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Abstract

Algebraic Methods for Evaluating Integrals
in Bayesian Statistics

by
Shaowei Lin
Doctor of Philosophy in Mathematics
University of California, Berkeley

Professor Bernd Sturmfels, Chair

The accurate evaluation of marginal likelihood integrals is a difficult fundamental problem in
Bayesian inference that has important applications in machine learning and computational
biology. Following the recent success of algebraic statistics [16,41,43] in frequentist inference
and inspired by Watanabe’s foundational approach to singular learning theory [58], the goal
of this dissertation is to study algebraic, geometric and combinatorial methods for computing
Bayesian integrals effectively, and to explore the rich mathematical theories that arise in this
connection between statistics and algebraic geometry. For these integrals, we investigate their
exact evaluation for small samples and their asymptotics for large samples.

According to Watanabe, the key to understanding singular models lies in desingularizing
the Kullback-Leibler function K (w) of the model at the true distribution. This step puts the
model in a standard form so that various central limit theorems can be applied. While general
algorithms exist for desingularizing any analytic function, applying them to non-polynomial
functions such as K (w) can be computationally expensive. Many singular models are however
represented as regular models whose parameters are polynomial functions of new parameters.
Discrete models and multivariate Gaussian models are all examples. We call them regularly
parametrized models. One of our main contributions is showing how this polynomiality can
be exploited by defining fiber ideals for singular models and relating the properties of these
algebraic objects to the statistics. In particular, we prove that a model is put in standard
form if we monomialize the corresponding fiber ideal. As a corollary, the learning coefficient
of a model is equal to the real log canonical threshold (RLCT) of the fiber ideal.

While complexr log canonical thresholds are well-studied in algebraic geometry, little is
known about their real analogs. In Chapter 4, we prove their fundamental properties and
simple rules of computation. We also extend Varchenko’s notion [54] of Newton polyhedra
and nondegeneracy for functions to ideals. Using these methods, we discover a formula for
the RLCT of a monomial ideal with respect to a monomial amplitude. For all other ideals,
this formula is an upper bound for their RLCT. Our tools are then applied to a difficult
statistical example involving a naive Bayesian network with two ternary random variables.



Because our statistical models are defined over compact semianalytic parameter spaces
2, we need to extend standard asymptotic theory [3] of real analytic functions over neigh-
borhoods of the origin to functions over domains like €2. Chapter 3 summarizes these results
which are critical for other proofs in this dissertation. We also give explicit formulas for the
full asymptotic expansion of a Laplace integral over () in terms of the Laurent coefficients
of the associated zeta function. In Chapter 5, we apply these formulas to Laplace integrals
Z(n) with nondegenerate phase functions, and describe algorithms for computing the coeffi-
cient C'in the first term asymptotics Z(n) ~ Cn~*(logn)?~!. Procedures for calculating all
higher order coefficients are also developed and explained.

Watanabe’s treatment of singular models assumes knowledge of the true distribution. In
this dissertation, we also explore marginal likelihood integrals of exponential families given
data where the true distribution is unknown. This is the context in which Schwarz [48],
Haughton [27] and Geiger and Rusakov [45] studied the Bayesian Information Criterion
(BIC). We find here that the log likelihood ratio of the data is equal to the Kullback-Leibler
function of the model at the maximum likelihood distribution. Therefore, all the methods
we developed for Kullback-Leibler functions apply, so we describe how to compute the full
asymptotics of the marginal likelihood integral by monomializing the associated fiber ideal.

Lastly, to complement developments in asymptotic estimation as well as in Markov Chain
Monte Carlo (MCMC) estimation, we present, in Chapter 2, symbolic algorithms for comput-
ing marginal likelihood integrals exactly for discrete data of small samples. The underlying
statistical models are mixtures of independent distributions, or, in geometric language, secant
varieties of Segre-Veronese varieties. For these models, the numerical value of the integral
is a rational number, and exact evaluation means computing that rational number rather
than a floating point approximation. These exact results provide a gold standard with which
approximation methods can be compared.



To my Brother



11

Contents
Acknowledgments iv
1 Integrals in Bayesian Statistics 1
1.1 Model Selection . . . . . . . ... 2
1.1.1 Maximum Likelihood . . . . . . . . . ... ... 0 3
1.1.2 Marginal Likelihood . . . . . .. ... . ... ... .. .. ... 3
1.1.3 Cross Validation . . . .. .. ... ... ... 4
1.2 Regular and Singular Models . . . . . . . . .. .. ... 0L 5
1.3 Model Asymptotics . . . . . . . .. 8
1.3.1 Bayesian Information Criterion . . . . .. .. .. ... ... ... .. 8
1.3.2  Singular Learning Theory . . . . . . . .. .. ... ... ... .... 9
1.4 TImportant Classes of Models . . . . . . . . . . ... ... .. ... .. .... 13
1.4.1 Discrete Models . . . . . . . . .. 13
1.4.2  Multivariate Gaussian Models . . . . . . .. ... ... ... ... 14
1.4.3 Exponential Families . . . . . . .. ... ... ... ... ... ... 14
1.4.4 Graphical Models . . . . . .. ... o 16
1.4.5 Mixtures of Independence Models . . . . . .. ... ... ... ... .. 17
1.5 Regularly Parametrized Models . . . . . . . ... ... ... L. 22
1.5.1 Fiber Ideals . . . . . . . . .. 23
1.5.2 Real Log Canonical Thresholds . . . . .. .. ... ... ... .... 25
1.5.3 Desingularizing the Kullback-Leibler Function . . . . . . . .. .. .. 26
1.6 Marginal Likelihood of Exponential Families . . . . . .. .. ... ... ... 30
2 Exact Evaluation 38
2.1 Independence Models and their Mixtures . . . . . . . ... .. ... .. ... 39
2.2 Summation over a Zonotope . . . . . ... ..o 41
2.3 Algorithms . . . . . . . .. 46
2.3.1 Ignoranceis Costly . . . . . .. .. . ... ... 46
2.3.2 Symbolic Expansion of the Integrand . . . . . . . .. ... ... ... 47
2.3.3 Storage and Evaluation of ¢4(b,U) . . . . . .. .. ... ... ... . 48

2.3.4 Limitations and Applications . . . . . . ... ... L. 49



2.4 Back to Bayesian Statistic

3 Asymptotic Theory
3.1 Resolution of Singularities

s

3.2 Zeta Functions . . . . . . . . ..
3.2.1 Monomialization . . . . . . ... ...
3.2.2 Localization . . . . . . . . . ...
3.2.3 Comparability of Phase Functions . . . . . . .. ... ... ... ...
3.2.4 Boundary of Domain of Integration . . . . . . . ... ... ... ...
3.2.5 Deepest Singularities . . . . . . ... Lo Lo
3.3 Laplace and Mellin Transforms . . . . . . . . ... ... ... ... ... ..
3.4 Asymptotic Expansion . . . . .. ... ..o
4 Real Log Canonical Thresholds
4.1 Fundamental Formulas . . . . . . . .. ... ... ... . ... . ...
4.1.1 Equivalent definitions . . . . . . . . ... ..o
4.1.2 Choice of Generators . . . . . . . .. . ...
4.1.3 Sum, Product and Chain Rules . . . . . ... ... ... .......
4.2 Newton Polyhedra . . . . . . . . . . ...
4.2.1 Nondegeneracy . . . . . . . . . . .o
4.2.2 Toric Resolutions . . . . . . . . . ... ... .
4.2.3 Monomial Ideals . . . . . . ... .o
4.3 Applications to Statistical Models . . . . . . . ... ... ... ...
5 Higher Order Asymptotics
5.1 Sum, Product and Chain Rules . . . . . ... .. .. ... ... .......

5.2 Leading Coefficient . . .
5.3 Higher Order Coefficients

Bibliography

111

52

57
58
61
61
63
64
65
66
66
67

69
70
70
71
72
74
74
78
79
81

91
92
95
98

105



v

Acknowledgments

First and foremost, I want to thank my advisor, Bernd Sturmfels, for inspiring me to pursue
this research topic. Through the years, he taught by example what it means to be a successful
researcher. I learned to always ask good questions and to always ask for help. I also want to
thank his family for being like a family to me in Berlin and in Berkeley.

Second, I am grateful to two great statisticians, Sumio Watanabe and Mathias Drton,
who were very patient in imparting their insights on this subject area. Watanabe taught me
to approximate Kullback-Leibler functions with sums of squares, while Drton inspired me
to extend my results for discrete models to regularly parametrized models. Thank you for
being so generous with your ideas, advice and encouragement.

Third, I am thankful for Zhigiang Xu, who was a co-author on one of my paper. I enjoyed
the many hours we spent coding and discussing problems in Berlin and in Beijing.

I want to thank my committee members Lior Pachter and Yun S. Song for organizing
memorable classes, attending my qualifying exam, and taking time to read this thesis.

Special thanks go to Christine Berkesch, Nero Budur, Anne Frithbis-Kriiger, Luis Garcia-
Puente, Anton Leykin, Robin Pemantle, Josef Schicho, Zach Teitler and Piotr Zwiernik for
teaching me so much. I am also grateful to Morgan Brown, Dustin Cartwright, Maria Cueto,
Jests De Loera, Daniel Erman, Alex Fink, Christopher Hillar, Edward Kim, Matthias Koéppe,
Jiawang Nie, Luke Oeding, Philipp Rostalski, Raman Sanyal, Caroline Uhler and Cynthia
Vinzant for all the enlightening discussions.

Of course, my PhD would not be possible without funding and guidance from the Agency
for Science, Technology and Research (A*STAR), Singapore. I am also indebted to the UC
Berkeley Mathematics Department and to MSRI for the many opportunities to grow.

In my personal life, few people have given me as much encouragement and support as
Diogo Oliveira e Silva, Dewen Soh, Jeremy Chan, my sister Qianwen and my loving parents.
Thank you for believing in me!

To my wonderful fiancée and best friend Cynthia Yu: nobody knows what goes on behind
the scenes besides you. Thank you for holding my hands in this journey.

To Father God, Jesus and Holy Spirit: thank you for never letting go. You have opened
my eyes to see. Thank you for setting me free to play, to dream and to fly.



Chapter 1

Integrals in Bayesian Statistics

Bayesian statistics is foundational in applications such as machine learning and compu-
tational biology. A fundamental problem in Bayesian statistics is the accurate evaluation of
integrals. This chapter is an introduction to some of the theory that has developed around
this problem, and a summary of the major contributions in this dissertation. As a start, in
Section 1.1, we survey some of the integrals which arise in this field, while in Section 1.4 we
review some important classes of models used in this dissertation.

We will primarily be interested in two kinds of integrals. The first has the form

/ pr(w)™ - p(w)* dw
Q

where Q C R? is a polytope, the p;(w) are polynomials in w = (wy,...,wy) and the u; are
integers. In Chapter 2, we study efficient algorithms for computing this integral exactly for
a special class of discrete statistical models.

The second kind of integrals has the form

Z(n) :/Qe_”f(”)ap(w)dw

where 2 C R? is a compact semianalytic subset, and f(w) and ¢(w) are real analytic func-
tions. We will be interested in estimating this integral for large n, where n usually refers to
the sample size. The asymptotics of such integrals is well understood for regular statistical
models, but little was known for singular models until a breakthrough in 2001 due to Sumio
Watanabe [57]. His insight was to put the model in a suitable standard form by employing
the technique of resolution of singularities from algebraic geometry. To this standard form,
various central limit theorems can be applied. We briefly describe the basic ideas behind his
results in Sections 1.2 and 1.3.

Watanabe’s work provided the theoretical foundation for understanding singular models,
but applying this theory proved to be challenging computationally. The main difficulty lies
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in finding resolutions of singularities for Kullback-Leibler functions which are real analytic
log integrals. Our largest contribution to these developments is providing effective algebraic
tools for this computation. We show that for a very general class of models known as regularly
parametrized models, instead of desingularizing the Kullback-Leibler function, we only need
to monomialize an associated ideal of polynomials called the fiber ideal. Parametrized discrete
models, multivariate Gaussian models and graphical models are all examples of regularly
parametrized models, so our methods are widely applicable. We summarize our main results
in Section 1.5. We show that the learning coefficient of a model equals the real log canonical
threshold of the fiber ideal. Through this exploration, we uncover many algebraic, geometric
and combinatorial results which are interesting mathematically in their own right.

In studying singular models, Watanabe was primarily interested in their behavior for
large sample sizes while assuming knowledge of the true distribution. For instance, in one
of his main theorems, he computes the asymptotics of the expected log marginal likelihood
integral. Meanwhile, in many practical situations, the true distribution is unknown but we
are given large-sample data and we want to estimate the corresponding marginal likelihood
integral. In Section 1.6, we study this scenario for exponential families and show that their
marginal likelihood integrals have a connection to Kullback-Leibler functions of models over
some true distribution. This allows us to apply our results from Section 1.5. In particular,
we prove that for regularly parametrized models, under some conditions, the asymptotics
of their likelihood integrals can be computed by monomializing the associated fiber ideals.
Using this approach, we will be able to compute higher order asymptotics of the integrals,
using formulas from Chapter 5.

1.1 Model Selection

The fundamental problem in statistical learning theory is choosing a statistical model that
best describes the given data. More precisely, let X be a random variable with state space
X, and let x1, 29, ..., 2y be N independent random samples of X. A statistical model M on
X is a family of probability distributions on X parametrized by a space 2. The distribution
corresponding to w € 2 is denoted by p(x|w, M)dz. In this dissertation, X will either be a
discrete space [k] := {1,2,...,k} or a real vector space R¥, while 2 will be compact subset of
R?. Now, given the data z1, ..., zy, we select the “best” model by computing a criterion or
score for each model, and picking the model that maximizes this criterion. Different criteria
exist for different frameworks and purposes. We examine some important ones below.
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1.1.1 Maximum Likelihood

The frequentist approach is to compute the maximum likelihood

N
max p(ry, ..., 2y lw, M) = max Hp(xiku, M) (1.1)
as a criterion for each model M, and a parameter w* € ) which achieves this optimal value
is known as a mazimum likelthood estimate. The idea behind this approach is to find among
all the models a distribution that is mostly likely to produce the given data.

Techniques for attacking such optimization problems are studied intensively in statistics.
A common numerical technique used, especially for graphical models (see Section 1.4.4), is
the Expectation-Maximization (EM) algorithm [14,56]. In recent years, algebraic techniques
for solving this problem are also being explored in the fast-growing field of algebraic statistics.
For example, Grobner bases methods are being used to solve the Lagrange equations for the
maximum likelihood estimates [16,30,41].

1.1.2 Marginal Likelihood

The Bayesian approach is to pick the model which maximizes the posteriori probability

p(z1,..., x5, M)

p(z1,...,xN)

p(M|:E1,...,xN) - (8 p(xla"‘vayM)'

In this approach, we often assume that there is prior distribution p(w|M)dw on 2, and that
each model M is assigned a prior probability p(M). Then,

p(l’l, s 7[L'N,M) :p(M>p(I17 s ,CCNlM)

where p(z1,...,xy|M) is the marginal likelihood integral
N
/p(:cl, - oy |w, M) p(wM)dw = / [ p(zilw, M) p(w| M)dw. (1.2)
Q € =1

Here, we integrate with respect to the measure prescribed by the prior p(w|M)dw. In this
dissertation, dw is often the standard Lebesgue measure on a subset Q C R? Computa-
tionally, the greatest difficulty lies in evaluating this integral. To approximate this integral
numerically, statisticians often use Markov chain Monte Carlo (MCMC) methods. One ma-
jor goal of this dissertation is to study how algebraic methods can be employed to evaluate
or approximate this integral efficiently. In so doing, we hope to expand the scope of algebraic
statistics from the study of derivatives in the frequentist approach to that of integrals in the
Bayesian approach. Some of these algebraic methods include lattice point enumeration in
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polytopes, resolution of singularities, and toric geometry. We will describe them in detail in
the coming chapters.

There is a strong relationship between the maximum likelihood and the marginal likeli-
hood integral. Fixing the sample size N and data x1,..., 2y, we define the log likelihood

N
1
— 2 logp(uilw, M)
=1

and consider the function
L(n) = / e ™) p(w| M) dw (1.3)
Q

where n is a positive integer. Then, the marginal likelihood integral (1.2) equals L(N). Now,
with some mild assumptions on f, p(w|M) and €2, we can show that asymptotically

L(n) ~ C-(e7™)".n"*(logn)’!
as n — oo (see Chapter 3). Here, C € R, \ € Q, 0 € Z are positive constants, and

fo = min f(w).

Thus, (e~/0)" is the maximum likelihood (1.1) from the frequentist approach, so this number
is a good first approximation of the marginal likelihood integral from the Bayesian approach.
We discuss how this approximation can be improved in Section 1.3.

Generally, computing the maximum likelihood involves understanding the zero set

cQ: 0

wea:Lw=0)
while computing the marginal likelihood integral involves understanding the behavior of the
function f in a sufficiently small neighborhood of this zero set via resolution of singularities.

As a result, the algebraic methods for studying this neighborhood is fundamentally different
from that of earlier investigations in algebraic statistics [16, 30, 41].

1.1.3 Cross Validation

A Bayesian technique for estimating the distribution of X uses the predictive distribution

| ptato ) Hpmw Pl M)
/] Hpmw P M)d

p(z|ry, ..., on, M) =
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Assuming that we have new data xy.y1,..., Ty, We can then test our predictive distribu-
tion against this data by computing the likelihood

M

p(TNt1y - TNeMm|T, - N, M) = Hp(a:i+N|:L’1, TN, M) (1.4)
i=1

and picking the model that minimizes this likelihood.

Cross validation is a model selection method that capitalizes on this principle. The given
data is randomly partitioned into two sets. The first set, called the training set, allows us to
produce a predictive distribution for each model M. Meanwhile, the second set, called the
validation set, is used for computing the likelihood (1.4) as a selection criterion.

Given two models M7 and M such that M; is a subset of Ms, the maximum likelihood
criterion always selects the more complex model M. This is a problem known as overfitting,
because ideally, we want the simplest model that describes the data well. Cross validation
overcomes this problem, penalizing overfitted models by requiring a good fit with the val-
idation set. The marginal likelihood approach also overcomes this problem, since integrals
over higher dimensional parameter spaces suffer larger penalties (see Section 1.3).

1.2 Regular and Singular Models

In statistical learning theory, it is important to have a measure of how far apart two proba-
bility distributions are. Given two distributions ¢(x)dz and p(z)dz on a space X', we define
the Kullback-Leibler divergence K(q||p) from ¢ to p to be the integral

K(qllp) = /X o() log%dx.

When X is a finite discrete space, the distributions ¢(x)dx and p(x)dx are discrete measures
and this integral becomes the finite sum

K(glp) = 3 gl log 22

reX p(x)

This function plays an important role in many applications, as we shall see in this chapter.
As p varies over all distributions on X, the function K(¢||p) is minimized when p = ¢, so

K(qllp) >0 and K(qllp) =0+ q=p

for all distributions ¢ and p. Because the formula for K is not symmetric in ¢ and p,

K(qllp) # K(pllq)
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in general. Nonetheless, K(¢||p) is sometimes referred to the Kullback-Leibler distance.
We now define what it means for a model to be regular. Let M be a statistical model on
X with parameter space ) C R?. We say that M is identifiable if

p(z|lwr, M) = p(x|lwes, M) Ve = w; = ws.

Given w € 2, consider the function K : {2 — R,

Ka(w) = /Xp(ac\@, M) log i(x@’M)dm.

(x]w, M)

This integral is the Kullback-Leibler divergence from p(z|®, M)dx to p(x|w, M)dz. Define
the Fisher information matriz I(©) to be the dxd Hessian matrix of K;(w) at w = @, i.e.

2K~
O Ka @), 1<j,k<d.

L) = Ow;O0wy,
Because K;(w) attains its minimum at w = @, the symmetric matrix I (@) is positive semidef-
inite. The model M is reqular if M is identifiable and its Fisher information matrix I(w) is
positive definite for all w € ). Otherwise, we say that M is singular.

Regular models have many desirable properties. For instance, if the data is drawn from
a fixed distribution in the model, then the distribution of the maximum likelihood estimator
approaches a Gaussian distribution as the sample size grows large [58, §1.2.1]. The marginal
likelihood integral also behaves well asymptotically, as we shall see in Section 1.3. Unfortu-
nately, many models studied in statistical learning theory are singular, often because of the
existence of hidden variables. Some such examples will be described in Section 1.4. Recently,
using advanced techniques from algebraic geometry, Watanabe made significant progress in
understanding the asymptotic behavior of singular models [58]. His singular learning theory
will form the foundation of this chapter as we study fiber ideals of statistical models.

Example 1.1 (Coin Toss). Let us illustrate the above concepts with a simple example. Sup-
pose we have a random variable X with state space X := {H, T} representing the outcomes
of a coin toss. Let the data x1,...,x100 be a sequence of 100 independent observations of X
with 53 heads and 47 tails in summary. We propose three models to explain this data.

The first model M assumes that the data comes from tossing a fair coin, i.e.

p(HIM) = p(TI M) =

Here, the maximum likelihood and marginal likelihood are both trivially equal to

1 100
(§> A~ 7.88860905 x 1073,
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The second model My assumes that the coin is biased with heads occurring with probability
w € 2 :=[0,1]. This model is then parametrized by

p(lea M?) = w, p(T|w7 M2) =1-w.

The maximum likelihood estimate will then be the relative frequency w* = 53/100 of heads
in the data, and the maximum likelihood is

53 53 47 47
(ﬁ) (ﬁ) ~ 9.44540125 x 10731,

Meanwhile, assuming the uniform prior distribution on the parameter space [0, 1], the mar-
ginal likelihood is

1
1
53 1— 47d —
/0 WP (1~ w)"dw 8525762215589467989652301697600
~ 1.17291566 x 1073

Thus, using maximum likelihood as a criterion for model selection, we would have chosen the
more complex My, while comparison of the marginal likelihood integrals would have given
us M. This demonstrates how the maximum likelihood approach suffers from overfitting.

Now, consider a third model M3 which involves a hidden variable Y. A coin with sides
colored blue and red is first flipped. If the outcome is blue, we then toss a fair coin. If the
outcome is red, we toss a biased coin where heads occur with probability w € [0, 1]. Suppose
the colored coin comes up blue with probability ¢ € [0, 1]. Then, the model is parametrized
by the polynomials

Pt 0, M) = 1 (;) =t

(Tt w, Ms) — t G) (=D - w)

where (¢t,w) € [0,1]2. One can check that the Fisher information matrix for My is I(w) =1
for all w € [0, 1], so My is regular. Meanwhile, for M3, when w = 1/2,

I(t,%) = < 8 8(1(116)2 > for all t € [0,1]

so M3 is an example of a singular model. Observe that M3 is also not identifiable, because
the parameters w = 1/2,t € [0, 1] all give the same distribution p(H) = p(T) = 1/2. O
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1.3 Model Asymptotics

In Section 1.1.2, we observed that the maximum likelihood is a good first approximation of
the marginal likelihood integral. We now study how this approximation can be improved.
Under certain regularity conditions, we may apply a Laplace asymptotic approximation to
the integral L(n) in equation (1.3). This gives us the Bayesian Information Criterion (BIC)
proposed by Schwarz [48]. Not much was known about extending the BIC to singular models,
until the recent work of Watanabe [58]. We discuss his results in this section.

1.3.1 Bayesian Information Criterion

Let 2 be a compact subset of R%. Let f: Q — R and ¢ : 2 — R be functions which are real
analytic over (). We will consider Laplace integrals of the form

L(n) —/Qe”f(“’) o(w)dw

where we will be interested in the asymptotics of L(n) as n tends to co. Here, the functions
f and ¢ are known as the phase and amplitude functions respectively. An example of such
an integral is the marginal likelihood (1.3).

15

15 -15 15 -15%5

Figure 1.1: Integral asymptotics depends on maximum of integrand.

Now, as n grows large, the value of L(n) becomes increasingly dominated by the behavior
of the integrand near its maximum points, which correspond to minimum points of the phase
function f(w). If f(w) has a unique minimum point and satisfies some regularity condition
near this point, then the asymptotics can be given explicitly.

Proposition 1.2 (Laplace approximation). Let Q be a compact subset of R? and f, ¢ be
functions Q0 — R which are real analytic over ). Suppose f attains its minimum uniquely



CHAPTER 1. INTEGRALS IN BAYESIAN STATISTICS 9

at w* € Q and is defined in a small R -neighborhood of w*. If the Hessian H(w*) of f at w*
is positive definite and p(w*) is positive, then as n — oo,

n_d/ 2,

Lin) = / e p)d (eI, [ 2T o)

det H (w*

Proof. Consider the Taylor expansion of f around w*, and apply the formula

—10THw (27T)d
dw —
/Rd ¢’ “ det H

for a Gaussian integral with positive definite matrix H. m

If the above regularity conditions hold for the marginal likelihood integral of a statistical
model, then by taking logarithms we get the Bayesian information criterion

log L(n) = —nf(w") — glogn +0(1)

where —n f(w*) is the log maximum likelihood. Applying this approximation to linear expo-
nential models [48], Schwarz showed that the BIC selects the correct model with probability
1 as the sample size n — oco. Since then, this model selection criterion has also been applied
to other regular models [27,35,45], such as curved exponential models and graphical models
without hidden variables. In the next section, we study how this analysis could be extended
to singular models, such as those with hidden variables.

1.3.2 Singular Learning Theory

Let X be a random variable with state space X subject to a true distribution ¢(x)dz, and
let x1,..., 25 be N independent samples of X. In statistical learning, one may think of ¢(z)
as the probability density with which a teacher machine is generating data x;. The goal of
the student machine is to estimate this density from the x;, via some learning algorithm. In
this section, we summarize the basics of Watanabe’s singular learning theory [58, §1.4]. For
convenience, given a model M and a true distribution ¢(x)dz which lies in M, we consider
q(z)dz as part of the information defining M.

Up to this point in the chapter, we have been looking at marginal likelihood integrals
corresponding to some given data. For singular learning theory, we shift gears and assume
that the data is subject to some true distribution, and we will be interested in the expected
behavior of the marginal likelihood integral. It is important to understand this statistical
distinction before we continue. We discuss this distinction in greater detail in Remark 1.4.
We return to marginal likelihood integrals of large-sample data without assuming knowledge
of the true distribution in Section 1.6.
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A critical step in analyzing the asymptotic behavior of a singular model M is under-
standing the log likelihood ratio

1 1Y, (=
Kylw)=—1Io i=1 log
M) =y gnivlp(w NZ

The expected value of Ky (w) over all data is the Kullback-Leibler divergence

xllw M)’

K(w):/)(q(x) logﬂdx.

p(zlw, M)
For w € Q such that K(w) # 0, let us define a random process

NEy(w) — NEK(w)
NK(w)

Yn(w) =

so that we have the relation

K(w) = K@)+ )

One can show that under some mild assumptions, this process converges in law to a Gaussian
process as N — oo. Unfortunately, this process is not defined for points where K (w) = 0.

