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Abstract

Topic modeling has been increasingly maturing to be an attractive research area.
Originally motivated from textual applications, it has been going beyond far from text
to touch upon many amazing applications in Computer Vision, Bioinformatics, Software
Engineering, Forensics, Cognitive Science, History, Politics, to name a few. It is believed
to be one of the keys to automatically understanding documents written by human, and

to uncovering how human knowledge is created and represented.

This thesis studies to model texts at a large scale. In other words, the thesis studies to
propose models that most appropriately generate documents, and then to derive efficient
methods for learning those models from a large number of available texts. To this end,
the thesis systematically elucidates the two fundamental issues to be resolved: inference
of topic mixtures and model complexity. The thesis then targets at developing provably
fast algorithms that can recover sparse topic mixtures for documents, and developing fast

algorithms to learn sparse topic models.

The first contribution is the introduction of a simple framework for inference of sparse
topic mixtures, called F'W, which is general and flexible enough to be employed in admix-
ture models. The framework enjoys the following key theoretical properties: (1) inference
provably converges at a linear rate to the optimal solutions; (2) prior knowledge can be
easily incorporated into inference; (3) the sparsity level of topic mixtures can be directly
controlled; (4) it is easy to trade off sparsity against quality and runtime. Existing infer-
ence methods do not own these properties and often work slowly. Those properties are

attractive for large scale modeling.

We demonstrate the goodness and flexibility of F'W by employing it to design novel
methods for supervised dimension reduction. When working with very high dimensional
problem, it is sometimes beneficial in efficiency and effectiveness to reduce the dimension-
ality of the problem, but keep or make better predictiveness of the response variable. The
main result of this study is a novel method that can reach state-of-the-art performance

while enjoying 30-450 times faster speed than existing methods.

The second contribution is the introduction of Fully Sparse Topic Model (FSTM) for

modeling large collections of documents. Three key properties of the model are: (i) the



inference algorithm converges at a linear rate to the optimal solutions, (ii) it provides
a principled way to directly trade off sparsity of solutions against inference quality and
running time, (iii) the learning algorithm has low complexity which is near independent
of dimensionality. FSTM overcomes many limitations of existing topic models, and has
been demonstrated to work qualitatively on real data. The low computational complexity

and low model complexity can help us work with large text collections.

The third contribution is the introduction of a fast algorithm for learning Correlated
Topic Models (CTM), as well as a theory of probable converity for analyzing convexity
of real functions. Previous studies show that posterior inference in nonconjugate models
such as CTM is intractable (NP-hard) in the worse case. However, we show that it
may not be true in practice. Indeed, by introducing the concept of probable convexity,
we show that inference of topic mixtures in CTM and many nonconjugate models is
tractable in practice. Based on these findings, a novel algorithm is proposed which is
surprisingly simple but is easily parallelizable or distributable. By extensive experiments,
the algorithm is shown to work significantly faster than existing expensive methods while

keeping comparable or better quality of the learned models.
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Chapter 1

Introduction

Humans are excellent at learning from text documents, and making inference on new
observations based on his/her knowledge. The ability to reason correctly from little and
noisy information is one of the long-standing mysteries that neuroscientists have been
trying to understand. It motivates researchers in Artificial Intelligence and Machine
Learning to make an intelligent computer that can mimic human abilities and behaviors.
In particular, the development of algorithms that enables computers to automatically

process text and natural language has always been one of the most challenges [51].

Such algorithms are even more necessary in the era of “Big Data”. A large amount of
valuable information are put on the web everyday, which are in various forms including
news, blogs, images, musics, videos, opinions, social networks, etc. The needs of intelligent
algorithms to manage, explore, and discover new knowledge from those huge data sources
are increasingly arising. Hence a significant progress in the development of intelligent
algorithms promises to have a strong impact on various applications ranging from infor-
mation retrieval, recommendation systems, human-machine interaction, to computational

social science, bioinformatics, forensics, history, and politics.

Topic modeling (TM) is a potential approach to helping organize, search, and under-
stand vast amounts of information. It is a relatively new field whose algorithms allow
us to uncover the underlying semantic structure (gists) of a document collection and
use them for various tasks. This literature has seen numerous successful applications
such as semantic representation [43, 58], information retrieval [32, 51], trends detection
20, 44], understanding images and audios [52, 121], historic study [46, 49, 65], discov-
ery of hidden biological factors [36, 61, 78, 96], analysis of social networks [25, 87, 95],
analysis/prediction of political issues [41, 45].
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Figure 1.1: A historic illustration of the development of TM.

1.1 Topic modeling

Originated from information retrieval, the first work goes back at least to the proposal
of Latent Semantic Analysis (LSA) in 1990 by Deerwester et al. [32]. This work shows
that semantic structures hidden in text collections can be extracted by analyzing the
co-occurrences of terms in documents. The next remarkable results are the introduction
of probabilistic versions of LSA [51, 76] whose underlying foundation bases on Statistics.
Probabilistic Latent Semantic Analysis (pLSA) [51] and Latent Dirichlet Allocation (LDA)
[21] are two of the most successful developments in TM. Since then the literature has seen a
flourish in both theory and application. Figure 1.1 demonstrates the historic development
of TM.

The key assumption in TM is that each document exhibits multiple topics. For exam-
ple, a news which is titled “Rockets strike Kabul” may talk about a terrorist attack and
damage, but is unlikely about a scientific discovery. Figure 1.2 demonstrates this intuition
by drawing the composition of the news from some topics. The composition is uncovered
by an inference process, while the topics are automatically learned from a collection of
news articles. A model of topics (or semantic structures) which are hidden in documents
is known as a topic model. For an introduction to topic modeling, we refer the readers to

some excellent surveys such as [15, 19, 31, 92].

1.2 A brief of recent trends in TM

Due to the potential applicability in a wide range of areas, TM recently has attracted
significant attentions from academics and industry. Significant progresses have been made
in many aspects of TM after the introduction of probabilistic topic models. The followings

are some of the most attractive research directions.

Large scale learning: The popularity of the Internet opens an easy way to share and



Rockets strike Kabul -- AP, August 8, 1990.
More than a dozen rockets slammed into Afghanistan's capital of Kabul today, killng 14
people and injuring 10, Afghan state radio reported. No one immediately claimed
repsonsibility for the attack. But the Radio Kabul broadcast, monitored in Islamabad, blamed
“extremists," presumably referring to U.S.-backed guerrillas headquartered in Pakistan.
Moslem insurgents have been fighting for more than a decade to topple Afghanistan's
Communist-style government. In the past year, hundreds of people have died and thousands
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Figure 1.2: Topics and their roles in a news by Associated Press. The diagram in the
left-hand shows among 50 topics which may appear in and how significantly each con-
tributes to the news. Each column in the right-hand shows a latent topic, which is a
set of semantically related terms. The composition of topics in the news and the topics
themselves are automatically learned from a collection of news.

collect data by various ways. A large amount of texts are available online which are
in many forms including blogs, tweets, comments, opinions, reviews, etc. Hence many
studies in TM have tried to develop methods that can learn valuable knowledge from
those sources. State-of-the-art methods can work well with millions of documents [13, 48,
67, 71, 90, 109, 116] and collections with millions of terms (dimensions) [100, 116, 126].

Sparse modeling: This direction is motivated from both the nature of data and the need
of modeling at a large scale. In reality, the inherent structure of an object is often sparse
in the sense that only some components among many are sufficient to describe/generate
the object. For instance, a news often talks about 2 or 3 events (topics) among a large
amount of available events. Hence it is reasonable to develop models that respect the
sparseness hidden in data. Unfortunately, using dense distributions to describe topics
in models like pLSA and LDA seem to be unrealistic [112]. Many recent researches in
TM attack the two factors of wide interests, hidden topics [89, 100, 112, 116] and topic
mixtures in documents [89, 100, 120, 129]. Many of them exploit regularization techniques

and sparse approximation to model sparsity.

Nonparametric models: When working with a text collection, one often does not know
exactly the number of topics that collection contains. Parametric models such as pLSA

and LDA cannot give a satisfying answer to this situation. Hence a number of recent



researches have tried to borrow techniques from nonparametric statistics. A significant
progress has been made with the introduction of Hierarchical Dirichlet Process (HDP)
98] and Hierarchical LDA (hLDA) [22]. Various works follow this direction that can
model more complicated interactions between hidden variables [16, 23, 37, 63, 120, 126].

Theoretical foundation: Over two decades of development, researches in TM often
focus more on practical aspects of topic models but leave theoretical foundation open,
particularly for probabilistic topic models. The first theoretical work by Papadimitriou
et al. [76] explains why LSA often works well in practice. Recently, many open problems
have been fulfilled such as accuracy of recovering a model from data [7, 9, 10]. Some other
works concern on computational complexity such as [10, 68, 91]. Evaluation and model
checking [15] also gain significant interests, since reliable and interpretable models would
be very important for applications in other fields. Some pioneer works in this direction
include [26, 66, 72, 73].

Incorporating meta-data: In many situations, some texts may have side information
such as links, labels, tags, and weblogs. Those meta-data may contain very important
information about documents, and could help us model data better [15]. Hence various
works exploited meta-data to develop topic models for practical tasks including classifica-
tion [14, 63, 130], authorship and influence prediction [85, 93, 106, 118], personality study
[87], and community detection [83, 95].

1.3 Some challenges

Although topic modeling had an impressive development over the last two decades, there
remains many open problems that should be studied further. In particular, the rise of “Big
Data” poses various challenges that may require new breakthroughs in both methodology

and hardware architecture. The followings are some of the challenges.

C1. Large scale learning: Exploration of a huge text collection (e.g. a century of scientific
articles maintained by JSTOR, or the Google collection of more than 30 millions of books)
often requires us to learn a model with hundreds of thousands of hidden topics. Learning
such a model would necessarily involve billions of hidden variables and hence is very
expensive. This oversize model seem to be out of reach for the state-of-the-art learning
methods. More challengingly, the model and the text collection sometimes cannot fit in
the available storage capacity of a supercomputer, and can preclude traditional learning
methodology. Hence developing new models and scalable methods to learn semantic

structures hidden in huge text collections is an urgent task.

4



C2. Fast inference of posteriors: The key concern when developing topic models (and
probabilistic graphical models in general) is posterior distributions. The posteriors of
wide interests are topic mixtures (latent representations). A topic mixture of a document
shows which topics appear and how significant they are in the document. Therefore,
topic mixtures are valuable sources for various applications such as thematic exploration
of individual documents, information retrieval, and text classification. The posteriors
provide us many advantages for making inference. In particular, posterior estimation
plays a crucial role in many learning algorithms since it is often the core step [21, 48,
100, 129, 130]. As a result, a scalable algorithm for posterior estimation would promise
a significant progress for TM. A pessimistic information is that posterior estimation is

often intractable for LDA and many topic models [9, 91].

(3. Sparse topic mixtures: As a natural property of texts, a document may exhibit only few
topics among infinite number of topics. This implies that topic mixtures for documents
should be sparse —most elements are zeros. Ideally, an inference method should accu-
rately respect this nature. However, many inference methods such as variational Bayesian
[21] and Gibbs sampling [44] are unlikely to recover sparse topic mixtures, meaning that
they seem not to obey the nature that each document contains only few topics. For those
reasons, it is an open task to develop methods that are able to accurately recover sparse

topic mixtures for documents.

C4. Theoretical guarantee: The TM literature has seen a flourish of development over the
last two decades. However, there remain many open theoretical aspects. First, the quality
of doing inference for a specific document is often unknown and is not theoretically guar-
anteed. Popular methods (e.g. variational Bayesian and Gibbs sampling) are empirically
observed to do inference well, but lack a guarantee on quality. Second, the quality of
the models learned is often not known. Some recent results [7, 9, 10] are very optimistic,
but are limited to some restricted models. A large number of models have no guarantee

on recovery quality, which as a consequence may cause some concerns when employed in
other fields.

C5. Scalability in nonparametric models: The ability of nonparametric models to automat-
ically grow their complexity with the data size is appealing. Nevertheless, it comes with
the cost of complication to design efficient algorithms for learning or estimating posteriors
[23, 42]. That may be the main reason of why existing learning methods often have high
computational complexity. Compared with parametric models, methods for nonparamet-
ric counterparts are often much more time-consuming. Hence working with collections

with millions/billions of documents is still challenging for the nonparametric approach.



C6. Visualization and user interface: When exploring a large collection of documents, it is
very necessary to develop tools that enable easy navigation and interaction with users [15].
Topic models provides a new way to explore our data, at the semantic level. However,
organizing intuitively a large number of semantic components in a navigator/screen would

be itself challenging.

1.4 Overview of contributions

This thesis studies to model texts at a large scale. In other words, the thesis studies to
propose models that most appropriately generate documents, and then to derive efficient
methods for learning those models from a large number of available texts. To this end,
the thesis systematically elucidates the two fundamental issues to be resolved: inference
of topic mixtures and model complexity. The thesis then targets at seeking provably
fast algorithms that can recover sparse topic mixtures for documents, and seeking fast

algorithms to learn sparse topic models.

The first contribution is the introduction of a simple framework for inference of topic
mixtures, called F'W, which is general and flexible enough to be employed in admixture
models. The framework enjoys the following key theoretical properties: (1) inference
converges at a linear rate to the optimal solutions; (2) prior knowledge can be easily
incorporated into inference; (3) the sparsity level of topic mixtures can be directly con-
trolled; (4) it is easy to trade off sparsity against quality and runtime. Existing inference
methods do not own these properties and often work slowly. Because of those attractive
properties, the proposed framework provides a good answer to the three challenges C1,

C2, and C3 as discussed in the last section.

We demonstrate goodness and flexibility of F'IW by employing it to design novel meth-
ods for supervised dimension reduction (SDR). When working with very high dimensional
problem, it is sometimes beneficial in efficiency and effectiveness to reduce the dimension-
ality of the problem, but keep or make better predictiveness of the response variable. The
main result of this study is a novel method that can reach state-of-the-art performance

while enjoying 30-450 times faster speed than existing methods for SDR.

The second contribution is the introduction of Fully Sparse Topic Model (FSTM) for
modeling large collections of documents. Three key properties of the model are: (i) the
inference algorithm converges at a linear rate to the optimal solutions, (ii) it provides
a principled way to directly trade off sparsity of solutions against inference quality and

running time, (iii) the learning algorithm has low complexity which is near independent



of dimensionality. FSTM overcomes many limitations of existing topic models, and has
been demonstrated to work qualitatively on real data. The low computational complexity

and low model complexity can help us work with large text collections.

