equations. This replaces the topological boundary of M by a much sim-
pler object, namely the algebraic boundary of M. To be precise, we define the
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algebraic boundary to be the Zariski closure 3 M of the topological boundary
dM. Thus, 9 M is a subvariety of codimension 1 inside the variety V c P"™*~1,
Theorem 6.1 will show us that 9M can have many irreducible components.

The following two-dimensional family of matrices illustrates the results to be
achieved in this paper. These enable us to discriminate between the topological
boundary M and the algebraic boundary M, and to understand how these
boundaries sit inside the variety V.

EXAMPLE 2.2. Consider the following 2-parameter family of 4 x 4-matrices:

51 9 64 9 1130 541 1
27 63 8 8 101 0 515 1
Pev=173 34 40 31|70 10 1|71 5 1 5
30 25 80 35 00 1 1 1155

This was chosen so that P(0,0) lies in a unique component of the topological
boundary d M. The equation det(P (x, y)) = 0 defines a plane curve C of degree 4.
This is the thin black curve shown in Figure 2. In our family, this quartic curve C
represents the Zariski closure V of the model M.

The algebraic boundary 9. M is the variety described in Example 6.2. The quar-
tic curve C meets 9 M in 1618 real points (x, y). Of these 1618 points, precisely
188 satisfy the constraint P (x, y) > 0. These 188 points are the landmarks for our
analysis. They are shown in blue on the right in Figure 2. In addition, we mark
the unique point where the curve C intersects the boundary polygon defined by
P(x,y) > 0. This is the leftmost point, defined by {det(P(x,y)) =x + 5y +8 =
0}. It equals

(2.8) (—3.161429, —0.967714).

50
|

40
|

30
|

20
|

10

-10

FI1G. 2. In a two-dimensional family of 4 x 4-matrices, the matrices of rank 3 form a quartic
curve. The mixture model, shown in red, has two connected components. Its topological boundary
consists of four points (on the left). The algebraic boundary includes many more points (on the right).
Currently, there is no known way to obtain the four points on the topological boundary (in the left
picture) without first considering all points on the algebraic boundary (in the right picture).
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We examined the 187 arcs on C between consecutive points of 9 M as well as the
two arcs at the ends. For each arc we checked whether it lies in M. This was done
by a combination of the EM algorithm in Section 3 and Theorem 4.1. Precisely 96
of the 189 arcs were found to lie in M. These form two connected components on
the curve C, namely 19 arcs between (2.8) and (0, 0), and

76 arcs between

29
9 (11.905773,8.642630) and (21.001324, 35.202110).

These four points represent the topological boundary d M. We conclude that, in
the 2-dimensional family P (x, y), the model M is the union of the two red arcs
shown on the left in Figure 2.

Our theory of EM fixed points distinguishes between the (relatively open) red
arcs and their blue boundary points. For the MLE problem, the red points are
critical while the blue points are not critical. By Table 1, the MLE is more likely
to be blue than red, for larger values of m and n.

This example demonstrates that the algebraic methods of Sections 4, 5 and 6
are indispensable when one desires a reliable analysis of model geometries, such
as that illustrated in Figure 2. To apply a method for finding the critical points of
a function, for example, Lagrange multipliers, the domain of the function needs to
be given by equality constraints only. But using only these constraints, one cannot
detect the maxima lying on the topological boundary. For finding the critical points
of the likelihood function on the topological boundary by using the same methods,
one needs to relax the inequality constraints and consider only the equations defin-
ing the topological boundary. Therefore, one needs to find the critical points on the
algebraic boundary dM of the model.

3. Fixed points of Expectation-Maximization. The EM algorithm is an it-
erative method for finding local maxima of the likelihood function (2.3). It can be
viewed as a discrete dynamical system on the polytope ® = (A,,—1)" X A,_1 X
(Ap—1)". Algorithm 1 presents the version in [31], Section 1.3.

The alternating sequence of E-steps and M-steps defines trajectories in the pa-
rameter polytope ®. The log-likelihood function (2.4) is nondecreasing along each
trajectory (cf. [31], Theorem 1.15). In fact, the value can stay the same only at a
fixed point of the EM algorithm. See Dempster et al. [13] for the general version
of EM and its increasing behavior and convergence.

DEFINITION 3.1. An EM fixed point for a given table U is any point
(A, A, B) in the polytope ® = (A,—1)" X Ayr—1 X (Ay—1)" to which the EM al-
gorithm can converge if it is applied to (U, r).

__ Every global maximum P of ¢y is among the EM fixed points. One hopes that
P has a large basin of attraction, and that the initial parameter choice (A, A, B)
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Algorithm 1 Function EM(U, r)
Select random ay,a»,...,ar € A,—1, random A € A,_{, and random
b1,by,...,b € Ap_1.
Run the following steps until the entries of the m x n-matrix P converge.
E-step: Estimate the m X r xn-table that represents this expected hidden data:

Set vy = %
M-step: Maximize the likelihood function of the model ®—@—@ for the hidden
data:

Set g := 3200 2oy vikj /uq fork=1,...r.

Set aj 1= (Z'}Zl Vikj)/yyri) fork=1,...,randi=1,...,m.

Set byj := O/ vikj)/(uyyhrp) fork=1,...,rand j=1,...,n.
Update the estimate of the joint distribution for our mixture model ®—0—@;

Set pij := Y j_aikrbyjfori=1,...,mand j=1,...,n.
Return P.

ujjfori=1,....m,k=1,...,rand j=1,...,n.

gives a trajectory that converges to P. However, this need not be the case, since the
EM dynamics on ® has many fixed points other than P. Our aim is to understand
all of these.

EXAMPLE 3.2. The following data matrix is obtained by settinga =1, =10
in Example 2.1:

1 1 0 0
1 01 0
U= 01 0 1
0 0 1 1
Among the EM fixed points for this choice of U with r = 3 we find the probability
distributions
(3 3 0 07 2 2 00
P—i2040 LZOZOand
24|02 0 4 21600 11 2
11 2 2] 01 1 2
4 8 0 07
113 0 45
B=4ls 4 0 3|
L0 0 8 4

and their orbits under the symmetry group of U. For instance, the orbit of Pj is
obtained by setting s = %, r= %, V= %, t= %, w = u = 0 in the eight matrices in
Example 2.1. Over 98% of our runs with random starting points in ® converged to
one of these eight global maximizers of £y;. Matrices in the orbits of P;, respec-
tively, P; were approached only rarely (less than 2%) by the EM algorithm.
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LEMMA 3.3. The following are equivalent for a point (A, A, B) in the pa-
rameter polytope ©:

(1) The point (A, A, B) is an EM fixed point.

(2) Ifwe start EM with (A, A, B) instead of a random point, then EM converges
to (A, A, B).

(3) The point (A, A, B) remains fixed after one completion of the E-step and
the M-step.

It is often believed (and actually stated in [31], Theorem 1.5) that every EM
fixed point is a critical point of the log-likelihood function £y. This statement
is not true for the definition of “critical” given in Section 2. In fact, for many
instances U, the global maximum P is not critical.

To underscore this important point and its statistical relevance, we tested the
EM algorithm on random data matrices U for a range of models with m = n. The
following example explains Table 1.

EXAMPLE 3.4. In our first simulation, we generated random matrices U from
the uniform distribution on A,,,—1 by using R and then scaling to get integer en-
tries. For each matrix U, we ran the EM algorithm 2000 times to ensure conver-
gence with high probability to the global maximum P on M. Each run had 2000
steps. We then checked whether P is a critical point of £;; using the rank criterion
in [24], equation (2.3). Our results are reported in Table 1. The main finding is
that, with high probability as the matrix size increases, the MLE P lands on the
topological boundary 9. M, and it fails to be critical.

In a second simulation, we started with matrices A € N™*" and B € N"*"
whose entries were sampled uniformly from {0, 1, ..., 100}. We then fixed P € M
to be the m x n probability matrix given by AB divided by the sum of its entries.
We finally took 7mn samples from the distribution P and recorded the results in
an m x n data matrix U. Thereafter, we applied EM to U. We observed the follow-
ing. If T > 20 then the fraction of times the MLE lies in d.M is very close to O.
When T < 10 though, this fraction was higher than the results reported in Table 1.
For T =10 and m =n =4, r = 3, this fraction was 13%, form =n=5,r =3, it
was 23%, and for m =n =5, r =4, it was 17%. Therefore, based on these experi-
ments, in order to have the MLE be a critical point in M, one should have at least
20 times more samples than entries of the matrix.

This brings our attention to the problem of identifying the fixed points of EM. If
we could compute all EM fixed points, then this would reveal the global maximizer
of £y . Since a point is EM fixed if and only if it stays fixed after an E-step and an
M-step, we can write rational function equations for the EM fixed points in ®:

1 3 ajxriby;j

o= — Y forall k,

r . .
Uit (27 i) =1 Githibi



FIXED POINTS OF EM AND NONNEGATIVE RANK 433

n
1 ajx by
ij
Mt 5= 2g=1 Githibi

ajp = forall i, k,

m
_ 1 ajxMibyj
MUt 3 2oy Girhibyj

bkj Uijj for all k,j.

Our goal is to understand the solutions to these equations for a fixed positive ma-
trix U. We seek to find the variety they define in the polytope ® and the image of
that variety in M.