Watanabe’s insight was to use a technique in algebraic geometry known as resolution of
singularities (see Section 3.1) to analyze the log likelihood ratio Kn(w). In particular, the
theory says that if K(w) is real analytic over ), there exists a real d-dimensional manifold
A and a real analytic map p : 4 — € with the following property: for each y € ., there
exist local coordinates p1 = (pu1, . .., 1qg) such that y is the origin and

K(p(p)) = pi™ - p = (1.5)
det /() = h(p)pt' - pg' = h(p)p”

for some non-negative integers k1, ..., kg, 71, . . ., T4 and non-vanishing real analytic function
h(w). Using the desingularization map p, one can show that

q(z)

o8 gl Ay~ L

for some real analytic function a(z, ). We may now use a(z,u) to define a random process

N

> (wF = alai, p)

=1

1
Enlp) = \/_N
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which is related to the log likelihood ratio K (g(u)) via the relation

KUl

= (1) (1.6
Watanabe showed that as N — oo, {y () tends to a Gaussian process over the manifold .Z .
He termed the formula (1.6) as the standard form of the log likelihood ratio.
Desingularizing the Kullback-Leibler divergence K (w) is crucial for putting the log likeli-
hood ratio in standard form. Watanabe discovered that this desingularization is also critical
in the asymptotic expansion of the log marginal likelihood integral. Recall that given samples
x1,...,xN, the marginal likelihood integral for our model M is

Kn(g(p) = K(g9(pn) +

L(N) = [ T pilw, M) pleM)de.
Q-

Because the x; are random variables subject to a true distribution ¢(z)dz, the integral L(N)
is also a random variable. To analyze the asymptotic behavior of L(N) as the sample size
N grows large, our first step is to define the zeta function

((z) = /QK(w)_ng(w)dw, zeC

where p(w) is the prior p(w|M) on the parameter space €. Standard asymptotic theory (see
Chapter 3) tells us that the full Laurent expansion of this meromorphic function gives the
full asymptotic expansion of the Laplace integral

Z(n) = / e "KW p(w)dw, neZ,.
Q

In fact, if (A, 0) is the smallest pole and its multiplicity of the zeta function ((z), then
Z(n) ~ Cn*(logn)’™

asymptotically. In algebraic geometry, when ¢(w) is a positive constant function, the smallest
pole A is known as the real log canonical threshold of K (w).

Unlike the random variable L(N), the integral Z(n) is deterministic. Nonetheless, Watan-
abe discovered a close connection between their asymptotics. Using some technical stochastic
arguments, he generalizes the Bayesian information criterion [58, §6.2].

Theorem 1.3 (Watanabe). Suppose q(x), p(w), p(x|w, M) and Q satisfy some mild analy-
ticity and integrality conditions (see [58, §6] for more details).
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Let (X, 0) be coefficients appearing in the asymptotic expansion
log Z(n) = —Xlogn + (6 — 1) loglogn + O(1).

Then as N — oo, the log marginal likelthood integral has the asymptotic expansion
N
log L(N) = Zlog q(z;) — Alog N + (6 — 1) loglog N + F(&n)

where the random variable F(&x) is a function of . Consequently, after taking expectations,
E[log L(N N/ x)logq(xz)dz — Alog N + (0 — 1) loglog N + E[F(¢{n)]

where E[F(&n)] converges to a constant.

The constant A appearing in the asymptotics of log L(N) is called the learning coefficient
of the model M subject to the true distribution ¢(z)dz. Surprisingly, to prove Watanabe’s
theorem, resolution of singularities is not necessary [58, §4.5]. The desingularization map p
comes in only when we want to compute the pair (A, #). Indeed, by applying p as a change
of variables to the zeta function, we can show that

(A, 0) = min (A, 0,

where we define using the integers &;, 7; described in (1.5) for each y € A,

Tt , Qy:#minT+ .

Ay - 1I£ilgd 2/@'
Here, #min denotes the number of times the minimum is attained, and the pairs (), 6,) are
ordered such that (A1, 6;) < (A2, 6) if for sufficiently large IV,

Alog N —6iloglog N < Aylog N — 65 loglog N.

This proves a deep result that the learning coefficient is a positive rational number.

In summary, many practical applications of statistical learning theory depend on resolving
the singularities of the Kullback-Leibler divergence K (w) of a statistical model M and a true
distribution ¢(z). A major goal of this dissertation is to make this computation feasible for
a large class of models, in particular regularly parametrized models (see Section 1.5). In
physics and information theory, the Kullback-Leibler divergence is also known as relative
entropy, so the results of this dissertation may be applied to problems in these fields as well.
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Remark 1.4. In this section, we considered the asymptotics of many kinds of integrals from
Bayesian statistics. The difference between these integrals may be confusing for the reader,
so we list them side by side below and explain how they differ.

For this discussion, let us fix the sample size N. The integral that we are most interested
in is the marginal likelihood integral L(/N) which we rewrite as

N N
L(N) = [ J ata:) - / e NN p(w)dw = [ i) - L (Kw)
i=1 Q i=1
where Ky (w) is the log likelihood ratio and

2(f) = / e NI () duo

for any function f: € — R. On the other hand, the Laplace integral
Z(n) = Z(K) = Z(E(Ky))

comes from replacing the log likelihood ratio Ky (w) with its expectation K (w), the Kullback-
Leibler function. Thus, we have three expressions of interest:

Ellog Z(Ky)], logE[Z(Ky)], logZ(E[Kx]).

Their numerical values are not necessarily equal to one another. In Theorem 1.3, Watanabe
relates the asymptotics of the first expression to that of the third expression.

Watanabe’s analysis assumes knowledge of the true distribution. In many practical situa-
tions, we do not have knowledge of the true distribution, but we are given large-sample data.
We want to estimate the marginal likelihood integral for this data using some asymptotic
methods. This question will be discussed for exponential families in Section 1.6. [

1.4 Important Classes of Models

In this section, we define and discuss several classes of statistical models which will be used
throughout this dissertation.

1.4.1 Discrete Models

A discrete model is a statistical model whose state space X is a finite set. Writing X = [k] :=
{1,2,...,k}, we define p; to be the probability of the i-th outcome. The set of probability
distributions on [k] is the (k — 1)-dimensional simplex

k
Ay ={peR":p;>0 Vl}zpi =1}

=1
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Thus, we may represent a discrete model with parameter space 2 by a map p: 2 — Ax_;.
For instance, the model M3 in Example 1.1 is parametrized over 2 = [0, 1]2 by polynomials

ptw) =t/2+w—tw,
po(t,w) =1—1/2 —w+ tw.

Note that p;(t,w) + pa(t,w) =1 and p;,ps > 0 for all (t,w) € [0, 1]
We say that a discrete model is free if p is the identity map Ap_1 — Ay_1. It is easy to
see that free discrete models are regular.

1.4.2 Multivariate Gaussian Models

A multivariate Gaussian model N'(p1, ¥) with mean p € R and covariance matrix ¥ € RFZF

is a statistical model with state space X = R¥ and probability density function given by

1 1 Ty—1
plo) = e (3l =W e =)
Here, R%k is the cone of all kxk positive definite real matrices. It is also possible to define
multivariate Gaussian models for positive semidefinite matrices > with zero determinant, but
we will not study them in this chapter. In Sections 1.4.4 and 1.5, we will look at examples of
multivariate Gaussian models where the mean and covariance matrix are parametrized over
some space (2 by a polynomial map (u,Y) : Q — RF x REX.

If (u, X)) is the identity map R* x RESF — RF x RFS* we say that the associated multi-
variate Gaussian model is free. Such models are regular. Indeed, it is not hard to see that
the model is identifiable, and a little bit of work shows that the Fisher information matrix

is ¥~! which is positive definite if ¥ € RF¥".

1.4.3 Exponential Families

An exponential family is a statistical model whose probability density function corresponding
to a parameter w € {2 can be written in the form

p(zlw) = h(z) exp(n(w)'T(z) — A(w))
for some functions h: X - R, T: X —RF, A:Q — R and : Q — R* and where

k

(W) T () = mi(w)Ti(x)

=1

is the dot product. Now, because [, p(z|w)dz = 1, it follows that

Alw) = log/X h(z) exp(n(w) T (z)) dx (1.7)
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so A(w) acts as a normalization factor and is called the log-partition function. Observe that
the value of A(w) only depends on that of n(w), so we will sometimes write A(n) to emphasize
this dependence. In fact, the density p(z|w) also only depends on the value of n(w). For this
reason, 7 is called the natural parameter.

The log-partition function plays an important role in maximum likelihood estimation.
Let X be a random variable with true distribution p(z|w)dz for some unknown w € Q, and
suppose i, I, ...,xry are N independent samples of X. Then, the likelihood of the data is

N N N
[T p(xilw) = [T h(x:) - exp (n(w)T > T(x;) - NA(w)) . (1.8)
i=1 i=1 i=1
Maximizing this likelihood is equivalent to maximizing
Aw) = n(w)"i

where /i is the sample mean

L
= N;T(xZ)

Because the sample mean depends only on the T'(z;), we call T'(x) the sufficient statistic. A
maximum likelihood estimate 7 for the natural parameter 7, is then a solution to
VA®) = p. (1.9)

Consequently, if 7 is in the image of the map 7 : Q — R¥, the maximum likelihood estimates
for the parameter w will be the set

(1) = {w € Q:n(w) =7}
The log-partition function also has an interesting connection with the marginal likelihood
integral, via the Kullback-Leibler divergence. We study this connection in Section 1.6.
Discrete models and multivariate Gaussian models are examples of exponential families.
For discrete models with state probabilities p;(w) for i = 1,... k, we may write

plilw) = exp(n(w)'T()), i€{l,....k}
where n(w) € RF with n;(w) = logp;(w), and T(i) € R* is the i-th standard basis vector. For
multivariate Gaussian models N (i, X)), where p and X are functions of w € €2, we set

Here, (A, B) is the matrix inner product, i.e. the trace of the matrix product AB.
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1.4.4 Graphical Models

A graphical model is a statistical model that describes the conditional independence rela-
tionships between some random variables X, X, ..., X by means of a graph G = (V, E).
Here, V = {1,2,..., s} is the set of vertices which are in one-to-one correspondence with the
random variables, and F is the set of edges which can be directed or undirected. In practice,
the random variables X; are usually discrete variables or Gaussian variables.

In this section, we will not go into the various ways conditional independence relationships
are represented by the edges of the graph, but we refer the reader to books [16,32,35] which
offer good introductions to the rich theory of graphical models. Because we are interested in
Bayesian integrals which arise from parametrized models, we will describe parametrizations
of three classes of graphical models, namely:

e Discrete models
- Directed graphical models
- Undirected graphical models

e (Gaussian models

- Mixed graph models

Now, let X be the collection (X7, ..., X) of random variables where each Xj is a discrete
variable with k; states. The state space of X is then the cartesian product [[;_,{1,...,k;}.
Observations of X will be denoted by the lower case z. Given a subset S C {1,...,s}, let
X denote the random variable (X;);cs. Let G = (V, E) be a directed acyclic graph, that is,
a directed graph with no directed cycles. For each i € V = {1,..., s}, we define the parents
pa(i) of i to be the set of all vertices j such that the directed edge 7 — i is in E. We say
that a probability distribution on X factors according to G if

p(X =1x)= Hp(X,- = 2| Xpa@i) = Tpa(i))- (1.10)
i=1

A discrete directed graphical model is the statistical model M of all probability distributions
on X which factor according to G. The model parameters are the conditional probabilities
P(Xi = 2| Xpa@i) = Zpa(i)) and the root probabilities p(X; = x;) where pa(i) = (). Therefore,
in this model, a directed edge between two vertices indicates a direct causal relationship
between the associated random variables.

We can also define discrete graphical models for undirected graphs. Suppose G = (V, E)
is an undirected simple graph, that is, a graph without self-loops or multiple edges between
two vertices. A subset of the vertices is called a clique if every two vertices are connected by
an edge. Let & be the set of maximal cliques in G. A discrete undirected graphical model is
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a statistical model on X parametrized by

1
mxzxy5zaqug> (1.11)
ce?
where the wé? € Ry are model parameters and Z(w) is the required normalization factor
so that all the probabilities sum to one. In the model, the cliques indicate subsets of random
variables which are correlated with one another.
Finally, we describe Gaussian models for mixed graphs [51]. A mixed graph G = (V| E) is
a graph with three types of edges: undirected edges i — 7, directed edges ¢+ — 7 and bidirected
edges i < j. We will assume that we have a partition U U B of the vertices V' such that all
undirected edges have their vertices in U and all bidirected edges have their vertices in B.
As for the directed edges, they are allowed to point U — U, B — B or U — B, but not
B — U, and we assume that the subgraph formed by the directed edges is acyclic. Between
two vertices, we allow multiple edges of different types, but not more than one of each type.
A Gaussian mized graph model on G is a multivariate Gaussian model N (0, ) with zero
mean and covariance matrix ¥ € R¥* k = |V|, parametrized as follows. First, we assume
that the vertices of G are labeled 1,...,k such that u < b for all w € U and b € B, and
that ¢ < j for all directed edges ¢ — j. Let A be a kxk matrix with A;; =0ifi — j ¢ E
and Ay; = 0 for all 7. Let K and ® be symmetric positive definite matrices, with rows and
columns indexed by U and by B respectively, such that K;; = 0if i —j ¢ E, ®;; = 0 if
i« j ¢ FE and Ky, ®; > 0 for all i. Now, we parametrize > using

z_U—ArTC%Ig)u—ArP (1.12)

Hence, the model is parametrized by the A;;, K;;, ®;; corresponding to directed, undirected
and bidirected edges of GG, as well as the K;;, ®;; corresponding to vertices in U and B. These
parameters are subject to the positive definite conditions on K and ®. Ancestral graphs [44]
and chain graphs [1] are special cases of mixed graphs, and mixed graph models are used
frequently in structural equation modeling [23].

1.4.5 Mixtures of Independence Models

We consider a collection of discrete random variables
xWxWo xD),
x@ x® . xP,

Y

x® o xWo o xP,
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where X {i), e ,Xﬁf) are identically distributed with state space {0, 1,...,¢;}. Note that here
the integer 0 is included in the state spaces, for notational reasons.

The independence model M for these variables is a toric model [41, §1.2] represented by
an integer d X n-matrix A with

k
d=ti+t+-+t+k and n = [Jt+1)" (1.13)
=1

The columns of the matrix A are indexed by elements v of the state space
(0,1, 113" x {0,1,..., 6232 x - x {0,1,..., t;}°". (1.14)

The rows of the matrix A are indexed by the model parameters, which are the d coordinates
of the points 6 = (6, 0@ ... %) in the polytope

P = Atl X At2 X X Atku (115)
and the model M is the subset of the simplex A, _; given parametrically by
ks
Dy = Prob(X]@ = vj(.i) for all i,j) = H HH(Z()i). (1.16)
i=1j=1 7

This is a monomial in d unknowns. The matrix A is defined by taking its column a, to be
the exponent vector of this monomial.

The independence model may also be thought of as a discrete graphical model represented
by Figure 1.2. In this diagram, the boxes around the random variables are called plates. Each
plate indicates that we have several independent and identically distributed variables, while
the number of copies is shown in its corner.

)(i(l) )(i(Z)

Sy S5 Sk

Figure 1.2: Graphical model representation of the independence model.

In algebraic geometry, the model M is known as Segre- Veronese variety

Pt x P2 x ... x Pt* s P (1.17)
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where the embedding is given by the line bundle O(sy, s, ..., s;). The manifold M is the
toric variety of the polytope P. Both objects have dimension d — k, and they are identified
with each other via the moment map [21, §4].

Example 1.5. Consider three binary random variables where the last two random variables
are identically distributed. In our notation, this corresponds to k = 2, s; = 1, s = 2 and
t1 =ty = 1. We find that d = 4,n = 8, and

Pooo Poor Poio Poir Pioo Pio1 Piio P11
o/ 1 1 1 1 0 0 0 0

Lo e oo 0 1 1
6P 2 1 1 0 2 1 1 0
\'o 1 1 2 0o 1 1 2

1

The columns of this matrix represent the monomials in the parametrization (1.16). The
model M lies in the 5-dimensional subsimplex of A; given by pgo1 = po1o and pio1 = pi1o,
and it consists of all rank one matrices

Pooo  Poor Pioo  Pio1
Poio Poir Pio P/
In algebraic geometry, the surface M is called a rational normal scroll. O

The matrix A has repeated columns whenever S > 2 for some 7. It is sometimes con-
venient to represent the model M by the matrix A which is obtained from A by removing

repeated columns. We label the columns of A by elements v = (v, ..., v®)) of (1.14) whose
components v € {0,1,...,t;}% are weakly increasing. Hence A is a d x fi-matrix with
(st t
noo= L) 1.18
w= 10(707) (115)

The model M and its mixtures are subsets of a subsimplex A;_1 of A,,_1.
The mizture model M® is the set of distributions which are convex combinations of two
distributions in M. The natural parameter space of this model is the polytope

© = A, x PxP.

Let a, € N? be the column vector of A indexed by the state v, which is either in (1.14) or in
{1,2,...,n}. The parametrization (1.16) can be written simply as p, = 6%. The mixture
model M is defined to be the subset of A,_; with the parametric representation

Py = 0¢-0% + oy p™ for (0,0,p) € ©.
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Figure 1.3: Graphical model representation of the mixture model.

This mixture model can also be represented by a discrete directed graphical model, as shown
in Figure 1.3. In this diagram, the vertex labelled o corresponds to a binary random variable.
The shaded vertices are observed random variables, while the unshaded vertices are hidden.

In algebraic geometry, the model M® is known as the first secant variety of the Segre-
Veronese variety (1.17). We could also consider the higher secant varieties M® which corre-
spond to mixtures of [ independent distributions, and much of our analysis can be extended
to that case, but for simplicity we restrict ourselves to [ = 2. The variety M® is embedded
in the projective space P"~! with 7 as in (1.18). Note that 7 can be much smaller than n.
If this is the case, it is convenient to aggregate states whose probabilities are identical and
represent the data by a vector U € N”. Here is an example.

Example 1.6. Let k=1, s;=4 and t;=1, so M is the independence model for four identically
distributed binary random variables. Then d = 2 and n = 16. The corresponding integer
matrix and its row and column labels are

Poooo  Pooor Pooio Poioo Piooo Pooir - Piiio P11l
A — 0o 4 3 3 3 3 2 1 0
6,\ 0 1 1 1 1 2 ... 3 4 )

However, this matrix has only n = 5 distinct columns, and we instead use

Po P1 P2 P3 D4

- B[4 3 2 1 0
o6,\0 1 2 3 4/
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The mixture model M®) is the subset of A, given by the parametrization

4 o ) )
P = () . (ao O 0+ oyt pll) fori=0,1,2,3,4.
i
In algebraic geometry, this threefold is the secant variety of the rational normal curve in P4,
This is the cubic hypersurface with the implicit equation

12pg 3p1 2p2
det | 3p1 2ps  3ps3 = 0.

2p2 3ps 12py
In [30, Example 9], the likelihood function (2.4) was studied for the data
U = (UyU, Uy, Us,U) = (51,18,73,25,75).

Using Grobner bases techniques, we find that it has three local maxima (modulo swapping
0 and p) whose coordinates are algebraic numbers of degree 12. ]

In Chapter 2, we examine marginal likelihood integrals for this class of mixture models for
discrete data. Our study augments developments in the asymptotic theory of these integrals
by providing tools for exact symbolic integration when the sample size is small. These exact
results can then serve as a gold standard against which the accuracy of approximation and
asymptotic methods can be ascertained.

The numerical value of the integral we have in mind is a rational number, and exact eval-
uation means computing that rational number rather than a floating point approximation.
For a first example consider the integral

/@ H (71')\@(1))\?) + Tpl(l)pf) )Uijdﬂ dr d\dp, (1.19)

i,j€{A,C,G,T}

where O is the 13-dimensional polytope A1 xA3zxAs3xAzxAs. The factors in this product
are the probability simplices

A = {(W,T)GRQZOZW—i—T:l},

As = {AIAPAT AN eRy, AT =1}, k=12,
k k k k B k

Ay = {0 o, 08 ) e Ry, Y =1}, k=12

and we integrate with respect to Lebesgue probability measure on O. If we take the exponents
Ui; to be the entries of the particular contingency table

42 2 2
(1.20)

2 4 2
2 2 4
2 2 2

N DN
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then the exact value of the integral (1.19) is the rational number

S71 - T73426813 - 17682039596993 - 625015426432626533

. 1.21
231,320 51271 118 . 137 - 175 - 195 - 235 - 293 - 313 - 373 - 413 - 432 ( )
The table (1.20) is taken from Example 1.3 of [41], where the integrand

[T (=N + 70 (1:22)

17]€{A7C7G7T}

was studied using the EM algorithm, and the problem of validating its global maximum over
© was raised. See [19, §4.2] and [50, §3] for further discussions. That optimization problem,
which was widely known as the 100 Swiss Francs problem, has since been solved [22].

The main difficulty in performing computations such as (1.19) = (1.21) lies in the fact
that the expansion of the integrand has many terms. A first naive upper bound on the
number of monomials in the expansion of (1.22) would be

[T w;+1n = 325" = 332,150,625.
4,j€{A,C,G,T}

However, the true number of monomials is only 3, 892, 097, and we obtain the rational number
(1.21) by summing the values of the corresponding integrals

[ mn ) R () O dr dndp =
©

a! ay! 3L wi! 3L wi! 3L ws! 3L !
(arta+ )t (0w +3) Qv +3)0 wi +3) (3 +3)0

The geometric idea behind our approach is that the Newton polytope of (1.22) is a zonotope
and we are summing over its lattice points. Definitions for these geometric objects are given
in Section 2.2, and algorithms implementing these ideas are described in Section 2.3. The
Maple library for our algorithms is made available at

http://math.berkeley.edu/~shaowei/integrals.html.

1.5 Regularly Parametrized Models

Previously, we saw in Section 1.3.2 that the crux to understanding a singular model lies in
desingularizing its Kullback-Leibler distance, which is an integral or sum of log functions.
While general algorithms for desingularizing any analytic function exist [6,25], applying them
to non-polynomial functions such as the Kullback-Leibler distance can be computationally
prohibitive. Many singular models are however defined by polynomial maps. Our goal is to
exploit this polynomiality in understanding such singular models.
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In this section, we accomplish our goal by introducing fiber ideals for a general class of
statistical models known as regularly parametrized models. Parametrized discrete models and
multivariate Gaussian models are all examples of such models. We show that monomializing
the fiber ideal allows us to construct desingularizations of the Kullback-Leibler distance. In
fact, many invariants of statistical models such as the learning coefficient can be computed
directly from fiber ideals. Computationally, monomializing a polynomial ideal is often easier
than monomializing a non-polynomial analytic function. In some cases, this monomialization
can be achieved simply by inspection.

1.5.1 Fiber Ideals

Let us introduce what it means for a model to be regularly parametrized. Informally, we may
think of such models as regular models whose parameters are functions of new parameters.
Consider a regular model M on a state space X parametrized by a space U and whose
probability density function at each u € U is f,(u) := p(z|u, My). Suppose M, is another
model on X parametrized by a space {2 whose probability density function at each w € ) is
9z (w) == p(z|lw, M,). Let u: Q — U be a real analytic map.

Definition 1.7. We say that M, is regularly parametrized via uw with base M; if g,(w) =
fz(u(w)) for each w € Q.

We represent this relationship by the following commutative diagram, where Ay denotes
the set of probability distributions on X.

Q u

N

In other words, g = f o and the model M, factors through the regular model M;. It is
computationally favorable for the map u to be polynomial, but we will not require this here.
Free discrete models and free multivariate Gaussian models are regular, so parametrized
versions of these models are examples of regularly parametrized models.

Now, let @ be a point in the parameter space U of the regular base model M. Suppose
that U C R¥ so the map u has coordinate functions wu, . . ., us.

Definition 1.8. The fiber ideal I; of M, at @ is the ideal
(u(w) —0) == (uy(w) — g, ..., up(w) — )

in the ring Agq of real-valued analytic functions on ). The variety of this ideal is the fiber
{w € Q:u(w) =a} in Q of the map u over the point .
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Suppose also that Q C R?, so each point w has coordinates wy, ..., wg. If the map wu is
polynomial in these coordinates, then the polynomial ideal in Rlwy, ..., wq] C Agq generated
by ui(w) =1y, . .., up(w) — G will be contained as a set in the fiber ideal I;. The ring Agq also

has many polynomial functions such as 1 + w? which are nonzero over 2 and are therefore
units in the ring. Multiplication or division by these units leaves the fiber ideal unchanged.

Example 1.9. Discrete models are regularly parametrized, so we may define fiber ideals at
each point p in the simplex A,_; where k is the number of states. If the discrete model is
described by a map p: Q2 — Aj_4, then the fiber ideal I; at p € Ax_4 is

(p1(w) = D1y -+ (W) — Pr)-

In fact, we may leave out the generator py(w) — p because

k—1

prw) = pr ==Y _ (pi(w) — ).

i=1
For discrete directed graphical models, each p;(w) is a polynomial (1.10) in the conditional
and root probabilities, so the fiber ideal is finitely generated by polynomials. For undirected
graphical models, each p;(w) is a rational function (1.11) but the normalization factor Z(w)
is a polynomial which does not vanish over the parameter space 2. Hence, Z(w) is a unit in
Aq and the fiber ideal is once again finitely generated by the polynomials

[19 — poZw), forze [{L,... kb
=1

Cce%

Note that the ambient ring Aq of this ideal changes with the parameter space €. O]

Example 1.10. Multivariate Gaussian models are regularly parametrized, and the fiber
ideal at a point (fi,%) € RxRFS" is generated by

wi(w) — iy, for 1 <i <k,

Y (w) — %, for1<i,j <k

R
For Gaussian mixed graph models, ¥(w) is parametrized using a product (1.12) of inverse
matrices, and each entry in an inverse matrix is a cofactor divided by the matrix determinant.
The matrix I — A is upper triangular with ones in the diagonal, so its determinant is 1. As
for the matrix K, it is positive definite by definition, so its determinant is nonzero. Thus, the
Y;;j(w) are rational functions whose denominator det K does not vanish over the parameter
space 2. Multiplying by this unit, we see that the fiber ideal is again finitely generated by
the polynomials

EU(w) — ii]’ det K, for 1 < Z,j < k.

Each ¥;;(w) can be expressed as a sum of path monomials over all treks between vertices i
and j in the mixed graph [51]. O
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1.5.2 Real Log Canonical Thresholds

Just as we defined real log canonical thresholds (RLCTs) for functions in Section 1.3.2, we
can also define RLCTs for ideals. In fact, the learning coefficient of a regularly parametrized
model can be computed from the real log canonical threshold of its fiber ideal.

Let  C R? be a compact semianalytic set where semianalytic means that Q is defined
by analytic inequalities

Q={weR: g(w) >0,...,9(w) >0}

We also require the interior of €2 to be nonempty; otherwise, integrals over €2 will be iden-
tically zero. Let I = (fi,..., f.) be an ideal in the ring Agq of real analytic functions over
Q. Let ¢ : Q@ — R be nearly analytic, i.e. ¢ is a product ¢, of functions where ¢, is real
analytic and ; is positive and smooth. Define the real log canonical threshold RLCTq(I; )
of I to be the pair (A, 6) where X is the smallest pole of the zeta function

((z) = / (@) 4+ @) pw)ldw, zeC

and 6 its multiplicity. This definition is independent of the choice of generators fi, ..., f. of
the ideal I. In Chapter 4, we prove fundamental properties of RLCTSs of ideals and explore
their relationship to Newton polyhedra in nondegenerate cases. In particular, we show how
to compute the RLCT of a monomial ideal when 2 is a sufficiently small neighborhood of the
origin and ¢ is a monomial function. A Singular library which checks the nondegeneracy
of functions and ideals, and computes the RLCT of monomial ideals, is made available at

http://math.berkeley.edu/~shaowei/rlct.html.

For regularly parametrized models, we now state the relationship between their learning
coefficients and real log canonical thresholds of their fiber ideals. This theorem is one of the
main contributions of this dissertation.