The third contribution is the introduction of a fast algorithm for learning Correlated
Topic Models (CTM), as well as a theory of probable convezity for analyzing convexity of
real functions. Modeling the interactions of hidden topics implies that we have to model
two levels of unknown factors (i.e. topics and their interactions). Hence derivation of
an efficient method for learning requires nontrivial efforts. Previous studies show that
posterior inference in nonconjugate models such as CTM is intractable (NP-hard) in
the worse case. However, we show that it may not be true in practice. Indeed, by
introducing the concept of probable converity, we show that inference of topic mixtures in
CTM and many nonconjugate models is tractable in practice. Based on these findings,
a novel algorithm is proposed which is surprisingly simple but is easily parallelizable or
distributable. By extensive experiments, the algorithm is shown to work significantly
faster than existing expensive methods while keeping comparable or better quality of the

learned models.

As a minor contribution, the thesis introduces a new topic model in the Appendix

where variational methods are used to do fast inference.

Last but not least, the thesis contributes to the public some scalable implementations
of the developed models and methods. The codes are freely available at www. jaist.ac.
jp/~s1060203/codes.htm

1.5 Organization

The thesis is organized as follows. After presenting some necessary backgrounds in the
next chapter, the first contribution is presented in Chapter 3. Chapter 4 introduces the
new model FSTM and detailed analysis of its properties. Chapter 5 presents the third
contribution, the concept of probable convexity, analysis of nonconjugate topic models,
and a fast algorithm for learning CTM. Chapter 6 summarizes the main contributions,

open problems and future research.



Chapter 2

Backgrounds

2.1 Notation

Throughout the thesis, we use the following conventions and notations. Bold faces de-
note vectors or matrices. ; denotes the i element of vector @, and A;; denotes the

element at row ¢ and column j of matrix A. Notation A < 0 means that matrix A is

negative semidefinite. For a given vector & = (x1,...,xy )", we denote % = (9%1’ - %)t,
logz = (logxy, ..., log xy )", and logx = (log . log x;f—v*l)t diag(x) denotes the diago-

nal matrix whose diagonal entries are x1, ..., Ty, respectively. More notations are:

V: vocabulary of V' terms, often written as {1,2,...,V'}.
d: a document represented as a count vector of V' dimensions,
d = (di,ds, ...,dy) where d; is the frequency of term j.
Iy set of terms that appear in document d, i.e., I; = {j : d; # 0}.
C: a corpus consisting of M documents, {d, ..., dy}.
K: number of topics.
B;: a topic which is a distribution over the vocabulary V. It is written as
B = (Br1, -y Brv)', where Bi; > 0, Z;leﬁkj =1
RE:  the K-dimensional Euclidean space.
E: the expectation of a random variable.
Ag: the unit simplex in the K-dimensional space,
Ag ={x e RE: S8 2 =1,2; > 0,Yj}.
Ak: the interior of Ak, that is Ax = {x € RE : 215:1 = 1,2; > 0,Vj}.

e;: the " unit vector in the Euclidean space, i.e, e;; = 1 and eij = 0,Vj # 1.



expx: denotes e”.
logx: the natural logarithm of z such that loge® = z.
N(p,X):  the multivariate Gaussian distribution with mean g and covariance X.
Mult(x): the multinomial distribution.
x ~ A(-): means that the random variable x follows the distribution A(-).
T: denotes the parameters ¥ = {3, u, X'}
Tr A: the trace of matrix A.
M\i(A)  the i largest eigenvalue of matrix A.
SK:  the set of all symmetric matrix of size K x K.
Sff . the set of all positive definite matrices of S¥.
Vfor f': the gradient (first partial derivative) of the given function f.
f":  the Hessian matrix (second partial derivative) of the given function f.
n!:  the factorial of the positive integer n. That is n! = 1.2.3....(n — 1)n.

det A: the determinant of the square matrix A.

2.2 Topic model

Loosely speaking, a topic is a set of semantically related words [58]. For examples,
{computer, information, software, memory, database} is a topic about “computer”; {jazz,
instrument, music, clarinet} may refer to “instruments for Jazz”; and {caesar, pompay,

roman, rome, carthage, crassus} may refer to a battle in history.

Formally, we define a topic to be a distribution over a fixed vocabulary. Let V be the
vocabulary of V' terms, a topic 8, = (Bk1, ..., Brv) satisfies Zyzl Bri = 1 and Bi; > 0 for
any i. Each component f;; shows the probability that term i contributes to topic k. A

topic model is a model of the semantic structure (including topics) hidden in documents.

Each document is often assumed to be a mixture of the topics. In other words, a
document is assumed to be composed from some topics with different proportions. Hence
each document will have another representation, says @ = (64, ..., 0x) where 0, shows the

probability that topic k appears in that document. 0 is often called topic proportion.

The goal of topic modeling is to automatically discover the topics from a collection of
documents [15]. In reality, we can only observe the documents, while the topic structure
including topics and topic proportions is hidden. The central problem for topic modeling

is to use the observed documents to infer the topic structure.

Definition 1 (Topic mixture). Consider a topic model MM with K topics. Each document
d will be represented by @ = (01, ..., 0x)" € Ag, where 0, indicates the proportion that topic
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k contributes to d. 0 is called topic mixture (or topic proportion or latent representation )
of d.

Inference essentially refers to the process of making inference for a new document,
given a topic model. The aim of inference may vary according to the specific task we are
concerning on. Since topic mixtures contain valuable information about documents and
have various applications, we will focus on inferring topic mixtures for documents from

now oimn.

Definition 2 (ML Inference). Consider a topic model MM, and a given document d.

The ML inference problem s to find the topic mixture @ that maximizes the likelihood
P(d|6,9m).

Definition 3 (MAP Inference). Consider a topic model M, and a given document d.
The MAP inference problem is to find the topic mixture @ that maximizes the posterior
probability P(0|d,9M).

Note that topic mixtures are hidden in documents, and are defined as probability
distributions over topics. Hence ML inference and MAP inference are actually posterior

estimation problems.

Learning a topic model is the problem of estimating the parameters of the model from
a training corpus. Various schemes are employed for learning such as variational methods
[21], Gibbs sampling [44], and stochastic Gibbs sampling [67]. Hidden topics are often of

wide interests for the aim of understanding and exploring corpora.

When discussing about sparsity of a vector @, various interpretations can be made.
The most popular interpretation is that a is called sparse if many of its elements are 0.
We will use this interpretation throughout this thesis. Based on this interpretation, we

define concepts of sparsity for documents and topics as follows.

Definition 4 (Document sparsity). Consider a topic model I with K topics, and a
corpus C with M documents. Let 0,, be the topic proportion of document d,,, € C. Then
the document sparsity of C under the model 9 is defined as the proportion of non-zero

entries of the new representation of C, i.e.,

#non-zeros of (01, ...,0)

document sparsity = K

Definition 5 (Topic sparsity). Consider a topic model 9 with K topics B = (B4, ..., Bk)-

10



Algorithm 1 Frank-Wolfe algorithm
Input: objective function f(6).
Output: 0 that maximizes f(0) over Ag.
Pick as 8 the vertex of A with largest f value.
for {=0,...,00do
i = argmax; V f(0,);;
of = argmaxacioy f(aes + (1 — 0)8);
944_1 = a’ei/ + (1 — O/)eg.
end for

Topic sparsity of I is defined as the proportion of non-zero entries in 3, i.e.,

#non-zeros of (3
V.K '

topic sparsity =

2.3 Concave maximization over simplex and sparse

approximation

K _, R which is twice differentiable over the unit

Consider a concave function f(0) : R
simplex Ag. We are interested in the following problem, concave mazximization over

simple,

0" = arg max f(0) (2.1)

OcAk
Convex optimization has been extensively studied in the optimization literature. There
has been various excellent results such as [57, 70]. However, we are interested in sparse

approximation algorithms specialized for problem (2.1). More specifically, we focus on
the Frank-Wolfe algorithm [28].

Loosely speaking, the Frank-Wolfe algorithm is an approximation one for problem
(2.1). Starting from a vertex of the simplex Ak, it iteratively selects the most potential
vertex of Ax to change the current solution closer to that vertex in order to maximize
f(8). Details are presented in Algorithm 1 for optimization over the unit simplex Ag.
It has been shown that the algorithm converges at a linear rate to the optimal solution.
Moreover, at each iteration, the algorithm finds a provably good approximate solution

lying in a face of Ag.

Theorem 1. [28] Let f be a continuously differentiable, concave function over Ay, and
denote C; be the largest constant so that f(ax' + (1 —a)x) > f(z)+ oz’ —x)'Vf(x) —

11



?Cy Ve, @' € Ak, a € [0,1]. After € iterations, the Frank-Wolfe algorithm finds a point

0,

on an ({ + 1)—dimensional face of Ak such that

10,
max f(6) — f(0e) < (13

(2.2)

It is worth noting some observations about the algorithm:

It achieves a linear rate of convergence, and has provably bounds on the goodness

of approximate solutions. These are crucial for practical applications.
Overall running time mostly depends on how complicated f and V f are.

It provides an explicit bound on the dimensionality of the face of Ax in which an
approximate solution lies. After ¢ iterations, 6, is a convex combination of at most
¢ + 1 vertices of Ak, i.e., at most £ + 1 out of K components of 8, are non-zero.
This implies that we can find an approximate solution to the problem (2.1) which

are sparse.

It is easy to directly control the sparsity level of such approximate solutions by
trading off sparsity against quality. The fewer the number of iterations, the sparser
the solution. This characteristic makes the algorithm more attractive for resolving

high dimensional problems.

It is possible to accelerate the speed, but keep convergence rate of the algorithm. In
Algorithm 1, we have to repeatedly search for auxiliary variable a. Those searches
can be avoided by selecting a sequence of predefined values as suggested by [28].
We can choose a := 2/(¢+ 3) at iteration £. Such a choice is capable of maintaining

the bound on approximation error (2.2), but reducing computations considerably.

Algorithm 1 presents the Frank-Wolfe algorithm in simple form for optimization over
the unit simplex. In fact, the algorithm is very general so that it can be extended easily

to the case that the domain is a simplex (convex hull). Indeed, let by, ..., bx be vectors

in RY and A = conv(by, ...,bx) be the convex hull of those vectors. Then the problem

x* = arg maxgea f(2) can be solved as follows: Starting from a vertex of the simplex A,

iteratively selects the most potential vertex of A to change the current solution closer to

that vertex in order to maximize f(x). Results similar to Theorem 1 can be established.

Theorem 2. [28] Let f be a twice differentiable concave function over A, and denote
Cy = —3 SUDy, cengely.o (Y — 2) V2 f(§).(y — z). After { iterations, the Frank-Wolfe
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algorithm finds a point &, on an (¢ + 1)—dimensional face of A such that

max f(z) — f(ze) < 25

< . 2.
xEA _£—|—3 ( 3>

2.4 Random matrices

For a comprehensive introduction to matrix algebra and random matrices, we refer to the
book by [1] and the surveys by Izenman [53], Tracy and Widom [104], Tropp [105], Vershynin
[108]. Here we review some concepts and results that are most necessary for the following

chapters.

A matrix A is positive semidefinite if and only if the least eigenvalue Apin(A) is
nonnegative. If A has K eigenvalues, its trace satisfies Tr A = S8 A, = 3K )\ (A).

If A is a random matrix, we have trace-expectation relation TrEA = E(Tr A).

Consider a function f : R — R. We define a map on a diagonal matrix A as f(A) =
diag(f(A1n), ..., f(Akxk)). Similarly, a function of a symmetric matrix A is defined by

using the eigenvalue decomposition:

f(A)=Q.f(A).Q", where A = Q.A.Q" and A is a diagonal matrix.

The spectral mapping theorem states that each eigenvalue of f(A) is equal to f(\)
for some eigenvalue A of A. If f is nondecreasing, then \¢(f(A)) = f(A\(A)) for any k

whenever \;(A) exists.

We will work with matriz exponential which is defined for an A € S¥ by

00 AZ
A=y

=0

Note that A\(e?) = e for any k provided that A\,(A) exists. The logarithm of a
matrix A € S¥ is a matrix, denoted by log A, such that €& 4 = A.

Theorem 3 (Golden-Thompson inequality). For A, B € SX, we have

Tre™B < Tr(e?.eB).
This is a standard result and can be found in [105, 119]. Note that e# and eP are
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positive definite which implies Tr (e.eB) < Tre4. TreB, since according to Yang and
Feng [122], Tr (A.B) < Tr A. Tr B if A, B € SX. Hence we have the following.

Corollary 1. For A, B € S¥, we have TreATB < TreA. TreB.

The next theorem was shown by Tropp [105].

Theorem 4 (Laplace transform method). Let B be a random matriz of S¥. For any real
t, we have
Pr(\(B) > t) < inf{e™'E Tre*B}.

a>0

Lemma 1. Consider a matriz B € S® and a nonnegative real a. We have

ETre*B < KEeMB),

Proof. Since the trace of B equals the sum of its eigenvalues, we have Tr B < K\,(B).
Hence ETre*B < KEM (e*B) < KEeM@B) = KEe®(B) | where the last inequality is
derived by using the spectral mapping theorem. (Q.E.D.)
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Chapter 3

Fast inference of sparse topic

mixtures

This chapter addresses the posterior estimation of topic mixtures, which is one of the key
problems when developing topic models. The framework introduced in this chapter was

employed in various works including those in the subsequent chapters.

3.1 Introduction

We are interested in the two important problems relating to recovery of topic mixtures for
documents:! sparsity and time. The sparsity problem is to infer sparse topic mixtures,
while the second problem asks for an efficient algorithm for recovering topic mixtures.
The topic mixture of a document shows which topics appear and how significantly each
contributes to the document. This suggests that topic mixtures are valuable sources
for doing many tasks such as understanding individual documents, information retrieval
[51, 116, 117], dimensionality reduction [21], and text classification [21, 129, 130]. Fur-
ther estimation of topic mixtures plays as the core step in many algorithms for learning
topic models [21, 48, 51, 100, 129]. Therefore, these two problems have been attracting
significant interest in recent years, because of their significant impacts and non-trivial

nature.

Inference is an integral part of any topic models, and is often NP-hard [91]. Vari-

ous methods for efficient inference have been proposed such as folding-in [51], variational

"We will interchange the use of topic mixture, latent representation, and topic proportion. Those
terms are all about the 0 of a document.
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Bayesian (VB) [21], collapsed variational Bayesian (CVB) [12, 99], collapsed Gibbs sam-
pling (CGS) [44]. Sampling-based methods are guaranteed to converge to the underlying
distributions, but with unknown rate. VB and CVB are much faster, and CVBO0 [12]
often performs the best. Although these inference methods are significant developments
for topic models, they remain two common limitations. First, there has been no theoret-
ical upper bound on convergence rate and approximation quality of inference. Second,
the inferred latent representations of documents are often dense, which may consume

considerable memory for storage.?