In the EM algorithm, we usually start with parameters a;k, Ak, b that are
strictly positive. The a;j; or by; may become zero in the limit, but the parame-
ters Ax always remain positive when the u;; are positive since the entries of each
column of A and each row of B sum to 1. This justifies that we cancel out the fac-
tors Ay in our equations. After this, the first equation is implied by the other two.
Therefore, the set of all EM fixed points is a variety, and it is characterized by

1 & aikbi;
ajr = Uj; for all i, k,
T ugy 21 Li=1@ithibij Y

1 & aixby;
bj = s for all k, j.

Ui
r J
Uiy =5 D=1 Githibij

Suppose that a denominator ) ; ajjAbyj is zero at a point in ©. Then a;;by; = 0
airby;

> i—1 GitAbij

Pij = 2_j—1 @iiAbyj, we can rewrite our two fixed point equations in the form

for all k, and the expression would be considered 0. Using the identity

n .
ik (Z(”-H— - %)b[q) =0 forall k,i and

j=1 i
(3.1)

m
Wi
by <Z<u++ — i)al-k> =0 forallk, .
i—1 Pij
Let R denote the m x n matrix with entries r;j = u4 4 — ';}i The matrix R is the
ij

gradient of the log-likelihood function £ (P), as seen in [24], equation (3.1). With
this, our fixed point equations are

n
a,'k(Zrijbkj) =0 forallk,i and
j=1
(3.2) .
by (Zrijaik) =0 forallk,j.
i=1
We summarize our discussion in the following theorem, with (3.2) rewritten in
matrix form.
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THEOREM 3.5. The variety of EM fixed points in the polytope © is defined by
the equations

(3.3) Ax(R-B")=0, Bx(AT-R)=0,

where R is the gradient matrix of the log-likelihood function and % denotes the
Hadamard product. The subset of EM fixed points that are critical points is defined
byR-BT =0and AT -R=0.

PROOF. Since (3.3) is equivalent to (3.2), the first sentence is proved by the
derivation above. For the second sentence, we consider the normal space of the
variety V at a rank r matrix P = AAB. This is the orthogonal complement of
the tangent space Tp())). The normal space can be expressed as the kernel of
the linear map Q +— (Q - BT, AT . Q). Hence, R = gradp ({y) is perpendicular
to Tp(V) if and only if R - BT =0 and AT - R = 0. Therefore, the polynomial
equations (3.3) define the Zariski closure of the set of parameters for which P is
critical. [

The variety defined by (3.3) is reducible. In Section 5, we shall present a detailed
study of its irreducible components, along with a discussion of their statistical
interpretation. As a preview, we here decompose the variety of EM fixed points in
the simplest possible case.

EXAMPLE 3.6. Letm =n =2,r =1, and consider the ideal generated by the
cubics in (3.3):
F =lani(riibi1 + ri2b12), azi (r1bi1 + rnbio),
bui(aiirin + azira1), bia(anriz + azira)).

The software Macaulay?2 [22] computes a primary decomposition into 12 com-
ponents:

F = (riiraa —riar21, aririn + azira1, aniri2 + axira, biirn
+ biari2, biir21 + biara)
(3.4 N (a1, ra1, r22) N{az1, rin, riz) N (riz, raz, bir) N (ri1, ra1, bi2)
N (a1, ra2, bir) N{air, ra1, biz) N {azi, riz, bii) N{azi, i, bi2)
N{ar, an) N (bi1, bi2) N (lan, an)? + (bi1, bi2)* + F).

The last primary ideal is embedded. Thus, F is not a radical ideal. Its radical
requires an extra generator of degree 5. The first 11 ideals in (3.4) are the minimal
primes of F. These give the irreducible components of the variety V (F). The first
ideal represents the critical points in M.
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4. Matrices of nonnegative rank three. While the EM algorithm operates
in the polytope ® of model parameters (A, A, B), the mixture model M lives in
the simplex A;;;—1 C R™*" of all joint distributions. The parametrization ¢ is
not identifiable. The topology of its fibers was studied by Mond et al. [29], with
focus on the first nontrivial case, when the rank r is three. We build on their work
to derive a semialgebraic characterization of M. This section is self-contained. It
can be read independently from our earlier discussion of the EM algorithm. It is
aimed at all readers interested in nonnegative matrix factorization, regardless of its
statistical relevance.

We now fix r = 3. Let A be a real m x 3-matrix with rows ay,...,a,,, and
B a real 3 x n-matrix with columns by, ..., b,. The vectors b; € R3 represent
points in the projective plane P2. We view the g; as elements in the dual space
(R3)*. These represent lines in P>. Geometric algebra (a.k.a. Grassmann—Cayley
algebra [34]) furnishes two bilinear operations,

VIR xR — (RY)* and A:(RY)" x (RY)* — R
These correspond to the classical cross product in 3-space. Geometrically, a; A a;
is the intersection point of the lines ¢; and a; in P2, and b; Vb ; 1s the line spanned
by the points b; and b; in P2, The pairing (R?)* x R? — R can be denoted by
either v or A. With these conventions, the operations v and A are alternating,
associative and distributive. For instance, the minor

“4.1) a; Naj A ap =det(a;, aj, ar)

vanishes if and only if the lines a;, a; and a; are concurrent. Likewise, the poly-
nomial

(a; /\aj) V bV by

42) =aj1aj2b1iby — aj1ajobipbri + ajrajzbii by — ajrajzbibsp
—apajibyibo + ainajibywbai + ainajzbaibz — ainajzbog by

—a;3aj1b1ib3p + aizaj1biw bz — aizajobri b + aizajabyp bz

expresses the condition that the lines a; and a; intersect in a point on the line given
by b;s and by . Of special interest is the following formula involving four rows of
A and three columns of B:

4.3) (((ai Aaj)vby)~nak) Vv (((ai Aaj)Vvbj) Aap) Vby.

Its expansion is a bihomogeneous polynomial of degree (6,3) with 330 terms
in (A, B).

A matrix P € R™*" has nonnegative rank < 3 if it admits a factorization
P = AB with A and B nonnegative. The set of such matrices P with p;4 =1
is precisely the mixture model M discussed in the earlier sections. Comparing
with (2.1), we here subsume the diagonal matrix A into either A or B. In what fol-
lows, we consider the set A of pairs (A, B) whose product AB has nonnegative
rank < 3. Thus, N is a semialgebraic subset of R”*3 @ R3*" . We shall prove:



436 K. KUBJAS, E. ROBEVA AND B. STURMFELS

THEOREM 4.1. A pair (A, B) is in N if and only if AB > 0 and the following
condition holds: either rank(AB) < 3, or rank(AB) = 3 and there exist indices
i,j€[ml, i, j €[n]such that:

sign(4.1) is the same or zero for all k € [m]\ {i, j},

and sign(4.2) is the same or zero for all k' € [n]\ {i'},

and sign((4.2)[i" — j'1) is the same or zero for all k' € [n]\ {j'},

and (4.3) - (4.3) [k < 11 >0 for all {k,1} C [m]\ {i, j} and k' € [n]\ {i’, j'},

orthere existi, j € [n],i’, j' € [m] such that these conditions hold after swap-
ping A with BT .

Here, [m] = {1, 2, ..., m}, and the notation [i" — j’] means that the index i’ is
replaced by the index j’ in the preceding expression, and [k <> [] means that k and
[ are switched.

Theorem 4.1 is our main result in Section 4. It gives a finite disjunction of
conjunctions of polynomial inequalities in A and B, and thus a quantifier-free
first order formula for A/. This represents our mixture model as follows: to test
whether P lies in M, check whether rank(P) < 3; if yes, compute any rank 3
factorization P = AB and check whether (A, B) lies in N. Code for performing
these computations in Macaulay? is posted on our website.

Theorem 4.1 is an algebraic translation of a geometric algorithm. For an illustra-
tion, see Figure 3. In the rest of the section, we will study the geometric description
of nonnegative rank that leads to the algorithm. Let P be a nonnegative m x n ma-
trix of rank r. We write span(P) and cone(P) for the linear space and the cone
spanned by the columns of P, and we define

4.4) A=span(P) N A,—1 and B=cone(P)N A;_1.

The matrix P has a size r nonnegative factorization if and only if there exists a
polytope A with r vertices such that B C A C A; see [29], Lemma 2.2. Without
loss of generality, we will assume in the rest of this section that the vertices of A lie
on the boundary of A. We write M, for the set of m x n-matrices of nonnegative
rank <r. Here is an illustration that is simpler than Example 2.2:

EXAMPLE 4.2. In [17], Section 2.7.2, the following family of matrices of
rank < 3 is considered:

l—a 14a 14+a 1—a
1-b 1—-b 1+b 1+5b
l+a 1—a 1—a 1+a
1+b 14+b 1—-b 1-b

Here, B is a rectangle and A = {x € Az:x; — x2 + x3 — x4 = 0} is a square, see
Figure 4. Using Theorem 4.1, we can check that P (a, b) lies in M3 if and only if
ab+a+b<1.