Theorem 1.11. Let M and Mpg be models for X with parameter spaces U and 2 respectively

such that M is regularly parametrized with base Mg via the map u : Q — U. Assuming

that the true distribution is q(x)dz = p(z|t, Mg)dx for some 4 € U, let (A, 0) denote the

learning coefficient of M subject to q(x)dx. Let I; = (u(w) —u) be the fiber ideal of M at .
If the variety V = {w € Q : u(w) = 4} is nonempty, then

(2),0) = min RLCTq, (I5; ¢)

wey

where each €, is a sufficiently small neighborhood of w in €.
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Proof. Let K : U — R be the Kullback-Leibler function

q(z)
U / z) log o, MR>dx.

Since q(x) = p(z|u, Mg), this function achieves its minimum at v = 4 so K(u) = 0 and
VK () = 0. The identifiability of M g ensures that this minimum point is unique. According
to Theorem 1.3, the learning coefficient (), #) is given by

(A, 0) = RLCTq(K o u(w); v).
Note that {w € Q: Kou(w) =0} = {w € Q: u(w) = 4} = V. Using Proposition 4.2,

(A, 0) = mig RLCTq, (K o u(w); ).
we

Finally, because Mp is regular, the Fisher information matrix V2K (a) is positive definite
so we apply Proposition 4.4 to get

(21, 0) = gIGI]I} RLCTgq, ((u(w) — a); ). O

Remark 1.12. The inspiration to reduce the Kullback-Leibler function to a sum of squares
of polynomial parametrizing the model came from a discussion with Sumio Watanabe about
learning coefficients of discrete models in September 2008. This eventually led to the idea of
defining fiber ideals and studying their real log canonical thresholds.

During a converseration in October 2010, Mathias Drton asked if fiber ideals can also be
defined for Gaussian models. His question prompted the author to introduce the concept of
regularly parametrized models and to extend fiber ideals to all such models. O

1.5.3 Desingularizing the Kullback-Leibler Function

In the previous section, we saw that the learning coefficient can be computed by monomi-
alizing the fiber ideal I of our singular model. This monomialization can be described by a
real analytic manifold M covered by coordinate charts M; and a proper real analytic map
p: M — Q such that the pullback ideal p*I = {f op € Ay : f € I} is monomial in each
chart, where A); represents the ring of real analytic functions on M. Furthermore, we will
also require that the map p is an isomorphism between Q\ V(I) and M \ V(p*I). Here, V(I)
is the analytic variety {w € Q : f(w) = 0Vf € I}, and similarly for V(p*I). If p satisfies
this property, we say that it is a change of variable away from V(I). If in each chart with
coordinates x1, ..., x4, the Jacobian determiant of p also equals

()| = b(w)ay’ - -
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where the t; are non-negative integers and b(x) does not vanish for all z, we say that p is a
monomialization map for I.

In fact, this monomialization step provides much more information than just the learning
coefficient. It is the key to desingularizing the Kullback-Leibler function of the model, thus
allowing us to express the log likelihood ratio in standard form (see Section 1.3.2). The last
ingredient we need for desingularizing the Kullback-Leibler function is principalizing our
monomial fiber ideal. The principalization of ideals is a topic of great interest in algebraic
geometry, see [11,52,59] and [34, §3.3]. We now explain one approach to this process.

Let M be a real analytic manifold, and let I be an ideal in the ring A, of real analytic
functions on M. Suppose we can cover M with coordinate charts M; so that the ideal I is
monomial in each chart. Then, according to Goward [24], there is a real analytic manifold
M covered by coordinate charts .#; and a proper real analytic map pg : # — M such
that the pullback ideal pf./ is monomial and principal in each chart. Here, principal means
that the ideal is generated by exactly one function. Furthermore, pg is the composition of
a sequence of blowups whose centers are the intersection of coordinate hyperplanes in each
chart M; or charts generated by previous blowups. Goward showed that there is a simple
combinatorial algorithm for calculating this sequence of blowups. We call pg the Goward
principalization map for the ideal I.

Let us describe briefly what these blowups look like. Suppose we have a chart V c R?
with coordinates wy,...,wy, and we want to blow up this chart with respect to the center
{fweR:w = =w, =0},2 <r <d. We define the blowup space

V:{((wl,...,wd),(fl Do :fr)) vapril :wif‘j :wjfi, i,jzl,...,r}

where (§; : ... : ;) are homogeneous coordinates of the (r — 1)-dimensional projective space
P!, The blowup map m:V — V is the projection (w,&) — w. The coordinate charts

Vi={(w,6) eV :&#0}, i=1,...,r

with natural local coordinates (wii), . ,wéi)) satisfying
(i) Wi j=iorj>r,
w et ]
’ §;/&,  otherwise.

cover the blowup space V, and the blowup map can be expressed as

_{w](-i), Jj=1wo0rj>r,
W: =

w;’, otherwise

in terms of the local coordinates of the chart f/z
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If M C R?is a subset with coordinates wy, ...,wy and the ideal I is monomial in these
coordinates, then we may also use the Newton polyhedra methods in Section 4.2 to principal-
ize the ideal. More specifically, if F is a smooth refinement of the normal fan of the Newton
polyhedron P (1), then the associated toric blowup pr : P(F) — M is a principalization map
for I. This technique is commonly used for the resolution of singularities in toric varieties. In
comparison, Goward’s principalization method is more general, because it applies to locally
monomial ideal sheaves over any real analytic manifold.

With these principalization maps in place, we may now desingularize the Kullback-Leibler
function for regularly parametrized models. Our next result may be thought of as an exten-
sion of Proposition 4.4.

Theorem 1.13. Let U C R%. Let the maps u : Q — U and K : U — R be real analytic at
0 € Q and & = u(0) € U respectively. Suppose that K(u) = 0,VK(4) = 0 and the Hessian
V2K (1) is positive definite. Let I C Agq be the ideal (u(w) — ).

Let p: M — € be a monomialization map for I, and suppose pg : M — M is the Goward
principalization map or a toric principalization map for p*I. Then, popg desingularizes Kou
at the origin.

Proof. By applying a translation to the subset U of RY, we may assume without loss of
generality that @ is the origin 0 € U. Since we are only interested in desingularizing K o u
at the origin 0 € (), we may assume that 2 and U are sufficiently small neighborhoods of
their origins such that K(u) = 0 if and only if u = 0.

The proof of Proposition 4.4 tells us that there is a linear change of coordinates 7' : R —
R? such that the power series expansion of K is v? + - -+ + v2 + O(v®) where (vy,...,v4) =
T(uy,...,uq). The Morse lemma [40, §2.2] says that in fact

KoT ' (v)=(v1+gi1(v))* + ...+ (va+ ga(v))?

for some functions g;(v) = O(v?) which are real analytic at the origin.
Now, if we consider v(w) = T o u(w), note that the coordinate functions vy (w), ..., v4(w)
generate the same ideal as uj(w), ..., uq(w). In each chart of .Z, the functions

u1 0 popg(p), ..., uq0 popa()

generate a principal monomial ideal (uy* - - - p?) for some non-negative integers x;. Thus,

viopopa(p) = uq(p)
for some functions ¢;(1) € A 4. Because u” is generated by the v; o p o pa(p), we have

K

1= (g (wri(p) + -+ qa(p)ra(p)) p

for some functions 7;(1) € A 4. Since the interior of .# is nonempty, the ring A , does not
have any zero divisors, so we get

L= qi(p)ri(p) + -+ qa(p)ra(p). (1.23)
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Applying the change of variable p o pg to K o u, we have

Kouopopg(p)=KoT '(vopopa(n))
= (g + g (159)* + ...+ (1¥qa + 9a(p"q))”
= 1" ((qu + p"h1)? + ..+ (g + p"ha)?)

for some functions h;(p). To prove that popg desingularizes K ou, we claim that the function

a(p) = (qu + phy)? + ...+ (qa + p"hq)?

does not vanish in (po pg)~1(R2). Indeed, if a(u) = 0, then K(uo po pg(p)) = 0. Therefore,
uo po pa(p) is the origin, and so is v o p o pg(p). This implies that p*g;(1) = 0 for all 7. If
@ # 0, then ¢;(1) = 0 for all ¢, which contradicts (1.23). Now, suppose p* = 0. Because
a(p) = 0 implies ¢; + p*h; = 0 for all i, we get as a consequence that ¢;(u) = 0 for all ¢,
which again contradicts (1.23).

To finish up the proof that p o pg is a resolution of singularities for K o u, it remains to
show that in each chart of .Z, the Jacobian determinant of p o pg equals

[(popa)|=blp)pt -y

where the 7; are non-negative integers and b(u) does not vanish in (po pg)~(2). Indeed, the
Jacobian determinant of p already has this form, and the Goward principalization and toric
principalization only makes monomial substitutions and products to this determinant. [J

Corollary 1.14. Let M and Mg be models for X with parameter spaces U and §) respectively
such that M 1s reqularly parametrized with base My via the map u : Q0 — U. Suppose the
true distribution is q(x)dx = p(z|w, M)dz for some @ € Q. We translate 2 so that w is the
origin 0 € Q. Let & = u(0) and I; = (u(w) — u) be the fiber ideal of M at u. Let

= z)lo —q(x) T
K(w) = /X o(o) o~ A

be the Kullback-Leibler function for M at the true distribution.

Let p: M — Q be a monomialization map for I, and suppose pg : M — M is the Goward
principalization map or a toric principalization map for p*I. Then, p o pg desingularizes K
at the origin.

This corollary gives us a new perspective on the difference between regular and singu-
lar models. For regular models, monomializing the fiber ideal is equivalent to finding a
linear change of variables v = T'(u) so that the ideal is generated by the coordinate func-
tions vy, ...,v4. This coordinate change allows us to apply the Laplace approximation, the
Bayesian information criterion and the central limit theorem. For singular models, this
change of variables may no longer be linear. Because monomializing the fiber ideal allows us
to compute learning coefficients and formulate central limit theorems, we may think of this
monomial representation of the fiber ideal as a standard form of the singular model.
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1.6 Marginal Likelihood of Exponential Families

In Section 1.1.2, we suggested a method of estimating the marginal likelihood integral that is
different from Watanabe’s approach in Theorem 1.3 and Remark 1.4. Recall that he assumes
the data come from a true distribution, and he computes the first term asymptotics of the
expected log marginal likelihood. On the other hand, our suggested method does not assume
that the true distribution is known. Instead, we consider the function

L(n) = (ﬁp(xi\dj,/\/l)lﬂv>n . /Qe"KN(‘”)go(w)dw (1.24)

where p(w) = p(w|M) and Ky (w) is the log likelihood ratio

Ky(w) = NZlog;W (1.25)

for some maximum likelihood estimate w. Note that the integer variable n is different from
the sample size N in the formula for L(n), and that L(N) is precisely the marginal likelihood
integral for the given data xy, ..., zy.

Our goal is to describe the asymptotics of L(n) as n — oco. To do that, we need to find
a resolution of singularities for K (w) but this is a difficult problem. We want to find a way
of relating the desingularization of Ky (w) to that of some fiber ideal. This idea works out
well for exponential families. Indeed, if M is an exponential family with probability density

plal, M) = h(a) exp(() T T(w) = A(w), then
K@) = (A(w) = 1)) = (A@) = n(@)8), 4= > TG

where /i is the mean of the sufficient statistics T'(z;). Recall that A(w) depends only on the
natural parameter n. Thus, we may define another exponential family M y whose probability
density is p(z|n, M) = h(z) exp(n™T(x) — A(n)), and so the model M factors through My.
If n(w) is also a maximum likelihood estimate for My, we say that the estimate w is natural.

Remark 1.15. For a discrete model M parametrized by state probabilities p; (w), . .., pr(w),
there exist a natural MLE if and only if the set S = {w € Q : p(w) = ¢} is nonempty where
G =(q,-..,qx) is the vector of relative frequencies coming from the data. We have a similar
statement for a multivariate Gaussian model parametrized by mean p(w) and covariance
Y(w). If 1t and 3 are the sample mean and sample covariance matrix, then the model has a
natural MLE if and only if the set S = {w € Q : u(w) = 1, ¥(w) = L} is nonempty. In fact,
for both discrete and Gaussian models, if a natural MLE exists, then all MLEs are natural
and the set of MLEs is precisely the set S.
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Let us study this condition more closely for a Gaussian mixed graph model M. Suppose
d is the number of parameters in the model. The parameter space (2 is an open subset of RY,
because it is subject to the positive definite conditions on the matrices K and ® in (1.12).
Thus, the MLE may not exist, because it is possible that the likelihood function attains its
maximum only on the boundary of €2. Geometrically, to find the set U of all MLEs, we first
consider, in the image 3(Q2) C R***  the set T of covariance matrices where the likelihood
function is maximized. Then, U is the preimage 3 ~!(T). Therefore, MLEs exist if and only if
T is nonempty, and natural MLEs exist if and only if 7" contains only the sample covariance
5. When the underlying graph is a directed graph, explicit conditions for the existence and
the uniqueness of the MLE are investigated in [13,53]. O

The next result shows that if natural MLEs exist, then Ky(w) is precisely equal to the
Kullback-Leibler function of M at the maximum likelihood distribution.

Proposition 1.16. Let M and My be exponential families as described above. Given some
data, suppose w is a natural maximum likelihood estimate for M. Then, the Kullback-Leibler
divergence K (w) of M from the maximum likelihood distribution p(x|w)dz to the distribution
p(zr|lw)dz,w € Q, depends only on n(w). It equals

Kmn) = (Atm)—n"p) — (A@) —n"a), 7=n®).

Proof. The first statement follows from the fact that the distributions in the exponential
family depend only on the natural parameter n. Now, by definition, K (n) equals

/ h(z) e TEAD (A(n) — 0" T(2) — A() + 7 T(x)) da
X
The proposition follows if we have

1:/ h(z) e T@)—AW) g

x

f :/ h(z) e T =Al) T(x)dx.
x

The first equation comes from [ p(x|f))dx = 1 while the second is the result of differentiating
(1.7) with respect to the natural parameter n and applying (1.9). ]

Now, because Ky (w) is equal to the Kullback-Leibler function of the singular model at
some true distribution, we may use the results of Section 1.5 to desingularize Ky (w) and
obtain the full asymptotics of L(n) for regularly parametrized exponential families.

Theorem 1.17. Let M and Mpg be models for X with parameter spaces U and §) respectively
such that M s regularly parametrized with base Mg via the map w: Q2 — U. Let xq,...,xN
be independent random samples of X. Suppose that M is an exponential family and that &
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s a natural mazimum likelihood estimate for the data. We translate ) so that @ is the origin
0€ Q. Let t =u(0) and Iz = (u(w) — @) be the fiber ideal of M at 4. Let L(n) and Ky (w)
be functions defined by (1.24) and (1.25).

Then, asymptotically as n — oo,

N
L(n) =~ (Hp(xi]@,M)l/N> -Cnlogn)’™!
i=1

where C' 1s a positive constant and

Moreover, if p: M — Q is a monomialization map for I, and pg : M — M is the Goward
principalization map or a toric principalization map for p*I, then popg desingularizes Ky (w)
at the origin.

Proof. Because the maximum likelihood estimate w is natural, it follows from Proposition
1.16 that Ky(w) equals the Kullback-Leibler function K (w) of M at the true distribution
p(z|w, M)dx. Therefore, the asymptotics of L(n) is given by the real log canonical threshold
(A, 0) of K(w). By Theorem 1.11, this RLCT is given by the formula stated above. Moreover,
Theorem 1.13 tells us how to desingularize K (w) after monomializing the fiber ideal. O]

The resolution of singularities p o pg described in the theorem allows us to compute, not
just the first term, but the full asymptotics of L(n). This is accomplished by applying the
desingularization map to the zeta function associated to Ky(w), in order to compute its
poles and Laurent coefficients. We can then employ Theorem 3.16 to compute the desired
asymptotic expansion.

Alternatively, we can also use the methods of Chapter 5, without computing the Goward
principalization map pg. Indeed, suppose we want to compute the asymptotic expansion up
to O(n=(logn)%~1) for some (Ag, #y). We first find the set S of points 1 € M where the
RLCT of the pullback p*I; is at most (Ao, ). We then try to cover S with hypercubic patches
[0,1]¢ and apply either Theorem 5.11 or Theorem 5.13 to compute the desired asymptotic
coefficients. These two theorems pertain to nondegenerate functions only, but we are able to
apply them, because the pullback p*I; is monomial, and so by Proposition 4.22, Ky o p(1)
is nondegenerate at every point u € M.

Example 1.18. To demonstrate how fiber ideals can be used to compute asymptotics of
marginal likelihood integrals given large-sample data, we revisit the coin toss model M3 in
Example 1.1. Recall that the model is parametrized by polynomials

1
p(w,t) = it + (1 —-tw

po(w,t) = %t +(1-t)(1—-w)
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where the parameters (w,t) lie in [0, 1]%. Suppose we have N independent random samples
with relative frequencies ¢; and ¢». The marginal likelihood integral of the data is

/ pr(w, )N pa(w, )N dwdt = (qf' g5°)™ / e MO dwdt
012 0.1]2

where K (w,t) is the Kullback-Leibler function

qQ1
—— + @2 log
pl(w7t) ?

K(w’t) =q log pQ(UJ t)

Fixing ¢; and ¢y so that the function K (w,t) is independent of N, we are interested in the
first term asymptotics of the Laplace integral

L(N) = / e NE@D dudt
[0,1]2

as N — oo. For this discrete model, the fiber ideal is

I'=(pi(w,t) = q1,p2(w, 1) — q2) = (pr(w, 1) — q1).

Case 1: (q1,q2) # (1/2,1/2).
Without loss of generality, let us assume ¢; > 1/2. The variety V of the fiber ideal is

1
V= {(w,t) cl0,1?:q <w <1, (w—i)(l—t) :ql——}.
A graph of this variety is shown in Figure 1.4. This variety is nonempty, so by Remark 1.15,
there exist natural maximum likelihood estimates for the model. We may use Theorem 1.17
in deriving the asymptotics of L(NN). According to Theorem 3.16, the asymptotics does not
change if we limit the domain of integration to a small neighborhood of the variety V. Let

Q={(w,t):0<w<1 0<t<1}
be the new domain, where 1/2 < ¢ < ¢;. Because our goal is to monomialize the fiber ideal,
let us make the substitution

—s+ (w—q)

t =
w—1/2

so that the fiber ideal becomes (s). This substitution is real analytic over our new domain
Q). If we also substitute w = gu + ¢, the domain {2 becomes the triangle

-0
_Q <u<1)
q2

A={(u,s): —(q1 —1/2) < s < qu,
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0.9

0.75

0.6

0.45 |

03

0.15 |

Figure 1.4: The variety of the fiber ideal for ¢; = 0.6.

while the variety of the fiber ideal becomes
{(u,8) : 0<u<1, s=0}.

At this point, we could easily compute the learning coefficient (A, 8) of the model by finding
the RLCT of the fiber ideal. However, because we are ultimately interested in the first term
asymptotics CN*(log N)?~!, we will do a little bit more work so that we can use Theorem
5.11 to compute the constant C'. To apply this theorem directly, we would like to integrate
over the rectangular domain

E={(u,s):0<u<1 —1<s<1}.

instead of over the triangular domain A. This is possible if we adjusted for the asymptotics
of the integral over the regions

A ={(u,8): 0< pu<s<e}
Ay ={(u,s): —e < s < qu <0}

for some small € > 0. We show later that the integrals over these regions do not affect the
first term asymptotics of the integral over =. The Jacobian determinant of our substitutions
is ¢a/(qou + ¢1 — 1/2), while the integrals over the domains {0 < u < 1, —1 < s < 0} and
{0 <u<1,0<s<1} are equal. Therefore, the integral over = equals

9 e NK (u:s) 2 duds 1.26
/[0,1]2 Qu+q —1/2 (1:26)
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where

q1

+ g2 log 2
S G2 — S

K(u,s) = qlog
q1

Now, the fiber ideal (s) is monomial, so by Proposition 4.22, K (u, s) is nondegenerate. The
Newton polyhedron of K (u, s) is twice that of the fiber ideal. In particular, it is the positive
orthant with the origin translated to the point (0,2). Therefore, the RLCT of K(u,s) is
(A, 0) = (1/2,1). The normal fan F of this polyhedron has only one cone, namely the positive
orthant. Thus, the fan is already smooth. By Theorem 5.11, the leading coefficient C' is

T(1/2 / u, 0)"1/2 s du

where g(u, s) is the strict transform K (u, s)/s*. A simple calculation shows that

1 /1 1 1
u,0)==-|—+—) = :
g( ) 2 <Q1 QQ> 2q1q2

Consequently, the first term asymptotics of L(N) is

1
L(N) =~ /27q1q2 log 2 1 N2, (1.27)
L —

Finally, to prove that the integrals over the regions A; and A, do not affect the first term
asymptotics of L(N), we blow up the origin so that both regions become rectangular. In the
region A1, after substituting v = xy and s = y, the integral becomes

g 1/q2
/ / e VKW @y dxdy
o Jo Gy +q —1/2

where K (y) is K(u,s) with s =y. Now, by Proposition 3.9,

. q2y _ .
RLCT[O,%]X[O,E} <K(y); Ty + g1 — 1/2> = RLCT[O,é]x[o,e} (K(y);y)

because ¢2/(qary+q1 —1/2) is positive in the above domain. Applying the Newton polyhedra

method to the nondegenerate function K(y), we learn that the latter RLCT equals (1,1).

Hence, the integral over A; is grows like N~! asymptotically, and it does not affect the first

term asymptotics of L(N). The same is true for As.

Case 2: (q1,¢2) = (1/2,1/2).
This is the more interesting scenario in our coin toss example because of the singularities
involved. The variety V of the fiber ideal is the union of lines

{w=1/2} U {t=1} C0,1)%
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After substituting w = (1 4+ u)/2 and t = 1 — s, the fiber ideal becomes the monomial ideal
(us) while the domain of integration becomes {(u,s) : =1 <u <1, 0 <s < 1}. Meanwhile,
the Jacobian determinant of the substitutions is 1/2, but the integrals over the domains
{-1<u<0,0<s<1}and {0 <u<1,0<s <1} are equal. Therefore, we can write the
marginal likelihood integral L(N) as

/ e~ NVEW) quds (1.28)
[0,1]2
where
1 1 1
K =1 —1 )
(u,5) 20g1+us+20g1—us

By applying Theorems 1.17 and 5.11, we ﬁnd that the RLCT of K(u,s) is (A, 6) = (1/2,2)
and that the first term asymptotics of L(N
\/> N~21og N.

The computations are not difficult in this case, so we leave them to the reader. In Example
5.15, we derive higher order asymptotics of this integral. O

Remark 1.19. For regularly parametrized exponential families, the asymptotics of marginal
likelihood integrals given data depends very much on the sample mean @ appearing in Theo-
rem 1.17. One may argue that in practice, the data almost always gives a sample mean « at
which the likelihood integral can be estimated using the BIC or the Laplace approximation.
Consequently, it seems unnecessary to study these integrals at singular points 4.

Example 1.18 demonstrates how this argument can be misleading. In this example, the
sample mean @ is the vector ¢ = (q1, q2) of relative frequencies of the data. Firstly, for all
values of ¢, the variety of the fiber ideal is not a collection of isolated points, so the Laplace
approximation cannot be applied directly. Secondly, the BIC only gives the exponents (A, 0)
of the first term asymptotics C N~*(log N)?~! but not the leading coefficient C. It is in this
constant C' that a lot of interesting asymptotic behavior occurs. For instance, let us consider
relative frequencies (q1,q2) = (1/2+1/N,1/2—1/N) for Example 1.18. This point ¢ is close
to the singular point (1/2,1/2). If we approximate the marginal likelihood integral using the

formula (1.27), then for large N,
~ \/gz\f-l/2 log N.

This N~/2log N behavior agrees up to a scalar with the asymptotics of the integral at the
point (1/2,1/2). It suggests that singular learning theory is useful for understanding mar-
ginal likelihood integrals at regular data points which are close to singular ones. O
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To summarize, in Sections 1.1-1.4, we introduced basic concepts from model selection and
Watanabe’s singular learning theory which are required for this dissertation. We discussed
the distinction between maximum likelihood and marginal likelihood integrals, and between
regular and singular models. We described some important classes of statistical models used
in this dissertation, such as discrete models, Gaussian models, and exponential families.
We saw that the key to deciphering a singular model is resolving the singularities of the
Kullback-Leibler function of the model at the true distribution.

In the last two sections, we described our main statistical contributions. In Section 1.5,
we defined a new general class of models, known as regularly parametrized models. We
also introduced fiber ideals for these models at given true distributions. We saw that for
regularly parametrized models, to desingularize the Kullback-Leibler function at the true
distribution, we only need to monomialize the corresponding fiber ideal. In Theorem 1.13
and Corollary 1.14, we gave details of the construction of this desingularization, and showed
that the last ingredient needed is principalization of the monomialized fiber ideal. We also
proved in Theorem 1.11 that the learning coefficient of the model is the real log canonical
threshold of the fiber ideal.

In Section 1.6, we studied the classic problem of estimating marginal likelihood integrals
for large-sample data without knowledge of the true distribution. Our aim was to use our new
techniques involving fiber ideals in approximating such integrals for regularly parametrized
exponential families. Theorem 1.17 stated how this can be accomplished when the maximum
likelihood estimate is natural. We finished this chapter with an example which uses many
of the new tools from this dissertation in computing the complete first term asymptotics
Cn~*(logn)?~! of the marginal likelihood integral.

In recent years, there have been increasing interest in computing learning coefficients of
statistical models and applying them to the approximation of marginal likelihood integrals.
For example, Aoyagi, Watanabe and Yamazaki [2,60,61] has clarified this for certain classes
of mixture models and reduced-rank regression models, while Geiger and Rusakov [45] has ac-
complished this for naive Bayesian networks with binary states. Their computations involve
finding real log canonical thresholds of functions rather than that of ideals. In Section 4.3,
we use the ideal-theoretic approach developed in this dissertation to simplify computations
of the learning coefficient of a mixture model with ternary features. This algebraic approach
was also applied by Zwiernik [63] in his analysis of learning coefficients of binary tree models.
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Chapter 2

Exact Evaluation

Evaluation of marginal likelihood integrals is central to Bayesian statistics. It is generally
assumed that these integrals cannot be evaluated exactly, except in trivial cases, and a wide
range of numerical techniques (e.g. MCMC) have been developed to obtain asymptotics and
numerical approximations [39]. The aim of this chapter is to show that exact integration is
more feasible than is surmised in the literature.

We examine marginal likelihood integrals for mixtures of discrete independence models
defined in Section 1.4.5. Bayesian inference for these models arises in many contexts, includ-
ing machine learning and computational biology. In Chapter 1, we described how recent work
in these fields has made a connection to singularities in algebraic geometry [15,45,57,60,61].
Our methods in this chapter complement those developments by providing tools for symbolic
integration when the sample size is small. The values of the integrals we study are rational
numbers, and exact evaluation means computing those rational numbers rather than floating
point approximations.

This chapter is organized as follows. In Section 2.1 we look at marginal likelihood inte-
grals of mixture models and investigate their basic properties. In Section 2.2 we examine the
Newton zonotopes of mixture models, and we derive formulas for marginal likelihood evalu-
ation using tools from geometric combinatorics. Our algorithms and their implementations
are described in detail in Section 2.3. Section 2.4 is concerned with applications in Bayesian
statistics. We show how Dirichlet priors can be incorporated into our approach, we discuss
the evaluation of Bayes factors, we compare our setup with that of [39], and we illustrate
the scope of our methods by computing an integral arising from a data set of [18].