Previous researches that have attacked the sparsity problem can be categorized into
two main directions. The first direction is probabilistic [120] for which probability dis-
tributions or stochastic processes are employed to control sparsity. The other direction
is non-probabilistic for which regularization techniques are employed to induce sparsity
[59, 89, 129]. Although those approaches have gained important successes, they suffer
from some drawbacks. Indeed, the probabilistic approach often requires extension of core
topic models to be more complex, thus complicating learning and inference. Meanwhile,
the non-probabilistic one often changes the objective functions of inference to be non-
smooth which complicates doing inference, and requires some more auxiliary parameters
associated with regularization terms. Such parameters necessarily require us to do model
selection to find an acceptable setting for a given dataset, which is sometimes expensive.
Furthermore, a common limitation of these two approaches is that the sparsity level of

the topic mixtures is a priori unpredictable, and cannot be directly controlled.

There is inherently a tension between sparsity and time in the previous inference ap-
proaches. Some approaches focusing on speeding up inference [12, 21, 99] often ignore
the sparsity problem. The main reason may be that a zero contribution of a topic to a
document is implicitly prohibited in some models, in which Dirichlet distributions [21] or
logistic-normal distributions [18] are employed to model latent representations of docu-
ments. Meanwhile, the approaches to the sparsity problem often result in time-consuming
methods, e.g., [59, 120].3> Note that in many practical applications, e.g., information re-
trieval and computer vision, fast inference of sparse latent representations of documents

is of substantial significance. Hence resolving this tension is necessary.

2Some attempts have been initiated to speed up inference time and to attack the sparsity problem
for Gibbs sampling [67, 123]. Sparsity in those methods does not lie in the latent representations of
documents, but lies in sufficient statistics of Gibbs samples. Two main limitations of those methods are
that we cannot directly control the sparsity level of sufficient statistics, and that there has been no theory
for inference quality and convergence rate.

3The model by Zhu and Xing [129] is an exception, for which inference is potentially fast. Nonetheless,
their inference method cannot be applied to probabilistic topic models, since unnormalization of latent
representations is required.
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In this work, we make the contributions as follows:

- First, we resolve both problems in a unified way. Particularly, we introduce a simple
framework for inference in topic models, called FW, which is general and flexible
enough to be employed in mixture models. Our framework enjoys the following
key theoretical properties: (1) inference converges at a linear rate to the optimal
solutions; (2) prior knowledge can be easily incorporated into inference; (3) the
sparsity level of topic mixtures can be directly controlled; (4) it is easy to trade
off sparsity against quality and time. We would like to remark that the last two

properties are unspecified for existing inference methods.*

- Second, we employ FW to design the two-phase framework for doing supervised
dimension reduction (SDR). The framework is (i) general and flexible so that it
can be easily adapted to unsupervised topic models, (ii) able to inherit scalability
of unsupervised topic models, and (iii) can exploit well label information and local
structure of data when searching for a new space. The main consequence of this
study is an effective method for SDR, namely FSTM®. From extensive experiments,
we find that FSTM¢ can reach the state-of-the-art performance while enjoying 30-
450 times faster speed than existing methods for SDR.

ORGANIZATION: We introduce the FW framework for inference in Section 3.2. We also
discuss when inference by FW is equivalent to doing ML and MAP inference. Further,
we briefly discuss how FW can be applied to PLSA and LDA. Section 3.3 describes our
experiments to see practical behaviors of the FW framework. Section 3.4 describes the
application of FW to designing effective algorithms for doing dimensionality reduction

under the presence of supervised information (labels).

3.2 Framework for fast and sparse inference

Given a document d, we would like to find a desired topic proportion @ of d. The latent
representation 8 depends heavily on the objective of inference. The most popular objective

is the likelihood of d. In many situations, our objective may differ far from the likelihood

4Regularization techniques [103] provide a way to impose sparsity on latent representations, by adding
a regularization term to the objective function f(z) to get g(z) = f(x)+ Ah(z), where h(z) plays a role as
a regularization inducing sparsity. Increasing the parameter, A\, associated with the regularization term
may result in sparser solutions. However, it is not always provably true. Further, one cannot a priori
decide a desired number of non-zero components of a solution. Hence regularization techniques provide
only an indirect control over sparsity. The same holds for the existing probabilistic inference approaches.
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Algorithm 2 The FW framework
Input: document d and topics 34, ..., Bk-
Output: latent representation 6.
Step 1: select an appropriate objective function f(@) which is continuously differen-
tiable, concave over Ag.
Step 2: maximize f(0) over Ag by the Frank-Wolfe algorithm.

solely. One example is supervised dimension reduction for which the new representations
should be discriminative, i.e, the new representation of a document should remain the

most discriminative characteristics of the class to which the document belongs.

To serve various objectives of inference, we discuss the FW framework which is pre-
sented in Algorithm 2. Loosely speaking, to do inference for a given document d, one
first chooses an appropriate objective function f(€) which is continuously differentiable,
concave over the unit simplex Ag. Then one uses sparse approximation such as the
Frank-Wolfe algorithm [28] to find topic proportion 8. This algorithm follows the greedy
approach, and has been proven to converge at a linear rate to the optimal solutions (see
subsection 2.3). Moreover, at each iteration, the algorithm finds a provably good approx-

imate solution lying in a face of the simplex Ag.

As inherited from the Frank-Wolfe algorithm, FW has many interesting properties:

- Inference by FW achieves a linear rate of convergence, and has provably bounds on

the goodness of approximate solutions. These are crucial for practical applications.

- There is an explicit bound on the dimensionality of the face of Ax in which an
approximate solution lies. After ¢ iterations, 6, is a convex combination of at most
¢ + 1 vertices of Ak, i.e., at most £ + 1 out of K components of 8, are non-zero.
This implies that we can find an approximate solution to the problem (2.1) which

are sparse.

- It is easy to directly control the sparsity level of such approximate solutions by
trading off sparsity against quality. The fewer the number of iterations, the sparser
the solution. This characteristic makes FW more attractive for resolving high di-

mensional problems.

We would like to remark that the FW framework is very general and flexible. It can
be readily modified in various ways. For example, one can replace the second step by
using other approximation algorithms such as sequential greedy approximation [127] or
forward basis selection [125]. In addition, the first step offers us flexibility to customize

objectives of inference.
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Perhaps, the most difficult step in the FW framework is to choose a suitable objective
function which can serve our purpose well. Various ways can be considered, however we

appeal to the following principle for probabilistic topic models:
f(0) = L(d|0) + \.h(0), (3.1)

where L(d|0) is the log likelihood function of a given document, and h(8) is a function
of the latent representation @, A is a constant. This principle in turn bears resemblance
to regularization techniques [103] which are widely used for sparse modeling. In fact, this
principle is implicitly employed in some existing inference methods such as folding-in [51]
and VB [21], as shown later. We will discuss in details some applications of this principle
to PLSA, LDA and other models in the next subsections. The following states some key

properties of our framework for inference, which is a corollary of Theorem 1.

Corollary 2. Consider a topic model with K topics, and a document d. Let f(@) be con-
tinuously differentiable, concave over the simplex Ag. Let Cy be defined as in Theorem 1.
Then inference by FW converges to the optimal solution at a linear rate. In addition, after
¢ iterations, the inference error is at most 4Cy/(¢ + 3), and the topic proportion 6 has at

most £ + 1 non-zero components.

Note that the convergence rate of inference by our framework is linear, i.e., O(1/f).
It is possible to speed up convergence rate to sub-linear if the Frank-Wolfe algorithm is
replaced with forward basis selection [125]. In addition, if we do not want to work with
derivatives V f, replacing the Frank-Wolfe algorithm by sequential greedy algorithm [127]

is appropriate. Nonetheless, such extensions are left open for future research.

3.2.1 ML and MAP inference

Next we would like to discuss two of the most popular inference problems: ML inference
where there is no explicit prior over topic proportions; and MAP inference where topic
proportions are endowed with a prior distribution. Note that inference for PLSA is ML
inference whereas that for LDA and CTM is MAP inference [91]. We will show how our
framework is naturally applicable to ML and MAP inference. Besides, a suitable choice of

the objective function implies that inference by the framework is in fact MAP inference.

Before making analysis in details, we make the following assumptions on topic models

and corpus:

Bag-of-words assumption. the documents are represented as bag-of-words, meaning

19



that the order of words in documents is ignored.

Mixture assumption. we assume that the occurrences of words in document d follow

the generative process, given topics 3, as:

- Generate topic mixture € from a distribution A (depending on a specific model)
- For the n'* word in d:

1. Pick topic index z, from the multinomial distribution Mult(8).

2. Generate the word w,, from the multinomial distribution Mult(3, ).

Most existing topic models take these two assumptions into account. Examples include
admixture models [18, 20, 21, 51, 80, 93, 129, 130] and nonparametric models [23, 98,
112, 120].

Lemma 2. Consider a topic model with K topics B4, ..., By, and a given document d.
The ML inference problem can be reformulated as the following concave mazximization

problem, over the simplex Ay :

K

JjEly k=1

Proof. Denote by P(wj|2z;) = [k; the probability that the term w; appears in topic k,
and by P(zx|d) = 0 the probability that topic k contributes to document d. For a
given document d, the probability that a term w; appears in d can be expressed as
P(w;|d,0,3) = Zszl P(wj|z)P(2z|d) = Zszl 010k, Hence the log likelihood of docu-

ment d is

K

log P(d|6, B) = log [ [ P(w;ld.6,8)" = d;log P(w;|d,0,8) = d;log > 0if;.

J€lq Jj€lq J€lq k=1

Note that 8 € Ay, since ), 0, =1, 6, > 0,Vk. As a result, the inference task is in turn
the problem of finding 8 € Ag that maximizes the objective function » jer, djlog Zle OB -

(Q.E.D.)

This lemma tells us that f(6) = >_..; d;log S 6kB; is the objective of ML infer-
ence, which is concave w.r.t 8. So this objective follows the principle (3.1). For MAP

inference we need an employment of Bayes’ rule to see clearly the objective function.

Lemma 3. Consider a topic model with K topics B, ..., By, in which topic proportions
are assumed to be samples from a prior distribution. Assume further that the prior distri-

bution belongs to an exponential family, parameterized by o, whose density function can
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be expressed as p(0|a) o exp(a.t(0) —G(«)). Then the MAP inference problem of a given

document d can be reformulated as

K
6" = arg max > djlog Y OuBy + t(). (3.3)

jely k=1

Proof. MAP inference is to maximize the posterior probability P(8|d, 3, «) given a doc-
ument d. Bayes’ rule says that P(0|d, 3,«) = P(d|@,8)P(0|«)/P(d). Hence

" = arg max P(6]d, 8, a) = arg max log P(6]d, B, a)
= arg max log P(d|0,3) + log P(0, «)
OcAk
= arg max log P(d|0, 8) + a.t(0) — G(«).
OcAk

Ignoring constants and rewriting the likelihood complete the proof. (Q.E.D.)

Essentially, this lemma reveals that f(8) = >, ; d;log Zszl OxOr; + a.t(0) is the
objective function of MAP inference, which is exactly of the form (3.1), where ¢(0) is the
sufficient statistics of the prior over 8. However such a function is not always concave.
An example is the MAP inference in LDA for which «.t(0) = Zszl(ak — 1) log 6y is not
concave if @ < 1, as noted before by [91]. We next show that with an appropriate choice

of the objective function in the form (3.1), inference by FW is in fact MAP inference.

Theorem 5. Consider a topic model M, and a document d. Let f(0) = L(d|0)+ \.h(8),
where L(d|0) is the log likelihood of the document, h(@) is a continuously differentiable,
concave function over Ag, A > 0. Then mazimizing f(0) over Ax is an MAP inference

problem.

Proof. Consider the marginal distribution of the random variable @ whose density function
is of the form p(@|\) o exp(A.h(€)). Then

0° = arg tax P(O|d, M) = arg max log P(6|d, M)
= arg max log P(d|0, M) + log P(8|\)
OcAk
= arg max log P(d|0, M) + \.h(0).
OcAk

The objective of this optimization problem is exactly the function f(@), completing the
proof. (Q.E.D.)
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3.2.2 Application to PLSA and LDA

We now discussed how FW can be adapted to the two of the most influential topic models,
PLSA [51] and LDA [21]. Lemma 2 provides us a connection between ML inference and
concave optimization. As a consequence, inference in PLSA can be reformulated as an
easy optimization problem, and can be seamlessly resolved by FW. Combining this with

Corollary 2, we obtain the following.

Corollary 3. Consider PLSA with K topics, and a document d. Then there exists
an algorithm for inference that converges to the optimal solution at a linear rate, and
that allows us to efficiently find a sparse topic proportion @ with a guaranteed bound on

inference error.

Note that according to Lemma 2, the objective function of inference in PLSA is f(0) =
> jer, dilog S K 0kB;. This objective turns out to be of the form (3.1) where h(8) = 0.
It is easy to check that this function is continuously differentiable, concave over the
simplex Ay if 3 > 0. Hence, the Frank-Wolfe algorithm can be exploited for inference.
One can handily do MAP inference for PLSA by modifying the objective function to be
of the form (3.1). While MAP inference for PLSA has been studied by [89] and [59], their
methods result in concave-convex objective functions and thus have no guaranteed bound

for convergence.

We next turn our consideration to LDA [21]. It is known [91] that finding a topic
proportion for a given document in LDA is an MAP inference problem, where the objective
function is f(x) =, d;log S OB+ o8 (e — 1) log fy.. This objective is of the
same form with (3.1), where h(0) = (log 6y, ...,logfk)" and A = (ay — 1,...,ax — 1). k()
and A\ originally come from the Dirichlet prior over topic proportions. One can interpret
A.h(0) to be a regularization term which induces sparse solutions for A < 1. However, such
a regularization does not always result in a concave objective function, and hence causes
the inference in LDA to be NP-hard [91]. Furthermore, such a regularization requires
all topics to have non-zero contributions to a specific document, since the function log 6y
requires 0 > 0 to be well-defined. Hence, LDA cannot infer latent representations which

are sparse in common sense.

To find sparse latent representations in LDA, some modifications are necessary. One
can readily apply the FW framework to LDA where the objective is the log likelihood
function. Other employments of the FW framework can yield MAP inference for LDA as
suggested by Theorem 5. In those cases, it amounts to endowing new priors other than

Dirichlet over topic proportions.