4.5) P(a,b) =
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((ai A ll]') \% bzl) A aj

((ai Naj) Vby) ANa

((ai Aaj) V bir) Aay ((ai Naj) M bj) Nar  ((a; Aaj) Vb)) A
((ai Aaj) Vb)) N
b ((a: Aay) V) Aay
a;
by
ai Aaj a; ((a; Aaj) Vb)) Aay
(a) (b)
((a; Naj) Vby) ANy
((a; Aay) Vbi) Aay
((ai Aaj) Vb)) Aa ((ai Aay) Vb)) Na ((ai Aag) Vi) A

((ai A (lj) \Y bjl) A ay
((lli A llj) \Y bjf) A aj

a;

a; A\aj a; ((a; Aaj) Vbj) Aag

(c) (d)

FI1G. 3. In the diagrams (a) and (b), the conditions of Theorem 4.1 are satisfied for the chosen
i, j,i’, j'. In the diagrams (c) and (d), the conditions of Theorem 4.1 fail for the chosen i, j,i’, j’.

1+b+
177 -
1-b+

FIG. 4. The matrix P(a, b) defines a nested pair of rectangles.
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(a) (b)

FIG. 5. Critical configurations.

LEMMA 4.3. A matrix P € RZ§" of rank r lies in the interior of M, if and
only if there exists an (r — 1)-simplex A C A such that B is contained in the
interior of A. It lies on the boundary of M, if and only if every (r — 1)-simplex A
with B C A C A contains a vertex of B on its boundary.

For r =3, Mond et al. [29] prove the following result. Suppose B < A € A and
every edge of A contains a vertex of B. Then tB C A’ C A for some triangle A’
and some ¢ > 1, unless:

(a) an edge of A contains an edge of B, or
(b) a vertex of A coincides with a vertex of A.

Here, the dilate ¢3 is taken with respect to a point in the interior of B. By
Lemma 4.3, this means that P lies in the interior of M?% " unless one of (a)
and (b) holds. The conditions (a) and (b) are shown in Figure 5. For the proof of
this result, we refer to [29], Lemmas 3.10 and 4.3.

COROLLARY 4.4. A matrix P € M3 lies on the boundary of Ms if and
only if:
e P has a zero entry, or
e rank(P) = 3 and if A is any triangle with B C A C A then every edge of A
contains a vertex of B, and (a) or (b) holds.

COROLLARY 4.5. A matrix P € RZ§" has nonnegative rank <3 if and only

e rank(P) < 3, or

e rank(P) = 3 and there exists a triangle A with B C A C A such that a vertex of
A coincides with a vertex of A, or

e rank(P) = 3 and there exists a triangle A with B € A C A such that an edge of
A contains an edge of B.

Corollary 4.5 provides a geometric algorithm similar to that of Aggarwal et al.
[1] for checking whether a matrix has nonnegative rank 3. For the algorithm, we
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need to consider one condition for every vertex of .4 and one condition for every
edge of B. We now explain these conditions.

Let v be a vertex of A. Let by, by be the vertices of B such that /; = vb; and
I, = vb, support B. Let A be the convex hull of v and the other two intersection
points of the lines /1, /o with the boundary of A. If B C A, then P has nonnegative
rank 3.

Let [ be the line spanned by an edge of . Let vy, vy be the intersection points
of [ with 3.A. Let by, b, be the vertices of B3 such that [y = vib; and I, = v1,b)
support B. Let v3 be the intersection point of /; and /5. If conv(vy, vz, v3) C A,
then P has nonnegative rank 3.

PROOF OF THEOREM 4.1. Let rank(P) = 3 and consider any factorization
P =AB where ay,...,ay € (R3)* are the row vectors of A and by, ..., b, € R
are the column vectors of B. The map x — Ax identifies R? with the com-
mon column space of A and P. Under this identification, and by passing from
3-dimensional cones to polygons in R2, we can assume that the edges of A are
given by ay, ..., a;, and the vertices of B are given by by, ..., b,.

To test whether P belongs to M3, we use the geometric conditions in Corol-
lary 4.5. These still involve a quantifier over A. Our aim is to translate them into
the given quantifier-free formula, referring only to the vertices b; of B and the
edges a; of A. First, we check with the sign condition on (4.1) that the intersec-
tion point a; A a; defines a vertex of A. Next we verify that the lines (a; Aa;) V by
and (a; A aj) V bj are supporting B, that is, all vertices of 53 lie on the same side
of the lines (a; A aj) Vv by and (a; Aaj) Vv bj. For this, we use the sign conditions
on (4.2) and (4.2) [i" — j'].

Finally, we need to check whether all vertices of I3 belong to the convex hull
of a; A a; and the other two intersection points of the lines (a; A a;) Vv b and
(a; A aj) Vv bj with the boundary of A. Fix {k, [} C [m]\ {i, j}. If either the line
(a; Naj)V bjr intersects ay or the line (a; Aaj) Vv b intersects a; outside A, then
the polygon B lies completely on one side of the line (((a; A aj) V b)) Aag) vV
(((ai Naj) Vv bjr) Aap). Similarly, if either the line (a; A a;) Vv by intersects a; or
the line (a; Aaj) Vv b intersects ay outside A, then the polygon B lies completely
on one side of the line (((a; A aj) VvV bir) ANap) Vv (((ai Aaj) VvV bj) Aayg). Then the
condition (4.3) - (4.3) [k <> [] > 0 is automatically satisfied for all ¥’ € [n]\ {i’, j'}.
If the intersection points ((a; A aj) V by) A ax and ((a; A aj) vV bj) A a; are on
the boundary of A, then the polygon B is on one side of (((a; Aaj)V byr) Aaj) vV
(((ai Naj) vV bj) Aay). In this case, we use the conditions (4.3) - (4.3) [k <[] >0
to check whether B is also on one side of the line (((a; Aa;j) Vv by) Aag) V (((a; A
aj) Vv bj) Aap). For an illustration, see Figure 3. [J

We wish to reiterate that the semialgebraic formula for our model in Theo-
rem 4.1 is quantifier-free. It is a finite Boolean combination of polynomial in-
equalities with rational coefficients.
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COROLLARY 4.6. If a rational m x n matrix P has nonnegative rank < 3,
then there exists a nonnegative rank < 3 factorization P = AB where all entries
of A and B are rational numbers.

This answers a question of Cohen and Rothblum in [10] for matrices of nonneg-
ative rank 3. It is not known whether this result holds in general. In Section 6, we
apply Theorem 4.1 to derive the topological boundary and the algebraic boundary
of M. Also, using what follows in Section 5, we shall see how these boundaries
are detected by the EM algorithm.

5. Decomposing the variety of EM fixed points. After this in-depth study
of the geometry of our model, we now return to the fixed points of Expectation—
Maximization on M. We fix the polynomial ring Q[A, R, B] in mr + mn + rn
indeterminates a;k, r;j and by;. Let F denote the ideal generated by the entries of
the matrices A * (R - BT) and B * (AT - R) in (3.3). Also, let C denote the ideal
generated by the entries of R - B” and AT - R. Thus, F is generated by mr + rn
cubics, C is generated by mr + rn quadrics, and we have the inclusion 7 C C. By
Theorem 3.5, the variety V (C) consists of those parameters A, R, B that corre-
spond to critical points for the log-likelihood function €7, while the variety V (F)
encompasses all the fixed points of the EM algorithm. We are interested in the
irreducible components of the varieties V (F) and V(C). These are the zero sets
of the minimal primes of F and C, respectively. More precisely, if F has minimal
primes Fi, F2, ..., Fn, then V(F;) are the irreducible components of V (F), and
V(F) =U; V).

Recall that the matrix R represents the gradient of the log-likelihood func-
tion £y, that is,

G-b R Pij Y aikhibrj

The set of EM-fixed points corresponding to a data matrix U € N"*" is defined
by the ideal 7/ C Q[A, B, A] that is obtained from F by substituting (5.1), clear-
ing denominators, and saturating. Note that V (F') = |J; V(F}). So, studying the
minimal primes J; will help us study the fixed points of EM. A big advantage of
considering F rather than F’ is that F is much simpler. Also, it does not depend
on the data U. This allows a lot of the work in exact MLE using algebraic methods
(as in Example 2.1) to be done in a preprocessing stage.

There are two important points we wish to make in this section:

1. the minimal primes of F have interesting statistical interpretations, and
2. the nontrivial boundaries of the mixture model M can be detected from this.

We shall explain these points by working out two cases that are larger than Exam-
ple 3.6.

Example 3.6 showed that F is not radical but has embedded components. Here,
we focus on the minimal primes F; of F, as these correspond to geometric com-
ponents of V (F). If F; is also a minimal prime of C then F; is a critical prime
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of F. Not every minimal prime of C is a minimal prime of F. For instance, for
m=n=2,r =1, the ideal C is the intersection of the first prime in Example 3.6
and (a1, az1, b11, b12). The latter is not minimal over F. We now generalize this
example:

PROPOSITION 5.1. The ideal C has precisely r 4+ 1 minimal primes, indexed
byk=1,...,r+1:
C + (k-minors of A) + ((m — k + 2)-minors of R)+ ((n — m + k)-minors of B)
ifm=<n,
C + ((m — n + k)-minors of A)+ ((n — k + 2)-minors of R) + (k-minors of B)
ifm>n.
Moreover, the ideal C is radical, and hence, it equals the intersection of its minimal

primes.

We refer to Example A.1 for an illustration of Proposition 5.1. The proof we
give in Appendix A relies on methods from representation theory. The duality
relation (A.2) plays an important role.

We now proceed to our case studies of the minimal primes of the EM fixed
ideal F.