This chapter is joint work with Bernd Sturmfels and Zhigiang Xu. A preliminary draft
version was first published in Section 5.2 of the Oberwolfach lecture notes [16]. We refer
to that volume for further information on the use of computational algebra in Bayesian
statistics. A full version of this chapter was later published in [38].
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2.1 Independence Models and their Mixtures

Let M be the independence model defined in (1.16). We now consider marginal likelihood
integrals arising from this model. All our domains of integration in this chapter will be poly-
topes that are products of standard probability simplices. On each such polytope we fix the
standard Lebesgue probability measure. In other words, our discussion of Bayesian inference
refers to the uniform prior on each parameter space. Naturally, other prior distributions,
such as Dirichlet priors, are of interest, and our methods are extended to these in Section
2.4. In what follows, we simply work with uniform priors.

We identify the state space (1.14) with the set {1,...,n}. A data vectorU = (Uy,...,Uy,)
is thus an element of N™. The sample size of these data is Uy + Uy + -+ + U, = N. If the
sample size N is fixed then the probability of observing these data is

N!
L. (0 - (0O (02 NOKS
v (0) TR pi(0) - p2(0) pn(0)
This expression is a function on the polytope P which is known as the likelihood function of
the data U with respect to the independence model M. The marginal likelihood of the data

U with respect to the model M equals
/ Ly (0) do.
P

The value of this integral is a rational number which we now compute explicitly. The data
U will enter this calculation by way of the sufficient statistic b = A - U, which is a vector
in N?. The coordinates of this vector are denoted bg-l) forte=1,...,k and j = 0,...,t.

Thus bg-i) is the total number of times the value j is attained by one of the random variables

X 1(i), e ,Xs(f) in the i-th group. Clearly, the sufficient statistics satisfy

b+ 0 b = s N forall i=1,2,... k. (2.1)
The likelihood function Ly (6) is the constant UI,L'UR, times the monomial
b
o = T]TIE")"
i=1 j=0

The logarithm of this function is concave on the polytope P, and its maximum value is
attained at the point 6 with coordinates (957) = b;z) /(si - N).

Lemma 2.1. The integral of the monomial #° over the polytope P equals
/ | £ BT -
g 1 (siN A )t

The product of this number with the multinomial coefficient N!/(U;!---U,!) equals the
marginal likelihood of the data U for the independence model M.
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Proof. Since P is the product of simplices (1.15), this follows from the formula

th-bo! - by! - by
gy .. 0ds = S : 2.2
/Ato L ¢ (bo+by+ -+ b +1)! 22)
for the integral of a monomial over the standard probability simplex A;. O]

Now, we shift our focus to the mixture model M. Our objective is to compute marginal
likelihood integrals for this model. Recall that its parameter space is the polytope

O = A xPxP
and that the model is parametrized by
Dy = 090" + o1 p™ for (0,0,p) € ©. (2.3)
The likelihood function of a data vector U € N for M® equals
N!

_ U Un
Ly(0,0,p) = mpl(aueap) b pa(o,0,0)7 (2.4)
The marginal likelihood of the data U with respect to the model M® equals
N!
/@LU(U, 0, ,0) dO’dep = m /@ H(goeav + O'lpav)Ude' de dp (25)

The following proposition shows that we can evaluate this integral ezactly.
Proposition 2.2. The marginal likelihood (2.5) is a rational number.

Proof. The likelihood function Ly is a Qsg-linear combination of monomials ¢%6°p¢. The
integral (2.5) is the same Qsg-linear combination of the numbers

/@ o0’ p’dodddp = ( /A 10“d0) ( /P 0°de) - ( /P pedp).

Each of the three factors is an easy-to-evaluate rational number, by (2.2). O

Example 2.3. The integral (1.19) expresses the marginal likelihood of a 4 x 4-table of counts
U = (Uy;) with respect to the mixture model M®. Specifically, the marginal likelihood of
the data (1.20) equals the normalizing constant 40!-(2!)712-(4!)~* times the number (1.21).
The model M? consists of all non-negative 4 x 4-matrices of rank < 2 whose entries sum
to one. Note that here the parametrization (2.3) is not identifiable, because dim(M®) = 11
but dim(©) = 13. In this example, k = 2, s1=s,=1, t1=t2=3, d = 8, n = 16. O]

Example 2.4. Consider again the setup of Example 1.6. Using the methods to be described
in the next two sections, we computed the exact value of the marginal likelihood for the
data U = (51,18, 73,25, 75) with respect to M®. The rational number (2.5) is found to be
the ratio of two relatively prime integers having 530 digits and 552 digits, and its numerical
value is approximately 0.778871633883867861133574286090 - 10~22. m
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2.2 Summation over a Zonotope

Our starting point is the observation that the Newton polytope of the likelihood function
(2.4) is a zonotope. Recall that the Newton polytope of a polynomial is the convex hull of
all exponent vectors appearing in the expansion of that polynomial, and a polytope is a
zonotope if it is the image of a standard cube under a linear map. See [12, §7] and [62, §7]
for further discussions. We are here considering the zonotope

ZaU) = Y U,-[0,a),

where [0, a,] represents the line segment between the origin and the point a, € R? and
the sum is a Minkowski sum of line segments. We write Z4 = Z4(1,1,...,1) for the basic
zonotope spanned by the vectors a,. Hence Z4(U) is obtained by stretching Z,4 along those
vectors by factors U, respectively. Assuming that the counts U, are all positive, we have

dim(Za(U)) = dim(Z4) = rank(A) = d—k+1. (2.6)

The zonotope Z 4 is related to the polytope P = conv(A) in (1.15) as follows. The dimension
d—Fk =t 4+t of Pisone less than dim(Z4), and P appears as the vertex figure of the
zonotope Z, at the distinguished vertex 0.

Remark 2.5. For higher mixtures M®, the Newton polytope of the likelihood function is

isomorphic to the Minkowski sum of (I — 1)-dimensional simplices in R¢=Y4. Only when
[ = 2, this Minkowski sum is a zonotope. [
The marginal likelihood (2.5) we wish to compute is the integral
/ H(UOOG'” + o1p™) " dodfdp (2.7)
© y=1

times the constant N!/(Uy!---U,!). Our approach to this computation is to sum over the
lattice points in the zonotope Z4(U). If the matrix A has repeated columns, we may replace
A with the reduced matrix A and U with the corresponding reduced data vector U. If one
desires the marginal likelihood for the reduced data vector U instead of the original data
vector U, the integral remains the same while the normalizing constant becomes

N! i i
_ alUl . .ag”’
Uyl Ug!
where «; is the number of columns in A equal to the i-th column of A. In what follows we
ignore the normalizing constant and focus on computing the integral (2.7) with respect to
the original matrix A.
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For a vector b € R%, we let [b| denote its L'-norm S0 by Recall from (1.16) that all
columns of the d x n-matrix A have the same coordinate sum

a = la,| = si+s2+--+s,, forallv=1,2....n

and from (2.1) that we may denote the entries of a vector b € R? by bgi) fori=1,...,k and
j =0,...,t. Also, let L denote the image of the linear map A : Z" — Z? Thus L is a
sublattice of rank d — k + 1 in Z%. We abbreviate Z%(U) := Z4(U) NL. Now, using the
binomial theorem, we have

a ay \U x UU Up—2y pxv-av (Up—2v)-a
(0-00 U+Ulp U) v Z . 0-0 0-111 vg v 'up v v) v

v
2y=0

Therefore, in the expansion of the integrand in (2.7), the exponents of § are of the form of
b=>,za, € Z5U), 0 <z, < U, The other exponents may be expressed in terms of b.
This gives us

n

[ (06" + 1™ Z ¢A (b, U) - ol glla . gv . pe. (2.8)
v=1 bezZ% (U
c= AU

Writing D(U) = {(z1,...,2,) € Z" : 0 <z, < U,,v=1,...,n}, the coefficient in (2.8) is

S H ( ) (2.9)

by

Thus, by formulas (2.2) and (2.8), the integral (2.7) evaluates to

k (1)) (%) (4) (%)
_([bl/a)! (|c|/a)! tiloyl - by tilegl o)
(b,U) - . — ]. 2.10
Z ¢ (U] +1)! H (|o® |+ti)! (|c@] 4 ¢;)! (2.10)

bGZH‘ =1
c= AU b

We summarize the result of this derivation in the following theorem.

Theorem 2.6. The marginal likelihood of the data U in the mizture model M) is equal to
the sum (2.10) times the normalizing constant N'/(Uy!---U,!).

Each individual summand in the formula (2.10) is a ratio of factorials and hence can be
evaluated symbolically. The challenge in turning Theorem 2.6 into a practical algorithm lies
in the fact that both of the sums (2.9) and (2.10) are over very large sets. We shall discuss
these challenges and present techniques from both computer science and mathematics for
addressing them.
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We first turn our attention to the coefficients ¢ (b, U) of the expansion (2.8). These
quantities are written as an explicit sum in (2.9). The first useful observation is that these
coefficients are also the coefficients of the expansion

[T+ = > ¢a(dv,U)-¢", (2.11)

v beZ4 (U)

which comes from substituting o; = 1 and p; = 1 in (2.8). When the cardinality of Z%(U) is
sufficiently small, the quantity ¢4(b, U) can be computed quickly by expanding (2.11) using
a computer algebra system. We used MAPLE for this and all other symbolic computations
in this chapter.

If the expansion (2.11) is not feasible, then it is tempting to compute the individual
¢a(b,U) via the sum-product formula (2.9). This method requires summation over the set
{z € D(U) : Ax = b}, which is the set of lattice points in an (n — d + k — 1)-dimensional
polytope. Even if this loop can be implemented, performing the sum in (2.9) symbolically
requires the evaluation of many large binomials, causing the process to be rather inefficient.

An alternative is offered by the following recurrence formula:

oab,U) = zn: (g”) G a\a, (b — 2na,, U\ Uy). (2.12)

n
xp=0

This is equivalent to writing the integrand in (2.7) as

n—1
(H(era“ + Ulpa”)Uv> (000" + a1p*) ",

v=1
More generally, for each 0 < i < n, we have the recurrence

oab,U) =D ol U)-daald—V U\,
)

bezh, (U

where A’ and U’ consist of the first ¢ columns and entries of A and U respectively. This
corresponds to the factorization

(ﬁ(gogau +0-1pav)Uv> ( ﬁ (000" + U1pa“)U“) .

v=1 v=i+1

This formula gives flexibility in designing algorithms with different payoffs in time and space
complexity, to be discussed in Section 2.3.
The next result records useful facts about the quantities ¢4 (b, U).
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Proposition 2.7. Suppose b € Z%(U) and ¢ = AU — b. Then, the following quantities are
all equal to ¢pA(b,U):
(1) #{z € {0,1}" : AVz = b}, where AV is the extended matriz

U ._
AY = (al,...,aL,aQ,...,ag,...,an,...,an),
TV
— —_——
U1 Us Un

(2) dalc,U),
(3) 3

where u; = min {U;} U {by/ajm}n_; and l; = U; —min {U;} U {cn/ajm 1 -

Proof. (1) This follows directly from (2.11).

(2) For each z € {0, 1} satisfying AYz = b, note that z = (1,1,...,1) — 2 satisfies Az = ¢,
and vice versa. The conclusion thus follows from (1).

(3) We require Az =b and x € D(U). If z; > u; = by, /ajm, then aj,x; > by, which implies
Ax # b. The lower bound is derived by a similar argument. O

One aspect of our approach is the decision, for any given model A and data set U, whether
or not to attempt the expansion (2.11) using computer algebra. This decision depends on
the cardinality of the set Z%(U). In what follows, we compute the number exactly when A
is unimodular. When A is not unimodular, we obtain useful lower and upper bounds.

Let S be any subset of the columns of A. We call S independent if its elements are
linearly independent in R?. With S we associate the integer

index(S) = [RSNL:ZS].

This is the index of the abelian group generated by .S inside the possibly larger abelian group
of all lattice points in . = ZA that lie in the span of S. The following formula is due to
R. Stanley and appears in [49, Theorem 2.2]:

Proposition 2.8. The number of lattice points in the zonotope Z4(U) equals

#Z5U) = > index(5)- [] Un (2.13)

SCA indep. ay €S

In fact, the number of monomials in (2.8) equals #M4(U), where M4(U) is the set
{be Z%U) : ¢a(b,U) # 0}, and this set can be different from Z%(U). For that number we
have the following bounds. The proof, which uses methods in [49, §2], will be omitted here.
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Theorem 2.9. The number #M4(U) of monomials in the expansion (2.8) of the likelihood
function to be integrated satisfies the two inequalities

Yo IIve < #Maw) < D index(S) - [] UL (2.14)

SCA indep. veS SCA indep. veS

By definition, the matrix A is unimodular if index(S) = 1 for all independent subsets S
of the columns of A. In this case, the upper bound coincides with the lower bound, and so
Ma(U) = Z%(U). This happens in the classical case of two-dimensional contingency tables
(k=2 and s; = sy = 1). In general, #2%(U)/#M4(U) tends to 1 when all coordinates of U
tend to infinity. This is why we believe that for computational purposes, #2%(U) is a good
approximation of #M4(U).

Remark 2.10. There exist integer matrices A for which #M4(U) does not agree with the
upper bound in Theorem 2.9. However, we conjecture that #M4(U) = #2%(U) holds for
matrices A of Segre-Veronese type as in (1.16) and strictly positive data vectors U. Il

Example 2.11. Consider the 100 Swiss Francs example in Section 1.4.5. Here A is unimod-
ular and it has 16145 independent subsets S. The corresponding sum of 16145 squarefree
monomials in (2.13) gives the number of terms in the expansion of (1.22). For the data U
in (1.20) this sum evaluates to 3,892, 097. O

Example 2.12. We consider the matrix and data from Example 1.6.

: 01234
A= (43210)

U = (51,18,73,25,75)

By Theorem 2.9, the lower bound is 22,273 and the upper bound is 48,646. Here the number
#M ;(U) of monomials agrees with the latter. O

We next present a formula for index(.S) when S is any linearly independent subset of the
columns of the matrix A. After relabeling we may assume that S = {ay,...,ax} consists
of the first k£ columns of A. Let H = V A denote the row Hermite normal form of A. Here
V € SL4(Z) and H satisfies

H;; =0fori>j and 0< H;; < Hj; for i < j.

Hermite normal form is a built-in function in computer algebra systems. For instance, in
MAPLE the command is ihermite. Using the invertible matrix V', we may replace A with
H, so that RS becomes R* and ZS is the image over Z of the upper left k x k-submatrix of
H. We seek the index of that lattice in the possibly larger lattice ZA N Z*. To this end we
compute the column Hermite normal form H' = HV'. Here V' € SL,(Z) and H' satisfies

Hi;=0ifi>jorj>d and 0< Hy < Hy for i <j.



CHAPTER 2. EXACT EVALUATION 46

The lattice ZA N ZF is spanned by the first k& columns of H’, and this implies

HyyHyp -+ Hyg
HhHéQ Hllck‘

index(.S)

2.3 Algorithms

In this section we discuss algorithms for computing the integral (2.7) exactly, and we discuss
their advantages and limitations. In particular, we examine four main techniques which
represent the formulas (2.10), (2.11), (2.6) and (2.12) respectively. The practical performance
of the various algorithms is compared by computing the integral in Example 1.6.

A MAPLE library which implements our algorithms is made available at

http://math.berkeley.edu/~shaowei/integrals.html.

The input for our MAPLE code consists of parameter vectors s = (s1,...,s;) and t =
(t1,...,tx) as well as a data vector U € N". This input uniquely specifies the d x n-matrix
A. Here d and n are as in (1.13). The output features the matrices A and A, the marginal
likelihood integrals for M and M) as well as the bounds in (2.14).

We tacitly assume that A has been replaced with the reduced matrix A. Thus from
now on we assume that A has no repeated columns. This requires some care concerning the
normalizing constants. All columns of the matrix A have the same coordinate sum a, and
the convex hull of the columns is the polytope P = Ay x Ay, X -+ X Ay,. Our domain of
integration is the following polytope of dimension 2d — 2k + 1:

© = A, xPxP

We seek to compute the rational number

/ H(JOG““ + o1p™) Y dodfdp, (2.15)
© y=1

where integration is with respect to Lebesgue probability measure. Our MAPLE code outputs
this integral multiplied with the statistically correct normalizing constant. That constant
will be ignored in what follows. In our complexity analysis, we fix A while allowing the data
U to vary. The complexities will be given in terms of the sample size N =U; + --- 4+ U,,.

2.3.1 Ignorance is Costly

Given an integration problem such as (2.15), a first attempt is to use the symbolic integration
capabilities of a computer algebra package such as MAPLE. We refer to this method as
wgnorant integration:
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U := [5b1, 18, 73, 25, 75]:

= (s*xt"4 +(1-s)*p~4 )7U[1]
(s*t73%(1-t) +(1-s8)*p~3x(1-p) )"U[2]
(8%t 2% (1-t) “2+ (1-5) *p~2% (1-p) ~2) “U[3]
(sxt  *(1-t)"3+(1-s)*p *(1-p)~3)"U[4]
(s *(1-t) "4+ (1-s) *(1-p)~4)"U[5]:
IT := int(int(int(f,p=0..1),t=0..1),s=0..1);

Hh
I

* % X X

In the case of mixture models, recognizing the integral as the sum of integrals of monomi-
als over a polytope allows us to avoid the expensive integration step above by using (2.10).
To demonstrate the power of using (2.10), we implemented a simple algorithm that computes
each ¢ (b, U) using the naive expansion in (2.9). We computed the integral in Example 1.6
with a small data vector U = (2,2,2,2,2), which is the rational number

66364720654753
59057383987217015339940000°

and summarize the run-times and memory usages of the two algorithms in the table below.
All experiments reported in this section are done in MAPLE.

Time(seconds) Memory(bytes)
Ignorant Integration 16.331 155,947,120
Naive Expansion 0.007 458,668

For the remaining comparisons in this section, we no longer consider the ignorant integration
algorithm because it is computationally too expensive.

2.3.2 Symbolic Expansion of the Integrand

While ignorant use of a computer algebra system is unsuitable for computing our integrals,
we can still exploit its powerful polynomial expansion capabilities to find the coefficients of
(2.11). A major advantage is that it is very easy to write code for this method. We compare
the performance of this symbolic expansion algorithm against that of the naive expansion
algorithm. The table below concerns computing the coefficients ¢4 (b, U) for the original
data U = (51,18,73,25,75). The column “Extract” refers to the time taken to extract the
coefficients ¢4 (b, U) from the expansion of the polynomial, while the column “Sum” shows
the time taken to evaluate (2.10) after all the needed values of ¢4(b, U) had been computed
and extracted.

Time(seconds) Memory
¢a(b,U) Extract Sum  Total (bytes)
Naive Expansion 2764.35 - 31.19 2795.54 10,287,268

Symbolic Expansion — 28.73 962.86 29.44 1021.03 66,965,528
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2.3.3 Storage and Evaluation of ¢4(b,U)

Symbolic expansion is fast for computing ¢ (b, U), but it has two drawbacks: high memory
usage and the long time it takes to extract the values of ¢4(b, U). One solution is to create
specialized data structures and algorithms for expanding (2.11), rather using than those
offered by MAPLE.

First, we tackle the problem of storing the coefficients ¢ (b, U) for b € Z%(U) C R? as
they are being computed. One naive method is to use a d-dimensional array ¢|[-]. However,
noting that A is not row rank full, we can use a dy-dimensional array to store ¢ 4(b,U), where
dy = rank(A) = d — k + 1. Furthermore, by Proposition 2.7(2), the expanded integrand is
a symmetric polynomial, so only half the coefficients need to be stored. We will leave out
the implementation details so as not to complicate our discussions. In our algorithms, we
will assume that the coefficients are stored in a dy-dimensional array ¢|-|, and the entry that
represents ¢4(b, U) will be referred to as ¢[b].

Next, we discuss how ¢ 4(b, U) can be computed. One could use the naive expansion (2.9),
but this involves evaluating many binomials coefficients and products, so the algorithm
is inefficient for data vectors with large coordinates. A more efficient solution uses the
recurrence formula (2.12):

Algorithm 2.13 (RECURRENCE(A, U)).
Input: The matrix A and the vector U.
Output: The coefficients ¢4 (b, U).

Step 1: Create a dy-dimensional array ¢ of zeros.
Step 2: For each x € {0,1,...,U;} set

plzay] = ((j>

Step 3: Create a new dy-dimensional array ¢'.
Step 4: For each 2 < j <n do
1. Set all the entries of ¢’ to 0.
2. For each z € {0,1,...,U,} do
For each non-zero entry ¢[b] in ¢ do
Increment ¢/[b + xa;] by (“7)¢[b].
3. Replace ¢ with ¢'.
Step 5: Output the array ¢.

The space complexity of this algorithm is O(N%) and its time complexity is O(N%*1),
By comparison, the naive expansion algorithm takes O(N?) space and O(N™*1) time.

We now turn our attention to computing the integral (2.15). One major issue is the
lack of memory to store all the terms of the expansion of the integrand. We overcome this
problem by writing the integrand as a product of smaller factors which can be expanded
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separately. In particular, we partition the columns of A into submatrices AN, ... A and
let UM, ... U™ be the corresponding partition of U. Thus the integrand becomes

i 1) AN

T ](e00™" + 1o )",

j=1 v
where @' is the v-th column in AU, The resulting algorithm for evaluating the integral is:

Algorithm 2.14 (Fast Integral).

Input: The matrices AN, ... A" vectors UM, ... U and the vector t.
Output: The value of the integral (2.15) in exact rational arithmetic.
Step 1: For 1 < j < m, compute ¢V := RECURRENCE(AV!, Ull),

Step 2: Set [ :=0.

Step 3: For each non-zero entry ¢!![pl!] in ¢! do

For each non-zero entry ¢™[b™] in ¢l™ do
Set b:= bl ... 40" = AU — b, ¢ := I, PUIp1].
Increment I by

b . (BaGeljay |k GO e
(1)1 =1 RO (O

Step 4: Output the sum 1.

The algorithm can be sped up by precomputing the factorials used in the product in
Step 3. The space and time complexity of this algorithm is O(N?¥) and O(NT) respectively,
where S = max; rank APl and T = Y, rankAll. From this, we see that the splitting of the
integrand should be chosen wisely to achieve a good pay-off between the two complexities.

In the table below, we compare the naive expansion algorithm and the fast integral
algorithm for the data U = (51,18,73,25,75). We also compare the effect of splitting the
integrand into two factors, as denoted by m = 1 and m = 2. For m = 1, the fast integral
algorithm takes significantly less time than naive expansion, and requires only about 1.5
times more memory.

Time(minutes) Memory(bytes)

Naive Expansion 43.67 9,173,360
Fast Integral (m=1) 1.76 13,497,944
Fast Integral (m=2) 139.47 6,355,828

2.3.4 Limitations and Applications

While our algorithms are optimized for exact evaluation of integrals for mixtures of inde-
pendence models, they may not be practical for applications involving large sample sizes.
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Figure 2.1: Comparison of computation time against sample size.

To demonstrate their limitations, we vary the sample sizes in Example 1.6 and compare the
computation times. The data vectors U are generated by scaling U = (51, 18,73,25,75)
according to the sample size N and rounding off the entries. Here, N is varied from 110
to 300 by increments of 10. Figure 2.1 shows a logarithmic plot of the results. The times
taken for N = 110 and N = 300 are 3.3 and 98.2 seconds respectively. Computation times
for larger samples may be extrapolated from the graph. Indeed, a sample size of 5000 could
take more than 13 days.

For other models, such as the 100 Swiss Francs model in Section 1.4.5 and that of the
schizophrenic patients in Example 2.20, the limitations are even more apparent. In the table
below, for each example we list the sample size, computation time, rank of the corresponding
A-matrix and the number of terms in the expansion of the integrand. Despite having smaller
sample sizes, the computations for the latter two examples take a lot more time. This may
be attributed to the higher ranks of the A-matrices and the larger number of terms that
need to be summed up in our algorithm.

Size  Time Rank  #Terms

Coin Toss 242 45 sec 2 48,646
100 Swiss Francs 40 15 hrs 7 3,892,097
Schizophrenic Patients 132 16 days 5 34,177,836

Despite their high complexities, we believe that our algorithms are important because
they provide a gold standard with which approximation methods such as those studied in [39]
can be compared. Below, we use our exact methods to ascertain the accuracy of asymptotic
formula derived in [57] and [60,61] using desingularization methods from algebraic geometry.
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Example 2.15. We revisit the model from Example 1.6. Let us consider data vectors U =
(U, Uy, Uy, Us, Uy) with U; = Ng; where N is a multiple of 16 and

1 (4
P = T , 1=0,1,...,4.
e 16(z’> '

Let In(U) be the integral (2.15). Define

4
Fy(U) = NZ%’ log g; — log In(U).

=0

According to [61], for large N we have the asymptotics

By [Fy(U)] = Zlogzwom (2.16)

where the expectation Ey is taken over all U with sample size N under the distribution
defined by ¢ = (qo, ¢1, 92, q3, q1). Thus, we should expect

3 3
Figyn — Fy = Zlog(lG—i—N)—é—LlogN:: g(N).

We compute Figyny — Fy using our exact methods and list the results below.

N Figyn — Fn g(N)

16 0.21027043  0.225772497
32 0.12553837 0.132068444
48 0.08977938  0.093704053
64  0.06993586 0.072682510
80  0.05729553 0.059385934
96  0.04853292 0.050210092
112 0.04209916  0.043493960

Clearly, the table supports our conclusion. The coefficient 3/4 of log N in the formula (2.16)
is the learning coefficient of the statistical model, which was discussed in Section 1.3.2. By
Theorem 1.11, this coefficient equals the real log canonical threshold of the polynomial ideal

(000301 + o1ppp1 — 1/16, 008303 + o1p5ps — 1/16,
00(909:13 + Ulpgp? — 1/16, 00911 + (Tlp;l — 1/16)

The example suggests that Proposition 4.2a could be developed into a numerical technique
for computing the real log-canonical thresholds of polynomial ideals. O]
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2.4 Back to Bayesian Statistics

In this section we discuss how the exact integration approach presented here interfaces with
issues in Bayesian statistics. The first concerns the rather restrictive assumption that our
marginal likelihood integral be evaluated with respect to the uniform distribution (Lebesgue
measure) on the parameter space ©. It is standard practice to compute such integrals with
respect to Dirichlet priors, and we shall now explain how our algorithms can be extended to
Dirichlet priors. That extension is also available as a feature in our MAPLE implementation.

Recall that the Dirichlet distribution Dir(«) is a continuous probability distribution
parametrized by a vector a = (ag,aq,..., ) of positive reals. It is the multivariate
generalization of the beta distribution and is conjugate prior (in the Bayesian sense) to the
multinomial distribution. This means that the probability distribution function of Dir(«)
specifies the belief that the probability of the +-th among m + 1 events equals 6; given that
it has been observed «; — 1 times. More precisely, the probability density function f(6;«)
of Dir(«) is supported on the m-dimensional simplex

A = {(90,...,9m)€R§0 : 60+...+9m:1}7
and it equals

ea—l
B(a)

1
f(Oo,....0m;00,...,00n) = —-930_19?_1---9%7"_1 =:

B(a)
Here the normalizing constant is the multinomial beta function

m! (o) (aq) -+ - T'(um)

B = .
(a) Clag+aq + -+ )

Note that, if the «; are all integers, then this is the rational number

m!(ag — 1) (eg — 1)+ (g, — 1)!
(ao—F"'4-&nL—-1ﬂ

B(a) =

Thus the identity (2.2) is the special case of the identity [, f(6;a)dd =1 for the density
of the Dirichlet distribution when all a; = b; + 1 are integers.