22



3.3 Empirical evaluation

In this section, we explore how well the FW framework works compared with existing
inference methods. We first investigate some fundamental characteristics of FW, including
sparsity of the inferred topic proportions, inference time, and inference quality. In addition
to theoretical analysis and demonstration, we made a library for use in practice that is very
easy for researchers/users to incorporate our framework into their customized models, just
by writing their own objective functions. This may help substantially reduce complication
and time for researchers when designing new topic models. The library is general enough

to be applicable to inference in other literatures than topic modeling.’

The flexibility of the FW framework is evidenced by two specific applications. In
the first one, we successfully develop fully sparse topic models (FSTM) [100] which is a
simplified variant of PLSA and LDA. FSTM has been demonstrated to work well and
has various attractive properties for dealing with large data. In the second application,
we employ FW to design effective methods for supervised dimension reduction [101, 102]

which will be described in the next section.

3.3.1 Time, sparsity, and quality

Analyses in the previous section have shown that inference by our framework is both
fast and provably good, if provided a suitable choice of the objective function. In this
section, we demonstrate empirically that even with the modest choice, say likelihood, our
framework infers comparably well. Three inference methods were taken in comparison:
Folding-in [51], Variational Bayesian [21], denoted by VB, and FW.5 The objective function
for FW is the log likelihood function. Five corpora were used in the investigation, of which
some statistics are shown in Table 3.1.”7 For each corpus, we first trained the LDA model
on the training part. We then did inference on the test set with the same criteria of

convergence.®

>The library is freely available at www.jaist.ac.jp/~s1060203/codes/FW/

6CVB, CVBO, and CGS were not included for some reasons. CVB is often slower than VB [68];
CVBO is faster than VB but works on documents which are not in bag-of-words representation; CGS is
often slowest. Futhermore, these methods can achieve comparable quality as long as suitable parameter
settings are chosen [12]. Hence VB is selected to be a representative.

"AP was retrieved from http://www.cs.princeton.edu/~blei/lda-c/ap.tgz.
KOS, NIPS, and Enron were from http://archive.ics.uci.edu/ml/datasets/.
Grolier was from http://cs.nyu.edu/~roweis/data.html

8At most 1000 iterations are allowed for inference, and the algorithm will converge if the relative
change of the objective is less than 107°.
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Table 3.1: Data for experiments.
Data Training size Testing size #Terms

AP 2021 225 10473
KOS 3087 343 6906

NIPS 1350 150 12419
Grolier 23044 6718 15276
Enron 35875 3986 28102

NIPS Enron Grolier

Inference time (s)

Document sparsity
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Figure 3.1: Comparison of inference methods as the number of topics increases. Lower is
better.

Inference time: the first measure for comparison is inference time. Figure 3.1 depicts
the results of inference on 5 corpora. We observe that Folding-in did slowest. VB did much
more quickly than Folding-in. Each iteration of Folding-in took very few computations,
much less than that of VB. However, VB often reached convergence in much less steps
than Folding-in. That is why overall VB did more quickly. Compared with Folding-in
and VB, our framework did inference significantly faster. FW often reached convergence
in a few tens of iterations. Note that complexity of our framework heavily depends on
how complicated the objective is. In this case, the objective is the log likelihood which
needs few computations to be evaluated. One can realize that the inference time of FW
was not quickly scaled up as the number of topics K increases, while VB and Folding-in
increased much faster. This suggests that our framework is substantially more scalable
than Folding-in and VB.

Document sparsity: we next consider how sparse the inferred topic proportions are.
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Sparsity of a given document is the fraction of nonzero elements in the inferred latent
representation. It is averaged for each test set, and is depicted in the second row of
Figure 3.1. Note that inference by our framework always found very sparse topic propor-
tions. The sparsity level increases as we model with more topics. Surprisingly, inference
by Folding-in sometimes achieves sparse topic proportions. One possible reason is that
Folding-in may inherit sparsity of original data, since inference by Folding-in simply does
addition and multiplication on sparse data. Nevertheless, it is not always for Folding-in
to achieve sparse solutions without a principled mechanism. Unsurprisingly, VB did not

find any sparse latent representations of documents.

Perplexity: Corollary 2 suggests that inference by our framework theoretically finds
provably good solutions. This theoretical result is further supported by experiments.
The last row of Figure 3.1 shows the goodness of different inference methods in terms
of perplexity [18, 21]. Loosely speaking, perplexity is the inverse of the geometric mean
of the probabilities of words appearing in the testing documents, and is calculated on
the testing set D by Perplexity(D) = exp (=Y 4eplog P(d)/> 4cp ||d|]1) . Observing
Figure 3.1, we see that Folding-in and FW achieved comparably good predictive power.
They performed much better than VB even though they were given the same models

which had been trained before.

To explain this phenomenon, more thorough investigations are necessary. We observed
that in all cases, LDA learned very small parameters « of the Dirichlet priors. Remember
that when a < 1, inference in LDA is NP-hard [91]. The NP-hardness may prevent
the variational method from quickly inferring good solutions. This may be the main
reason for the inferior performance of VB. Note further that inference in LDA is MAP
inference, whose objective is different from the likelihood. But perplexity mainly relates
to likelihood. Therefore, asynchronous objective functions for inference is another reason

for inferior performance of VB in terms of perplexity.

Separability of documents in the topical space: topic models are often expected to
provide us a soft clustering of documents in the space of topics, i.e., clustering documents
into topical clusters. Hence we would like to see how well inference methods cluster the
testing documents. A good method should cluster documents into topics separately. In
other words, in the topical space, the documents should be separately clustered. To see
this, we use the inferred latent representations of documents, and visualize the first 3
dimensions. Figure 3.2 shows the distribution of documents in the topical space. One
can observe that the documents projected by VB spread around the axes, and they were
not separated clearly into clusters. Similar phenomenon can be observed for Folding-

in. Meanwhile, when projected by FW, each document focused more on few topics, and
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Figure 3.2: Separability of documents in the space of topics, inferred by different methods
on AP with K = 10. Folding-in and VB do not provide separate clusters of documents.
Meanwhile, FW separates documents explicitly into clusters associated with latent topics.
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Figure 3.3: Illustration of trading off sparsity against time and quality. FW is able to
reach convergence very quickly. After 20 iterations on average, its quality in terms of
perplexity was almost stable, even though the number of topics is much larger (K = 100).

the documents were separated into clusters explicitly. We observed that inference by our
framework often places very high probability on one topic, small probabilities on few more
topics, and zero on others. This may be why, in the topical space, the documents are
explicitly clustered. As a result, inference by our framework provides a better clustering

of documents in the topical space.

3.3.2 Convergence rate and trade-off

When facing with large-scale settings including large corpora, extremely high dimension-
ality, and large number of topics, fast algorithms and compact storage demands are highly
desired. Hence a principled way to trade off quality against time and storage requirement
is sometimes necessary. Fortunately, the Frank-Wolfe algorithm can fulfill those desires
for not only topic modeling but also other literatures. Indeed, it is provably fast and pro-
vides a simple way to decide the sparsity level of solutions, just by limiting the number

of iterations.

We investigated further how quick FW reaches convergence in practice. The experi-
ments were done with AP (small size) and Enron (average size), and on the learned LDA
with K = 100 topics. Results are shown in Figure 3.3. One can realize that FW reached

convergence very quickly. We found that in most cases, after 20 iterations on average the
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quality was almost stable. Note that the dimension of the inference problem is K = 100
which is much larger than 20. The sparsity level of solutions got stable almost after 30
iterations. The same phenomenon was observed on other corpora. These facts suggest
that FW can converge very quickly in practice despite of the loose bound in Corollary 2.

This property is attractive for practical applications.

3.4 Application to supervised dimension reduction

In this section, we provide another evidence for the flexibility of our framework by en-
coding prior knowledge (or side information) into inference. In particular, we use FW
to develop effective methods for supervised dimension reduction (SDR) for discrete data.
This section only summarizes the key ideas and experimental results. For more detailed

descriptions and analyses, we refer the readers to [102] (or [101] for brevity).

In SDR, we are asked to find a low-dimensional space which preserves the predictive
information of the response variable. Projection on that space should keep the discrim-
ination property of data in the original space. Existing methods for this problem often
try to find directly a low-dimensional space that preserves separation of the data classes

in the original space. For simplicity, we call that new space discriminative space.

3.4.1 The two-phase framework for SDR

We now describe our framework for SDR. Existing methods for this problem often try
to find directly a low-dimensional space that preserves separation of the data classes in
the original space. For simplicity, we call that new space discriminative space. Different
approaches have been employed such as maximizing the conditional likelihood [56], mini-
mizing the empirical loss by max-margin principle [130], or maximizing the joint likelihood
of documents and labels [14]. Those are one-phase algorithms to find the discriminative
space, and bear resemblance to existing methods for continuous data [77, 94]. Three re-
maining drawbacks are that learning is very slow, that scalability of unsupervised models
is not appropriately exploited, and more seriously, the inherent local structure of data is

not taken into consideration.

To overcome those limitations of supervised topic models, we propose a novel frame-
work which consists of two phases. Loosely speaking, the first phase tries to find an initial

topical space, while the second phase tries to utilize label information and local structure
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(c) Supervised learning

T

Original space » Initial space ————— » Discriminative space
(a) Unsupervised learning (b) Discriminative inference

Figure 3.4: Sketch of approaches for SDR. Existing methods for SDR directly find the
discriminative space, which is known as supervised learning (c). Our framework consists
of two separate phases: (a) first find an initial space in an unsupervised manner; then (b)
utilize label information and local structure of data to derive the final space.

of the training data to find the discriminative space. The first phase can be done by
employing an unsupervised topic model [67, 100], and hence inherits scalability of unsu-
pervised models. Label information and local structure in the form of neighborhood will
be used to guide projection of documents onto the initial space, so that inner-class local
structure is preserved and inter-class margin is widen. As a consequence, the discrimina-

tion property is not only preserved, but likely made better in the final space.

Figure 3.4 depicts graphically this framework, and a comparison with other one-phase
methods. Note that we do not have to design entirely a learning algorithm as for existing
approaches, but instead do one further inference phase for the training documents. Details
of our framework are presented in Algorithm 3. Details for each step from (II.1) to (II.4)
can be found in [101, 102].

3.4.2 Why is the framework good?

We next theoretically elucidate the main reasons for why our proposed framework is
reasonable and can result in a good method for SDR. In our observations, the most
important reason comes from the choice of the objective (3.4) for inference. Inference
with that objective plays three crucial roles to preserve or make better the discrimination

property of data in the topical space.

Preserving inner-class local structure

The first role is to preserve inner-class local structure of data. This is a result of using
the additional term \Tld\ > aen, L(d'). Remember that projection of document d onto the

unit simplex A is in fact a search for the point 845 € A that is closest to d in a certain
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Algorithm 3 Two-phase framework for SDR
Phase I: learn an unsupervised model to get K topics B4, ..., Bx-
Let 2 = span{3, ..., B} be the initial space.
Phase II: (finding discriminative space)

(IL.1) for each class c, select a set S, of topics that are potentially discriminative for c.

(I1.2) for each document d, select a set Ny of its nearest neighbors which are in the
same class as d.

(I1.3) infer new representation 8 for each document d in class ¢ using the Frank-Wolfe
algorithm with the objective function

£(8) = AL(d) + (1 — A)'Il\lTA S L)+ R Y sin(6)), (3.4)

dIENd jesc

where L(cAl) is the log likelihood of document d = d/||d||1; A € [0,1] and R are

nonnegative constants.

(IT.4) compute new topics 37, ..., B from all d and @}. Finally, 8 = span{3], ..., 8%}
is the discriminative space.

§
al
@@

(@) (b) (© (d)

Figure 3.5: Laplacian embedding in 2D space. (a) data in the original space, (b) unsuper-
vised projection, (c) projection when neighborhood is taken into account, (d) projection
when topics are promoted. These projections onto the 60-dimensional space were done
by FSTM and experimented on 20Newsgroups. The two black squares are documents in
the same class.
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sense.” Hence if d’ is close to d, it is natural to expect that d’ is close to 8,. To respect this
nature and to keep the discrimination property, projecting a document should take its local
neighborhood into account. As one can realize, the part AL(d) + (1 — A)\Tld\ Y den, L(c?)
in the objective (3.4) serves well our needs. This part interplays goodness-of-fit and
neighborhood preservation. Increasing A means goodness-of-fit L(cAl) can be improved, but
local structure around d is prone to be broken in the low-dimensional space. Decreasing A
implies better preservation of local structure. Figure 3.5 demonstrates sharply these two
extremes, A = 1 for (b), and A = 0.1 for (¢). Projection by unsupervised models (A = 1)
often results in pretty overlapping classes in the topical space, whereas exploitation of

local structure significantly helps us separate classes.

Since nearest neighbors Ny are selected within-class only, doing projection for d in
step (I1.3) is not intervened by documents from outside classes. Hence within-class local

structure would be better preserved.

Widening the inter-class margin

The second role is to widen the inter-class margin, owing to the term R, ¢ sin(6;). As
noted before, function sin(z) is monotonically increasing for x € [0, 1]. It implies that the
term R ies. sin(f;) promotes contributions of the topics in S. when projecting document
d. In other words, the projection of d is encouraged to be close to the topics which are
potentially discriminative for class c¢. Hence projection of class c is preferred to distributing
around the discriminative topics of c¢. Increasing the constant R implies forcing projections
to distribute more densely around the discriminative topics, and therefore making classes

farther from each other. Figure 3.5(d) illustrates the benefit of this second role.

Reducing overlap between classes

The third role is to reduce overlap between classes, owing to the term AL(d) + (1 —
)‘)\Tld\ doden, L(d') in the objective function (3.4). This is a very crucial role that helps
the two-phase framework works effectively. Explanation for this role needs some insights

into inference of 6.

In step (I1.3), we have to do inference for the training documents. Let u = A + (1-—

)‘)\Tld\ > aen, d be the convex combination of d and its within-class neighbors.' Note

9More precisely, the vector > i 0ak By, is closest to d in terms of KL divergence.
1OMore/\precisely, u is the convex combination of those documents in ¢;-normalized forms, since by
notation d = d/||d||;.
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Figure 3.6: The effect of reducing overlap between classes. In Phase II, inferring d is
reduced to inferring w which is the convex combination of d and its within-class neighbors.
This means we are working in the U-space instead of the document space. Note that the
classes in the U-space are often less overlapping than those in the document space.
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Hence, in fact we do inference for w by maximizing f(0) = L(u) + R.>_. g sin(0;). It

implies that we actually work with w in the U-space as depicted in Figure 3.6.

Those observations suggest that instead of working with the original documents in
the document space, we do work with {wy, ..., uy} in the U-space. Figure 3.6 shows that
the classes in the U-space is less overlapping than those in the document space. Further,
the overlap can sometimes be removed. Hence working in the U-space would be probably

more effective than in the document space, in the sense of supervised dimension reduction.