EXAMPLE 5.2. Letm =n =3 and r = 2. The ideal F has 37 minimal primes,
in six classes. The first three are the minimal primes of the critical ideal C, as seen
in Proposition 5.1:

Iy = (ra3r3p — raor33, r13r32 — r12r33, 123131 — 121733, 122131 — 121132,
F13r31 — F11733, F1231 — F11732, 13722 — F'12723, 13721 — 11723,
r12121 — 111722, ba1731 + baor3n + basraz, biira1 + biarsz + biarss,
ba17r21 + baoran + bazraz, biira1 + bioryy + biaras,
ai2r13 + axrz +azrz, ajnriz + axrz + azirisz,
ajari2 +axrn +aznr, airie + axrn + asri,
bairi1 + booria + basriz, biiriy + biariz + biars,

april + axnray +aspriy, apri +azirz1 +asira),

I = (r13r22r31 — r12r23r31 — F13r21132 + r11r23r32 + 11221733 — 111122733,
ba1r31 + baorsn + boarss, biirsy + biarsz + bisrss,
ba11r21 + baoran + bazraz, biira1 + biory + biaras,

apriz +axrys +asprss, ajriz + az1r3 + asiris,
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aior12 +axrn +asnrg, aire + axrn + asri,
ba1ri1 + baoria + basr1z, bririn + biariz + biaris,
aizril + a2y +azrsi, airi +aziran +asirsi,
b13by — b12b23, b13b21 — b11b23, b1obay — b11b22,
asjaxy — a1asy, az|ap — aj1asy, a1y — ai1az),
I3 = (a1, az1, as1, a1z, axn, azy, b1y, b1z, b1z, bay, bz, ba3).
In addition to these three, F has 12 noncritical components like
J1 ={a11, az1, 131,732,133, F13r22 — r12r23, ri3ra1 — riirs,
r12r21 — 11122, ba1ra1 4+ baorao + bozraz, bairi + baoria + basris,
aipr3 + axraz, appri +axrn, appri + axnr),
four noncritical components like
Jo = (a11, az1, az1, ri3rnr3y — riara3r3n — ri3r2ira + rirsr
+ riar21r33 — r11r22r33, bairar + baoran + basras, bayrig
+ booria + byari3, ba1rsy + boorsn + basr3z, ajpriz + axnios
+ aszor3s, aipriz +axnryn +asprin, appri + axnrel + anrii)
and 18 noncritical components like
J3 = (a1, az1, b11, b12, 33, ri3r22r3r — ri2raar3y — ri3rair3 + riirasri,
bo1r31 + baor3n, ba1rat + baoron + ba3raz, barrin + baoriz 4 bazrs,
aiar13 +axias, a1ariz + axnrn + ar, aiprin + axnion +azrsn).

Each of the 34 primes Ji, J2, J3 specifies a face of the polytope ©, as it contains
two, three or four of the parameters a;x, by, and expresses rank constraints on the
matrix R = [r;;].

REMARK 5.3. Assuming the sample size u4 to be known, we can recover
the data matrix U from the gradient R using the formula U = Rx P +u, 4 P. In
coordinates, this says

uij = (rij +uyy) - pij fori € [m], j € [n].
This formula is obtained by rewriting (5.1). Hence, r;; = 0 holds if and only if
pij =u;j/uyy. This can be rephrased as follows. If a minimal prime of F contains

the unknown r;;, then the corresponding fixed points of the EM algorithm maintain
the cell entry u;; from the data.

With this, we can now understand the meaning of the various components in
Example 5.2. The prime /] parametrizes critical points P of rank 2. This represents
the behavior of the EM algorithm when run with random starting parameters in the
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interior of ®. For special data U, the MLE will be a rank 1 matrix, and such
cases are captured by the critical component /5. The components I3 and J> can be
disregarded because each of them contains a column of A. This would force the
entries of that column to sum to 0, which is impossible in ®.

The components J; and J3 describe interesting scenarios that are realized by
starting the EM algorithm with parameters on the boundary of the polytope ®. On
the components Ji, the EM algorithm produces an estimate that maintains one of
the rows or columns from the data U, and it replaces the remaining table of format
2 x 3 or 3 x 2 by its MLE of rank 1. This process amounts to fitting a context
specific independence (CSI) model to the data. Following Georgi and Schliep [21],
CSI means that independence holds only for some values of the involved variables.
Namely, J; expresses the constraint that X is independent of Y given that Y is
either 1 or 2. Finally, on the components J3, we have rank(A) = rank(B) = 2 and
rij = 0 for one cell entry (i, j).

DEFINITION 5.4. Let F = (A % (R - BT), B (AT - R)) be the ideal of EM
fixed points. A minimal prime of F is called relevant if it contains none of the mn
polynomials p;; = >} aikbi;.

In Example 3.6, only the first minimal prime is relevant. In Example 5.2, all
minimal primes besides /3 are relevant. Restricting to the relevant minimal primes
is justified because the EM algorithm never outputs a matrix containing zeros for
positive starting data. Note also that the p;; appear in the denominators in the
expressions (3.1) that were used in our derivation of F.

Our main result in this section is the computation in Theorem 5.5. We provide a
census of EM fixed points for 4 x 4-matrices of rank » = 3. This is the smallest case
where rank can differ from nonnegative rank, and the boundary hypersurfaces (4.3)
appear.

THEOREM 5.5. Let m =n =4 and r = 3. The radical of the EM fixed point
ideal F has 49,000 relevant primes. These come in 108 symmetry classes, listed in
Table 2.

PROOF. We used an approach that mirrors the primary decomposition of bi-
nomial ideals [16]. Recall that the EM fixed point ideal equals

F=(Ax(R-B"), B+ (A" -R))

= <aik (Zrizbkz),bkj (Z rlelk) tkelrlielm], je [n]>-
I=1 =1

Any prime ideal containing F contains either a;x or Y ;_ rijby for any k € [r],
i € [m], and either by; or Y /L, rjjay for any k € [r], j € [n]. We enumerated
all primes containing JF according to the set S of unknowns a;, by; they contain.
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TABLE 2
Minimal primes of the EM fixed ideal F for 4 x 4-matrices of rank 3