We now return to the marginal likelihood for mixtures of independence models. To
compute this quantity with respect to Dirichlet priors means the following. We fix positive
real numbers ag, aq, and ﬁj@ and %(.z) fori = 1,...,k and j = 0,...,t;. These specify
Dirichlet distributions on A;, P and P. Namely, the Dirichlet distribution on P given by
the ﬁj@ is the product probability measure given by taking the Dirichlet distribution with
parameters (56”, 6@, o ,ﬁtf)) on the i-th factor A, in the product (1.15) and similarly for

(@)

the ’yjz . The resulting product probability distribution on the polytope © = A; x P x P is
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called the Dirichlet distribution with parameters («, [3,7). Its probability density function
is the product of the respective densities:

f@.8.p08.7) = g H ]B%ﬁ(% H IB%W . (2.17)

By the marginal likelihood with Dirichlet priors we mean the integral

/ Ly (0,0,p) f(0,0, p; o, B,7)dodbdp. (2.18)
(C]

This is a modification of (2.5) and it depends not just on the data U and the model M®
but also on the choice of Dirichlet parameters («,3,v). When the coordinates of these
parameters are arbitrary positive reals but not integers, then the value of the integral (2.18)
is no longer a rational number. Nonetheless, it can be computed exactly as follows. We
abbreviate the product of Gamma functions in the denominator of the density (2.17) as

k k

B(o, 8,7) = B(a)- [[BBY)-[[BO).

i=1 =1

Instead of the integrand (2.8) we now need to integrate

c+vy—1

Z ¢A J\b\/amoﬂ pldlatai=t g

0

with respect to Lebesgue probability measure on ©. Doing this term by term, as before, we
obtain the following modification of Theorem 2.6.

Corollary 2.16. The marginal likelihood of the data U in the mixture model M@ with
respect to Dirichlet priors with parameters (o, 3,7) equals

D bezi (U gbA(b [7) Dbl/atao) Tl /atay)

UnE e ok T(UT+al)
c= AU ) .
Hk (mr(z)g”wo”)---r(bi?wi;)) £l (el +96") D (e +4()
i=1 T +]50]) T+ o)

A well-known experimental study [39] compares different methods for computing numeri-
cal approximations of marginal likelihood integrals. The model considered in the study is the
nawwe-Bayes model, which, in the language of algebraic geometry, corresponds to arbitrary
secant varieties of Segre varieties. In this chapter we considered the first secant variety of
arbitrary Segre-Veronese varieties. In what follows we restrict our discussion to the intersec-
tion of both classes of models, namely, to the first secant variety of Segre varieties. For the
remainder of this section we fix

S1=8 =---=5,=1
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but we allow ¢, to, . .., tx to be arbitrary positive integers. Thus in the model of [39, Equation
1], we fix rc = 2, and the n there corresponds to our k.

To keep things as simple as possible, we shall fix the uniform distribution as in Sections
2.1-2.3 above. Thus, in the notation of [39, §2], all Dirichlet hyperparameters «;;j, are set to
1. This implies that, for any data U € N™ and any of our models, the problem of finding the
maximum a posteriori (MAP) configuration is equivalent to finding the maximum likelihood
(ML) configuration. To be precise, the MAP configuration is the point (7, é,,ﬁ) in © which
maximizes the likelihood function Ly (0,6, p) in (2.4). This maximum may not be unique,
and there will typically be many local maxima. Chickering and Heckerman [39, §3.2] used
the EM algorithm [41, §1.3] to approximate the MAP configuration numerically.

The Laplace approximation and the BIC score (Section 1.3.1) depend on the idea that the
MAP configuration can be found with high accuracy and that the data U were actually drawn
from the corresponding distribution p(d, 0, p). Let H(o,0,p) denote the Hessian matrix of
the log-likelihood function logL(o, 8, p). Then the Laplace approximation [39, Equation 15]
states that the logarithm of the marginal likelihood can be approximated by

2d -2k +1

5 log(2m). (2.19)

~ 1 ~
log L(5,0, ) — Slog|det H(&,0,p)| +

The Bayesian information criterion (BIC) suggests the coarser approximation

2d -2k +1

logL(6,0,5) = ——

log(N), (2.20)
where N = Uy + - - - + U, is the sample size.

In algebraic statistics, we do not content ourselves with the output of the EM algorithm
but, to the extent possible, we seek to actually solve the likelihood equations [30] and compute
all local maxima of the likelihood function. We consider it a difficult problem to reliably find
(6,0, p), and we are concerned about the accuracy of approximations like (2.19) or (2.20).

Example 2.17. Consider the 100 Swiss Francs table (1.20) discussed in Section 1.4.5. Here
k=2 s = sy, =1, 1t =ty = 3, the matrix A is unimodular, and (1.17) is the Segre
embedding P? x P? < P'®. The parameter space O is 13-dimensional, but the model M
is 11-dimensional, so the given parametrization is not identifiable [19]. This means that the
Hessian matrix H is singular, and hence the Laplace approximation (2.19) is not defined. [

Example 2.18. We compute (2.19) and (2.20) for the model and data in Example 1.6.
According to [30, Example 9], the likelihood function pg'p1*p3®p3°ps® has three local maxima
(Po, D1, P2, D3, P4) in the model M@ and these translate into six local maxima (&, 6, p) in the

parameter space O, which is the 3-cube. The two global maxima are

(0.3367691969, 0.0287713237,0.6536073424),
(0.6632308031, 0.6536073424, 0.0287713237).
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Both of these points in © give the same point in the model:
(Po, D1, P2, P3,04) = (0.12104,0.25662,0.20556,0.10758, 0.30920).

The likelihood function evaluates to 0.1395471101 x 10~*® at this point. The following table
compares the various approximations. Here, “Actual” refers to the base-10 logarithm of the
marginal likelihood in Example 1.6.

BIC -22.43100220
Laplace -22.39666281
Actual -22.10853411

O

The method for computing the marginal likelihood which was found to be most accurate
in the experimental study is the candidate method [39, §3.4]. This is a Monte-Carlo method
which involves running a Gibbs sampler. The basic idea is that one wishes to compute a
large sum, such as (2.10) by sampling among the terms rather than listing all terms. In the
candidate method one uses not the sum (2.10) over the lattice points in the zonotope but the
more naive sum over all 2V hidden data that would result in the observed data represented
by U. The value of the sum is the number of terms, 2%, times the average of the summands,
each of which is easy to compute. A comparison of the results of the candidate method
with our exact computations, as well as a more accurate version of Gibbs sampling which is
adapted for (2.10), will be the subject of a future study.

One of the applications of marginal likelihood integrals lies in model selection. An im-
portant concept in that field is that of Bayes factors. Given data and two competing models,
the Bayes factor is the ratio of the marginal likelihood integral of the first model over the
marginal likelihood integral of the second model. In our context it makes sense to form
that ratio for the independence model M and its mixture M®. To be precise, given any
independence model, specified by positive integers si, ..., s, t1,...,tx and a corresponding
data vector U € N", the Bayes factor is the ratio of the marginal likelihood in Lemma 2.1
and the marginal likelihood in Theorem 2.6. Both quantities are rational numbers and hence
so is their ratio.

Corollary 2.19. The Bayes factor which discriminates between the independence model M
and the mizture model M® is a rational number. It can be computed exactly using Algorithm
2.14 (and our MAPLE-implementation).

Example 2.20. We conclude by applying our method to a data set taken from the Bayesian
statistics literature. The study in [18, §3] analyzed the association between length of hospital
stay (in years Y') of 132 schizophrenic patients and the frequency with which they are visited
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by relatives. Their data set is the following 3x3 contingency table:
2<Y <10 10<Y <20 20<Y  Totals

Visited regularly 43 16 3 62

U = Visited rarely 6 11 10 27 (2.21)
Visited never 9 18 16 43
Totals 58 45 29 132

They present estimated posterior means and variances for these data, where “each estimate
requires a 9-dimensional integration” [18, p. 561]. Computing their integrals is essentially
equivalent to ours, for k = 2,51 = s9 = 1,t; =t = 2 and N = 132. The authors emphasize
that “the dimensionality of the integral does present a problem” [18, p. 562], and they point
out that “all posterior moments can be calculated in closed form .... however, even for modest
N these expressions are far to complicated to be useful” [18, p. 559].

We differ on that conclusion. In our view, the closed form expressions in Section 2.2
are quite useful for modest sample size N. Using Algorithm 2.14, we computed the integral
(2.15). It is the rational number with numerator

278019488531063389120643600324989329103876140805
285242839582092569357265886675322845874097528033
99493069713103633199906939405711180837568853737

and denominator

12288402873591935400678094796599848745442833177572204
50448819979286456995185542195946815073112429169997801
33503900169921912167352239204153786645029153951176422
43298328046163472261962028461650432024356339706541132
34375318471880274818667657423749120000000000000000.

To obtain the marginal likelihood for the data U above, that rational number (of moderate
size) still needs to be multiplied with the normalizing constant

132!
43!-16!-3!-6!-11!-10!-9!- 18! - 16!

O

In this chapter, we studied marginal likelihood integrals for mixtures of independence
models, and our main contribution is a formula for this integral as a sum over lattice points
of a zonotope. To evaluate this formula efficiently and exactly, we prescribed various tricks,
including a recurrence relation for the coefficients ¢4 (b, U). We counted the number of lattice
points in the zonotope, as a measure of the computational complexity of this evaluation. Last
but not least, we extended our results to compute integrals with respect to Dirichlet priors.
These exact results complement recent developments in the approximation of such integrals
using asymptotic theory, including the approach described in the chapters that follow.
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Chapter 3

Asymptotic Theory

In this chapter, we study the full asymptotic expansion of Laplace integrals of the form
Z(n) = / e Wp(w)dw, n— oo (3.1)
Q

given some analyticity conditions on €, f and (. The case where = R? and ¢ is smooth
with compact support was studied intensively in relation to oscillatory integrals by Arnol’d,
Gusein-Zade and Varchenko [3, §6-7]. They showed that Z(n) has the asymptotic expansion

Z(n) ~ Z Z Cain” “(logn)~* (3.2)

where the o are positive rational numbers and the c,; are real constants. Unfortunately, in
Bayesian statistics we often encounter integrals where €2 is a semianalytic set, i.e.

Q={weR': g(w)>0,...,q(w) >0}

is defined by real analytic inequalities. Furthermore, critical points of the phase function f
may lie on the boundary of ). Therefore, we are interested primarily in two questions:

1. Do our Bayesian integrals also have asymptotic expansions of the form (3.2)7
2. If so, how do we compute the exponents and coefficients of this expansion?

It turns out that the key idea is simultaneous resolution of the singularities of the phase
function and the boundary inequalities. Together with a standard treatment of zeta functions
and their transforms, we will be able to answer these questions. In Section 3.1, we explore
different formulations of Hironaka’s theorem on the resolution of singularities which will
be used in this dissertation. In Section 3.2, we study local and global properties of zeta
functions. Mellin and Laplace transforms will be discussed in Section 3.3. Finally, in Section
3.4, we apply these transforms to our zeta functions to get the asymptotic expansion results.
Some of these results have been published in a preprint [37].
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Remark 3.1. The idea of applying simultaneous resolutions to semianalytic sets is due to
Watanabe [58], but many of the results in this chapter were derived independently of his
work. In [58, Remark 4.5], Watanabe comments that integrals over semianalytic subsets
do indeed have asymptotic expansions of the form (3.2). His expression for the coefficients
of this expansion takes a different form from our expression in Theorem 3.16. m

Remark 3.2. When we say that Z(n) has an asymptotic expansion (3.2), we mean that for
each ag > 0 and 79 > 0, as n — oo, we have

Z(n) — Z cain *(logn) ' = O(n~*(logn)™).

(Oc,i) <(a0 ,io)

Here, the pairs (o, 4) in the sum are reverse-ordered by the value of n=* (logn)®~! for large
n, and O( ) is the big-O notation.

However, for a fixed integer n > 0, it is not necessarily true that the infinite series (3.2)
converges to Z(n). For instance, by Corollary 5.8, we have the equality

Zy(n) :—/e”x2dx = an~l2
R

Changing the domain of integration from R to the interval [—1, 1] and using Theorem 3.16,
we can show that, as n — oo,

1

Zy(n) ::/ e " dr ~ rnV2.

1
This is the full asymptotic expansion of Zs(n), but Zy(n) < Z,(n) = /mn~ 2. O

Let us introduce some notation for the rest of this chapter. Given z € R?, let A, (R?) be
the ring of real-valued functions f : R? — R that are analytic at . We sometimes shorten
the notation to A, when it is clear we are working with R?. When x = 0, it is convenient of
think of Ay as a subring of the formal power series ring R[wi, .. .,wq]] = R[[w]]. It consists
of power series which are convergent in some neighborhood of the origin. For all z, A, ~ Ay
by translation. Now, given a subset Q C R?, let Aq be the ring of real functions analytic at
each point z € €). Locally, each function can be represented as a power series centered at x.
Given f € Ag, define the analytic variety Vo(f) = {w € Q : f(w) = 0} while for an ideal
I C Aq, we set Vo(I) = NserVa(f). Let T represent the Gamma function and TV its i-th
derivative. Let the vector 1 represent the all-ones vector. Lastly, given a finite set S C R,
let #min S denote the number of times the minimum is attained in S.

3.1 Resolution of Singularities

Hironaka’s celebrated theorem [29] on the resolution of singularities is a deep result in alge-
braic geometry. It was first proved in 1964 and since then, many different variations of this
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theorem has been developed. The version we state below is due to Atiyah [4] and was used
by Watanabe [58, Theorem 2.3] in constructing singular learning theory.

Theorem 3.3 (Resolution of Singularities). Let f be a non-constant real analytic function in
some neighborhood Q2 C R® of the origin with f(0) = 0. There exists a triple (M, W, p) where

a. W C Q is a neighborhood of the origin,
b. M is a d-dimensional real analytic manifold,
c. p: M — W is a real analytic map,
satisfying the following properties:
1. p is proper, i.e. the inverse image of any compact set is compact,
ii. p is a real analytic isomorphism between M \ Vi (f o p) and W\ Vw (f),

iii. for anyy € Vy(fop), there exists a local chart M, with coordinates pv = (ji1, fta, - - - fd)
such that vy is the origin and

K1, K2

fop(u) = alp)u* s> -yt = a(p)p

K

where K1, ks, ...,Kkq are non-negative integers and a is a real analytic function with
a(p) # 0 for all pu. Furthermore, the Jacobian determinant equals

1P ()| = h(p)pt pg? - - - ot = h(p)p”

where T, Ty, ..., Ty are non-negative integers and h is a real analytic function with
h(p) # 0 for all p.

We say that (M, W, p) is a resolution of singularities or a desingularization of f at the
origin. In fact, we can desingularize a list of functions simultaneously.

Corollary 3.4 (Simultaneous Resolutions). Let f1, ..., f; be non-constant real analytic func-
tions in some neighborhood Q2 C R® of the origin with all f;(0) = 0. Then there exists a triple
(M, W, p) that desingularizes each f; at the origin.

Proof. The idea is to desingularize the product f;(w) - - - f;(w) and to show that this resolution
is also a resolution for each f;. See [57, Thm 11] and [25, Lemma 2.3] for details. O

Resolution of singularities for a function is synonymous with its monomialization. Given
a finitely generated ideal I in the ring Ay, of real analytic functions over W, we can also find a
map p : M — W that monomializes the ideal, i.e. the pullback ideal p*I = {fop € Ay : f €
I'} in each chart of M is generated by monomial functions. One naive way to prove this result
is to simultaneously resolve a system of generators f1,..., f, for I, which is equivalent to
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resolving their product f;--- f,.. So it seems that we only need to know how to monomialize
functions. However, as pointed out by Bierstone and Milman [5], Hironaka’s inductive proof
eventually involves passing to higher codimensional varieties defined by multiple functions,
and taking the product of these functions breaks the induction.

In this dissertation, we have chosen to take a coordinate-dependent perspective on the
resolution of singularities. Indeed, we speak of coordinate charts on manifolds such that the
function of interest is monomial. We have also chosen to study a local version of the resolution
theorem by focusing on desingularizing a function at the origin. There is a natural geometric
extension of these concepts to schemes, ideal sheafs and divisors. For instance, the ideal sheaf
of a normal crossing divisor is one which can be represented locally as a principal monomial
ideal. Below, we state Kollar’s version of the theorem on the strong monomialization of ideal
sheafs. We will not define the terms from algebraic geometry appearing here, but refer the
reader to Kollar’s book [34] on this subject. Other good expositions on the technical scope
and algorithmic aspects of resolutions of singularities have been written by Hauser [28],
Bierstone and Milman [6] and Bravo, Encinas and Villamayor [11].

Theorem 3.5 ( [34], Thm 3.35). There is a blowup sequence functor BP defined on all
triples (X, I, E), where X is a smooth scheme of finite type over a field of characteristic
zero, I C Ox 1is an ideal sheaf that is not zero on any irreducible component of X and E s
a simple normal crossing divisor on X. The functor BP satisfies the following conditions.

1. In the blowup sequence BP(X,I, E) =

: X, Tty X, T2 L. My X X, =X,
U U U
Zr1 Z Zo

all centers of blowups are smooth and have simple normal crossing with E.
2. The pullback 1I*I C Oy, 1is the ideal sheaf of a simple normal crossing divisor.
3. I : X, — X is an isomorphism over X \ cosupp I.
4. BP commutes with smooth morphisms and with change of fields.

5. BP commutes with closed embeddings whenever E = ().

Because resolution of singularities is an algorithmically delicate process, there are only a
few software libraries available for computing desingularizations of functions or ideals. The
first such library was written in 2000 by Bodnér and Schicho [9,10] in Maple. Since then,
Frithbis-Kriiger and Pfister [20] has written another implementation in Singular that is
faster and uses fewer charts. Typically, computing a resolution of singularities using these
libraries for our statistical examples, such as the one in Section 4.3, take an extremely long
time unless we apply some clever tricks to simplify the problem. A large number of charts are
also produced in the process. Our dissertation hopes to ease both problems by emphasizing
the use of fiber ideals in desingularizing statistical models (see Section 1.5).
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3.2 Zeta Functions

In this section, we derive real log canonical thresholds of monomial functions, and demon-
strate how resolution of singularities allows us to find the thresholds of non-monomial func-
tions. We show that the global threshold of a function over a compact set is the minimum of
local thresholds, and present an example where the threshold at a boundary point depend
on the boundary inequalities. We end this section with a conjecture about the location of
singularities with the smallest threshold.

Recall that in Section 1.3.2, we provided an informal definition of the real log canonical
threshold (RLCT) of a function. To make this definition formal, we need to discuss why the
zeta function is meromorphic over the whole complex plane and why all its poles are real.
This is one of the goals of this section.

Definition 3.6. Given a compact subset Q of R?, a function f € Aqg which is real analytic
over (), and a smooth function ¢ : 2 — R, consider the zeta function

/}f w)|dw, zé€C. (3.3)

This function is well-defined for z € R<y. If {(2) can be continued analytically to the whole
complex plane C, then all its poles are isolated points in C. Moreover, if all its poles are
real, then it has a smallest pole A which is positive. Let 6 be the multiplicity of this pole.
The pole A is the real log canonical threshold of f with respect to ¢ over Q. If ((z) has no
poles, we set A = oo and leave 6 undefined. Let RLCTq(f; ) be the pair (A, ). By abuse of
notation, we sometimes refer to this pair as the real log canonical threshold of f. We order
these pairs such that (Ay, 6;) < (g, 02) if for sufficiently large n,

A logn — 6 loglogn < Aglogn — 6y loglogn.

In other words, (A1,01) < (Ag,02) if Ay > A9, or Ay = A9 and 0y < 0,. Lastly, we let RLCTq, f
denote RLCTq(f;1) where 1 is the constant unit function.

Necessary analyticity conditions on f, ¢ and €2 such that the real log canonical threshold
is well-defined will be given in Corollary 3.10.

3.2.1 Monomialization

There is a simple class of functions, namely monomials wi* - - - w};* = w", for which it is easy
to compute the real log canonical threshold.

Proposition 3.7. Let Q be the positive orthant RL S0 and ¢ : 0 — R be a compactly supported

smooth function with ¢(0) > 0. Suppose k = (K1,...,kq) and T = (11,...,7q) are vectors of
non-negative integers. Then, RLCTq(w";w™¢) = ()\, (9) where
1 1
)\—mln{TJjL s (9—#m1n{Tj+ }.

1<j<d - K 1<G<d ™ K,
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Proof. See [3, Lemma 7.3]. The idea is to express ¢(w) as Ts(w) + Rs(w) where Ty is the s-th
degree Taylor polynomial and R, the difference. We then integrate the main term |f|=* T}
explicitly and show that the integral of the remaining term |f| *R, does not have larger
poles. This process gives the analytic continuation of {(z) to the whole complex plane, so
we have the Laurent expansion

=> Z P(z) (3.4)

a>0 =1
where the poles « are positive rational numbers and P(z) is a polynomial. O]

For non-monomial f(w), Hironaka’s theorem allows us to reduce it to the monomial case.
Moreover, we can show that the presence of a positive smooth factor in the amplitude does
not change the real log canonical threshold. For the rest of this section, let

Q={weR: g(w)>0,...,q(w) >0}
be compact and semianalytic. We also assume that f, p € Agq.

Lemma 3.8. For each x € €, there is a neighborhood €2, of x in € such that for all smooth
functions ¢ on Q, with ¢(x) >0

RLCT, (f; ¢¢) = RLCTq, (f; ).

This real log canonical threshold is a positive rational number.

Proof. Let x € Q. If f(x) # 0, then by the continuity of f, there exists a small neighborhood
), where 0 < ¢; < |f(w)| < ¢y for some constants ¢y, ca. Hence, for all smooth functions ¢,
the zeta functions

/\ )| lp(w)d@)|dw  and /\ ) p(w)] dw

do not have any poles, so the lemma follows in this case.

Suppose f(z) = 0. By Corollary 3.4, we have a simultaneous local resolution of singular-
ities (M, W, p) for the functions f,p, g1, ..., g vanishing at x. For each point y in the fiber
p~1(x), we have a local chart satisfying property (iii) of Theorem 3.3. Since p is proper, the
fiber p~!(z) is compact so there is a finite subcover {M,}. We claim that the image p(|J M,)
contains a neighborhood W, of x in R%. Indeed, otherwise, there exists a bounded sequence
{x1,29,...} of points in W \ p(JM,) whose limit is . We pick a sequence {y1,%2,...}
such that p(y;) = z;. Since the z; are bounded, the y; lie in a compact set so there is a
convergent subsequence with limit y.. The y; are not in the open set | J M, so nor is y,.. But
p(y.) = lim p(y;) = x so y. € p~'(x) C M,, a contradiction.
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Now, define 2, = W, NQ and let {M,} be the collection of all sets M, = M, N p~(,)
which have positive measure. Picking a partition of unity {o,(x)} subordinate to {M,} such
that o, is positive at each y, we write the zeta function ((2) = [, |f(w)|"*|p(w)d(w)|dw as

Z/M | Fop()] " o p(w)lld o p(i)llp' (1)loy (1) dps.

For each y, the boundary conditions g; o p(x) > 0 become monomial inequalities, so M, is
the union of orthant neighborhoods of y. The integral over M, can thus be expressed as a
sum of integrals of the form

Cy(2) = /R P T () dp

d
>0

where k and 7 are non-negative integer vectors while 1) is a compactly supported smooth
function with ¢ (0) > 0. Note that x and 7 do not depend on ¢ nor on the choice of orthant
at y. By Proposition 3.7, the smallest pole of (,(2) is

Now, RLCTq, (f;¢¢) = min,{(),, 0,)} which is a positive rational number. This formula is
independent of ¢, so we set ¢ = 1 and the lemma follows. n

Abusing notation, we now let RLCTq,(f;¢) represent the real log canonical threshold
for a sufficiently small neighborhood €2, of x in Q. If z is an interior point of €2, we denote
the threshold at by RLCT,(f; ). More generally, we say that Q is full at x if x lies in the
closure of the interior of 2. Note that if €2 is not full at x, then the integral (3.3) over small
2, is zero so RLCTq, (f;¢) = (o0, —).

3.2.2 Localization

The global RLCT over a subset €2 is the minimum of local RLCTs at points in (2.

Proposition 3.9. The set {RLCTq,(f;p):z € Q} has a minimum and

RLCTq(f;¢¢) = min RLCTo, (f; ¢)

for all positive and smooth functions ¢ : Q@ — R. In fact, it suffices to consider the minimum
over all x in the variety Vo(f), and the RLCT is (0o, —) if this variety is empty.
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Proof. Lemma 3.8 associates a small neighborhood to each point in the compact set €2, so
there exists a subcover {2, : € S} where S is finite. Let {0,(w)} be a partition of unity
subordinate to this subcover. Then,

/Q PO @)@ do = 3 / 1£(Q)] (@) b(w)] 0 (w) do

From this finite sum, we have

RLCTqo(f;p¢) = melgl RLCTo, (f;pgo,) = Hlelgl RLCTq,(f;¢).

Now, if y € 2\ S, let €2, be a neighborhood of y prescribed by Lemma 3.8 and consider the
cover {€, : x € S}U{€Q,} of Q. After choosing a partition of unity subordinate to this cover
and repeating the above argument, we get

RLCTq(f;p¢) < RLCTq, (f;¢) forall y € €.

Combining the two previously displayed equations proves the proposition. The last statement
follows from the fact that the RLCT is infinite for points x ¢ Vo(f). O

We say that ¢ : 2 — R is nearly analytic if ¢ is a product ¢,ps of functions where ¢, is
real analytic and gy is positive and smooth. Our results up to this point allow us to conclude
that for f, ¢ and Q satisfying the following analyticity conditions, the zeta function (3.3) is
meromorphic so the real log canonical threshold is well-defined.

Corollary 3.10. Given a compact semianalytic set Q C R, a function f € Aq satisfying
f(z) =0 for some x € Q, and a nearly analytic function ¢ : Q — R, the zeta function (3.5)
can be continued analytically to C. It has a Laurent expansion (3.4) whose poles are positive
rational numbers with a smallest element.

Proof. The proofs of Lemma 3.8 and Proposition 3.9 outline a way to compute the Laurent
expansion of the zeta function (3.3). O

3.2.3 Comparability of Phase Functions

If the function whose RLCT we are finding is complicated, we may replace it with a simpler
function that bounds it. More precisely, given f, g € Aq, we say that f and g are comparable
in Qif o1 f < g <cyof in Q for some ¢1,co > 0. The next two results are due to Watanabe.

Proposition 3.11. Given f,g € Aq, suppose 0 < cf < g in Q for some constant ¢ > 0.
Then, RLCTq(f;¢) < RLCTq(g; ).

Proof. See [58, §7]. O
Corollary 3.12. If f, g are comparable in 2, then RLCTq(f;¢) = RLCTq(g;¢).
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3.2.4 Boundary of Domain of Integration
We now show that the threshold at a boundary point depends on the shape of the boundary.
Example 3.13. Consider the following two small neighborhoods of the origin.

O ={(r,y) eR?:0<z<y<e}
D ={(r,y) eR?:0<y<z<¢e}

id Ay

Q,

> x > X

Figure 3.1: RLCT depends on the boundary inequalities.

To compute the real log canonical threshold of the function xy? over these sets, we have
the corresponding zeta functions below.

3 Yy ) 6_3Z+2

€ T ) 573z+2

This shows that RLCTg, (zy?) = 2/3 while RLCTq, (zy?) = 1/2. O

Note that the RLCT does not depend as much on the analytic inequalities defining the
boundary as it does on the set of points that the inequalities cut out. For instance, the above
two neighborhoods of the origin may also be expressed as follows.