3.4.3 Evaluation

This section is dedicated to investigation of effectiveness and efficiency of the two-phase
framework in practice. We investigate three methods, PLSA¢, LDA¢ and FSTM¢, which
are the results of adapting our framework to unsupervised models, PLSA [51], LDA [21],
and FSTM [100], respectively. MedLDA [130] is taken as the state-of-the-art method for
SDR into comparison.!! We use 10 benchmark datasets for investigation which span over

various domains including news in LA Times, biological articles, spam emails. Table 3.2

" MedLDA was retrieved from www.ml-thu.net/~jun/code/MedL.DAc/medlda.zip
LDA was taken from www.cs.princeton.edu/~blei/lda-c/
FSTM was taken from www. jaist.ac.jp/~s1060203/codes/fstm/
PLSA was written by ourselves with the best effort.
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Table 3.2: Statistics of data for experiments

Data Training Testing Dimensions Classes
size size
LAls 2566 638 13196 6
LA2s 2462 613 12433 6
News3s 7663 1895 26833 44
OHO 805 198 3183 10
OH5 739 179 3013 10
OH10 842 208 3239 10
OH15 735 178 3101 10
OHscal 8934 2228 11466 10
20Newsgroups 15935 3993 62061 20
Emailspam 3461 866 38729 2

shows some information about those data.!?

In our experiments, we used the same criteria for topic models: relative improvement
of the log likelihood (or objective function) is less than 10™* for learning, and 107° for
inference; at most 1000 iterations are allowed to do inference. The same criterion was
used to do inference by the Frank-Wolfe algorithm in Phase 2 of our framework. MedLDA
is a supervised topic model and is trained by minimizing a hinge loss. We used the best
setting as studied by [130] for some other parameters: cost parameter ¢ = 32, and 10-fold
cross-validation for finding the best choice of the regularization constant C' in MedLDA.

These settings are chosen to avoid a possibly biased comparison.

It is worth noting that the two-phase framework plays the main role in searching for
the discriminative space 6. Hence, other works aftermath such as projection/inference
new documents are done by unsupervised models. For instances, FSTM¢ works as follows:
we first train FSTM in an unsupervised manner to get an initial space 2; we next do Phase
2 of Algorithm 3 to find the discriminative space 9B; projection of documents onto 8 then

is done by the inference method of FSTM which does not need label information.

Class separation and classification quality

Separation of classes in low-dimensional spaces is our first concern. A good method

for SDR should preserve inter-class separation of data in the original space. Figure 3.7

1290Newsgroups ~was taken from www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/.
Emailspam was taken from csmining.org/index.php/spam-email-datasets-.html. Other datasets
were retrieved from the UCI repository.
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Figure 3.7: Projection of three classes of 20newsgroups onto the topical space by (a)
FSTM, (b) FSTM¢, and (c¢) MedLDA. FSTM did not provide a good projection in the
sense of class separation, since label information was ignored. FSTM¢ and MedLDA
actually found good discriminative topical spaces, and provided a good separation of
classes. These embeddings were done with t-SNE [107].

depicts an illustration of how good different methods are. In this experiment, 60 topics
were used to train FSTM and MedLDA.'® One can observe that projection by FSTM can
maintain separation between classes to some extent. Nonetheless, because of ignoring label
information, a large number of documents have been projected onto incorrect classes. On
the contrary, FSTM® and MedLDA exploited seriously label information for projection,
and hence the classes in the topical space separate very cleanly. The good preservation
of class separation by MedLDA is mainly due to the training algorithm by max margin
principle. Each iteration of the algorithm tries to widen the expected margin between
classes. Hence such an algorithm implicitly inherits the discrimination property in the
topical space. FSTM¢ can separate the classes well owing to the fact that projecting
documents has taken local neighborhood into account seriously, which very likely keeps
inter-class separation of the original data. Furthermore, it also tries to widen the margin

between classes as discussed in Section 3.4.2.

Classification quality: we next use classification as a means to quantify the goodness of
the considered methods. The main role of methods for SDR is to find a low-dimensional
space so that projection of data onto that space preserves or even makes better the
discrimination property of data in the original space. In other words, predictiveness of
the response variable is preserved or improved. Classification is a good way to see this

preservation or improvement.

For each method, we projected the training and testing data (d) onto the topical
space, and then used the associated projections (@) as inputs for multi-class SVM [54]
to do classification.* MedLDA does not need to be followed by SVM since it can do

BFor our framework, we set Ny = 20,A = 0.1, R = 1000. This setting basically says that local
neighborhood plays a heavy role when projecting documents, and that classes are very encouraged to be
far from each other in the topical space.

14This classification method is included in Liblinear package which is available at www.csie.ntu.edu.
tw/~cjlin/liblinear/
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classification itself. Keeping the same setting as described before and varying the number

of topics, the results are presented in Figure 3.8.

Observing the figure, one easily realizes that the supervised methods often performed
substantially better than the unsupervised ones. This suggests that FSTM¢, LDA¢, and
PLSA® exploited well label information when searching for a topical space. FSTM¢, LDA€,
and PLSA€ performed better than MedLDA when the number of topics is relatively large
(> 60). FSTM® consistently achieved the best performance amongst topic-model-based
methods, and sometimes reached 10% improvement over the-state-of-the-art MedLDA.
In our observations, this improvement is mainly due to the fact that FSTM¢ had taken

seriously local structure of data into account whereas MedLDA did not.

There is a surprising behavior of MedLDA. Though being a supervised method, it
performed comparably or even worse than unsupervised methods (PLSA, LDA, FSTM)
for many datasets including LA1ls, LA2s, OH10, and OHscal. In particular, MedLDA
performed significantly worst for LAls and LA2s. It seems that MedLDA lost considerable
information when searching for a low-dimensional space. One of the main reasons for
this surprising behavior could be that MedLDA ignores local structure. As evidenced by
various researches, ignoring the inherent structure when searching for a topical space could
harm or break the discrimination property of data. This could happen with MedLDA even

though learning by max margin principle is well-known to keep good classification quality.

Learning time

The final measure for comparison is how quickly the methods do? We mostly concern on
the methods for SDR. including FSTM¢, LDA¢, PLSA¢, and MedLDA. Note that the time
for learning a discriminative space by FSTM¢ is the time to do 2 phases of Algorithm 3
which includes time to learn an unsupervised model, FSTM. The same holds for PLSA®
and LDA€. Figure 3.9 summarizes the overall time for each method. Observing the figure,
we find that MedLDA and LDA€ consumed intensive time, while FSTM¢ and PLSA¢ did
substantially more speedily. One of the main reasons for slow learning of MedLDA and
LDAc® is that inference by variational methods of MedLDA and LDA is often very slow.
Inference in those models requires various evaluation of Digamma and gamma functions
which are expensive. Further, MedLDA requires a further step of learning a classifier at

each EM iteration, which is empirically slow in our observations. All of these contributed
to the slow learning of MedLDA and LDA®.

In contrast, FSTM has a linear time inference algorithm and requires simply a multi-
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Figure 3.8: Accuracy of 7 methods as the number K of topics increases. Relative improve-

ment is improvement of a method (A) over the-state-of-the-art MedLDA, and is defined
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Figure 3.9: Necessary time to learn a discriminative space, as the number K of topics
increases. FSTM¢ and PLSA® often performed substantially faster than MedLDA. As an
example, for News3s and K = 120, MedLDA needed more than 50 hours to complete
learning, whereas FSTM¢ needed less than 8 minutes.

Table 3.3: Learning time in seconds when K = 120. For each dataset, the first line shows
the learning time and the second line shows the corresponding accuracy. The best learning
time is bold, while the best accuracy is italic.

Data PLSA® LDA® FSTM® MedLDA
LAls 287.05 11,149.08 275.78 23,937.88
88.24 87.77  89.03 64.58
LA2s 219.39 9,175.08 238.87 25,464.44
89.89 89.07  90.86 63.78
News3s 49472 32,566.27 462.10 104,055.74
82.01 82.50  84.6/ 82.01
OHO 3921 81633 16.56  2,323.64
85.35 86.36  87.57 82.32
OH5 34.08  955.77 17.03  2,693.26
80.45 7877 84.36 76.54
OH10 3738 911.33 18.81  2.834.40
72.60 71.63  76.92 64.42
OH15 3854  769.46 15.46  2,877.69
79.78 78.00  80.90 78.65
OHscal 584.74 16,775.75 326.50 38,803.13
7177 70.20  74.96 64.99
20Newsgroups  556.20 18,105.92 415.91  37,076.36
83.72 80.34  86.53 78.24
Emailspam 124.07 153490 56.56  2,978.18
94.34 05.73  96.51 04.23
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plication of two sparse matrices for learning topics, while PLSA has a very simple learning
formulation. Hence learning in FSTM and PLSA is unsurprisingly very fast [100]. The
most time consuming part of FSTM® and PLSA¢ is to search nearest neighbors for each
document. A modest implementation would requires O(V.M?) arithmetic operations,
where M is the data size. Such a computational complexity will be problematic when
the data size is large. Nonetheless, as empirically shown in Figure 3.9, the overall time
of FSTM¢ and PLSA€ was significantly less than that of MedLDA and LDA€. Table 3.3
supports further this observation. Even for 20Newsgroups and News3s of average size,
learning time of FSTM¢ and PLSAF€ is very competitive compared with MedLDA.

Summarizing, the above investigations demonstrate that the two-phase framework can
result in very competitive methods for supervised dimension reduction. Three adapted
methods, FSTM¢, LDA¢, and PLSA¢, mostly outperform their corresponding unsuper-
vised models. LDA¢ and PLSA€ often reached comparable performance with the state-of-
the-art method, MedLDA. Amongst those adaptations, FSTM¢ behaves superior in both
classification performance and learning speed. We observe it often does 30-450 times
faster than MedLDA.

3.4.4 Discussion

We have proposed the two-phase framework for doing dimension reduction of supervised
discrete data. The framework was demonstrated to exploit well label information and
local structure of the training data to find a discriminative low-dimensional space. Gen-
erality and flexibility of our framework was evidenced by adaptation to three unsupervised
topic models, resulted in PLSA¢, LDA€, and FSTM¢ for supervised dimension reduction.
These methods can perform qualitatively comparably with the state-of-the-art method,
MedLDA. In particular, FSTM¢ performed significantly best and can often achieve more
than 10% improvement over MedLDA while enjoying 30-450 times faster speed. These
results show that our framework can inherit scalability of unsupervised models to yield

competitive methods for supervised dimension reduction.

The resulting methods (PLSA¢, LDA®, and FSTM¢) are not limited to discrete data.
They can work also on non-negative data, since their learning algorithms actually are
very general. Hence in this paper, we contributed methods for not only discrete data
but also non-negative real data. The code of these methods is freely available online at
www. jaist.ac.jp/~s1060203/codes/sdr/

There is a number of possible extensions to our framework. First, one can easily mod-
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ify the framework to deal with multilabel data. Second, the framework can be modified
to deal with semi-supervised data. A key to these extensions is an appropriate utilization
of labels to search for nearest neighbors, which is necessary for our framework. Other ex-
tensions can encode more prior knowledge into the objective function for inference. In our
framework, label information and local neighborhood are encoded into the objective func-
tion and have been observed to work well. Hence, we believe that other prior knowledge

can be used to derive good methods.

3.5 Summary

We make two contributions in this chapter. First, a framework (FW) for efficiently in-
ferring sparse latent representations of documents is introduced. From theoretical and
empirical analyses, the FW framework is shown to work significantly fast and always infer
sparse solutions. Second, we propose an effective and scalable methods for doing super-
vised dimension reduction. In particular, one of the methods can perform consistently
better in quality than the state-of-the-art methods, while enjoying 30-450 times faster
speed.
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Chapter 4

Fully Sparse Topic Models

Essentially, all models are wrong, but some are useful — George E. P. Box

In this chapter, a novel topic model is developed which has many interesting properties.
It overcomes some severe limitations of existing models to better model corpora at a large

scale. Inference in this model follows the framework discussed in Chapter 3.

4.1 Introduction

Topic modeling has been increasingly maturing to be an attractive research area. Origi-
nally motivated from textual applications, it has been going beyond far from text to touch
upon many amagzing applications in Computer Vision, Bioinformatics, Software Engineer-
ing, Forensics, to name a few. Recently, much interest in this community has focused on
developing topic models for large-scale settings, e.g., [13, 48, 67, 71, 90, 115]. In our
observations, the most common large-scale settings are:

(a) the number of training documents is large;

(b) the number of topics to be learned is large;

(c) the vocabulary size (dimensionality) is large;

(d) a large number of documents need to be a posteriori inferred in a limited time budget.

There are two fundamental issues to be addressed when dealing with large-scale set-

tings: inference speed and model complexity. Scalable inference algorithms are highly
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desired to resolve the settings (a) and (d), since inference plays the key role in many
learning algorithms [21, 48]. Model complexity essentially refers to the number of effec-
tive parameters of a model. For a topic model like PLSA [51] or LDA [21], the hidden
topics dominate its complexity, because each topic is often a dense distribution over the
vocabulary. When dealing with the settings (b) and (c), the number of parameters in a
topic model easily reaches billions. Such a huge model poses severe challenges for both

learning and storage.

4.1.1 Owur contribution

In this work, we present our initial step towards resolving the mentioned four large-scale
settings. Our attempts attack the two fundamental issues mentioned before by seeking

fast inference algorithms and sparse models.

Our first contribution is the introduction of Fully Sparse Topic Model (FSTM). Loosely
speaking, FSTM is a simplified variant of LDA when relaxing the Dirichlet priors over
hidden topics and over hidden topic proportions of documents. It is also a simplified
variant of PLSA when removing the observed variable associated with each document.

Nevertheless, FSTM has some following attractive properties:

- Inference is done by the Frank-Wolfe algorithm [28] which converges at a linear rate
to the optimal solutions. The inference algorithm allows us to swiftly recover sparse
topic proportions. Further, it provides a principled way to directly trade off sparsity

of solutions against inference quality and running time.!

- Learning of topics amounts to multiplication of two sparse matrices. Hence topics

are often very sparse. The sparsity level can be directly controlled.
- The complexity of the learning algorithm is near independent of dimensionality.?

- There is an implicit prior over topic proportions, though no explicit employment of

priors. Such a prior can help FSTM avoid overfitting.

I'Note that our reformulation of inference for FSTM can be applied to many variants of PLSA and
LDA, and hence can help accelerate their inference. The reason is that such models often assume a
document to be a mixture of topics.