Set S IS| a’s bs deg codim rA rB rR rP |orbit|
%) 0 0 0 1 24 0 0 4 0 1
0 0 0 1630 19 1 1 3 1 1
0 0 0 3491 16 2 2 2 2 1
0 0 0 245 15 3 3 1 3 1
{a11} 1 1 0 245 16 3 3 1 3 24
1 1 0 3491 17 2 2 2 2 24
{ai1,a21} 2 2 0 20 17 3 3 1 3 36
2 2 0 245 17 3 3 1 3 36
2 2 0 1460 17 2 3 2 2 36
{a11, az1, a31} 33 0 53 17 33 1 3 24
3 3 0 188 17 2 3 2 2 24
«{aiy,az1,b11,b12}* 4 2 2 245 19 3 3 1 3 108
4 2 2 20 19 3 3 1 3 108 x2
4 2 2 1460 19 2 3 2 2 108 x2
4 2 2 2370 20 2 2 3 2 108
4 2 2 240 19 3 3 2 3 108
{a11,a21,b21,b20} 4 2 2 825 18 3 3 2 3 216
{a11,a21,a31,a41} 4 4 0 689 16 2 3 2 2 6
4 4 0 474 17 1 2 3 1 6
{ai1, a21, a12, ax} 4 4 0 59 17 2 3 2 2 36
4 4 0 9 17 3 3 1 3 36
{ai1,a21,a32,a40} 4 4 0 20 19 3 3 1 3 36 x 2
4 4 0 245 19 3 3 1 3 36
4 4 0 400 18 2 3 2 2 36
{ai1,a21,a31,b11,b12} 5 3 2 474 20 2 2 3 2 144
5 3 2 188 19 2 3 2 2 144
5 3 2 448 19 3 3 2 3 144
5 3 2 53 19 3 3 1 3 144
{a11,a21,a31, b21,b22} 5 3 2 125 18 3 3 2 3 288
{ai1,a21,a32,a42,b31} 5 4 1 723 19 3 3 2 3 144
{ai1,az1,a31,b11,b12,b13} 6 3 3 689 19 3 3 2 3 48
6 3 3 474 20 2 2 3 2 48
{a11. a21, a31, b2y, b2o, o3} 6 3 3 21 18 33 2 3 96
{a11,a21, a3, b1, b2, b33} 6 3 3 2785 20 3 3 3 3 864
*{all,a22,a33,b11,b22,b33}* 6 3 3 9016 21 3 3 4 3 576
6 3 3 245 21 3 3 1 3 576
{ai1,az1,a31,a41,b21, b2} 6 4 2 265 17 2 3 2 2 72
{a11,a21,a12,a22,b11,b12} 6 4 2 592 19 2 3 2 2 432
6 4 2 9 19 3 3 1 3 432
6 4 2 104 19 3 3 2 3 432
{a11,a21,a32,a42,b11,b12} 6 4 2 825 20 3 3 2 3 432
6 4 2 100 20 3 3 2 3 432
6 4 2 400 20 2 3 2 2 432
{a11,a21,a32,a40, b31, b32} 6 4 2 301 19 3 3 2 3 216
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TABLE 2
(Continued)
Set S |S| a’s b’s deg codim rA rB rR rP |orbit|
{ai1, az1.a31,a41,a12, ax} 6 6 0 265 17 2 3 2 2 72
{a11, a1, a31,a12,a22, a3} 6 6 0 35 16 2 3 2 2 24
{ar1,a21,a12, a2, a33,a43} 6 6 0 180 18 2 3 2 2 36
6 6 0 9 19 33 1 3 36
{a11,a21.a31, aq1, b1, baa, 23} 7 4 3 35 017 2 3 2 2 48
{ai1,a21,a31,a42,b11,b12, b33} 7 4 3 557 20 3 3 3 3 576
{ai1,a21,a12,a22,b11, b12, b13} 7 4 3 191 19 3 3 2 3 288
{a11,a21,a32,a42,b11,b12,b13} 7 4 3 140 20 3 3 2 3 288
7 4 3 125 20 3 3 2 3 288
{a11,a21,a32,a42,b11,b12, b33} 7 4 3 835 20 3 3 3 3 864
{a11,a21,a32, a42, b31, b32, b33} 7 4 3 49 19 3 3 2 3 144
*{ayr,ap1,a32,a43,b11, b2, b3z} 7 4 3 3087 21 3 3 4 3 1728
{ai1,a21, 031, a12,a22, b21, b2} 7 5 2 31 19 3 3 2 3 864
{ay1,a21,a31,a12,aa2, b1, b12} 7 5 2 225 20 3 3 2 3 864
{ar1,a21,a12,a32,a43,b11, b0} 7 5 2 1193 21 3 3 3 3 1728
{ai1,a21, 031, a41, b21, b22, D23, boa} 8 4 4 8 15 2 2 3 1 6
{ai1, a21,a31, a41, D21, b2, b33, b34} 8 4 4 8 18 2 3 2 2 36
{a11,a21,a31,a42, b11, b12, D13, D34} 8 4 4 557 20 3 3 3 3 96
{a11,a21,a31,a42,b11,b12, b33, b34} 8 4 4 167 20 3 3 3 3 288
{aj1,az1, a2, ax, biy, b12, b2y, bao} 8 4 4 80 20 2 2 3 2 108
8 4 4 45 19 3 3 2 3 108
{ai1,a21,a12,a22, b11, D12, D23, boa} 8 4 4 9 21 3 3 1 3 216
8 4 4 1024 21 3 2 3 2 216
8 4 4 104 21 3 3 2 3 216x2
8 4 4 592 21 2 3 2 2 216
{a11,a21,a12,a32,b11,b12, b31, b3} 8 4 4 2121 21 3 3 3 3 1728
{ai1,a21,a12,a32,b11,b12, b33, boa} 8 4 4 2125 21 3 3 3 3 864
{ar1,a21,a32,a42,b11,b12, b23, bog} 8 4 4 2125 21 3 3 3 3 108
{ai1,a21,a32,a42,b11, b12, b33, b34} 8 4 4 265 20 3 3 3 3 216
{ar1,a21,a32,a43,b11,b12, b33, b3a} 8 4 4 2205 21 3 3 4 3 432
{ai1, a1, a3z, a43, b11, b2, bo3, b3y} 8 4 4 1029 21 3 3 4 3 864
{ai1, a21,a31, a12, a2, b2y, bao, bz} 8 5 3 35 19 3 3 2 3 576
{ai1,a01,a31,a12,a42,b11,b12,b13} 8 5 3 265 20 3 3 2 3 576
{ay1,a21,a12,a32,a43,b11,b12, b23} 8 5 3 1185 21 3 3 3 3 3456
{ai1, a21,a31, a41,a12, a2z, by, bao} 8 6 2 425 18 2 3 3 2 432
{ai1,a21,a12,a22, a33, a43, b11, b12} 8 6 2 180 20 2 3 2 2 432
8 6 2 45 20 3 3 2 3 432
{ai1, a21,a31, a41,a12, a22,a32, agn} 8 8 0 8 15 1 3 3 1 6
{ai1,a21,a31,a41, a12, a2, as3, aq3} 8 8 0 81 18 2 3 2 2 36
{a11,a21,a31,a12,a22,b11,b12, 023,624} 9 5 4 296 21 3 3 3 3 864
9 5 4 31 21 3 3 2 3 864
{ai1,a21,a31,a12,a42,b11,b12, 621,623} 9 5 4 425 21 3 3 3 3 3456
{a11,a21,a31,a12,a42,b11,b12,b23,b04} 9 5 4 425 21 3 3 3 3 864
{a11,a21,a12,a2,a33,b11,b12,023,b24} 9 5 4 839 21 3 3 3 3 432
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TABLE 2
(Continued)

Set S |S| a’s b’s deg codim rA rB rR rP |orbit|
{a11,a21,a12,a32,a43,b11,b12, D13, bog} 9 5 4 237 21 3 3 3 3 1152
{ai1,a21,a12,a32,a43,b11,b12, b33, bog} 9 5 4 875 21 3 3 3 3 864
{a11,a21,a31,a41,a12, a2, bay, bao, b3} 9 6 3 8 18 2 3 3 2 288
{ai1,a21,a31,a12,a22,a43,b11, b12, b33} 9 6 3 163 21 3 3 3 3 1728
{a11,a21,a12, a2, 033,043, b11, b12, b13} 9 6 3 63 20 3 3 2 3 288
{ai1,a21,a31,a41,a12, a2, a3z, by1, byo} 9 7 2 8 18 2 3 3 2 288
{a11,a21,a31,a12,a20,b11,b12, 013, b21, bog} 10 5 5 425 21 3 3 3 3 1728
{a11,a21,a31,a12,a20,b11,b12,b21, b22, b23} 10 5 5 8 20 3 3 3 3 864
{a11,a21.a31.a12.a42, b11. b12, b13, b21, bog} 10 5 5 425 21 3 3 3 3 864
{ay1,a21,a31,a12,a42,b11,b12,b21, b33, brg} 10 5 5 8 21 3 3 3 3 864
{a11,a21,a31,a12,a22,a32,b11,b12, b21, 022} 10 6 4 8 19 2 3 3 2 144
{a11,a21,a31,a12,a22,a42,b11,b12, b21, b23} 10 6 4 8 21 3 3 3 3 1728
{ay1,a21,a31,a12,a22,a42,b11,b12, b33, brg} 10 6 4 8 21 3 3 3 3 432
{a11,a21,a31,alz,azz,a43,b11,b12,b13,b24} 10 6 4 237 21 33 33 576
{a11,a21,a31,a12,a22,a43, b11, b12, b23, bo4} 10 6 4 175 21 3 3 3 3 864
{ai1,a21,a12,a20,a33,a43,b11,b12, 023, bog} 10 6 4 225 21 3 3 3 3 216
{a11,a21,a31,a41,a12,a22,a32, b1, by2, br3} 10 7 3 8 18 2 3 3 2 192
{a11,a21,a31,a12,a22,a42,b11,b12,b13,b21,b24} 11 6 5 8 21 3 3 3 3 1728
{ai1, a21,a31,a12, ax, a3,

b11,b12,b13, b21, b22, b23} 2 6 6 8 20 2 2 3 2 48
la11, @21, 431, a12, a2, aqn,

b11,b12,b13, 021,022, brg} 12 6 6 8 21 3 3 3 3 432
There are 22* subsets and the symmetry group acts on this power set by replacing A

with BT, permuting the rows of A, the columns of B, and the columns of A and the
rows of B simultaneously. We picked one representative S from each orbit that is
relevant, meaning that we excluded those orbits for which some p;; = Y k—1 qikbk i
lies in the ideal (S). For each relevant representative S, we computed the cellular
component Fs = ((F + (S)): (] S9)°°), where S¢ ={aiy,..., b3} \ S. Note that
Fz = C is the critical ideal. We next minimalized our cellular decomposition by
removing all representatives S such that Fr C Fg for some representative 7 in
another orbit. This led to a list of 76 orbits, comprising 42,706 ideals Fj in total.
For the representative Fg, we computed the set Ass(Fs) of associated primes P.
By construction, the sets Ass(Fg) partition the set of relevant primes of F. The
block sizes |Ass(Fs)| range from 1 to 7. Up to symmetry, each prime is uniquely
determined by its attributes in Table 2. These are its set S, its degree and codimen-
sion, and the ranks rA = rank(A), rB = rank(B), rR = rank(R), rP = rank(P) at
a generic point. Our list starts with the four primes from coming from S = &. See
Example A.1. In each case, the primality of the ideal was verified using a linear
elimination sequence as in [20], Proposition 23(b). Proofs in Macaulay2 code
are posted on our website. [
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Below is the complete list of all 108 classes of prime ideals in Theorem 5.5.
Three components are marked with stars. After the table, we discuss these compo-
nents in Examples 5.6, 5.7 and 5.8.

We illustrate our census of relevant primes for three sets S that are especially
interesting.

EXAMPLE 5.6. Let S = {ai1,az1,b11,b12}. The cellular component Fg
is the ideal generated by S, det(Rgi),det(R), and the entries of the matrices
BBRT, BY(RT)34, RT A2z, (RT)3*A;. In specifying submatrices, upper indices
refer to rows and lower indices refer to columns. The ideal Fy is radical with 7
associated primes, to be discussed in order of their appearance in Table 2. For in-
stance, the prime (1) below has degree 245. The phrase “Generated by” is meant
modulo Fg:

(1) Generated by entries of BRT, AT R, and 2 x 2-minors of R. This gives 60
quadrics.

(2) Generated by entries of AT R, R3*, and 2 x 2-minors of R, A% This gives
19 quadrics.

(2) Mirror image of (2) under swapping A and BT .