O ={(z,y) eR?:0< 2?2 <y?*<¢}
Qo ={(z,y) eR?*:0<y? <2?<¢}

Changing the inequalities may change the resolution of singularities required to desingularize
the phase f and the boundary of €2, but the RLCT remains unchanged because the domain
of integration for the corresponding zeta function ((z) is unchanged.
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3.2.5 Deepest Singularities

Because the real log canonical threshold over a set Q C R? is the minimum of thresholds at
points x € (), we want to know where this minimum is achieved. Let us study this problem
topologically. Consider a locally finite collection S of pairwise disjoint submanifolds S C 2
such that 2 = UgesS and each S is locally closed, i.e. the intersection of an open and a
closed subset. Let S be the closure of S. We say S is a stratification of Q if SNT # () implies
S CTforall S,T €S. A stratification S of Q is a refinement of another stratification 7 if
SNT # () impliesSCT forallSeSand T € 7.

Let the amplitude ¢ : 2 — R be nearly analytic. Define Sy 1, ..., Sy, to be the connected
components of the set {x € Q : RLCTq, (f;¢) = A} and let S be the collection {S);}. Now,
define the order ord, f of f at a point = € €) to be the smallest degree of a monomial appearing
in a series expansion of f at x. This number is independent of the choice of local coordinates
w1, .. .,wg because it is the largest k such that f € m* where m, = {g € A4, : g(z) = 0}
is the vanishing ideal of z. Define 7;,,...,7;s to be the connected components of the
set {x € Q :ord,f = [} and let 7 be the collection {7;,}. We conjecture the following
relationship between & and 7. It implies that the minimum real log canonical threshold
over a set must occur at a point of highest order. An example of this stratification may be
found in Proposition 4.25.

Conjecture 3.14. The collections S and T are stratifications of Q2. Furthermore, if the
amplitude  is a positive smooth function, then S refines 7T .

3.3 Laplace and Mellin Transforms

Laplace integrals such as (3.1) occur frequently in physics, statistics and other applications.
At first, the relationship between their asymptotic expansions and the Laurent expansion of
the zeta function (3.3) seems strange. The key is to write these integrals as

2(n) = [ M) do= [ e ot

/\f |dw—/ooot_zv(t)dt

where v(t) is the state density function [57] or Gelfand-Leray function [3]

: /
— lp(w)] dw.
dt Jo<) ()<t

Formally, Z(n) is the Laplace transform of v(t) while ((z) is its Mellin transform. Note that
contrary to its name, v(t) is generally not a function but a Schwartz distribution. Next, we

u(t) =
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study the series expansions

Z(n) = Zan,n (logn)* (3.5)
o(t)dt =~ ZZbM (log t)i~Ldt (3.6)
C(z) ~ ZZda,i(z—a)—i (3.7)

where the series (3.5) and (3.6) are asymptotic expansions while (3.7) is the principal part of
the Laurent series expansion. Formulas relating their coefficients are then deduced from the
Laplace and Mellin transforms of t*(logt)’. Detailed expositions on this subject have been
written by Arnol’d-Gusein-Zade—Varchenko [3, §6-7], Watanabe [57, §4] and Greenblatt [26].

Proposition 3.15. The asymptotic expansion of the Laplace transform of t*~*(logt)® is

/ooo e~ 0 (log ) dt ~ Z (Z) (=1T (@) ™" (logn)’

=0
while the Mellin transform of t* '(logt)® is
1
/ t=*t* L(logt)' dt = — il (z — a)~0FY,
0

Proof. See [3, Thm 7.4] and [57, Ex 4.7] respectively. O

3.4 Asymptotic Expansion

In this section, we employ standard techniques to derive the asymptotic expansion of the
Laplace integral (3.1) from the Laurent expansion of the zeta function (3.3). Recall that I’
is the Gamma function and that T'® is its i-th derivative.

Theorem 3.16. Let Q C R? be a compact semianalytic subset and ¢ : Q — R be nearly
analytic. If f € Aq with f(x) =0 for some x € Q, then the Laplace integral

Z(n) = / &N ()] o

has the asymptotic expansion

) cain*(logn)". (3.8)

a =1
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The « in this expansion range over positive rational numbers which are poles of

/ |f(w)] 7 le(w)| dw (3.9)
where 6 € R is any 0 > 0 and Qs = {w € Q: |f(w)| < 0}. The coefficients c,; satisfy
(=1)' §~T07(a)
Cayi = 7 : : a,j
i G

Jj=t

(3.10)

where d,, ; is the coefficient of (z — a)™ in the Laurent expansion of ((z).

Proof. First, set 6 = 1. We split the integral Z(n) into two parts:

Zo)= [ ) dos [ e o) d.
If(w)l<1 \f(W)\Zl

The second integral is bounded above by C'e™ for some positive constant C, so asymptoti-
cally it goes to zero more quickly than any n~®. For the first integral, we write ((z) as the
Mellin transform of the state density function v(t).

z) = - )| dw = “Zu(t) dt.
() /MJ )| lew)] / £ () dt

By Corollary 3.10, ((z) has a Laurent expansion (3.4). Moreover, since |f(w)| < 1, {(n) —
as n — —oo so the polynomial part P(z) is identically zero. Applying the inverse Mellin
transform to ((z), we get a series expansion (3.6) of the state density function v(t). Applying
the Laplace transform to v(t) in turn gives the asymptotic expansion (3.5) of Z(n). Therefore,
from Proposition 3.15, we get the relations

s S A

Cai = (—1)1_1 Z (Z B 1>F(]_1) (Oé) ba—l,jv da,j = —<] — 1)' ba—l,j'
J=1

Equation (3.10) follows immediately. Finally, for all other values of §, we write

e = [ (s oo+ [ (] el

The last integral does not have any poles, so the principal parts of the Laurent expansions
of the first two integrals are the same for all 4. O]

In this chapter, we studied the asymptotic theory of Laplace integrals over semianalytic
subsets. Among our main contributions are Lemma 3.8 and Proposition 3.9 which describe
local properties of the RLCT, and Theorem 3.16 which gives an explicit formula for the
asymptotic expansion of the Laplace integral. These results will be important for proofs in
Chapter 4. We also discussed delicate issues such as the behavior of the RLCT at boundary
points and the location of deepest singularities. In Chapter 5, we exploit Theorem 3.16 and
develop algorithms which allows us to compute the asymptotics in Example 1.18.
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Chapter 4

Real Log Canonical Thresholds

In Chapter 3, we defined real log canonical thresholds (RLCTSs) for functions, and studied
their connection to asymptotic expansions of Laplace integrals. In this chapter, we investigate
RLCTs for ideals, and show that the informal definition given in Section 1.5.2 is independent
of the choice of generators. Computing RLCTs of ideals is important for many statistical
applications, as was described in Section 1.5 where we studied fiber ideals of models.

In Section 4.1, we investigate their fundamental properties which provides us with sym-
bolic tools for computing the RLCT more efficiently. In nondegenerate cases, we can calculate
the RLCT using a combinatorial geometric method involving Newton polyhedra which origi-
nates from toric geometry. The method has been applied to RLCTSs of functions [3, §8]. Our
contribution in Section 4.2 is to extend it to RLCTs of ideals and to give a formula for the
RLCT of a monomial ideal with respect to a monomial amplitude. We finish with a difficult
statistical example in Section 4.3 which employs the tools discussed in this chapter. In our
applications, we will only study RLCTSs of polynomial ideals, but the proofs in this chapter
extend easily to analytic functions so we will state them in their full generality. Some of our
results have been publish in a preprint [37].

In this section, let  C R? be a compact semianalytic subset and let ¢ :  — R be nearly
analytic. Before we give a definition for the RLCT of an ideal, let us define the RLCT for a
finite set of functions {f1,..., f.} C Aq. Later, this set of functions will represent a choice
of generators for the ideal, and we will show that the RLCT is independent of this choice.
Indeed, let RLCTq(f1,- .., fr; @) be the smallest pole and multiplicity of the zeta function

(0= [ (nr e s p07) el e (4.1

Recall that these pairs are ordered by the rule (A,6;) > (Mg, 65) if Ay > Ay, or Ay = Ay and
0, < 0y. For x € Q, we define RLCTq,(f1,..., fr;¢) to be the threshold for a sufficiently
small neighborhood €2, of z in €.
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Remark 4.1. The (complex) log canonical threshold may be defined in a similar fashion.
It is the smallest pole of the zeta function

C(2) = /Q (LA@)E+- -+ 1)) de

Observe that the f? have been replaced by |f;|* and the exponent —z/2 is changed to —z.
Crudely, this factor of 2 comes from the fact that C? is a real vector space of dimension 2d.
The complex threshold is often different from the RLCT [47]. In algebraic geometry, more
is known about complex log canonical thresholds than about real log canonical thresholds.
Many results in this chapter were motivated by their complex analogs [8,31,33, 36]. [

4.1 Fundamental Formulas

4.1.1 Equivalent definitions

We give several equivalent definitions of RLCTq(fi, ..., f.; ¢) which are helpful in proving
its fundamental properties.

Proposition 4.2. Given real analytic functions fi,..., f, € Aq, the pairs (\,0) defined in
the statements below are all equal.

a. The logarithmic Laplace integral
log Z(n) = 1og. | exp (~n 3 ) ()] do
& i=1

is asymptotically —% logn + (60 — 1)loglogn + O(1).

b. The zeta function
r —z/2
= (w)? d
= (}ijxw)) ()| dw

has a smallest pole \ of multiplicity 6.
c. The pair (X, 0) is the minimum

meiél RLCTq, (f1,---, [r;¥).

In fact, it is enough to vary x over Vo({fi,..., fr))-

Proof. Ttem (b) is the original definition of the RLCT. The equivalence of (a) and (b) follows
from Theorem 3.16, and that of (b) and (c) from Proposition 3.9. Some of the statements
in this proposition are also proved in [57, Thm 7.1]. [
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4.1.2 Choice of Generators
RLCTq(f24- -+ f%¢) = (A, 0) implies RLCTq(f1, ..., fr; ) = (2A,60). From this, it seems

that we should restrict ourselves to RLCTSs of single and of not multiple functions. However,
as the next proposition shows, multiple functions are important because they allow us to
work with ideals for which different generating sets can be chosen. This gives us freedom to
switch between single and multiple functions in powerful ways. For instance, special cases
of this proposition such as Lemmas 3 and 4 of [2] have been used to simplify computations.

Proposition 4.3. If two sets {fi1,..., [} and {g1,...,9s} of functions generate the same
ideal I C Agq, then

RLCTqo(f1,-.-, fr;) = RLCTq(g1,- -, gs; ¢)-
Define this pair (X, 0) to be RLCTq(I;¢). Here, X is a positive rational number.

Proof. Each g; can be written as a combination hy fi + --- + h, f, of the f; where the h; are
real analytic over (). By the Cauchy-Schwarz inequality,

@< (W4 +R)(f++ ).

Because (2 is compact, the h; are bounded. Thus, summing over all the g;, there is some

constant ¢ > 0 such that,
S T
WED W
j=1 i=1

By Proposition 3.11, RLCTq(g1, .., ¢) < RLCTq(f1,..., fr;¢) and by symmetry, the
reverse is also true, so we have equality. The fact that the real log canonical threshold is a
positive rational number follows from Corollary 3.10. ]

Above, we defined the RLCT of an ideal (f, ..., f,) in terms of the RLCT of a particular
function K(fy,...,f) = f£ + ...+ f2. We now show that any function K can be used as
long as K(0) = 0,VK(0) =0 and V2K (0) = 0, i.e. the Hessian is positive definite.

Proposition 4.4. Let U C R?, and let the maps f : Q—U and K : U — R be real analytic
at & € Q and f = f(©) € U respectively. Suppose K(f) =0, VK(f) =0 and V2K(f) = 0.
Then, for all p(w) nearly analytic at &,

RLCTgq, (K o f(w);¢) = (A, 6)

where (2),0) = RLCTo, (f(0) — f): ).
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Proof. Without loss of generality, we assume that f is the origin. Because V2K ( f ) is positive
definite, there exists a linear change of coordinates 7 : R? — R? such that the power series
expansion of K is u?+ - -+ u2+ O(u?®) where (uy,...,ug) = T(f1,..., f4). This implies that
there is a sufficiently small neighborhood U C U of the origin such that

cw 4+ Fud) < KoT Yu) <CWl+---+u2), Vuel
for some positive constants ¢ and C. Linear algebra tells us that
M(ff+e+ ) Suf o rug <M+ + fR), VfeTTU
where \; is the largest eigenvalue of 77T and )\; the smallest. Hence,
N(fi+ ) SK()SCM(fE++f3), VfeT'U.

Now, since f : Q — U is continuous at &, there exists some neighborhood Q € Q of & such

that f(Q) c T-'U. Thus,
A fw) + -+ faw)’) < Ko f(w) S CM(fw) + -+ faw)?), VweQ
and 5o by Proposition 3.1,
RLCTq, (K o f(w);¢) = RLCTq, (fi(w)® + - + fa(w)* @) = (A, 0).
Finally, by definition, (2),8) = RLCTo, ((f1(@), ..., fa(@)): ). 0

4.1.3 Sum, Product and Chain Rules

For the next result, let fi,...,f, € Ax and ¢1,...,9s € Ay where X C R™ and Y C R"™ are
compact semianalytic subsets. This occurs, for instance, when the f; and g; are polynomials
with disjoint sets of indeterminates {z1,...,z,,} and {y1,...,y,}. Let v, : X — R and
¢y Y — R be nearly analytic. We define (A\,,60,) = RLCTx(fi,..., fr;¢.) and (A, 0,) =
RLCTy (g1, - -+ G5; y)-

By composing with projections X xY — X and XxY — Y, we may regard the f; and
g; as functions analytic over X xY. Let I, and I, be ideals in Axyy generated by the f;
and g; respectively. Recall that the sum I, + I, is generated by all the f; and g; while the
product I,I, is generated by f;g; for all 7, 5.

Proposition 4.5 (Sum and Product Rules). The RLCTs for the sum and product of ideals
I, and I, with disjoint indeterminates are

RLCT xyxy (Iy + Iy; 0upy) = (Aa+ Ay, 0, +0,—1),
Az, 62) if Ap < Ay,
RLCT xxy (Io1y; putpy) = (Ay, 6y) if Ae > Ay,
(Azs O+ 0y) if Ay = Ay
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Proof. Define f(z) = f+---+ f? and g(y) = g7 + - + ¢2, and let Z,(n) and Z,(n) be the
corresponding Laplace integrals. By Proposition 4.2,

log Z,(n) = —3A;logn+ (0, —1)loglogn + O(1)
log Z,(n) = —3A\,logn+ (6, —1)loglogn + O(1)

asymptotically. If (X,0) = RLCT xxy (I, + I,; ¢.py), then

—3Alogn + (0 — 1) loglogn + O(1)
=log [y, e O g, |py| dx dy
=log ([ e @|u| dx) ( [, e @, | dy)
= log Z,(n) + log Z,(n)
= —1(\s + Ay logn + (0, + 0, — 2) loglogn + O(1)

and the first result follows. For the second result, note that

f@)gly) = figi+ figg+-+ flg..

Let (,(2) and (,(z) be the zeta functions corresponding to f(z) and g(y). By Proposition 4.2,
(Az, 05) and (A, 0,) are the smallest poles of (,(z) and (,(z) while RLCT x xy (I,1y; ¢z¢py) is
the smallest pole of

(2 = feny F@9@) " lpalliy| de dy
([ @) |pa|dz) ([, 9(v) 2oyl dy) = Cl(2)¢(2).

The second result then follows from the relationship between the poles. O

Our last property tells us the behavior of RLCTs under a change of variables. Consider
an ideal I C Ay where W is a neighborhood of the origin. Let M be a real analytic manifold
and p : M — W a proper real analytic map. Then, the pullback p*I = {fop: f € I} is
an ideal of real analytic functions on M. If p is an isomorphism between M \ V(p*I) and
WA\V(I), we say that p is a change of variables away from V(I). Let |p| denote the absolute
value of the Jacobian determinant of p. We call (p*I; (¢ o p)|p'|) the pullback pair.

Proposition 4.6 (Chain Rule). Let W be a neighborhood of the origin and I C Ay a finitely
generated ideal. If M is a real analytic manifold, p : M — W is a change of variables away
from V(I) and M = p~ 1 (QN W), then

RLCTg,(1; ) = Join  RECTa, (P L5 (w0 p)lp'])-
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Proof. Let fi,..., f, generate I and define f = fZ + -+ + f2. Then, RLCTgq,([; ) is the
smallest pole and multiplicity of the zeta function

((2) = [ flw)lp(w)| dw
Qo

where g C W is a sufficiently small neighborhood of the origin in 2. Applying the change
of variables p, we have

= [ Fentn ool )] dn

The proof of Lemma 3.8 shows that if €y is sufficiently small, there are finitely many points
y € p~1(0) and a cover {M,} of M = p~1(£y) such that

(=Y /M £ 0 p(1) 2L 0 p()l1 (1) ry (1) i

where {o,} is a partition of unity subordinate to {M,}. Furthermore, the f; o p generate
the pullback p*I and fop= (fiop)?+---+ (f, op)? Therefore,

RLCT um, (f © pi (¢ 0 p)lp'loy) = RLCTum, (0715 (0 0 p)|0'])

and the result follows from the two previously displayed equations. Il

4.2 Newton Polyhedra

Newton polyhedra methods are useful for computing the RLCT of a function f at a point x
which is in the interior of the parameter space ). By applying a translation, we may assume
without loss of generality that x is the origin 0 € R? and that f is analytic at this origin.

4.2.1 Nondegeneracy

Given an analytic function f € Ay(R?), we pick local coordinates {w,...,wy} in a neigh-
borhood of the origin. This allows us to represent f as a convergent power series ) cow®
where w = (w1, ...,wq) and each a = (ay, ..., aq) € N% Let [w®]f denote the coefficient c,
of w® in this expansion. Define its Newton polyhedron P(f) C R? to be the convex hull

P(f) =conv{a+a :[w*]f #0,0 € R}
A subset v C P(f) is a face if there exists 8 € R? such that

v={a e P(f) : (@, B) < (o, 5) for all o’ € P(/)}.
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where ( , ) is the standard dot product. Dually, the normal cone at «y is the set of all vectors
[ € R? satisfying the above condition. Each f3 lies in the non-negative orthant R, because
otherwise, the linear function (-, 3) does not have a minimum over the unbounded set P(f).
As a result, the union of all the normal cones gives a partition F(f) of the non-negative
orthant called the normal fan. Given a compact subset v C R?, define the face polynomial

fy= Z Caw®.

Recall that f, is singular at a point € R? if ord, f > 2, i.e.

_9h _9f
Ow Owyg

f3() () = - (z) = 0.

We say that f is nondegenerate if f, is non-singular at all points in the torus (R*)? for all
compact faces v of P(f), otherwise we say f is degenerate. Now, we define the distance [ of
P(f) to be the smallest ¢ > 0 such that (¢,¢,...,t) € P(f). The multiplicity 6 of [ is the
codimension of the face of P(f) at this intersection of the diagonal with P(f). However, if
[ =0, we leave 0 undefined. These notions of nondegeneracy, distance and multiplicity were
first coined and studied by Varchenko [54].

We now extend the above notions to ideals. For any ideal I C Ay, define
P(I) = conv{a € R?: [w*]f # 0 for some f € I}.
Related to this geometric construction is the monomial ideal
mon(1) = (W’ : 3, caw® € I,c5 # 0).

Note that I and mon(7) have the same Newton polyhedron, and if [ is generated by fi,. .., f,
then mon([/) is generated by the monomials w® appearing in the f;. One consequence is that
P(fE + -+ f?) is the scaled polyhedron 2P(I). More importantly, the threshold of I is
bounded above by that of mon(I). To prove this result, we need the following lemma. Recall
that by the Hilbert Basis Theorem or by Dickson’s Lemma [17], mon(7) is finitely generated.

Lemma 4.7. Given f € Ay(R?), let S be a finite set of exponents o of monomials w® which
generate mon((f)). Then, there is a positive constant ¢ such that

[f@l<e) |l
a€cs

i a sufficiently small neighborhood of the origin.

Proof. Let ) cow® be the power series expansion of f. Because f is analytic at the origin,
there exists € > 0 such that
Sl < o
(0%
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alt

Now, let S = {a®,a® ... a®}. Since the monomials w ) generate mon(/), we can write

flw) ="

for some power series g;(w). Each g;(w) is absolutely convergent in the e-neighborhood of the
origin because f is absolutely convergent in that neighborhood. Thus, the g;(w) are analytic.
Their absolute values are bounded above by some constant ¢ in a small neighborhood of the
origin, and the lemma follows. ]

&) NO)
Ygiw) + o+ w g (w)

Proposition 4.8. Let I C Ay be a finitely generated ideal and ¢ : R — R be nearly analytic
at the origin. Then,
RLCT((I; ¢) < RLCTy(mon(); ).

Proof. Suppose f € Ag(R?) and S is a finite set of generating exponents a for mon({f)). By
Lemma 4.7 and the Cauchy-Schwarz inequality, there exist constants ¢, ¢ > 0 such that

2
f2§ <CZ‘W‘Q> Sclzw2a
a€esS a€esS
in a sufficiently small neighborhood of the origin. More generally, if fi,..., f, generate I,

then fZ + ...+ f? is bounded by a constant multiple of the sum of squares of monomials
generating mon(/). The result now follows from Propostion 3.11. O

Given a compact subset v C R, define the face ideal
L =(f:fel).
The next result shows that we can compute I, directly from generators fi,..., f, for I.
Proposition 4.9. If I = (f1,..., f.), then I, = (fi+, ..., fry) for all compact faces vy € P(I).

Proof. By definition, (fi,..., fry) C I,. For the other inclusion, it is enough to show that
Iy € (fiys ..., fry) for all f € I. First, we claim that if w® = w¥w® with o € v and w® €
mon(/), then w®" = 1. Indeed, for all 3 € RZ, normal to 7, we have (a, ) = (o/, B)+ (", 3),
but (o, 3) < (o/,8) so (", ) = 0. This implies that o/ + ka” € v for all integers k > 0.
Since ~ is compact, o’ must be the zero vector so w® = 1.

Now, if f € I, then f = hyfi +---+ h, f, for some analytic functions hq, ..., h,. Clearly,
fy=(hfi)y+ -+ (h.fr),. By the above claim, (h;fi), = hiofiy Where h;o is the constant

term in h,;. Hence, f, = hiofiy + - + hyofry € (f1ry,- .-, fry) as required. O

Remark 4.10. We now explain why we do not run into Grobner-basis issues in this propo-
sition. Let 3 be a vector in the normal cone at the face v of P(I). Now, consider the weight
order associated to (3, and let ingf be the sum of all the terms of f that are maximal with
respect to this order [17, §15]. Let ingl be the initial ideal

ingl'::<in5f Zf € [).



CHAPTER 4. REAL LOG CANONICAL THRESHOLDS 7

Then, by definition, a set of functions fi,..., f. € I is a Grobner basis for [ if and only if
the initial ideal ingl is generated by the ingf;. Not all generating sets are Grobner bases.
But in our case, the face ideal I, is not the initial ideal ing/. In fact, the face polynomial f,
is not the initial form ingf. For instance, suppose I = (z,y), 3 = (1,1) € R? and 7 is the
face of P(I) normal to 8. If f = 2%+ y* € I, then ingf = 2* 4+ ¢ but f, = 0. O

Lastly, we give several equivalent definitions of sos-nondegeneracy for ideals I, where sos
stands for sum-of-squares.

Proposition 4.11. Let I C Ay be an ideal. The following statements are equivalent:
1. For some generating set { f1,..., f,} for I, f +---+ f? is nondegenerate.

2. For all generating sets { f1,..., fr} for I, f + -+ f? is nondegenerate.
3. For all compact faces v C P(I), the variety V(I.,) does not intersect the torus (R*)%.

If the ideal I satisfies any of these conditions, then we say that I is sos-nondegenerate.

Proof. Let fi,..., f. generate I and let f = fZ +---+ f2 If v is a compact face of P(I),
then (27) is a compact face of P(f) = 2P(I). Furthermore, fio,) = f£, 4+ --- + f7, and

0 f(2y) 0 f14 af,
=9 o192 T
8&)1 flﬂ/ &ui + * fr'y &ui
Now, ]“127 +-- -+ fr%/ = 0 if and only if f1, = --- = f,, = 0. It follows that f is nondegenerate
if and only if V({fi, ..., fr)) N (R*)? = V(L,) N (R*)¢ = @ for all compact faces v C P(I).
This proves the equivalences (1) < (3) and (2) < (3). O

A Singular library which implements some of the algorithms discussed in this section is
made available at the following website:

http://math.berkeley.edu/~shaowei/rlct.html

The library provides functions for determining the nondegeneracy of functions and of ideals,
and computes the RLCT of monomial ideals.

Remark 4.12. After finishing this chapter, the author discovered another notion of nonde-
generacy for ideals of complez formal power series due to Saia [46]. An ideal [ is said to be
Newton nondegenerate if there exists a generating set {fi,..., f.} of I such that for every
compact face v of P(I), the ideal of A, generated by fi,..., f;, has finite colength in A,.
Here, A, is the ring Ay/.J, where J, is the monomial ideal generated by all monomials w®
such that « is not in the cone over . As mentioned by Bivia-Ausina [7, §2], this notion
of nondegeneracy is equivalent to saying that for this generating set and for every compact
face v, the common complex zeros of fi,,..., f,, is contained in the coordinate hyperplanes
{w € R™: wy---wyg = 0}. In fact, if I is Newton nondegenerate, then this condition is true
for all generating sets of I. Thus, their notion of Newton nondegeneracy is in some sense
the complex version of our notion of sos-nondegeneracy. O]
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4.2.2 Toric Resolutions

We recall some basic facts about toric varieties. We say a polyhedral cone o is generated
by vectors vy,...,vp € R4 if o = {>°, \iv; : A > 0}. If o is generated by lattice vectors
v; € Z%, then o is rational. If the origin is a face of o, then o is pointed. A ray is a pointed
one-dimensional cone. Every rational ray has a lattice generator of minimal length called
the minimal generator. Similarly, every pointed rational polyhedral cone o is generated by
the minimal generators of its edges. If these minimal generators are linearly independent
over R, then o is simplicial. A simplicial cone is smooth if its minimal generators also form
part of a Z-basis of Z¢. A collection F of pointed rational polyhedral cones in R? is a fan if
the faces of every cone in F are in F and the intersection of any two cones in F are again
in F. The support of F is the union of its cones as subsets of R?. If the support of F is
the non-negative orthant, then F is locally complete. If every cone of F is simplicial (resp.
smooth), then F is simplicial (resp. smooth). A fan F is a refinement of another fan Fy if
the cones of F; come from partitioning the cones of F5. See [21,52] for more details.

Given a smooth locally complete fan F, we have a smooth toric variety P(F) covered by
open affines U, ~ R?, one for each maximal cone o of F. Furthermore, we have a blowup
map pr : P(F) — R? defined as follows: for each maximal cone o of F minimally generated
by vy, ...,vq with v; = (v;1, ..., vi4), we have a monomial map p, : U, — R%,

(1, - pra) = (W1, .o W4)-

v11 ,,021 Vd1

e B L L R
— v12 ,,V22 Vd2

Wo = [y “He™ et My
_ ,Vid, 2 Vda

Wa = fy o™ - g

Let v = v, be the matrix (v;;) where each vector v; forms a row of v. We represent the above
monomial map by w = p”. If v,y represents the i-th row sum of v, the Jacobian determinant
of this map is given by
(detv)py™ - g

We are now ready to connect these concepts. The next two theorems are from Varchenko,
see [54] and [3, §8.3]. His notion of degeneracy is weaker than ours because it does not include
the condition f, = 0, but his proof [3, Lemma 8.9] actually supports the stronger notion.
The set up is as follows: suppose f is analytic in a neighborhood W of the origin. Let F be
any smooth refinement of the normal fan F(f) and pr be the blowup associated to F. Set
M = pz'(W). Let [ be the distance of P(f) and 6 its multiplicity.