2More precisely, the independence holds without taking into account the necessary number r of EM
steps to reach convergence and an initial step which initiates necessary storage before learning. The
EM algorithm often converges to stationary points at a linear rate [33]. However, to the best of our
knowledge, there has been no rigorous analysis about relation between dimensionality and r. In practice,
we experience that r does not depend on dimensionality.
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Table 4.1: Theoretical comparison of 8 topic models: FSTM, PLSA, LDA, FTM [120],
SparseTM [112], STC [129], SRS [89], RLSI [115]. V is the vocabulary size, K is the
number of topics, 7 is the average length of documents. K is the average number of topics
to which a term has nonzero contributions, KX < K. ‘-’ denotes ‘no’ or ‘unspecified’; ‘v’
means ‘yes’ or ‘taken in consideration’.

Model FSTM PLSA LDA FTM SparseTM  STC SRS RLSI
Document sparsity v - - v - v v -
Topic sparsity v - - - v - v v
Sparsity control direct - - indirect  indirect indirect  indirect indirect
Trade-off:
sparsity vs. quality v - - - - - - -
sparsity vs. time v - - - - - - -

Dimension-free learning v

Inference complexity O(nK+K) O@K) OMmK) - - O(n.K) O@m.K) O(V.K?+K3)
Storage for topics V.K V.K V.K - - V.K V.K V.K
Auxiliary parameters 0 0 0 0 0 3 2 2

For the first time in the topic modeling literature, FSTM is the model that couples
the two interesting properties: near dimension-free learning algorithm, and ability to
directly trade off sparsity of solutions against inference quality. The near independence of
dimensionality implies that FSTM provides an almost optimal answer to the setting (c).
It also implies that there exists a near dimension-free algorithm for doing dimensionality
reduction (DR), since topic modeling is an approach to DR. These properties are crucial
for dealing with data of extremely high dimensions. We hope that our results open a

motivation for future studies to seek dimension-free algorithms for other problems.

The ability of FSTM to learn sparse topics and to infer sparse latent representations
of documents allows us to save substantially memory for storage. Combined with a linear
inference algorithm, FSTM overcomes severe limitations of existing probabilistic models
and can deal well with the settings (b), (c¢), and (d). Fast learning of topics and fast
inference of documents also enable us to deal well with the setting (a). To see more
advantages of FSTM over existing models, we report some theoretical characteristics of

some closely related models in Table 4.1.1.

Our second contribution is a distributed architecture for learning FSTM from large
data. We employ both distributed scheme for data and task parallelism. Warm-start
is further used to speed up learning, while keeping comparable quality. All of these
provide a scalable learning algorithm that can handle very large corpora. In particular,
we successfully learned a topic model with more than 33 billions of latent variables, from
a large corpus with a vocabulary of 16 millions terms. This is the largest model that has

been learned in the literature up to now.

Extensive experiments show that FSTM works well in practice. It significantly out-
performs many models in terms of learning time, inference time, model complexity, and

sparsity of latent representations of documents. The predictive power is observed to be
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comparable with other models. In terms of generalization on unseen data, FSTM of-
ten does better. Qualitative performance of FSTM is also observed in application to

classification, for both small and very large data.

4.1.2 Related work

Most previous works dealing with large data have focused mainly on the settings (a) and
(b) by utilizing parallel/distributed/online architectures [13, 48, 67, 71, 90, 109]. Those
works are breakthrough developments for learning LDA [21]. Their learning algorithms
can work well with corpora of millions of documents and give an affirmative answer for the
setting (a). However they remain three limitations: first, the LDA model itself is dense,
which will consumes huge memory when vocabularies are very large. Second, the latent
representations of documents are dense. Such dense representations will be problematic
when stored for doing other tasks, e.g., information/image retrieval. The main reason is
that the Dirichlet distribution employed by LDA prevents any zero contributions of terms
to topics and of topics to documents. These limitations challenge deployment of LDA in

3 Third, existing inference methods

practical applications with the settings (b) and (c).
for LDA do not have any theoretical guarantee of neither inference quality nor inference

time.

To reduce memory for efficient storage, some studies have introduced the notion of
sparsity for topic models. Some researches try to reduce model complexity by encoding a
spike-and-slap distribution [112] or using regularization [89, 115] to induce sparse topics.
Furthermore, sparsity of topic proportions is also considered by employing Indian buffet
processes [120] or by using regularization [89, 129]. Even though these models provide
elegant solutions to the sparsity problem, they remain some drawbacks when dealing with
large-scale settings. Indeed, the approaches by [112, 120] often result in much involved
models and thus complicates learning and inference. Learning by existing sampling meth-
ods [112, 120] seem to be far from a touch upon large-scale settings. SRS [89] has no
guarantee on convergence of inference/learning, and its scalability is unknown. STC [129]
is problematic with learning, because learning of topics is to solve a optimization problem
with a large number of variables which are inseparable. RLSI [115] has high complexity
for both learning and inference, see Table 4.1.1. Finally, there are two common limitations
of those non-probabilistic models (STC, SRS, RLSI): first, auxiliary parameters associ-

ated with regularization terms require us to do model selection, which is problematic in

3An example is topical exploration of huge corpora with extremely high dimensions, e.g. Google
n-gram books (http://aws.amazon.com/datasets/8172056142375670). This application may requires
learning tens of thousands of topics.
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dealing with large-scale settings; second, one cannot directly trade off sparsity of solutions

against time and quality.®

4.1.3 Roadmap

The main model will be presented in Section 4.2. Section 4.3 is devoted to analyzing some
theoretical characteristics of FSTM, and to revealing why there is an implicit prior over
latent representations. Evaluation and comparison on average corpora are discussed in de-
tails in Section 4.4. Section 4.5 presents a distributed architecture, and then experiments

on large data. Some conclusions are in the final section.

4.2 Fully sparse topic models

Fully Sparse Topic Model assumes that a corpus is composed from K topics, B4, ..., Bk,

and each document d is generated by the following process:

Generate the jth word in d by:
— First pick a latent topic z, with probability P(z|d) = 0y,

— Then generate a word w; with probability P(w;|z;) = k.

It is straightforward to see that FSTM is a simplified variant of LDA. The main differ-
ence is that FSTM does not employ Dirichet prior over topic proportions, and deliberately
allows only few topics to contribute to a document. This relaxation allows us to infer re-
ally sparse topic proportions of documents. No employment of Dirichlet prior over topics
enables us to learn models of low complexity, i.e., sparse models. Figure 4.1 depicts the
graphical representation of FSTM, accompanied by PLSA and LDA.

Motivated by large-scale settings, our focus is to design a fast inference algorithm
and a fast learning algorithm that can learn sparse models. This is a nontrivial task,
as evidenced in [112, 120, 129]. We tackle this task by first reformulating the inference
problem as a concave maximization problem over the simplex of topics. This reformulation

allows us to seamlessly employ the Frank-Wolfe algorithm to do inference and thus inherits

4For regularization techniques, one may expect to get sparser solutions by increasing the values of
the auxiliary parameters. However, it is not always provably true. Hence such a control over sparsity is
indirect.
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Figure 4.1: Graphical representations of three topic models.

its attractive properties. To obtain sparse topics, our idea is to exploit sparsity of original
documents and sparsity of topic proportions. Hence we propose an approach so that
learning topics amounts to multiplication of the original representation (d) with the new
representation (@) of the corpus. Note that sparsity of topic proportions () can be directly
controlled just by limiting the number of iterations in the Frank-Wolfe algorithm. As a

result, the learned topics are often very sparse and the sparsity level can be controlled.

In spite of no explicit prior over 6 in the model description, we will see in Section 4.3
that in fact there exists an implicit prior having density function p(@|\) o exp(—A.||0]]o),
where ||0]]o is the number of non-zero entries of 8. This property is a consequence of

sparse inference in FSTM. Note that this property of FSTM is intriguing.

4.2.1 Inference

Given a document d and topics 3, the inference task in FSTM is to find which topics
contribute to d and how much they contribute to d. In other words, we have to infer
6. Unlike existing inference approaches for topic models, we will not make effort to infer
directly 6. Instead, we reformulate the inference task as a concave maximization problem

over the simplex of topics.

Lemma 4. Consider FSTM with topics By, ..., By, and a given document d. The infer-
ence problem can be reformulated as the following concave mazimization problem, over

the simplex A = conv(By, ..., Bk),

x" = arg max Z djlogz;. (4.1)

Jj€lq

Proof. For a given document d, the probability that a term w; appears in d can be
expressed as P(w;|d) = Sor | P(w;|z).P(z|d) = Son_, 613k, Hence the log likelihood
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Algorithm 4 Inference algorithm
Input: document d and topics By, ..., Bx-
Output: 6,, for which S5 6, x8), = @, maximizes f(z) = > jer, djlog z;.
Pick as 3, the vertex of A = conv(8y, ..., Bx) with largest f value.
Set o :— ﬁ eor = 1;907k = O,Vk‘ 7é ]
for (=0,...,00do
i = argmax; BV f(x0);

o 1= argmaxaeo,1) f(aBy + (1 — a)xy);

Loy =o' By + (1 — a)xy;

944_1 = (1 — O/)Og; and then set 9@_,.17,'/ = 9@4_1,@'/ + o
end for

of d is

log P(d) =log [ [ P(wjld) = > djlog P(wyld) = d; logzekﬂk]

JE€ly J€ly JE€lg

The inference task is the problem of searching for @ to maximize the likelihood of d.

Denoting as x; = Y ,_, 0x0k; and & = (21, ..., xv)", we arrive at

log P(d) = ) _d;log ;. (4.2)

Je€ly

Therefore optimization over @ now is translated into that over x. Note that & =
(x1, .y xy)t = 25:1 0B;,. Combining this with the fact that ), 6, = 1, 6, > 0,Vk,
one can easily realize that  is a convex combination of the K topics By, ..., 3. It im-
plies * € A. As a result, the inference task is in turn the problem of finding € A that
maximizes the objective function (4.2). (Q.E.D.)

This lemma provides us a connection between inference and concave optimization,
and allows us to seamlessly use the Frank-Wolfe algorithm for inference. An appropriate
adaptation to the Frank-Wolfe algorithm results in an inference algorithm for FSTM, as
presented in Algorithm 4. In our implementation, we solve for a by the gradient ascent

approach.

4.2.2 Learning

The task of learning FSTM is to learn all topics 3, given a corpus C. We use EM
scheme to iteratively learn the model. Specifically, we repeat the following two steps until

convergence:
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E-step: do inference for each document of C;

M-step: maximize the likelihood of C with respect to 3.

Note that the E-step for each document is discussed in the previous subsection. The
remaining task is to solve for 3. Denoting as 6, the topic proportion of document d € C
which has been inferred in the E-step, and the documents are i.i.d., we express the log
likelihood of C as

log P(C) =) logP(d) = Y > d logzedkﬁk] >3 d Zedk log Br;.

deC deC jely deC jely =

We have used Jensen’s inequality to derive the last term, owing to the fact >, Ou =
1,04 > 0,VEk.

Next we maximize the lower bound of log P(C) with respect to 3. In other words, we

have to maximize

K
Z Z d; Z Oar log Br; = Z Z Z d;0q1 log Br;, (4.3)

deC jelg = k=1 deC jely
14
7j=1

It is worthwhile noticing that the vectors B, are separable from each other in the
objective function g(3). Hence we can solve for each individually. Taking the Lagrange
function into consideration and forcing its derivatives to be 0, we easily arrive at the

following solution

ﬁkj XX Zdjé’dk. (44)

deC

Up to this point, we can learn FSTM by iterating E-step and M-step until convergence.
In the E-step, each document is inferred by using the Frank-Wolfe algorithm, given the
objective function as in (4.1) and topics 3. The M-step only does simple calculation

according to (4.4) to update all topics.
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4.3 Theoretical analysis

We will show that the inference algorithm for FSTM can provide provably good solutions.
It requires modestly few arithmetic operations, linear in the length of the document to
be inferred or in the number of topics. The learning algorithm has very low complexity
which does not depend on the dimensionality V. Further, we can easily trade off quality
of solution against sparsity and inference time. Existing topic models do not own these

interesting properties.

4.3.1 Complexity and goodness of inference

Theorem 6. Consider FSTM with K topics, and a document d. Let Cy be defined as in
Theorem 2 for the function f(x) = >_,c;,

optimal solution with a linear rate. In addition, after L iterations, the inference error is

d;logz;. Then Algorithm 4 converges to the

at most 4C¢ /(L + 3), and the topic proportion @ has at most L +1 non-zero components.

Proof. Inference of FSTM is exactly the Frank-Wolfe algorithm for the function f(x) =
> jer, djlog z; which is twice differentiable at all @ satistying z; > 0, Vj € I;. Hence this
theorem is a corollary of Theorem 2. (Q.E.D.)

Next we will analyze computational complexity of the inference algorithm. Common
technique to store a sparse matrix is row-wise, i.e., we store all non-zero elements in a
row of that matrix by an 1-dimensional array. This is beneficial to do multiplication of a
sparse matrix with a vector. Indeed, consider a matrix B of size m x n. Letting m be
the average number of non-zero elements of a column of B, computing Bx requires only

O(n.m + m) arithmetic operations.

Theorem 7. Each iteration of Algorithm j requires only O(n.K + K) arithmetic opera-
tions, where K is the average number of topics to which a term has non-zero contributions,
K < K, and n = |I;|. Owverall, after L iterations, Algorithm 4 requires L.O(n.K + K)

arithmetic operations.

Proof. Letting a = Vf(x), we have 'V f(x) = B'a. Note that a is very sparse because
of a; = 0f/0x; = 0, for i ¢ I;. Hence only n columns of 3" involve in computation
of B'a. This implies that we need just O(n.K + K) arithmetic operations to compute
B'a and to find the index 7. O(n.K + K) arithmetic operations are also sufficient to

do the initial step of choosing xq, since the most expensive computations are to evaluate
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f at the vertices of the simplex, which amounts to a multiplication of (log3)'d, where

log B = (log ﬁz’j)\/xK-

Searching for o can be done very quickly since the problem is concave in one variable.
Each evaluation of f(x) requires only O(n) operations. Moreover O(n.K + K) arithmetic

operations are sufficient to update other variables. (Q.E.D.)

Theoretically, L can be large in order to find good solutions. In particular, if we want
to find an e-approximate solution, the number of iterations should be L > 4Cy/e — 3
due to Theorem 6. This implies the complexity of the inference algorithm depends on
the curvature constant C; of the objective function. Cy shows how hard to maximize f
over the simplex, and can sometimes depend on the dimensionality K of the optimization

problem. However, L does not depends on V.