(3) Generated by entries of AT R, 2 x 2-minors of A%%, R3*, and 3 x 3-minors
of A, R'23, R'?* This gives 29 quadrics and 10 cubics.

(3’) Mirror image of (3) under swapping A and BT

(4) Generated by 2 x 2-minors of A3 and B?3. This gives 33 quadrics and one
quartic.

(5) Generated by entries of R3j, 2 x 2-minors of R12, R}3, A}3, B3, and 3 x 3-
minors of R. This gives 20 quadrics and 4 cubics.

These primes have the following meaning for the EM algorithm:

(1) The fixed points P = ¢ (A, R, B) given by this prime ideal are those critical
points for the likelihood function ¢y for which the parameters aj1, asi, b11, b2
happen to be 0.

(2) The fixed points P = ¢ (A, R, B) given by this prime ideal have the last
two rows of P fixed and equal to the last two rows of the data matrix U (divided
by the sample size u4). Therefore, the points coming from this ideal are the
maximum likelihood estimates with these eight entries fixed and which factor so
that a1, a1, b1, by are 0.

(3) Since the 3 x 3 minors of A lie in this ideal, we have rank(P) < 2. There-
fore, these fixed points give an MLE of rank 2. This component is the restriction
to V(Fgs) of the generic behavior on the singular locus of V.

(4) On this component, the duality relation in (A.2) fails since rank(P) = 2 but
rank(R) = 3.

(5) The fixed points P = ¢ (A, R, B) given by this ideal have the four entries in
the last 2 rows and last 2 columns of P fixed and equal to the corresponding entries
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in U (divided by u ). Therefore, the points coming from this ideal are maximum
likelihood estimates with those four entries fixed, and parameters a1, az1, b11, b21
being 0.

EXAMPLE 5.7. Let S = {ai1, a»1, a3z, a43, b11, baz, b3z}. The ideal Fg has
codimension 21, degree 3087, and is generated modulo (S) by 20 quadrics and
two cubics. To show that Fg is prime, we use the elimination method of [20],
Proposition 23(b), with the variable x| taken successively to be ra4, 743, 134, a13,
a1, 112, 4, 133, bai, asi, ra1, az1, az;.

The last elimination ideal is generated by an irreducible polynomial of degree 9,
thus proving primality of Fyg.

If we add the relation P = A B to Fs and thereafter eliminate {A, B, R}, we ob-
tain a prime ideal in Q[ P]. That prime ideal has height one over the determinantal
ideal (det(P)). Any such prime gives a candidate for a component in the boundary
of our model M. By matching the set § with the combinatorial analysis in Sec-
tion 4, we see that Figure 5(b) corresponds to V (S). Hence, by Corollary 4.4, this
component does in fact contribute to the boundary d M. This is a special case of
Theorem 6.1 below; see equation (6.2) in Example 6.2.

This component is the most important one for EM. It represents the typical
behavior when the output of the EM algorithm is not critical. In particular, the
duality relation (A.2) fails in the most dramatic form because rank(R) = 4. As
seen in Table 1, this failure is still rare (4.4%) for m = n = 4. For larger matrix
sizes, however, the noncritical behavior occurs with overwhelming probability.

EXAMPLE 5.8. Let S ={ay1, a», as3, b11, bao, b33}. The computation for the
ideal Fs was the hardest among all cellular components. It was found to be radical,
with two associated primes of codimension 21. The first prime has the largest
degree, namely 9016, among all entries in Table 2. In contrast to Example 5.7,
the set S cannot contribute to M. Indeed, for both primes, the elimination ideal
in Q[P] is (det(P)). The degree 9016 ideal is the only prime in Table 2 that has
rank(R) = 4 but does not map to the boundary of the model M. Starting the EM
algorithm with zero parameters in S generally leads to the correct MLE.

6. Algebraic boundaries. In Section 4, we studied the real algebraic geome-
try of the mixture model M for rank three. In this section, we also fix » = 3 and
focus on the algebraic boundary of our model. Our main result in this section is
the characterization of its irreducible components.

THEOREM 6.1. The algebraic boundary 0 M is a pure-dimensional reducible
variety in P =1 All irreducible components have dimension 3m + 3n — 11 and
their number equals

mm—1)(m—-2)(m~+n—6nn—1)(n—2)
2 .
Besides the mn components {p;; = 0} that come from 3 A, 1 there are:

n—+
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(a) 36(%5)(,) components parametrized by P = AB, where A has three zeros in
distinct rows and columns, and B has four zeros in three rows and distinct columns.

(b) 36(’y)(5) components parametrized by P = AB, where A has four zeros
in three columns and distinct rows, and B has three zeros in distinct rows and
columns.

This result takes the following specific form in the first nontrivial case:

EXAMPLE 6.2. For m = n = 4, the algebraic boundary of our model M has
16 irreducible components {p;; = 0}, 144 irreducible components corresponding
to factorizations like

P11 P12 P13 Di4
P21 P22 D23 D24
P31 P32 P33 P34
P41 P42 P43 P44

0 apn a 0 0 by bu

_ | 0 axn '|:b21 by O b24]

az1 azx 0
b3y1 bz b3z O
ay  ag a3

and 144 irreducible components that are transpose to those in (6.1), that is,

P11 P12 P13 P4
P21 P22 P23 P24
P31 P32 P33 P34
P4l P42 P43 P44

0 an an 0 b1z b1z bus

e -|:b21 0 b3 bz4i|-

a1 0 as3
0 b3t by 0 by
as1  an

(6.1)

(6.2)

The prime ideal of each component is generated by the determinant and four poly-
nomials of degree six. These are the maximal minors of a 4 x 5-matrix. For the
component (6.2), this can be chosen as

P11 P12 P13 Di4 0
P21 D22 P23 D24 0
P31 P32 D33 D34 p33(p11p22 — p12p21)

P41 D42 p4a3  pasa pa1(p12p23 — p13p22) + paz(pi1p22 — p12p21)
(6.3)

This matrix representation was suggested to us by Aldo Conca and Matteo Var-
baro.

We begin by resolving a problem that was stated in [24], Section 5, and [25],
Example 2.13.
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PROPOSITION 6.3. The ML degree of each variety (6.1) in the algebraic
boundary dM is 633.

Proposition 6.3 is a first step towards deriving an exact representation of the
MLE function U + P for our model M = @—0—@. As highlighted in Table 1,
the MLE P typically lies on the boundary . M. We now know that this boundary
has 304 = 16 + 144 + 144 strata X, X, ..., X304. If P lies on exactly one of
the strata (6.1) or (6.2), then we can expect the coordinates of P to be algebraic
numbers of degree 633 over the rationals Q. This is the content of Proposition 6.3.
By [24], Theorem 1.1, the degree of P over @ is only 191 if P happens to lie in
the interior of M.

In order to complete the exact analysis of MLE for the 4 x 4-model, we also
need to determine which intersections X;, N --- N X; are nonempty on 9 M. For
each such nonempty stratum, we would then need to compute its ML degree. This
is a challenge left for a future project.

PROOF OF THEOREM 6.1. By Corollary 4.4, an m x n matrix P of rank 3
without zero entries lies on 3 M7 ™" if and only if all triangles A with BC A C A
contain an edge of I3 on one of its edges and a vertex of 13 on all other edges, or
one of its vertices coincides with a vertex of .4 and all other edges contain a vertex
of B. We will write down these conditions algebraically.

The columns of A correspond to the vertices of A, and the columns of B cor-
respond to the convex combinations of the vertices of A that give the columns of
P = AB. If a vertex of A and a vertex of A coincide, then the corresponding col-
umn of A has two 0’s. Otherwise the corresponding column of A has one 0. If a
vertex of B lies on an edge of A, then one entry of B is zero.

We can freely permute the columns of the left m x 3 matrix A of a factoriza-
tion—this corresponds to permuting the rows of the corresponding right 3 x n
matrix B. Thus we can assume that the first column contains two 0’s and/or the
rest of the 0’s appear in the increasing order.

In the first case, there are ('gl) possibilities for choosing the three rows of A
containing 0s, there are 3 choices for the row of B with two 0’s, () possibilities
for choosing the positions for the two 0’s, and (n — 2)(n — 3) possibilities for
choosing the positions of the 0’s in the other two rows of B. In the second case,
there are (5) possibilities for choosing the 0’s in the first column of A and (™, %)
choices for the positions of the 0’s in other columns. There are (’;) choices for the
columns of B containing 0’s and 3! choices for the positions of the 0’s in these
columns. [

The prime ideal in (6.3) can be found and verified by direct computation, for
example, by using the software Macaulay?2 [22]. For general values of m and n,
the prime ideal of an irreducible boundary component is generated by quartics and
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sextics that generalize those in Example 6.2. The following theorem was stated as
a conjecture in the original December 2013 version of this paper. That conjecture
was proved in April 2014 by Eggermont, Horobet and Kubjas [15].

THEOREM 6.4 (Eggermont, Horobet and Kubjas). Letm > 4,n > 3 and con-
sider the irreducible component of 9 M in Theorem 6.1(b). The prime ideal of this
component is minimally generated by (})(,) quartics, namely the 4 x 4-minors
of P, and by (’;) sextics that are indexed by subsets {i, j, k} of {1,2,...,n}. These
form a Grobner basis with respect to graded reverse lexicographic order. The sex-
tic indexed by {i, j, k} is homogeneous of degree e; +e2 + e3 +e; +e¢j + ey inthe
column grading by 7" and homogeneous of degree 2e| + 2e) + e3 + ey in the row
grading by 7".