Theorem 4.13. If f is nondegenerate, then (M, W, pr) desingularizes f at 0.

Theorem 4.14. Suppose (M, W, pz) desingularizes f at 0. If f has a mazimum or minimum
at 0, then RLCT f = (1/1,0).
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We extend Theorem 4.14 to compute RLCTy(f;w™) for monomials w”™. Given a polyhe-
dron P(f) C R? and a vector 7 = (74,...,74) of non-negative integers, let the 7-distance I,
be the smallest t > 0 such that ¢(7 +1,...,74+1) € P(f) and let the multiplicity 6, be the
codimension of the face at this intersection.

Theorem 4.15. Suppose (M, W, px) desingularizes f at0. If f has a mazimum or minimum
at 0, then RLCTo(f;w™) = (1/1;,6,).

Proof. We follow roughly the proof in [3, §8] of Theorem 4.14. Let ¢ be a maximal cone of
F. Because F refines F(f), o is a subset of some maximal cone o’ of F(f). Let a € R? be
the vertex of P(f) dual to ¢’. Let v be the matrix whose rows are minimal generators of o
and p the monomial map p — p”. Then,

) wdw = f(p(p) " |p()"|p" ()] dpe
—z —vaz ,,vT,, V1+— va+—1
= g(u)F|(det o) T T g dp
for some function g(u). Because f has a maximum or minimum at 0, this ensures g(u) # 0
on the affine chart U,. Thus, for the cone o,

(vi, T+ 1)

<Ui’ a>

(A, 8,) = (min S, #min S), sz{ :1§¢§d}

where 7+1 = (1341, ...,74+1). We now give an interpretation for the elements of S. Fixing
i, let P be the affine hyperplane normal to v; passing through «. Then, (v;, &) /{v;, 7+ 1) is
the distance of P from the origin along the ray {t(7 4+ 1) : ¢ > 0}. Since RLCT((f;w") =
min, (s, 6,), the result follows. O

Remark 4.16. After finishing this chapter, the author discovered that a result similar to
the previous theorem was proved by Vasil’ev [55] for complex analytic functions. [

4.2.3 Monomial Ideals

Monomial ideals play in special role in the theory of real log canonical thresholds of ideals,
just as monomial functions are important in the theory of RLCTs of functions. The statement
and proof of this next result is due to Piotr Zwiernik.

Proposition 4.17. Monomial ideals are sos-nondegenerate.

Proof. Let f = f2+---+ f? where f1,..., f. are monomials generating /. For each face v
of P(I), f, is also a sum of squares of monomials, so f, does not have any zeros in (R*)?
and the result now follows from Proposition 4.11(3). O

We now come to the main theorem of this chapter. As a special case, we have a formula
for the RLCT of a monomial ideal with respect to a monomial amplitude function. The
analogous formula for complex log canonical thresholds of monomial ideals was discovered
and proved by Howald [31].
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Theorem 4.18. If I C Ay is a finitely generated ideal, then
RLCTo(I;w") < (1/1,,6,)

where [ is the T-distance of P(I) and 0, its multiplicity. Equality occurs when I is monomial
or, more generally, sos-nondegenerate.

Proof. 1f I is sos-nondegenerate, the equality follows from Theorem 4.15. For all other ideals,
the inequality follows from Proposition 4.8 and Corollary 4.17. O

Remark 4.19. Define the principal part fp of f to be Y cow® where the sum is over all
lying in some compact face of P(f). The above theorems imply that if f is nondegenerate,
then RLCT, f = RLCT, fp. However, this equality is not true in general. For instance, if
f=(z+y)*+y* then fp = (z+y)? but RLCT, f = (3/4,1) and RLCT, fp = (1/2,1). O

Our first corollary shows that the asymptotic correctness of the BIC is a special case of
Watanabe’s Theorem 1.3. Recall that for regular models where the true distribution is given
by the parameter w = 0, the Kullback-Leibler function K (w) satisfies K(0) =0, VK(0) =0
and V2K (0) = 0. For these models, the BIC states that the learning coefficient (), ) equals
(d/2,1), while Watanabe’s Theorem states that (), 6) equals RLCT, K.

Corollary 4.20. If K € Ay(R?) is such that K(0) =0, VK(0) =0 and V2K (0) = 0, then
RLCTy K = (d/2,1).

Proof. Because its Hessian is full rank, there is a linear change of variables such that K =
wi+ -+ w2+ O(w?). Hence, K is nondegenerate and the Newton polyhedron P(K) has
distance [ = 2/d with 6 = 1. O

Corollary 4.21. Let I be generated by fi, ..., fs and suppose the Jacobian matriz (Of;/0w;)
has rank r at 0. Then, RLCTo I < (3(r +d),1).

Proof. Because the rank of (0f;/0w;) is r, there is a linear change of variables such that the
only linear monomials appearing in I are wy, . ..,w,. It follows that P(I) lies in the halfspace
a1+t + (o + -+ ag) > 1 and its distance is at least 1/(r+ 5%) = 2/(r+d). O

We saw in Propositions 4.11 and 4.17 that if fi, ..., f, generate a monomial ideal, then the
sum of squares fZ+- - -+ f2 is nondegenerate. As an extension to Proposition 4.4, we now show
that K(fi,..., f-) is also nondegenerate for any function K such that K(0) =0, VK(0) =0
and V2K (0) = 0.

Proposition 4.22. Let Q and U be neighborhoods of the origin 0 € R?, and let u : Q — U
and K : U — R be real analytic maps satisfying u(0) = 0, K(0) = 0, VK(0) = 0 and
V2K (0) = 0. If the ideal I = (uy(w), ..., uq(w)) is monomial, then the function K o u(w) is
nondegenerate at the origin.
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Proof. Because K(0) = 0,VK(0) = 0 and V2K (0) = 0, there is a linear change of coordi-
nates T : R? — R? such that the power series expansion of K is v + - -+ 02 + O(v?) where
(v1,...,0q) = T(ug,...,uq). Moreover, vi(w),...,v4(w) generate the same monomial ideal
I as uj(w),...,uq(w). By Propositions 4.17 and 4.11(2), we see that vy (w)? + - - + vg(w)? is
nondegenerate. To show that

Kou(w) =uv(w)’+ - +v(w)’ + O(v(w)?)

is nondegenerate, it suffices to show that K o u(w) and vy (w)? + - - + vg(w)? have the same
principal part (see Remark 4.19 for a definition). We claim that the monomials appearing in
the term O(v(w)?) cannot lie on any compact face of the Newton polyhedron P(K ou(w)) =
P(1?). Now, any monomial in O(v(w)?) can be written as a product w®w® w®’ of monomials
in I. Suppose a + o + o lie in some compact face v of P(I?). Then, by the claim in the
proof of Proposition 4.9, since w®® € I?, we must have o/’ = 0, a contradiction. m

4.3 Applications to Statistical Models

In this section, we use our tools to compute learning coefficients of the discrete model M in
Example 2.20. Recall that M is a naive Bayesian network with two ternary random variables
and two hidden states. It was designed by Evans, Gilula and Guttman [18] for investigating
connections between the recovery time of 132 schizophrenic patients and the frequency of
visits by their relatives. Their data is summarized in the 3x 3 contingency table (2.21), which
gives us the matrix

L (4316 3
Q= 15| 6 110 (4.2)
9 18 16

of relative frequencies. The model is parametrized by the map

p: Q:A1XA2XA2XA2XA2 — Ag
w = (t,a1,a2,b1,b2,c1,co,dy,da) —  (pi)
pij = ta;b; + (1 —t)ed;, i, € {1,2,3}
where a3 = 1—a;—as, a = (ay, az, az) € Ay and similarly for b, ¢ and d. Hence, a 3x3 matrix

in the model is a convex combination of two rank one matrices, so it has rank at most two.
In Example 2.20, the marginal likelihood integral

7= / P1i D1 Y3 Doy Pag D33 D3y P Day dw

of the above data set was computed exactly.
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We now estimate this integral using the asymptotic method described in Theorem 1.17.
More specifically, we approximate Z by considering the asymptotics of the function

L) = [ TLpste) ™ do

where the 3x3 matrix ¢ = (¢;;) is some distribution lying in the model. Ideally, we want ¢
to be the matrix ¢ of relative frequencies coming from the data, but this matrix rarely lies in
the model. However, we should be able to find a matrix in the model that is close to ¢. This
is a reasonable assumption because in practice, we want to study models which describe the
data well. A good candidate for ¢ is the maximum likelihood distribution. For instance, the
matrix (4.2) of relative frequencies is not in the model because it is full rank. Using the EM
algorithm, we compute the maximum likelihood distribution

43.00153927 15.99813189 3.000328847
9= 133 5.979732739 11.12298188 9.897285383
9.018728012 17.87888620 16.10238577

which comes from the maximum likelihood estimate

0.5129202328

t =
(ay, as) = (0.09139459898, 0.3457903589),
(b, bs) = (0.1397061214, 0.4386217768),
(c1,¢2) = (0.8680689680, 0.05580725171),
(dv, do) = (0.7549807403, 0.2380125694).

Observe that ¢ is indeed very close to ¢. In Remark 1.19, using another discrete model, we
discuss how approximation of the likelihood integral varies with the choice of gq.

Our next result states how the asymptotics of L(N) depends on ¢. Let S; denote the set
of rank 7 matrices in p(€2). Let Sg; be the set of matrices in Sy where there are permutations
of the rows and of the columns such that ¢;; = 0 and 12, g21, ¢oo are all non-zero. Let Sy be
the subset of Sy where, up to permutations, g;1 = g2 = 0 and g2, ¢21 are non-zero. Before
we prove this theorem, let us apply it to our statistical problem. Using the exact value of 7
from Example 2.20, we have

logZ = —273.1911759.
Meanwhile, applying Theorem 4.23 with ¢ € Sy \ (S12 U Sa2), we obtain the approximation

log L(132) ~ —275.9144024. (4.3)
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This estimate could be improved if we also computed the constant C' in the asymptotics of
log L(N) using techniques from Chapter 5. On the other hand, if the BIC was erroneously
applied with the model dimension d = 8, we would get

BIC = —278.3558034.
Clearly, the approximation (4.3) is closer than the BIC to the exact value of logZ.
Theorem 4.23. The learning coefficient (X, 0) of the model at q is given by

(5/2,1) ifq € 5y,
(A, 0) = (7/2,1) Z:fq €S2\ (S21 U Sa2),
’ (4,1) if ¢ € So1 \ Saa,
(9/2,1) if g € Soa.

Therefore, asymptotically as N — o0,

log L(N) =~ N> giloggi — Mog N + (6 — 1) loglog N + C
1,J
for some constant C.

We postpone the proof of this theorem to the end of this section. Let us begin with a few
remarks about our approach to this problem. Firstly, Theorem 1.11 states that the learning
coefficient (A, 0) of the statistical model is given by

(2),6) = min RLCTq,. (p(w) — q)

where V is the fiber {w € Q : p(w) = ¢} of the map p over ¢. Instead of restricting ourselves
to a fixed ¢ and its fiber V, let us vary w* over all of €2. For each w* € €2, we translate €2 so
that w* is the origin and compute the RLCT of the fiber ideal (p(w + w*) — p(w*)). This is
the content of Proposition 4.25. The proof of Theorem 4.23 will then consist of minimizing
these RLCTs over the fiber V for each ¢ in the model.

Secondly, in our computations, we will often be choosing different generators for our fiber
ideal and making suitable changes of variables. Generators with few terms and small total
degree will be highly desired. One useful trick is to multiply or divide the generators by
functions f(w) satisfying f(0) # 0. Such functions are units in the ring Ay of real analytic
functions so this multiplication or division will not change the ideal generated. This next
lemma also comes in handy in dealing with boundary issues.

Lemma 4.24. Let Q C {(1,...,24) € R} be semianalytic. Let I be a monomial ideal and
© a monomial function in 1, ...,x,. If there exists a vector & € RT™ such that 3 xQy C )
for sufficiently small € where

Ql = {(Ih...,l’r) - [ ,é‘}r}
Qo ={(Try1,...,2q) =(E+E) forallt € [0,e],& € [—e,e] T},

then RLCTgq,(I;¢) = RLCT((; ¢).
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Proof. Because I and || remain unchanged by the flipping of signs of z1, ..., x,, the thresh-
old of (I;¢) does not depend on the choice of orthant, so RLCTq, (I;¢) = RLCTy(I;¢).
The lemma now follows from Proposition 4.5 and the fact that the threshold of the zero ideal
over the cone neighborhood €5 is (o0, —). O

We now come to the most computationally intensive result in this section. Let us define
subsets Q, = {w* € Q:t* € {0,1}}, Q, = {w* € Q:t* ¢ {0,1}} and

Qo = {w €, a*=c b =d}

Quort = {w €Quo:#{i:af =0}y =k, #{i:b; =0} =1}

Q1 = {w €, (b*#da" =) or (a* # b =d*)}
Qo = {w €Qni:(a*=cFia;=0)or (b*=d*,3ib; =0)}
Qo = {w" €, a*#c 0" #dY}

Qoad = {0 € Yy Ji,j a? =5 = 0,¢; # 0, £ 0}
Qe = {w* € Yy 3i,j b = ¢ = 0,d; #0,a% 0}
Qm21 = Qm2ad U Q7712bc
Qm22 = QmZad N Qm2bc-

Proposition 4.25. Given w* € Q, let I be the ideal (p(w + w*) — p(w*)). Then,

~

if w* € Qy,

if w* € Quooos

if W € Qoo U Linoor U Qimozo U Doz,
if w* € Qo11,

if w* € Qo12 U Qoo
if w* € Qoze,

if w* € Q1 \ Qmio,

if w* € Quio,

if w* € Qna \ Qinan,

Zf w* - Qle \ ngg,
Zf w* c ngg.

RLCTy I =

© o TN NN oo
e T

o~~~
e e S N e e e S S S

,

Proof. The ideal I is generated by g;; = fij(w + w*) — fi;(w*) where
fij = taibj + (1 — t)Cidj, i,j, k’ € {0, 1, 2}

and ag = by = ¢y = dy = 1. One can check that [ is also generated by ¢10, 920, go1, go2, and
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9ij — (dj + d5)gio — (ai + aj)goj, 4, j € {1,2} which expand to give

a(ty —t) +ar(ty +t) + tud
ety —t) + ao(th +t) + tub
dl(t* —t)+bi(th +t) + tog

do(t; —t) + bo(th + ) + tv}

ardy — artivy + ditiug

&1d2 — alté'l); + thIUT

CL2d1 — aQtE‘)UT + dlt’{u§

a/2d2 — agtSU; + dgtfu§
where t§ = t*,t] = 1 —t*,uf = af — ¢}, v = b —d}. Note that Y (a;+af) =1and > af =1
so Y a; =0 and similarly for b,c,d. Also, Zuj = > af —c¢f = 0. The same is true for v*.
We now do a case-by-case analysis.

Case 1: w* € Q,,.
This implies tj; # 0 and ¢7 # 0. Since the indeterminates by, bs, ¢1, c2 appear only in the
first four polynomials, this suggests the change of variables

= (- tul —a(ty+0)/(t; — 1), i
b= (B —tof —di(t; —0)/(ts+1), =1,

with new indeterminates t, ay, aq, b}, b, ¢}, ¢4, dy, dy. In view of Proposition 4.6, the Jacobian
determinant of this substitution is a constant.

Case 1.1: w* € Q,,;.
This implies u* # 0,v* = 0 or v* = 0,v* # 0. Without loss of generality, we assume
v* = 0,u] > 0 and substitute

di = (d; + o)/ (uy + ar), i=1,2.

The resulting pullback ideal is (b], b}, ¢}, b, dy, dy). If w* lies in the interior of €2, we use either
Newton polyhedra or Proposition 4.5 to show that the RLCT of this monomial ideal is (6, 1).
If w* lies on the boundary of €2, the situation is more complicated. Since we are considering
a subset of a neighborhood of w*, the corresponding Laplace integral from Proposition 4.2a
is smaller so the threshold is at least (6,1). To compute it exactly, we need blowups to
separate the coordinate hyperplanes and the hypersurfaces defining the boundary.

Because —uj = uj + uj, we cannot have uy = u} = 0. Suppose uj # 0 and uj # 0. We
consider a blowup where one of the charts is given by the monomial map t = s,a; = sa}, ¢| =
rs,cy = rscy, b, = rsbl!, d; = rsd. Here, the pullback pair is ((rs);r°s®). Now, we study the
inequalities which are active at w*. For instance, if b7 = 0, then w* lies on the boundary
defined by 0 < by 4 bj. After the various changes of variables, the inequalities are as shown
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below, where b5 = —b] — b and similarly for c§,d} and af. Note that the inequality for
aj = 0 is omitted because aj = 0 implies uj = —cj < 0. Similar conditions on the u}, v} hold

for the other inequalities.
bi=0: 0<rs(b! —d/(t; —s)/(tiu; + sa}))/(th + )

df =0: 0<rsd!/(tju; + sa})
G=0: 0% s(—uf +al(ty +5)+ 1)/t )

s =0: 0<s(—ub+ay(ti+s)+rdy)/(t5 —s) uy >0
ch=0: 0<s(—uj+as(ti+s)—r—rcy)/{t;—s) ui>0
asy=0: 0< sdj uy <0
ay=0: 0<sa} uz <0

In applying Lemma 4.24, the choice of coordinates is important. For instance, if b5 =
by = 0, we choose coordinates b, and b5 and set b{ = —bj — b5. The same is done for
the d. The pullback pair is unchanged by these choices. Now, with coordinates (r, s) and
(bF UL, df  d,, cy, ah, az), we apply the lemma with the vector § = (2,2, uj, uj, 1,1,1), so the
threshold is RLCTy(rs;r°s%) = (6, 1).

Now, if only one of u},uj is zero, suppose uj = 0,uj # 0 without loss of generality.
If a5 = ¢; # 0, then the arguments of the previous paragraph show that the RLCT is
again (6,1). If a5 = ¢5 = 0, we blow up the origin in R” and consider the chart where
as = s,¢, = sc! b, = sbl!,d; = sd. The pullback pair is ({sbY, sby, sc}, scy, sd}, sdy); s°). The

active inequalities for a5 = ¢ = 0 are

c=0: 0<s(dh—t5+1)/(t;—1)

as=0: 0<s

Near the origin in (s,b],04, ¢/, dy,d],dy) € R7, these inequalities imply s = 0 so the new
region M defined by the active inequalities is not full at the origin. Thus, we can ignore the
origin in computing the RLCT. All other points on the exceptional divisor of this blowup lie
on some other chart of the blowup where the pullback pair is (s; s%), so the RLCT is at least
(7,1). In the chart where co = s,¢; = scf,ay = sa), b, = sb},d, = sd!, we have the active

17

inequalities below. Note that ¢ # 0 because uj = —uj < 0.

bp = 0: 0 <s(b —dj(t] —1)/(tTu] — (say + a3))/(t; + 1)

df =0: 0<sd!//(tiu; — (sal+ a3))
ci=0: 0< (sef —tuy + (say + a3)(t; +1))/(t] — 1)
aa=0: 0<s(1l—aday(ty+1))/(t5—1)

as=0: 0 < saj
az;=0: 0<as

Again, choosing suitable coordinates in the b and d;, we find that the RLCT is (7, 1) by using
Lemma 4.24 with £ = (2,2, u},uf, 1,1,1,—1) in coordinates (b, b7  d!  d!  al, a3, cf t).

117 7127 7917 20
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Case 1.2: w* € Q0.
This implies u* # 0, v* # 0. Without loss of generality, suppose that u} # 0. If w* € Q,,01,
we further assume that aj = d} = 0,u] # 0,v; # 0. Substituting

d; = (d; + art{v})/(ag + tiuy), i=1,2
ay = (ay +ayuz)/uj,

the pullback ideal is (a}, b}, b, ¢}, ¢y, d}, d,) so the RLCT is at least (7,1). Note that a; =
(ayw; 4+ ayu})/uj for i = 1,2,3 where wf = 0,1, —1 respectively. If w* is not in €21, we
consider the blowup chart al, = s,b; = sb}, ¢, = sc/,d, = sd. The active inequalities are as

follows. The symbol v— denotes v} < 0.

bf =0: 0< [sb] —tuf — (sd + artivl)(t; —t)/(tjul + ar)] /(L5 +t) v—
cr=0: 0<[sc] —tuf — (sw; + aqul)(th +t)/ui]/(t; — 1) u+
af =0: 0< (sw;+ ayu))/uj u—
df =0: 0< (sd! + artyvl)/(tuf + ar) v+

The crux to understanding the inequalities is this: if af = d} = 0,u; # 0,v; # 0, the
coefficient of a; appears with different signs in the inequalities for a; = 0 and dj = 0. This
makes it difficult to choose a suitable vector § for Lemma 4.24. Similarly, if bf = ¢ =
0,v; # 0,u} # 0, the coefficient of ujt +t5a; appears with different signs. Fortunately, since
w* & Qn01, we do not have such obstructions and it is an easy exercise to find the vector &.
Thus, the RLCT is (7,1).

If w* € Qo1 \ Qin2e, we blow up ay = s,a) = saly, b, = sbl, c; = sc!,d; = sd!!. The active
inequalities for a] = d; = 0 imply that the new region M is not full at the origin of this chart.
Thus, we shift our focus to the other charts of the blowup where the pullback pair is (s; s7), so
the RLCT is at least (8,1). In the chart where a}, = s,a; = sa),b; = sbl!,¢; = sc!,d; = sd/,
we do not have obstructions coming from any b; = ¢j = 0,v] # 0,u] # 0 so it is again easy
to find the vector £ for Lemma 4.24. The threshold is exactly (8, 1).

If w* € Q,00, consider the following two charts out of the nine charts in the blowup of

the origin in RY.

Chart 1: ay = s,t = st',a)y = saly, b, = sb}, c; = s}, d; = sd!
. _ _ !/ ! "o // _ ! _ 1/
Chart 2: ¢ =s,a; = sa},ay, = say, b, = sbl, c; = sc!,d; = sd;

The inequalities for aj = dj = 0,u; # 0,v; # 0 and b; = ¢; = 0,v] # 0,u] # 0 imply that
the new region M is not full at points outside of the other seven charts, so we may ignore
these two charts in computing the RLCT. Indeed, for Chart 1, the active inequalities

a; =0: 0< s(ayw; +uf)/uj U
di =0: 0<s(d} + o))/ (truy +5) vt
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tell us that af or dj must be non-zero for M to be full. In Chart 2, suppose M is full at
some point x where afy = b =0 = ¢/ = c§ =d{ = dj = 0. Then,

af =0: 0<s(ayqw! + ajul)/uj u—
df=0: 0<s(df +ajt; z)/(t’{uHsa’l) v+

imply that af = 0 at . However, if this is the case, the inequalities

bf=0: 0<sb —v —(d 4+ ajtiv)(ts —s)/(tjul + say)]/(ty +s) v—
=0: i — (aqw] + ayui) (15 + s)/uil /(] — s) u+

forces b or ¢! to be non-zero for some i, a contradiction. Thus, we shift our focus to the
other seven charts where the pullback pair is (s; s®) and the RLCT is at least (9,1). In the
chart for a), = s, a1 = sa,t = st', b, = sb!, ¢, = sc!, d, = sd, note that we cannot have both

a3 = 0 and a3 = 0 because we assumed a] = 0. It is now easy to find the vector £ for Lemma
4.24, so the threshold is (9, 1).

Case 1.3: w* € Q0.
This implies u; = v; = 0 for all 7. The pullback ideal can be written as

<b/17 le? Clla Cl2> + <a17 a2><d17 d2>

whose RLCT over an interior point of 2 is (6,2) by Proposition 4.5. This occurs in 2,000
where none of the inequalities are active. Now, suppose the only active inequalities come
from a*{ = ¢; = 0. We blow up the origin in {(a;,¢}) € R?}. In the chart given by

a; =ay,c) = a’lc’l’ , the new region M is not full at the origin, so we only need to study the

chart where ¢ = ¢/, a; = ¢/a}. The pullback pair becomes ({c¢])+ (b}, by, i) +{az){dy, d2); ),
and a simple application of Lemma 4.24 and Proposition 4.5 shows that the threshold is (6, 1).
In this fashion, we study the different scenarios and summarize the pullback pairs and

thresholds in the table below.

Inequalities ~ Pullback pair RLCT
- (<b,17b/270/170/2> + <a17a2><d17d2>; 1) (672)
aj =0 ((0), b5, Y, ¢5) + (ag){dr, da); ) (6,1)
aj = 0,07 =0 ((bY, 5, ¢f, ¢5) + {az) (da); byc) (7,2)
CL}.{ =1 (<b,1>b,2?61702>ﬂ Clllcg) (67 1)
aylﬂ = 17 bT =0 (<b,1/7 bl27 Clv 02>7 bﬂclllcg) (77 1)
aj =1, bgf =1 (<b,1/7 b/2/7 €1, € >’ b”bg /1, /2/) (87 1)

For example, the case a5 = ¢§ = 1 corresponds to aj = a5 = ¢} = ¢5 = 0. Here, we blow
up the origins in {(a,c}) € R?*} and {(ag, ) € RQ} As before, we can ignore the other

charts and just consider the one where a; = c/a), | = ¢, as = chaly, ¢y, = . The pullback
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pair is ((¢]) + (c§) + (b}, b,), ¢ cy). If bf # 0 for all i, the RLCT is (6,1) by Lemma 4.24 and
Proposition 4.5.

Case 2: w* € (),.
Without loss of generality, assume t* = 0 and substitute

ci = (c;—tlai+u))/(1—1) i
di = (d;—tb;+v)/(1—1t) i=1,

The pullback ideal is the sum of (¢}, &, d}, d,) and
<t><a1 + UT, ag + U§><bl + UT, bg + U;>

Since ¢ = —c| — ¢}, and similarly for the d}, a;, b;, u} and v, it is useful to write this ideal

17

more symmetrically as the sum of (¢}, ¢y, &), (d}, d,, ds) and
(t)(ay + ui, as + u3, as + ujz)(by + vy, by + vy, by + v3).

Meanwhile, the inequalities are

a; =0: 0<aq,
ci=0: 0< (¢ —tla;+u))/(L—=1t) uf>0
d;=0: 0 (d; —t(bj+v3))/(1—t) vj>0.

We now relabel the indices of the a; and ¢}, without changing the b; and d}, so that the
active inequalities are among those from a7 = 0,a5 = 0,¢;, = 0,¢f, = 0. The b; and d} are

thereafter also relabeled so that the inequalities come from 07 = 0,05 = 0,d;, = 0,d}, = 0.

We claim that the new region M contains, for small ¢, the orthant neighborhood
{(alu ag, b17 b27 Ciy 5 Ciy, dj17 dj27 _t) € [07 6]9}'

Indeed, the only problematic inequalities are

0
0.

(¢ —t(=ar —ax +uf)) /(1 = 1)
(dy —t(=by — by +vj))/(1=1t) v

IAIN
W %

W x

However, these inequalities cannot occur because for instance, u; = 0 and c¢; = 0 implies
aj = 0, a contradiction since the a; were relabeled to avoid this. Finally, the threshold of
(t) is (1,1) while that of (a; + uf,as + ud) and (b + v}, by + v3) are at least (2,1) each. By
Proposition 4.5, the RLCT of their product is (1,1) and that of the pullback ideal we were
originally interested in is (5,1). O
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Proof of Theorem 4.23. Given a matrix ¢ = (g;;), the learning coefficient (A, §) of the model
at ¢ is the minimum of RLCTSs at points w* € Q where p(w*) = ¢. The first statement then
follows logically from the five claims below:

P(Qy) =51, p(mo) € S1, (o) T S1. P(Uma1) = S21, P(maz) = Sao.