4.3.2 Complexity of learning

FSTM is learned by the EM scheme. Each EM iteration requires us to infer M training
documents, and update topics according to formula (4.4). Note that update of topics
simply does a multiplication of two very sparse matrices (one is the matrix representing
the training corpus, and the other is the new representation of that corpus), and then
does normalization. Hence it can be computed very fast. A simple implementation would
require O(M.n.5) arithmetic operations to compute multiplication of two sparse matrices
and then O(V.K) to do normalization, where 7 is the average length of the original
documents, and § is the average number of topics contributing to a document (average
length of topic proportions, s < K). Therefore, an EM iteration requires O(V.K +
M.n.5+ M.L.(in.K + K)) operations, where L is the average number of iterations for the

Frank-Wolfe algorithm to reach convergence. It is worth noticing that 5 < L.

Lemma 5. An update of B by (4.4) can be done in O(M.n.5.K) arithmetic operations.
PTOOf. Letting ap = Z;/:l ZdEC djﬁdk = Zdec Zjeld djﬁdk, we have ﬂkj = a;l Zdec djﬁdk =
Zdec a,;ldﬂdk for each k and j. Note that aq,...,ax can be computed in O(M.n.5 + K)

requiring only one scan over the corpus. Hence computing 3 requires at most O(M.7n.5.K)

operations when all d, 3, @ are represented in sparse format. (Q.E.D.)

Corollary 4. Fach EM iteration of the learning algorithm for FSTM can be computed in
O(M.n.5.K + M.L.(7i.K + K)) arithmetic operations.
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Learning FSTM requires only r.O(M.7.5.K + M.L.(n. K + K)) arithmetic operations,
where r is the necessary number of EM iterations to reach convergence. Theoretically,
the EM algorithm is known to have linear convergence rate [33]. Nevertheless, there
has been no rigorous analysis about its complexity. The same situation remains with
many other learning algorithms not only in topic modeling but also in Machine Learning.
A very recent result by [2] for convex optimization shows that in the worst case the
number of iterations for an algorithm to reach convergence depends on the dimension
of the optimization problem. This pessimistic result suggests that the EM algorithm
may have high complexity, and the necessary number of EM iterations may depend on
dimensionality, V. The reason is that the objective of learning is the likelihood which is

not concave, and thus likely harder than convex optimization in general.

If r does not depend on dimensionality, then so does the complexity of the learning
algorithm for FSTM.5 However, since r is not theoretically upper bounded, the learning
algorithm is near independent of dimensionality. In practice, we find that r and L are
often less than 40, even for large K,V and M. Hence they are much less than the
vocabulary size V' and corpus size M. Ignoring those constants, we loosely conclude that
M.O(7.5.K + 7.K + K) is the complexity for learning FSTM.

The near independence of dimensionality is an intriguing property of FSTM, which is
crucial for dealing with large data of very high dimensions. To the best of our knowledge,
this is the first time a near dimension-free learning algorithm for topic models have been
proposed. Learning in other models such as PLSA, LDA, and RLSI is often linearly
dependent on the dimensionality V. For example, learning algorithms for PLSA [51] and
LDA [21] require O(V.K+M.K+ M.K.n) arithmetic operations. Such a linear dependence

would cause some difficulties when working with data of extremely high dimensions.

4.3.3 Managing sparsity level and trade-off

Good solutions are often necessary for practical applications. In practice, we may have
to spend intensive time and huge memory to search such solutions. This sometimes is
not necessary or impossible in limited time/memory settings. Hence one would prefer to

trading off quality of solutions against time/memory.

Searching for sparse solutions is a common approach in Machine Learning to reduce

5In fact, when the average length 7 of documents is large, i.e., documents are very long and dense,
such an independence may not be true. However, in practice, a document written by human often has
significantly few different terms compared to the vocabulary. For example, a news often has less than
1000 different terms; conversations on Facebook commonly have few tens of different terms.
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memory for storage and efficient processing. Most previous works have tried to learn
sparse solutions by imposing regularization which induces sparsity, e.g., L1 regularization
[115, 129] and entropic regularization [89]. Nevertheless, those techniques are severely
limited in the sense that we cannot directly control the sparsity level of solutions (e.g., one
cannot decide how many non-zero components solutions should have). In other words, the
sparsity level of solutions is a priori unpredictable. This limitation makes regularization
techniques inferior in memory limited settings. It is also the case with other works that
employ some probabilistic distributions to induce sparsity [112, 120] or that exploits
sparsity of sufficient statistics of Gibbs samples [67].

Unlike prior topic models, the inference algorithm for FSTM naturally provides a
principled way to control sparsity. Theorem 6 implies that if stopped at the Lth iteration,
the inferred solution has at most L + 1 non-zero components. Hence one can control
sparsity level of solutions by simply limiting the number of iterations. It means that we
can predict a priori how sparse and how good the inferred solutions are. Less iterations,
sparser (but probably worse) solutions of inference. Besides, we can trade off sparsity

against inference time. More iterations imply more time and probably denser solutions.

4.3.4 Implicit prior over 0

In Section 4.2 we describe FSTM without any specific prior over latent representations 6.
As well-known in the literature, no prior endowment may cause a model to be prone to
overfitting. Nonetheless, it seems not the case with FSTM. Indeed, we argue that there

is an implicit prior over 8 in the model.

Note that the inference algorithm of FSTM allows us to easily trade off sparsity of
solutions against quality and time. If one insists on solutions with at most ¢ nonzero
components, the inference algorithm can be modified accordingly. In this case, it mimics
that one is trying to find a solution to the problem maxgen, {f(0) : ||0]|o < t}. We
remark a well-known fact that the constraint ||@||¢ < ¢ is equivalent to addition of a
penalty term A.||@||o to the objective function [69], for some constant A\. Therefore, one
is trying to solve for 8" = argmaxgen, {f(0) — \.||0]|o} = argmaxgen, P(d|0).P(0) =
arg maxgea . P(0]d), where p(0) o exp(—A.||0]]p). Notice that the last problem, 8" =
arg maxgea,, P(0]d), is an MAP inference problem. Hence, these observations basically
show that inference by Algorithm 4 for sparse solutions mimics MAP inference. As a
result, there exists an implicit prior, having density function p(€;\) o exp(—A\.||0]]o),
over latent topic proportions. This is another characteristic that distinguishes FSTM

from existing topic models.
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4.3.5 The zero problem and solution

We have shown in Lemma 4 that the inference problem for FSTM can be reduced to that
of maximizing the function f(x) = >_..; d;logx; over the simplex A = conv(By, ..., B)-
Note that f(x) discourages solutions with zero entries, and encourages area inside A that
ensures f(x) to be well-defined. Hence it seems to prefer dense topics. Nonetheless,
topics learned by (4.4) are likely very sparse, since the training documents (d) and their
new representations (@) are often very sparse. These lead to a tension in which inference
prefers dense topics, but learning of topics often results in sparse ones. To overcome such
a situation, one possible way is to learn as sparse as possible topics while maintaining
quality of inference for the training documents. Nonetheless, such an approach can only
explain the given training data but forgets future ones, and thus is prone to overfitting.
This exactly happens with FSTM.

Solution: for each document d, instead of doing inference over A, we will do inference
over the simplex A" = conv(Aq, ..., Ax) where \; o< Og; +¢ for a very small constant € > 0.
The constant € ensures that the objective function f(x) is twice differentiable over A'.
Hence inference can be done smoothly.® Such a simple modification really helps FSTM to

overcome overfitting and to perform well on real data, as investigated in the next section.

4.4 Experimental evaluation

This section is devoted to investigating practical behaviors of FSTM to see clearly its
characteristics. We will describe performance of our model on huge corpora in the next
section. The investigation focuses mostly on some fundamental properties of FSTM and

how good it is when applied to classification.

4.4.1 Sparsity and time

We first aim at answering the following questions: (1) how sparse are topics and latent
representations of documents? (2) how fast can the model infer/learn? To this end, we
chose 4 corpora for experiments: 2 small (AP, KOS), and 2 average (Grolier, Enron).

Table 4.2 contains some information about these corpora. Four models are included

6With this modification, the topics of our model are in fact A, ..., Ax. However we do not have to
store all, but instead store the most meaningful parts (3). In our experiments, we set e = 10710,
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Table 4.2: Data for experiments. 7 is the average number of different terms in a document.

Data M  Testing size V' Classes n
AP 2,021 225 10,473 0 135
KOS 3,087 343 6,906 0 103
Grolier 23,044 6,718 15,276 0 80
Enron 35,875 3,986 28,102 0 96
20Newsgroups 15,935 3,993 62,061 20 80
Webspam 350,000 350,000 16,609,143 2 3,728

for comparison: FSTM, PLSA, LDA, and STC.” Despite of being a non-probabilistic
model, STC is included for comparison because it was intentionally designed to model
sparsity. In our experiments we used the same convergence criteria for these models:
relative improvement of log likelihood (or objective functions in STC) is less than 107°
for inference, and 10~* for learning; at most 1000 iterations are allowed to do inference. We
used default settings for some other auxiliary parameters of STC, relating to regularization

terms.

Document sparsity: Figure 4.2 presents the results of experiments on four corpora.
Document sparsity is used to see sparsity level of latent representations discovered by
those models. Observing the first two rows of Figure 4.2, one can see that all models,
except LDA, can discover sparse latent representations. PLSA interestingly can discover
very sparse latent representations for testing data. It even often outperformed STC, which
was intentionally designed for modeling sparsity. However, it seems that PLSA achieved
sparse solutions by incident. Indeed, we rarely observed sparse topic proportions in the
learning phase, but inference often resulted in sparse ones. One crucial reason for these
contrary behaviors is that information was lost when saving the learned models, as we
observed many nonzero elements of topics went to 0. STC can indeed discover sparse
latent representations as expected. Nonetheless, the discovered sparsity level was not
very high, i.e., new representations of documents were still pretty dense. Furthermore,

the sparsity level seems to be inconsistent as the number of topics increases

On contrary, FSTM can discover very sparse latent representations in both learning
and inference phases. The sparsity level consistently decreases as the number of topics
increases. This implies that despite modeling a corpus with many topics, few topics ac-
tually contributes to a specific document. For example, on average, only 3 topics have

non-zero contributions to a document of AP among 100 topics of the model; when mod-

"STC code was taken from www.cs.cmu.edu/~junzhu/stc/
PLSA was coded by ourselves with the best effort. SRS and RLSI were not included because of two
reasons. First, there is no available code for these models. More importantly, there is an inconsistence in
the update formula derived in [89] that prevents us from implementation; RLSI heavily needs involved
distributed architectures.
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Figure 4.2: Experimental results as the number K of topics increases. Lower is better.
For STC, there was a memory problem when dealing with Enron and Grolier for large K
(e.g., when K = 70, STC has to solve a optimization problem with more than 20 millions
of variables, and hence cannot be handled in a personal PC with 6Gb memory.) Hence

we could not do experiments for such large K’s.
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eling with 10 topics, only 2 topics on average have non-zero contributions to a document.
This behavior of FSTM is consistent with the fact that a document often says about few
topics, independent of the number of topics a model is taking into account. Hence FSTM

can discover very compact representations.

Topic sparsity: observing Figure 4.2, one easily realizes that most models could not
discover sparse topics. LDA and STC are not surprising, because topics are assumed to be
samples of Dirichlet distributions which implicitly prevent any zero contribution of terms
to topics. PLSA could discover some sparse topics, but the sparsity level was insignificant.
FSTM outperformed other models in this aspect, having discovered very sparse topics.
The sparsity level of topics tends to increase as we model data with more topics. This
achievement can be explained by the facts that new representations of documents inferred
by FSTM are very sparse, that the original documents are sparse, and that topics are
simply a product of these two sparse representations (see equation 4.4). Therefore, the

learned models are often significantly compact.

Inference time: in Section 4.3, we have shown theoretically that inference of FSTM
is in linear time. This is further supported by our experiments, as depicted in Figure
4.2. Both FSTM and STC worked comparably in practice. PLSA inferred most slowly by
the folding-in technique. LDA can infer much more quickly by fast variational Bayesian
methods [21]. Nevertheless, it still worked much more slowly than FSTM, often tens of
times slower. There are at least two reasons for this slow inference: first, the inference
problem in LDA is inherently NP-hard [91] and thus may require much time to reach at
good solutions; second, the variational Bayesian algorithm has to do many computations
relating to logarithm, exponent, gamma, and digamma functions which are expensive.
In contrast, inference in FSTM can be done in linear time, and the objective function
(likelihood) is relatively cheap to compute. In addition, the learned topics are often very

sparse. All of these contribute to speeding up inference in FSTM.

Learning time: observing the last row of Figure 4.2, one can see that LDA and STC
learned really slowly, often hundreds/thousands of times slower than FSTM and PLSA.®
Slow learning of STC can be explained by the fact that learning of topics in this model is
very expensive, since we have to solve a optimization problem with a large number, K.V,
of variables which are inseparable. LDA learned slowly because its inference algorithm is
slow, and it has to solve optimization problems requiring various evaluations of Gamma

and Digamma functions which are often expensive. PLSA learned fastest due to its

8 At some settings, we observe that STC did stop learning very early after only 4 or 5 iterations, but
inference after that paid more time to do than usual. Otherwise, it needed many iterations (often more
than 30) to reach convergence. Hence we suppose that those early terminations were caused by some
internal issues.
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Table 4.3: Example of topics learned by FSTM when K = 100. Shown for each topic are
words that have highest probabilities.

Enron
power, company, project, energy, india, government, electricity
corp, contract, message, party, review, offer, receive, prohibited
paper, pulp, mill, received, market, oct, story, office, press, release,
company, financial, stock, investor, partnership, billion, credit
energy, market, customer, wind, power, pjm, generation, prices
request, sap, approval, application, resource, security, data, access
travel, roundtrip, fares, hotel, city, visit, special, sheraton, sale
gas, contract, capacity, point, shipper, storage, firm, allocation
bill, michael, david, karen, mike, meeting, thomas, paul, mark
game, yard, fantasy, defense, allowed, against, point, updated
Grolier
tax, government, public, property, insurance, income, business
family, marriage, crime, children, united, law, social, people, divorce
philosophy, world, knowledge, human, god, theory, nature
mental, disorders, behavior, children, disorder, treatment, sexual
species, birds, animals, mammals, million, world, behavior, animal
ballet, dance, company, de, theater, dances, ballets, dancer, american
water, coal, oil, energy, gas, power, fuel, united, steel, production
food, world, united, production, land, agricultural, plant, corn, cattle
architecture, style, art, building, century, gothic, architect, buildings
century, music, children, folk, tales, literature, poetry, poems, written

O 0| | O O x| W | DO —

—_
e}

O 00| | O O = W N+~

—_
(e

simple learning formulations. There is a seemingly contrary behavior of PLSA, in which
learning is fastest but inference is slowest. The main reason is that inference by folding-in
[51] is an adaptation of learning, and more importantly learning does not require doing
separately inference of documents which differs from other models. FSTM can learn very
fast, comparably with PLSA. One reason for such a fast learning is the fast inference
algorithm. Another reason is that the inferred topic proportions and topics themselves

are very sparse, and hence help further speed up learning.