The row and column gradings of the polynomial ring Q[P] are given by
deg(pij) = e; and deg(p;;) = e; where ¢; and e; are unit vectors in Z™ and Z",
respectively.

EXAMPLE 6.5. If m =5 and n = 6, then our component is given by the
parametrization

pil P12 P13 P4 P15 Pie

P21 P22 P23 P4 P25 P26

P31 P32 P33 P34 P35 P36

DAl P42 P43 Paa P45 P

Psi P52 P53 P54 P55 Ps6
0 app a3
0 ax an 0 b2 b1z bis bis bis

=|ay1 0 a3 '|:b21 0 b3 b bos bze]

ayy agp 0 b1 bz 0 b3y bzs bz
as| asy ass

This parametrized variety has codimension 7 and degree 735 in P?°. Its prime ideal
is generated by 75 quartics and 20 sextics of the desired row and column degrees.

The base case for Theorem 6.4 is the case of 4 x 3-matrices, even though oM =
M N Ay is trivial in this case.

The corresponding ideal is principal, and it is generated by the determinant of
the 4 x 4-matrix that is obtained by deleting the fourth column of (6.3).

The sextics in Theorem 6.4 can be constructed as follows. Start with the poly-
nomial

(a1 Aaz) vbi) Aaz) Vv (((ar Aa2) v b2) Aaa) Vb3

that is given in (4.3). Now multiply this with the 3 x 3-minor b; VV b; \V by of B. The
result has bidegree (6, 6) in the parameters (A, B) and can be written as a sextic
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in P = AB. By construction, it vanishes on our component of 9dM, and it has the
asserted degrees in the row and column gradings on Q[ P]. This is the generator of
the prime ideal referred to in Theorem 6.4.

Theorem 6.1 characterizes the probability distributions in the algebraic bound-
ary of our model, but not those in the topological boundary, since the following
inclusion is strict:

(6.4) AIMCIMN App—i.

In fact, the left-hand side is much smaller than the right-hand side.

To quantify the discrepancy between the two semialgebraic sets in (6.4), we
conducted the following experiment in the smallest interesting case m = n = 4. We
sampled from the component (6.1) of M N Ajs by generating random rational
numbers for the nine parameters a;; and the eight parameters b;;. This was done
using the built-in Macaulay?2 function random (QQ). The resulting matrix in
dM N A5 was obtained by dividing by the sum of the entries. For each matrix,
we tested whether it lies in 3. M. This was done using the criterion in Corollary 6.6.
The answer was affirmative only in 257 cases out of 5000 samples. This suggests
that 3 M occupies only a tiny part of the set 3M N A1s. One of those rare points
in the topological boundary is the matrix

6 13 3 1 01 3
6.5) 41662_104'(3)(1)(2)%
' 12 4 8 12| |4 4 0 1410'
5 9 10 9 4 1 2

To construct this particular example, the parameters a;; and b;; were selected uni-
formly at random among the integers between 1 and 4. Only 1 out of 1000 samples
gave a matrix lying in 0 M. In fact, this matrix lies on precisely one of the 304
strata in the topological boundary 0. M.

We close this paper with a quantifier-free semialgebraic formula for the topo-
logical boundary.

COROLLARY 6.6. An m x n-matrix P lies on the topological boundary 0 M
if and only if:

e the conditions of Theorem 4.1 are satisfied, and

e P contains a zero, or rank(P) = 3 and for each i, j,i’, j' for which the
conditions of Theorem 4.1 are satisfied there exist k, [ such that (4.3) - (4.3) [k <
1=0.

This corollary will be derived (in Appendix A) from our results in Section 4.
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APPENDIX A: PROOFS

This appendix furnishes the proofs for all lemmas, propositions and corollaries
in this paper.

PROOF OF LEMMA 3.3. (3) = (2): If (A, A, B) remains fixed after one com-
pletion of the E-step and the M-step, then it will remain fixed after any number of
rounds of the E-step and the M-step.

(2) = (3): By the proof of [31], Theorem 1.15, the log-likelihood function £,
grows strictly after the completion of an E-step and an M-step unless the param-
eters (A, A, B) stay fixed, in which case £y also stays fixed. Thus, the only way
to start with (A, A, B) and to end with it is for (A, A, B) to stay fixed after every
completion of an E-step and an M-step.

(2) = (1): If (A, A, B) is the limit point of EM when we start with it, then
it is in the set of all limit points. This argument is reversible, and so we also get
(H=2),3). O

PROOF OF LEMMA 4.3.  The if-direction of the first sentence follows from the
following two observations: 1. The function that takes P € RZJ" to the vertices
of B is continuous on all m X n nonnegative matrices without zero columns, since
the vertices of B are of the form P/ /P, j» where P ; denotes the jth column sum
of P. 2. The function that takes P € RZ ;" to the vertices of A is continuous on
all m x n nonnegative matrices of rank r, since the vertices of .4 are solutions to a
system of linear equations in the entries of P.

For the only-if-direction of the first sentence assume that P lies in the interior
of M,. Each P’ of rank r in a small neighborhood of P has nonnegative rank r.
We can choose P’ in this neighborhood such that the columns of P’ are in span(P)
and cone(P’) =t - cone(P) for some ¢ > 1. Since P’ has nonnegative rank r, there
exists an (r — 1)-simplex A such that B/ € A’ C A. Hence, B is contained in
the interior of A’. Finally, the second sentence is the contrapositive of the first
sentence. [

PROOF OF COROLLARY 4.4. The if-direction follows from the second sen-
tence of Lemma 4.3. For the only-if-direction, assume that P € d M3 and it con-
tains no zeros. We first consider the case rank(P) = 3. By Lemma 4.3, every tri-
angle A with B C A C A contains a vertex of B on its boundary. Moreover, by
the discussion above, every edge of A contains a vertex of B, and (a) or (b) must
hold. It remains to be seen that rank(P) < 2 is impossible on the strictly positive
part of the boundary of M3. Indeed, for every rank 3 matrix P’ in a neighborhood
of P, the polygons A’, B’ have the property that B’ is very close to a line segment
strictly contained in the interior of A". Hence, 15/ € A € A’ for some triangle A.
Thus, P’ ¢ 0. M3 and, therefore, P ¢ dM3. [
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PROOF OF COROLLARY 4.5. The if-direction is immediate. For the only-if
direction, consider any P € M3. If P € d. M3, then the only-if-direction follows
from Corollary 4.4. If P lies in the interior of M3, then let # be maximal such
that 18 C A’ C A for some triangle A’. Then either a vertex of A’ coincides with
a vertex of A or an edge of A’ contains an edge of ¢15. In the first case, we take
A = A’. In the second case, we take A = %A’ . In the first case, a vertex of A
coincides with a vertex of A, and in the second case, an edge of A contains an
edge of B. [J

PROOF OF COROLLARY 4.6. If P has a nonnegative factorization of size 3,
then it has one that corresponds to a geometric condition in Corollary 4.5. The left
matrix in the factorization can be taken to be equal to the vertices of the nested
triangle, which can be expressed as rational functions in the entries of P. Finally,
the right matrix is obtained from solving a system of linear equations with rational
coefficients, hence its entries are again rational functions in the entries of P. [J

PROOF OF PROPOSITION 5.1.  Consider the sequence of linear maps

T T
(A.1) R 2L g B g AL R

The ideal C says that the two compositions are zero. It defines a variety of com-
plexes [27], Example 17.8. The irreducible components of that variety correspond
to irreducible rank arrays [27], Section 17.1, that fit inside the format (A.1) and
are maximal with this property. By [27], Theorem 17.23, the quiver loci for these
rank arrays are irreducible and their prime ideals are the ones we listed. These can
also be described by lacing diagrams [27], Proposition 17.9.

The proof that C is radical was suggested to us by Allen Knutson. Consider
the Zelevinski map [27], Section 17.2, that sends the triple (AT, R, BT) to the
r+m+n+r)x (r+m+n+r) matrix

0 0 BT 1
0 R 1 0
AT 1 0 o0
1 0 0 O

Next, apply the map that takes this matrix to the big cell (the open Borel orbit) in
the flag variety G L (2r + m + n)/ parabolic(r, m, n, r) corresponding to the given
block structure.

Our scheme is identified with the intersection of two Borel invariant Schubert
varieties. The first Schubert variety encodes the fact that there are 0’s in the North
West block, and the (r +n + m) x (r + m) North West rectangle has rank < m.
The second Schubert variety corresponds to the (r 4+ n) x (r + m + n) North West
rectangle having rank < n. The intersection of Schubert varieties is reduced by [9],
Section 2.3.3, page 74. Hence, the original scheme is reduced, and we conclude
that C is the radical ideal defining the variety of complexes (A.1). O
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The following relations hold for P = AB and R on the variety of critical
points V(C):
(A.2) PT.R=0 and R-PT=0.

These bilinear equations characterize the conormal variety associated to a pair of
determinantal varieties. Suppose P is fixed and has rank r. Then P is a nonsingular
point in V, and (A.2) is the system of linear equations that characterizes normal
vectors Rto )V at P.