The first three claims are trivial. The proofs of the last two claims are similar, so we only
show p(€,02) = Sao. First, it is easy to check that p(€2,02) C Sae. Now, if p(w*) = ¢ € Saa,
then g1 = t*ajb; + (1 —t*)cid} = 0 implies that af = 0 or b] = 0 because the parameters are
positive. Without loss of generality, suppose aj = 0. Because g2 # 0, we have ¢ # 0 which
leads us to di = 0 and b7 # 0. The condition gs2 = 0 then shows that b5 = ¢ = 0,a} #
0,d5 # 0. Therefore, w* € Q99 and pP(Qy22) D Sao.

The last statement of the theorem is a consequence of Theorem 1.17. O]

Remark 4.26. This is a difficult example because of the algebraic interactions between the
boundary of €2 and the fiber ideal I of the model. If we were computing the RLCT only at
points w* which lie in the interior of €2, the calculation would have been much easier. In
future work, we hope to find an algorithm involving Newton polyhedra for computing the
RLCT in situations where the boundary has normal crossings. O]

In this chapter, we investigated the theory of real log canonical thresholds of ideals. A
treatment of this topic was necessary for the analysis of our statistical models, but not much
is known in the literature except for their relationship to jumping numbers and complex
log canonical thresholds [47]. Hence, many of the results in this chapter are new, and they
were inspired by analogous results for complex log canonical thresholds. In Section 4.1, we
explored some of the fundamental properties of RLCTSs of ideals. We gave several equivalent
definitions, showed that they are independent of the choice of generators, and derived sum,
product and chain rules for calculating them. In Section 4.2, we extended Varchenko’s
concept of Newton nondegeneracy to ideals, and introduced the notion of sos-nondegeneracy.
These toric techniques allowed us to give an upper bound for the RLCT of arbitrary ideals
(Proposition 4.8) and to compute them exactly for monomial ideals (Theorem 4.18). We
applied these tools in Section 4.3 to a difficult statistical example where boundary issues
complicate the computation. We derived the learning coefficient of the model and used it to
approximate the marginal likelihood integral of actual health data [18].
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Chapter 5

Higher Order Asymptotics

Let € be a compact semianalytic subset of R?, f : ) — R be real analytic over €2, and
¢ : ) = R be nearly analytic over (2. We consider the Laplace integral

Z(n) = / e () der

By Theorem 3.16, Z(n) has an asymptotic expansion

ZZCQZ “(logn)" 1, n — 00

«

In this chapter, we are interested in computing the coefficients ¢, ; in this expansion.

Definition 5.1. The leading coefficient coefq(f;¢) is the coefficient ¢, o of the leading term
cxen *(Inn)? in the asymptotic expansion of Z(n). Note that (), 6) is the real log canonical
threshold RLCTq(f; ).

Theorem 3.16 gives us a way to compute this leading coefficient from the Laurent expan-
sion of the zeta function

- / @) le(@)ldz, zeC
Q

associated to Z(n). Recall that I" represents the Gamma function.
Proposition 5.2. The leading coefficient coefq(f; ) is given by

_(=D’rW)
Cro = W d,\,e

where dy g is the coefficient of (z — \)~% in the Laurent expansion of ((z).

Remark 5.3. This project to investigate leading coefficients and higher order coefficients of
the asymptotic expansions of Laplace integrals began with a discussion with Robin Pemantle
in April 2009 about asymptotics of generating functions. m
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5.1 Sum, Product and Chain Rules

In Section 4.1.3, we saw sum, product and chain rules for the RLCT of ideals with disjoint sets
of indeterminates. Incidentally, their proofs give us similar rules for the leading coefficients.

As before, let f, € Ax and f, € Ay where X C R™ and Y C R" are compact semianalytic
subsets. It is useful to think of f, and f, as polynomials or analytic functions with disjoint
sets of indeterminates {x1,..., %} and {y1,...,yn}. Let ¢, : X — Rand ¢, : Y — R be
nearly analytic. By composing with projections X xY — X and X xY — Y, we may regard
fzs [y, ¢z and ¢, as functions which are real analytic over X xY".

For the proofs, let Z,(n) and Z,(n) be the Laplace integrals corresponding to the triples
(X, fz, ps) and (Y, £y, ¢,) respectively. Let (,(z) and (,(z) be the associated zeta functions.
We define (A;,0,) = RLCT x(f2; ¢z), ¢z = coefx (fr;¢,) and similarly for (), 0,) and c,.

Proposition 5.4 (Sum Rule). For functions f,, ¢, and f,, p, with disjoint indeterminates,

COQfXXY(fz + fy§ 9033901/) = CoefX(fx§ QO:L‘) : CoefY(fy; ‘;Oy)
Proof. Let (X, 0) = RLCT xxy (fs + fy; @atpy) and ¢ = coefx vy (fz + fy; papy). Then,

Z:(n) =~ cxn_)‘f”(logn)ez_l,

Zy(n) !

cyn M (logn)? 1
Z(n) ~ cn*(logn)’!

Q

asymptotically. These Laplace integrals are related by the equation
Z(n) % [y €0 sl lpy| da dy
= fX einfzwxl dz - fY einfy|90y| dy = Zz(”) Zy(n)
so ¢’ = c,cy as required. [

Proposition 5.5 (Product Rule). For functions f,, ¢, and f,, ¢, with disjoint indetermi-
nates, if Ay = Ay, then

6, — 16, —1)!
CO@szny(fxnyS%Soy) = (9( ny) )_(133'1_‘(/3 ) -coefq, (fo; Pz) -Coeny(fy§<Py)'
T Y . T

On the other hand, if A\, < Ay, then

Coefﬂzxﬁy (fxfy? SOacSDy) = Coesz (fza 9090) : <y()\m>‘
Proof. Let (A, 0) = RLCT xxy (fofy; patpy) and ¢ = coef xxy (fufy; pztpy). Then,
Col2) = do(z = Aa) P 4+
Gu(2) = dy(z = Xy) % 4
() ==Xt
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are the Laurent expansions of the corresponding zeta functions for some coefficients d,, d,
and d’. These zeta functions are related by the equation

((2) = [y (Foly) lealley| dudy
= [ il da - [ £ loyldy = G(2)Gy(2).

Thus, if A, = A, then d’ = d,d,. On the other hand, if A, < A, then d' = d, (,(\;). The
two required formulas now follow from Proposition 5.2. ]

Proposition 5.6 (Chain Rule). Let Q C R? be a compact semianalytic subset and f : Q — R

a real analytic function. If W is an open neighborhood of 2, M is a real analytic manifold,
p: M — W is a change of variables away from V(f) and M = p=*(2), then

coefq(f; ) = coefam(f o p; (w0 p)lp']).
Proof. Direct consequence of applying a change of variable to the Laplace integral. Il
There are a few simple base cases where the leading coefficient computes easily.
Proposition 5.7. Let Q2 C R be a compact neighborhood of the origin. For k > 0,m > 0,

2 1
coefq(zF; 2™) = EF(%) :

Proof. We perform the computation that was implicit in Proposition 3.7. For € > 0,

€ e
/ ’xfzk+m‘dx — 2/ xfszrmdx
—€ 0

2 8—zk+m+1

—zk4+m+1

_ 2 (—zk+m+1)loge

—zk+m+1
—2/k
= 1+ (- 1)1
Z_(m+1>/k( + (—zk+m+1)loge +---)

More generally, the coefficient at z = (m+1)/k in the Laurent expansion of the zeta function

((z) = / | d

is —2/k. The formula now follows from Proposition 5.2. [

We now give some consequences of applying the sum, product and chain rules to Propo-
sition 5.7. Our next corollary is not an asymptotic result but an exact result. It was also
proved by Pemantle and Wilson [42, §3] using non-asymptotic methods.
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Corollary 5.8. Form > 0,

m! /7 - (m+1)/2

) (m/2)!2m
/e‘m |z™|dx =
® (m_—l) |~ (m+1)/2 for m odd.

for m even,

2

Proof. By Proposition 5.7, we have the asymptotics
1
Z(n) = / e |2 de & F(&> n~(mAD/2,
R 2
Making the substitution x = ty, we get
Z(n) = / ey tdy = ™ Z (nt?)
R

Now, because of the asymptotics, as t — oo,

Z(nt?)
T (L) (ng2)~(m+1)/2 -
2

This ratio is independent of ¢ because it evaluates to

Z(n)
F) -

Thus, the asymptotic result is exact and the desired formula now follows from

R
- m m/2)1 2m
()

- 1
(mT)' for m odd

for m even,

2

which are standard formulas for the Gamma function. O

Using this corollary, the asymptotics of the Laplace integral

d
(@2t 2
[ R | R
Rd IR

can be computed by multiplying the formulas for each m;. Lastly, as an extension of Propo-
sition 3.7, we compute the leading coefficient of the asymptotics for a Laplace integral with
monomial phase and amplitude functions.

dx
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Corollary 5.9. For vectors k,T € Z%O, suppose that k # (0,...,0) and that

n+1

K1 Ke K41 KRd

Te+1<79+1+1 '”<7'd+1

A:

IA

for some X\ and 6. Then, asymptotically as n — oo,
. '
/ e wdw = v CS )
[0,1)d (0 — 'Ly mi TTimgyn (AR + 7+ 1)

Proof. We apply the product rule to the fact that

1 s+ 1
coefjg 1) (w;;w]") = —F(T + )

n"*(logn)’t.

Ki K
and that for @ = (wgy1,...,wy) and similarly for # and 7, we compute
a 1
C(\) = O Mo = _ O]
¢(A) /[O,Hd_g Zl;L — Mk T+ 1

5.2 Leading Coefficient

In this section, we compute the leading coefficient coef(q 154 ( f; w”) of the asymptotic expansion
of a Laplace integral Z(n) with a nondegenerate and nonnegative phase f and a monomial
amplitude w™ in a unit hypercube [0, 1]¢ at the origin.

Let us recall facts about nondegenerate functions and toric resolutions from Chapter 3.
Suppose f : W — R is real analytic in some neighborhood W C R? of the origin. Let F
be a smooth refinement of the normal fan F(f) of the Newton polyhedron P(f). We can
associated to F a smooth toric variety P(f) and a blowup map pz : P(F) — R which is
defined by monomial maps p, on affine charts U, ~ R? for each maximal cone o of F. More
specifically, if o is minimally generated by vy, ...,vy € Z% with v; = (v;1, ..., vi), the map
po : Uy, — R% is defined by p+— w = p*, i.e.

v11 ,,vV21 Vd1

W1 = My Ho™ g
— V12 ,,V22 Va2

Wo = [y " H™ et Hy
— ,,Y1d ,,V24 Vdd

Wa = fy o™ o g -

Here, v is the matrix (v;;) where each generator v; forms a row of v. Because F refines F(f),
o is contained in some maximal cone o’ of F(f). Let a € R? be the vertex of P(f) that is
dual to ¢’. This means that in the matrix product va, for each 1 < i < d,

(va); = (v, ) < (v;, ') for all &' € P(f).



CHAPTER 5. HIGHER ORDER ASYMPTOTICS 96

As seen in the proof of Theorem 4.15, after the monomial change of variables p, : p +— w = p*,
we have f(u") = g(u)u’™ where g(p) is the strict transform of f(w).

Given a vector 7 € Z% of nonnegative integers, let I be the T-distance of P(f) and 0, its
multiplicity. Theorem 4.13 says that if f is nondegenerate, then pr restricted to W resolves
the singularity of f at the origin. Furthermore, if f is nonnegative, then asymptotically

/e_”f(w)|w7|dw ~ On*(logn)?™', n— oo (5.1)
Q

where (A, 0) = (1/1,,0;), C > 0is a constant and {2 C W is a sufficiently small neighborhood
of the origin. By scaling the coordinates appropriately, we may assume that €2 contains the
hypercube [—1, 1]¢. Also, to simplify the computations, we break up [—1, 1]¢ into its 2¢ unit
orthants and consider the asymptotics in each orthant separately. Without loss of generality,
we let = [0, 1]%. Now, on the other hand, given a nondegenerate function f and Q = [0, 1]%,
how do we know if €2 is small enough for the asymptotics (5.1) hold? One sufficient condition
is that the strict transform ¢ does not vanish in p}lQ. Indeed, if this occurs, it follows by
definition that pg is a resolution of singularities for f over €2, and the asymptotics (5.1) can
then be computed explicitly from this resolution.

In computing the 7-distance, we intersected the ray {¢(7 + 1) : ¢ > 0} with the Newton
polyhedron P(f). Let o, € F(f) denote the cone corresponding to the face of P(f) at this
intersection. We call o, the 7-cone and note that its dimension is exactly 6 = 6,.. Now, in
the refinement F of F(f), let F, be the set of maximal cones which intersect ¢, in dimension
6. For each cone ¢ in F,, if v is the matrix whose rows v; are the minimal generators of o,
we require that the first 6 rows of v lie in the 7-cone o,. Because of the special role played
by the first § coordinates, we write a vector u € U, ~ R as (ji, i) € R?xRI~?,

Finally, before we present the formula for the leading coefficient coefjq1j4(f;w”), we need
to understand the geometry of the blowup of the unit hypercube [0, 1]¢.

Lemma 5.10. Let F be a smooth locally complete fan in RY. The blowup pz'[0,1]¢ in P(F)
of the unit hypercube [0,1]? is the union of hypercubes

H, :=[0,1]* c U, ~ R?
as o varies over maximal cones of F. The H, intersect only along their boundaries.

Proof. For each maximal cone ¢ in F, the blowup map pr restricted to the open affine U, is
given by pu +— w = p¥ where the rows of the matrix v are minimal generators v; of o. Taking
logarithms of w = u’, we get (—logw) = (—log p)v where logw and log y1 are row vectors
(logw;) and (log y1;). As p varies over the unit hypercube H,, the vector —log p varies over
the positive orthant. This implies that — log w takes all values in the cone o generated by the
v;. Because F is locally complete, all points in the positive orthant have a unique preimage
in UH, under the map — log pr, except at the boundaries of the maximal cones. O
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Theorem 5.11. Let 7 € Z%o and let the real analytic function f:[0,1]¢ — R be nondegen-
erate and nonnegative. Let F be a smooth refinement of F(f) such that the strict transform
g of [ under the blowup map pr is positive over p}l [0,1]¢. Then, asymptotically

/ e @yTdw  ~  Cn*Mlogn)’, n— oo
(0,1]

where (X, 0) = (1/1;,6,) and

0

C = coef ol f;07) = -2 S T (wa); | a0 e

(0= i o140

Remark 5.12. For each o € F, in the above sum, v is the matrix of minimal generators of
o, a € P(f) is the vertex dual to o, m = (7h,m) = v(=Aa+7+1) and g(f1, z) = f(u¥)p="*
is the strict transform of f(w) in the affine chart U,. O

Proof. Given Theorem 4.14 and Proposition 5.2, we only need to compute the coefficient of
(z — A)~? in the Laurent expansion of the zeta function

((z) = o fw)*w dw. (5.2)

Let F be any smooth refinement of F(f). Applying the blowup pr as a change of variable
to the zeta function and by Lemma 5.10,

Z —z v(7'+1) ld#]
oeF H"

where the sum is over maximal cones o of F. In this sum, the only cones which contribute a

(z—A)7? term to the Laurent expansion are cones which intersect the 7-cone in dimension 6.

Also, f(u¥) = g(p)u¥®. Thus, we want to compute the coefficient of (z — \)? in

Z —z v(7'+1) 1du _ Z / —z —vaz—l—v(r—l—l) 1dM (53)
occFr ocF-
Now, let us write the strict transform g(u) as
g(f, 1) = g(0, 1) + paga(p) + - -+ + paga(p)

where ¢(0, ) is the sum of terms in the power series of ¢g(u) which involve only the variables
i= (pos1,---,pa), and g1 (p), ..., gs(p) are some analytic functions. Because g(u) is positive
over H, = [0,1]%, so is ¢(0, ji). Applying the generalized multinomial expansion, we get

()% = ¢(0, @)% + terms involving p, . . ., ug.



CHAPTER 5. HIGHER ORDER ASYMPTOTICS 98

The terms involving p, ..., g do not give a (z — \)~? term, so we restrict our attention to
d
N—2 (—vaztv(r+1)-1);
9(0, 1) 1 dp. (5.4)
Ug}; Zl_[l —vaz +v(T +1)); /[(;’1]d—9 1:111
Now, since
1 1 1))
)\:M:...:(U(T+ ))9<<U(T+ ) fori=0+1,...,d,
(var)y (var)y (va);

it follows that —1 < (—vaA+v(r+ 1) —1); fori =6+ 1,...,d, so each integral in (5.4) is
well-defined at z = A. Therefore, the coefficient of (z — )\)9 is

"> T[wa) / g(0, ) ™

cEF, i=1 [0,1]4-F

where m = (1, m) = v(—Aa+ 7 + 1) and the result follows. O

5.3 Higher Order Coefficients

We now give an algorithm for computing the higher order asymptotics of Laplace integrals
with a nondegenerate phase function. As before, we assume that the amplitude function is
monomial, and that the domain of integration is the unit hypercube [0, 1]¢.

Our main tool will be equation (3.10) in Theorem 3.16, which expresses the higher order
asymptotics in terms of coefficients in the Laurent expansion of the associated zeta function.
We will also need to work with subseries of the power series expansion of the strict transform
g(p). For instance, in Theorem 5.11, we used the function ¢(0, z) which is the sum of terms
not involving the variables p, ..., uy. Let us introduce notation for these subseries. Suppose
we have variables 1 = (1, . .., fta), a power series g(p) = > copi®, an integer vector § € Z<
and a vector 67 which comes from annotating some of the entries of § with a + sign. Let
S be the set of all vectors a € Z? such that for each i, a; > ¢; if J; is annotated with a +
sign, and «; = §; otherwise. We define the subseries

glot] (1) = cap®.
a€cs
For example, suppose pt = (pu1, pi2, p13) and let g(pn) = > copu® be a formal power series. Let
§=1(2,0,1) and 6+ = (2,0,17). Then, S ={a € Z?: a1 = 2,90 = 0,3 > 1} and

9[27 0, 1+](/~‘) = Z Calt™.

a1=2,a3=0,a3>1
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Recursively, we can compute the power series g[0"](x) using the formula

gl G+ 0% I =gl..i =gl i >0

The base cases consist of all vectors 6T where only the zeros are annotated with the + signs.
It is easy to see that

Mil .. -Mik ai1+...+ikg
= ,1 k i (07"'707:U’k+17"'7'ud)'

eyt 07,0007 e
glir, UV ,07](w) il ! aﬂlll...auzk

This formula comes from considering the variables pi1, ..., g as constants, and applying
a Taylor series expansion to the remaining i ..., ux. The other base cases can be derived
from this formula by permuting the variables.

Now, let us assume the setup of Theorem 5.11. Suppose we want to find the coefficient of
(z— )% in the Laurent expansion of the zeta function (5.2), where (A, 0) € (Qs, Z) is not
necessarily the real log canonical threshold. Given a matrix v € Z%d and vector a € Z2,,
let m =v(=Aa + 7+ 1) € Q% and let D(m, 0) be the set of all vectors 6§ € Z<, such that

1. 6; < max(0, |1 —m;]) for each i,
2. m + 0 has at least 0 entries which are zeros.

Note that D is a finite set. For each § € D, let 6" be the vector whose i-th entry is annotated
with a + sign if (m+40); > 0. Because of the special role played by the annotated entries, we
write a vector u € R? as (fi, ji) where fi consists of coordinates corresponding to annotated
entries in 6. Similarly, we write m = (7, m). Let dy and dy be the number of zero and
positive entries in the vector m+ ¢ respectively. Lastly, let K (m, 6, ) be the set of all vectors
k= (ko,...,ka) € Z% such that

1. ki =—1if (m+9); =0,
2. k; >0if (m+46); #0,
3. ko+ -+ kg =—0.
With these notation in place, we may now state our next theorem.

Theorem 5.13. Let 7 € Zéo and let the real analytic function f:[0,1]¢ — R be nondegen-
erate and nonnegative. Let F be a smooth refinement of F(f) such that the strict transform
g of f under the blowup map pr is positive over p}l 0, 1]4. Then, the coefficient cx, in the

asymptotic expansion

d
/ e MWyTdw & Z Z caen Mlogn)'™, n— oo
[0,1]¢ A t=1 7
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s given by the formula
)t d_ (- t)

o t—l'; = d“’
do==1"> > > Clo,6,k)1(0,0,k)

oE€F 5€D(m,0) keK (m,0,5)

where

and

C(o,0,k) = ﬁ H(Ua)fi H( Dk (m + ), (ki+1)

(m+6);<0

Mo = [ (Qosg) 05"](1, ) o ) ™

Remark 5.14. For each 0 € F, v is the matrix of minimal generators of o, v € P(f) is the
vertex dual to o, m = v(—=Aa+7+1) and g(u) = f(pu")p="* is the strict transform of f(w) in
the affine chart U,. For each § € D(m,#), 6" is the vector annotated according to the positive
entries of m + 8, i, ™, k are subvectors of y, m, k selected by this annotation, and dy, d are
the number of zero, positive entries in m + §. In I(0,d, k), ((log g)*g=>)[67] is a subseries
of the power series (log g)*g=*. If d, = 0, this integral equals ((log g)*g=*)[67](1). O

Proof. The formula for ¢y, comes from Theorem 3.16. As for the formula for dy g, we follow

the proof of Theorem 5.11 and compute the coefficient of (z — \)~% in

> / g(p) > ™ dp
0.1)¢

oeF

where m(z) = v(—za + 7+ 1). Because g(u) is positive over [0, 1]¢, the function g(u)~* is

well-defined for all z € R and has a power series expansion

g = gs(z) (5.5)

d
0€ZS,

where the coefficients gs(z) do not have poles in R. The zeta function now becomes

S e / m)+-1g),

oeF 5€Zd

d 1
-2 2 o0l

oeF 562%0 i=1
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Let m = m(\). A vector § € Z2, contributes a (2 — A\)~Y to the Laurent series if the vector
m 4+ § has at least § zero entries. Let D’ be the set of such vectors. This set is infinite, but
every element ¢’ € D' can be written uniquely as a sum § + ¢§” where 6 € D(m, ) and 6" is a
nonnegative integer vector satisfying 6! > 0 only if (m +¢); > 0. With these considerations,
we restrict our attention to

22 ow(e)

E&

/
ceF §'eD’ i=1 +5
Y. gsror(z) [ (m(z)+6+6");"
do 5//62‘1-5 (m—+9);>0

B aezfaepzme B )‘ a IT we)i [ (m(z) +0):

(m+46);=0 (m+46);,<0

. /[ I e T
_Z“; I wa) ] (m(z)+6)

(m+46);=0 (m+46);<0

The last equality is a consequence of

910" ) = Z gs45m(2) Tk

dq
e

which we derive from the definition (5.5). To find the coefficient of (z—\)~? in each summand
of (5.6), we need to find the coefficient of (z — \)%~% in the function

/ g7 (0%, ) g™
[0,1]%+

[T (mz) +9),

(m+5)i<0

h(z) =

The Taylor formula for this coefficient is

1 g
(do — 0)' aZdO_oh()\)

and we apply to h(z) the product rule for derivatives. Observe that we can bring the partial
differential operator under the integral operator so

9 —z =\ -m(z)—1 j- d —z =\ -m(z)—-1 -
—/ g7 [0, ) g lduz/ —g?[67](1, o) g d .
0z Jio. %+ [

0114+ 0%
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It is also not difficult to show that

o _, _ —z _

5.9 0711 1) = (=(log 9)g )37 (1, 1),
0 m(z);—1 m(z);—1
s = (—va);(log p) p; :

0 1 1

— = (—va)i(-)——, [ >1.

p:ma o GG e

Combining these ideas gives us the desired formula. Il

Example 5.15. Let us revisit Example 1.18 and compute higher order asymptotics of the
integral (1.28), namely the coefficients ¢, ; in

/[01}2 e NE@WS) duds ~ Zc,MtN’)‘(logN)t’l, N — o0
: At

where

1 1 1
i — _Clog(l — u2s?).
s T 219870 = glosl—u's)

1
K(u,s) = 5 log

We could write computer software that implements the algorithm in Theorem 5.13. However,
for this example, it would be more instructive if we computed the asymptotics by following
the proof of the theorem instead.

First, we want to find the poles of the zeta function

((z) = K (u, s)™* duds.

[0,1]?

After observing that

u?s? u?s?  utst
K(u,s) = 5 (1+ 5 + g +...)’

let us compute the power series expansion of K (u,s)*. The first term is (u?s*/2)~*. Using
Newton’s generalized binomial theorem, every other term in the expansion is of the form

w?s?\ 7 =2\ [ 01 w?s?\ T Syttt u2k g2k
2 oy ) \ay oy, 2 3 k+1

for some k > 0, some integer vector a € Z* such that aq > --- > oy, > 0, and where

<—z) (~2)(~z=1) (2= a1 +1)

(051 041!
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This means that for § > 0, the coefficient of the term (us)~2**2% in this expansion is

. G- ()
h(S(Z) =2 Z Qai—az3az—as . .. (k; + 1)ak

atd

where we sum over all decreasing partitions awof 9, i.e. a3 > --- > ap > 0and a1+ - -+ap =0
for some k > 0. Integrating this term over the domain [0, 1]2, we get the contribution

to the zeta function ((z). Now, let A = (§ + 1)/2. It follows that the Laurent coefficient of
(z = A)7%1is dy2 = hs(N\)/4 while that of (z — A\)~!is dy; = hj(\)/4. Explicitly,

hg<z>zzzz<1+ LSRR SR 1) (L)) (6

—~\z 2+l z+a;—1 log2 ) 20—e2302—as ... (4 1)’

Finally, by Theorem 3.16, we have the asymptotic coefficients

a2 = T'(N)dao,
cx1 = =D\ dyy —TH(N) dyo.

This gives us the following closed-form expressions

() (22 - ()

 oA=2
2 = 2 F(A) Z Qa1—az3az—as . .. (k- + 1)ak

abF2X\—1
- a1 A1
_ A—2 (oz)(a)”.(oc )
e = —27°T() > N (k: 1)%}](2)\ +2a; - 2)
ak2X—-1
where
! + 2 L + L + + ! if k
log2 ! 2% k = & OVeL,
H(k) = 1 1 1 1
— 2 =+=+---4+ - —1log?2 if k odd.
log 2 v+ (1+3+ +k: og> ko

and ~y is the Euler-Mascheroni constant

1
v = lim (ZE—logn) ~ 0.5772156649.

n—oo

k=1
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The above formulas allow us to compute the first few values of ¢y ; easily:

T s 1
;,2:\/27 Cé,lz_\/g(log2_2log2_’y)a

c
1 1 1 1

Clg = —— c11=-— —

1,2 1 1,1 4 \log2 Y

Vo V2T 1 9100 2 10

327 T80 317 128 \log?2 g3 )

1
Co2 = 0, Co1 = _ﬂ'

Using these coefficients, we can get better approximations of the singular marginal likelihood
integral (1.28) when the sample size N is large. O

In this chapter, we investigated algebraic methods for computing higher order asymptotics
of Laplace integrals. Our contributions come in two flavors. The first flavor consists of sum,
product and chain rules satisfied by leading coefficients of the asymptotics. These new results
parallel those described in Section 4.1.3 for computing RLCTSs of ideals. The second flavor
is concerned with the asymptotics of nondegenerate functions. We gave explicit formulas for
leading coefficients in Theorem 5.11 and for higher order coefficients in Theorem 5.13. We
ended the chapter with an example where we computed such coefficients for the marginal
likelihood integral of a discrete statistical model.
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