EXAMPLE A.1. Letm =n =4 and r = 3. Then C has four minimal primes,
corresponding to the four columns in the table below. These are the ranks for
generic points on that prime:

rank(A) =0, rank(A) =1, rank(A) = 2, rank(A) = 3,
rank(R) =4, rank(R) = 3, rank(R) = 2, rank(R) =1,
rank(B) =0, rank(B) =1, rank(B) =2 rank(B) = 3.

The lacing diagrams that describe these four irreducible components are as fol-
lows:

*—e *—e *—e *—e
o o—o o o o—o o o o—o o *—eo o6—o
o o—o o o o—o o *—o oo *—eo oo
e o—o o —e oo —eo o—o —eo o—o

For instance, the second minimal prime is C + (2 x 2-minors of A and B) +
(det(R)).

Note that the ranks of P = AB and R are complementary on each irreducible
component. They add up to 4. The last component gives the behavior of EM for
random data: the MLE P has rank 3, it is a nonsingular point on the determinantal
hypersurface V, and the normal space at P is spanned by the rank 1 matrix R. This
is the duality (A.2). The third component expresses the behavior on the singular
locus of V. Here, the typical rank of both P and R is 2.

PROOF OF PROPOSITION 6.3. Let f, g1, g2, g3, g4 denote the 4 x 4 minors
of the matrix (6.3), where deg(f) =4 and deg(g;) = 6. Fix i € {1, 2, 3, 4}, select
uit,...,us4 € Nrandomly, and set

Ui U2 U44
P11 P12 D44
A3 L=
(A-3) p11df/opn1  p12df/opi2 -+ paadf/0paa
P110gi/dp11  p120gi/Op12 -+ pa408i/0pas

This is a 4 x 16 matrix. Let A1 and A, be new unknowns and consider the row
vector

(A4) [1 —uy A1 Ap]-L.
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Inside the polynomial ring Q[p;;, Ax] with 20 unknowns, let I denote the ideal
generated by {f, g1, g2, g3, g4}, the 16 entries of (A.4), and the linear polynomial
pi1 + p12 + -+ + pag — 1. Thus, I is the ideal of Lagrange likelihood equations
introduced in [23], Definition 2. Gross and Rodriguez [23], Proposition 3, showed
that / is a O-dimensional radical ideal, and its number of roots is the ML degree
of the variety V (f, g1, 82, 83, g4). We computed a Grébner bases for I using the
computer algebra software Magma [8]. This computation reveals that V (/) con-
sists of 633 points over C. [

PROOF OF COROLLARY 6.6. A matrix P has nonnegative rank 3 if and only
if the conditions of Theorem 4.1 are satisfied. Assume rank(P) = 3. By Corol-
lary 4.4, a matrix P € M lies on the boundary of M if and only if it contains a
zero or for any triangle A with B C A C A every edge of A contains a vertex of
B and (a) or (b) holds. By proof of Theorem 4.1, the latter implies that for each
i, j,i’, j’ for which the conditions of Theorem 4.1 are satisfied there exist k, [ such
that (4.3) - (4.3) [k <> [] = 0. On the other hand, if P lies in the interior of M75 ",
then by the proof of Corollary 4.5, the following holds: there exists a triangle A
with a vertex coinciding with a vertex of A or with an edge containing an edge
of B, and such that the inequality (4.3) - (4.3) [k <> [] > 0 holds for all k, [ in the
corresponding semialgebraic condition. [

APPENDIX B: BASIC CONCEPTS IN ALGEBRAIC GEOMETRY

This appendix gives a synopsis of basic concepts from algebraic geometry that
are used in this paper. It furnishes the language to speak about solutions to poly-
nomial equations in many variables.

B.1. Ideals and varieties. Let R = K[xq, ..., x,] be the ring of polynomials
in n variables with coefficients in a subfield K of the real numbers R, usually the
rational numbers K = Q. The concept of an ideal [ in the ring R is similar to the
concept of a normal subgroup in a group.

DEFINITION B.1. A subset I € R is an ideal in R if I is an subgroup of R
under addition, and for every f € I and every g € R we have fg € I. Equiva-
lently, an ideal [/ is closed under taking linear combinations with coefficients in
the ring R.

Let T be any set of polynomials in R. Their set of zeros is called the variety
of T. It is denoted
V(T)={PeC":f(P)=0forall feT}.

Here, we allow zeros with complex coordinates. This greatly simplifies the study
of V(T) because C is algebraically closed, that is, every nonconstant polynomial
has a zero.
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The ideal generated by T, denoted by (T'), is the smallest ideal in R contain-
ing T. Note that

V(T)=V({T)).

In computational algebra, it is often desirable to replace the given set T by a Grob-
ner basis of (T). This allows us to test ideal membership and to determine geo-
metric properties of the variety V (T').

DEFINITION B.2. A subset X C C" is a variety if X = V(T') for some subset
T CR.

Hilbert’s basis theorem ensures that here 7 can always be chosen to be a finite
set of polynomials. The concept of variety allows us to define a new topology
on C”". It is coarser than the usual topology.

DEFINITION B.3. We define the Zariski topology on C" by taking closed sets
to be the varieties and open sets to be the complements of varieties. This topology
depends on the choice of K.

If K =Q, then X = {++/2, —v/2} is a variety (for n = 1) but ¥ = {++/2} is
not a variety. Indeed, X =Y is the Zariski closure of Y, that is, it is the smallest
variety containing Y, because the minimal polynomial of +/2 over Q is x2 — 2.
Likewise, the set of 1618 points in Example 2.2 is a variety in C2. It is the Zariski
closure of the four points on the topological boundary on the left in Figure 2. The
following proposition justifies the fact that the Zariski topology is a topology.

PROPOSITION B.4. Varieties satisfy the following properties:

1. The empty set & = V(R) and the whole space C" = V ({0)) are varieties.
2. The union of two varieties is a variety:

vihuv)y=vd-J)y=vunl).
3. The intersection of any family of varieties is a variety:

(\VU)=V({;:ie)).

iel
Given any subset X C C" (not necessarily a variety), we define the ideal of X
by
I(X)={feR:f(P)=0forall P € X}.

Thus, 1(X) consists of all polynomials in R that vanish on X. The Zariski closure
X of X equals

X =V((X)).
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B.2. Irreducible decomposition. A variety X C C" is irreducible if we can-
not write X = X1 U X», where X1, X» C X are strictly smaller varieties. An ideal
I C R is prime if fg e I implies f € I or g € I. For instance, I({£+/2}) =
(x? —2) is a prime ideal in Q[x].

PROPOSITION B.5. The variety X is irreducible if and only if 1 (X) is a prime
ideal.

An ideal is radical if it is an intersection of prime ideals. The assignment X +—
I1(X) is a bijection between varieties in C" and radical ideals in R. Indeed, every
variety X satisfies V(I (X)) = X.

PROPOSITION B.6. Every variety X can be written uniquely as X = X U
XoU---UXy,, where X1, X2, ..., X;, are irreducible and none of these m com-
ponents contains any other. Moreover,

IX)=1(X)NI(X2) N0 T(Xp)

is the unique decomposition of the radical ideal I (X) as an intersection of prime
ideals.

For an explicit example, with m = 11, we consider the ideal (3.4) with the last
intersectand removed. In that example, the EM fixed variety X is decomposed into
11 irreducible components.

All ideals I in R can be written as intersections of primary ideals. Primary
ideals are more general than prime ideals, but they still define irreducible varieties.
A minimal prime of an ideal [ is a prime ideal J such that V (J) is an irreducible
component of V (I). See [32], Chapter 5, for the basics on primary decomposition.

DEFINITION B.7. Let I € R be an ideal and f € R a polynomial. The satu-
ration of I with respect to f is the ideal

(I:f*)=(geR:gf* eI for some k > 0).

Saturating an ideal / by a polynomial f geometrically means that we obtain a
new ideal J = (I : f°°) whose variety V (J) contains all components of the variety
V(1) except for the ones on which f vanishes. For the more on these concepts
from algebraic geometry we recommend the text [11].

B.3. Semialgebraic sets. The discussion above also applies if we consider
the varieties V(7T') as subsets of R” instead of C". This brings us to the world of
real algebraic geometry. The field R of real numbers is not algebraically closed, it
comes with a natural order, and it is fundamental for applications. These features
explain why real algebraic geometry is a subject in its own right. In addition to the
polynomial equations we discussed so far, we can now also introduce inequalities.
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DEFINITION B.8. A basic semialgebraic set X C R" is a subset of the form
X={PeR": f(P)=0forall f €T and g(P)>0forall g €S},

where S and T are finite subsets of R. A semialgebraic set is a subset X C R” that
is obtained by a finite sequence of unions, intersections and complements of basic
semialgebraic sets.

In other words, semialgebraic sets are described by finite Boolean combinations
of polynomial equalities and polynomial inequalities. For basic semialgebraic sets,
only conjunctions are allowed. For example, the following two simple subsets of
the plane are both semialgebraic:

X={(x,y)eR?*:x>0andy >0} and
Y={(x,y)e]R2:x200ry20}.

The set X is basic semialgebraic, but Y is not. All convex polyhedra are semialge-
braic. A fundamental theorem due to Tarski states that the image of a semialgebraic
set under a polynomial map is semialgebraic. Applying this to the map (2.2), we
see that the model M is semialgebraic. The boundary of any semialgebraic set is
again semialgebraic. The formulas in Theorem 4.1 and Corollary 6.6 make this
explicit. For more on semialgebraic sets and real algebraic geometry, see [5].
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