4.4.2 Quality and trade-off

We next consider how good FSTM is. Table 4.3 shows some random examples from
100 topics learned by FSTM on Enron and Grolier. We can observe that those learned
topics are very understandable and each indicates clearly a specific meaning. We further
observed that for the same setting of K and the same corpus, most topics learned by one
model can be learned by the others (among FSTM, LDA, and PLSA). These observations
suggests that FSTM can provide us qualitative topics.
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Figure 4.3: Quality of three models as the number of topics increases. Lower is better.

Next, we use three measures to quantify the quality: Bayesian Information Criterion
(BIC), Akaike Information Criterion (AIC) [39], and Perplexity [21]. BIC and AIC are
popular measures for model selection in Machine Learning.” They measure both simplicity
and goodness-of-fit of the considered models; the simpler is preferred when two models
have comparable quality of fitting data. A model with larger BIC/AIC is more likely to
overfit the data [39]. Perplexity is also a common measure in topic modeling literature to

compare predictive power of different models.*°

Figure 4.3 presents the quality of three models on four corpora. (STC was not included
in this investigation, because the objective function in learning is a regularized one, and
hence different in manner with probabilistic topic models.) Observing the first two rows of
the figure, one can easily realize that BIC and AIC of FSTM were significantly better than
those of LDA and PLSA for most experiments. Note that FSTM can learn very sparse

9AIC = (—2log £ + 2p)/M, and BIC = (—2log £ + plog M)/M, where £ is the achieved likelihood,
and p is the number of free parameters of the model. Note that free parameters in the considered topic
models basically correspond to the entries of topics, and one more for LDA. Hence p = (V — 1)K + 1 for
LDA, while p — K for FSTM/PLSA is the number of non-zero entries of the learned topics.

OPerplexity of a model 9t is calculated on the testing set D by Perp(D|9N) =

exp (_Zdep log P(dpﬁ)/ZdeD |d|) :
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Figure 4.4: Illustration of trading off sparsity against quality and time. More iterations
imply better quality, but probably denser topic proportions. Inference was done on AP,
where FSTM had been learned with 50 topics.

topics as previously discussed. In addition, we observed that the likelihoods achieved
by FSTM were often comparable with those by PLSA, while those by LDA were often
worst. Hence FSTM was evaluated better than other models according to BIC/AIC. For
PLSA and LDA, despite using more free parameters (dense topics) to model data, the
achieved likelihoods were not very significantly greater than those of FSTM. Therefore,
they are more likely prone to overfitting. The ability to avoid overfitting of FSTM in these
experiments supports further the theoretical analysis in Section 4.3, where an implicit

prior is argued to keep FSTM from overfitting.

The last row of Figure 4.3 shows perplexity obtained by three models. We observe that
PLSA consistently achieved better perplexity than LDA and FSTM. This seems unusual
since LDA is a Bayesian extension of PLSA and thus is often expected to have better
predictive power. Nonetheless, in our observations, at least two factors had contributed
to this inferior predictiveness: first, the variational Bayesian method [21] is not guaranteed
to find good solutions; second, the objective of inference in LDA is posterior probability
P(0|d), not the likelihood P(d), while perplexity is mainly about likelihood. FSTM
achieved good predictive power. The inference algorithm of FSTM played a crucial role

in this good power, since it is guaranteed to find provably good solutions.

Trade-off:  Figure 4.4 illustrates how FSTM trades off sparsity of solutions against
inference quality (measured by perplexity) and running time. Unsurprisingly, more iter-
ations means better quality but probably denser topic proportions. Note that the upper
bound on inference error in Theorem 6 is quite loose. However, in practice inference con-
verged very quickly, as observed in Figure 4.4. After 20 iterations on average, the quality
and sparsity level were almost stable. We rarely observed inference needed more than 100
iterations to reach convergence. This is an interesting behavior of FSTM and is appealing

to resolving large-scale settings.
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4.4.3 Classification

Next we investigate how well FSTM works in practical applications. Classification is a
traditional basic problem in Machine Learning. When applying topic models to classifi-
cation, it is common that unsupervised topic models often play the role as dimensionality
reduction. That is, we employ topic models to learn a new representation of data in the
topical space (of lower dimensions); then learning a classifier and classifying new docu-
ments are done on the reduced representation. We want to see how well FSTM keeps

important information of data for classification when doing dimensionality reduction.

To this end, we took 20Newsgroups and Webspam in consideration. Webspam is
a large dataset for large-scale classification, and hence we will deal with it later. For
comparison with PLSA and LDA, only 20Newsgroup was selected as it can be handled
by the learning algorithms of PLSA [51] and LDA [21]. With the same settings for topic
models as described before, and using the same classification algorithm [38], Figure 4.4.3

shows the accuracy as the number of topics increases.

Observing Figure 4.4.3, we realize that FSTM performed better than PLSA and LDA
in most cases. The achievement of FSTM was sometimes 6% improvement over those
of PLSA and LDA. Such a practical behavior demonstrates that FSTM can learn mean-
ingful representation of data. There are at least two reasons for the good performance
of FSTM. First, as investigated before, FSTM can generalize well on unseen data while
keeping low model complexity and comparable predictive power. Second, while inferring
topic proportions for documents, FSTM does simultaneously two nice jobs: feature ex-
traction and selection. Feature space here is the topical space, whereas selection relates
to sparse inference by the Frank-Wolfe algorithm. The ability to infer sparse solutions,
which are provably good, implies that inference in FSTM does feature selection. Such a
selection is local for each document. Figure 4.4.3 shows that FSTM always uses very few
features to represent documents whereas PLSA and LDA use most features. The bet-
ter performance in terms of classification accuracy illustrates that FSTM can do feature

selection considerably well.

4.5 Large-scale learning

We have seen that FSTM consistently inferred very sparse representations of documents
and learned sparse topics. It has a linear time inference algorithm, and learning of topics

amounts to multiplication of two sparse matrices. Therefore, those characteristics con-
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Figure 4.5: Classification on 20Newsgroups when topic models do dimensionality reduc-
tion. On the right shows how sparse the learned topic proportions are. We see that FSTM
used few features to represent documents while PLSA and LDA used most features. For
each number K of topics, document sparsity is averaged over 10 random runs.

tribute crucially to the scalability of FSTM. Moreover, we observe in Section 4.4 that
FSTM works qualitatively in practice. Therefore, we take a further step towards dealing

with very big models and large data.

In this section, we first describe a distributed architecture for learning large models
from large corpora. To further speed up learning for FSTM, we discuss the use of warm-
start for inference of documents. Empirical experiments in subsection 4.5.2 show that
such a technique boosts learning speed significantly while maintaining comparable quality.
Finally, we discuss some attractive results when learning FSTM with more than 33 billions

of variables from Webspam, and then doing large-scale classification.

4.5.1 A distributed architecture

We describe a distributed architecture, which is implemented using OpenMP, for large-
scale learning. Even though OpenMP is a shared memory model, we employ both data
parallelism and task parallelism schemes. This is possible because the learning algorithm
for FSTM is naturally distributable. Specifically,

CPUs are grouped into clusters.

There is a master which plays the key role as globally updating topics.

Data is distributed across clusters.

Each cluster ¢ has its own subset C. of data and subtopics. The cluster mainly does

inference for its data.

Communication of a cluster with the master is only its subtopics.
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Figure 4.7: Workflow of the EM algorithm on the distributed architecture.

Here a subtopics refers to the parts of topics which are necessary to do inference for
documents of the associated cluster. Note that topics in FSTM are often very sparse.

Hence communication of subtopics are often compact. Figure 4.6 shows the proposed

architecture.

The workflow of the learning process is shown in Figure 4.7. Learning FSTM is to
repeat the EM iterations until convergence. Data is distributed to clusters before starting

learning. Each EM iteration consists of the following steps:

- All clusters retrieve necessary subtopics from the master.

- Fach cluster ¢ then does inference for its data, C., in parallel.
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- After inference, each cluster ¢ computes the statistic aj; = > acc, 404k, and then

sends it to the master.

- The master collects statistics from all clusters and then reconstructs the global

topics as Gg; oc ), ag;-

In our implementation, the number of clusters can be decided by the users. The more
clusters, the less data in each cluster and hence the faster inference. However, the overall
memory to store subtopics will increase consequently. Each cluster may have many CPUs

and thus parallel computation is exploited to do inference.

4.5.2 Boosting inference with warm-start

Warm-start is a popular technique for iterative algorithms. The core idea is to exploit
results of previous steps to improve computation/quality of the current step. A suit-
able exploitation can help us significantly reduce unnecessary computations in iterative

algorithms. We use this technique to further improve the learning speed for FSTM.

Our focus is on doing inference for documents. Note that for each EM iteration,
we have to do inference for each document individually. Hence a slight improvement
for the inference algorithm would be significant, especially for large data. Our idea to
reduce computations for inference is a novel replacement of the initial step of the inference
algorithm. For a document d, instead of choosing a vertex in the simplex of topics, we
select some of the topics appearing in 84, which has been inferred in the previous E-
step. Such an inheritance amounts to doing many steps in the inference algorithm. As a
consequence, we could save many computations for doing inference of a document. In our
implementation, at the initial step we remove all components of 84 except ones which are
greater than a prescribed threshold &. From experiments, we find that & = 0.001 works

well.

Figure 4.8 shows some results when using warm-start. After 3 iterations, the time to
do an EM step decreases considerably as the number of iterations increases. Note that
the improvement over the original algorithm is often considerable. Meanwhile, the quality
in terms of likelihood is maintained comparably. Note further that the speed of reaching
convergence did not change even when warm-start is used. These phenomena were also
observed on other corpora. Besides, we find that when using warm-start, the affect on
sparsity of topics and topic proportions is negligible. Hence, those observations support

for the reliability of using warm-start to speed up learning.

61



x10 Enron Enron x 10" Grolier Grolier

45| — 80 -2 S 40
3 J | 3 / |
-y %l S 22| | ol
g I 2 401 | E I © 201 1/
i; -5.5 | E A N ij‘) =241 E ! ) N
3 20 - - __ 5 | 10 ~_ _
gl
0 -2.6 0
0 10 20 0 10 20 0 10 20 0 10 20
EM iteration EM iteration EM iteration EM iteration

Figure 4.8: Quality and time as the number of EM iterations increase, when K = 100.
Bold lines show performance of the original learning algorithm. Dash lines show perfor-
mance when warm-start is used.

Table 4.4: Results of learning FSTM from Webspam.

Number of topics 1000 2000

Time per EM iteration 28 minutes 65 minutes
EM iterations to reach convergence 17 16

Topic sparsity 0.0165 0.0114
(compared with dense models) (60 times smaller) (87 times smaller)
Document sparsity 0.0054 0.0028
(compared with dense models) (185 times smaller) | (357 times smaller)
Storage for the new representation (8) | 31.5 Mb 33.2 Mb
(compared with the original corpus) (757 times smaller) | (718 times smaller)
Average length of topic proportions, s | 5.4 5.6

(compared with dense representations) (185 times smaller) | (357 times smaller)

4.5.3 Large-scale experiments and classification

We now demonstrate the scalability of our implementation on large data of very high di-
mensions. Webspam is selected for experiments. This corpus consists of 350K documents

with more than 16 millions of terms, and hence serves well our purpose.

We learn FSTM with 1000 and 2000 topics, respectively. We emphasize that with
2000 topics, the model will consist of more than 33 billions of latent variables. Learning
such a model is really nontrivial. With the same setting, dense models such as LDA or
PLSA would pose various difficulties for storage, since all those 33 billions of variables
consume at least 130Gb of memory. Topics in FSTM are often very sparse, and thus is

manageable.

128 CPUs (each with 2.9 GHz) were used and grouped into 32 clusters. Each cluster
had to process about 11000 documents. Results of learning are presented in Table 4.4.
Observing the table, we find that learning reached convergence quickly. Topics and topic

proportions are very sparse. Note that the average number of topics contributing to
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Table 4.5: Large-scale classification on Webspam. Though reducing the dimensionality
drastically, the quality of classification is still comparably maintained.

Data Dimensions | Storage | Accuracy | Classified by
Original Webspam | 16609143 23.3 Gb | 99.15% | BMD [Yu et al. 2012]

When reducing dimensionality with FSTM
1000 topics 1000 31.5 Mb | 98.877% | FSTM + Liblinear
2000 topics 2000 33.2 Mb | 99.146% | FSTM + Liblinear

a documents changes insignificantly when increasing the number of topics from 1000 to
2000. This behavior is consistent with the fact that a document often talks about only few
topics, independent of how many topics the corpus is modeled. Since topic proportions
are very sparse, storage for the new representation of data is hundreds of times smaller
than the original one (23Gb).

Since Webspam is a supervised dataset, we conducted experiments for classification
either. We use the new representation of the corpus previously learned by FSTM to
be the input for Liblinear [38], resulting in FSTM + Liblinear method for classification
where FSTM plays the role as a dimensionality reduction subroutine. Using 5-folds cross-
validation and default settings for Liblinear, the results are shown in Table 4.5. One
can easily realize that in both cases, 1000 and 2000 topics, the average accuracy is very
good and is comparable with that by the most recent advanced method [124] which did
classification on the original data with dimensionality of 16 millions. These promising
results imply that information was not significantly lost when reducing dimensions from
16 millions to 2000. Note that FSTM used only few features to represent documents.

These observations suggest that FSTM can do well feature selection.

The promising result on large-scale classification and the good performance on average
data, investigated in Section 4.4, suggest that FSTM can work well in practice and can
infer very meaningful representations of documents. As a result, FSTM can provide us
a useful tool, not only a model of linguistic data but also a promising dimensionality

reduction approach, to efficiently deal with large-scale settings.

4.6 Summary

We have introduced fully sparse topic model (FSTM) for modeling large collections of
documents with very high dimensionality. FSTM overcomes many limitations of exist-

ing topic models, and has been demonstrated to work qualitatively on real data. The
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scalability of our model enables us to easily deal with large-scale settings.

Learning algorithms which are independent of dimensionality of the problems of inter-
est are highly desired. Those dimension-free algorithms are even much more crucial when
facing with data of extremely high dimensions. A discovery of such algorithms would be
of practically significant and would make a great progress for Machine Learning and Data
Mining. The near dimension-free learning algorithm, developed in this work, provides an
evidence for the existence of such dimension-free algorithms. Exploitation of sparsity of

data seems to be one of the keys when seeking such algorithms.

An implementation of FSTM is freely available at www.jaist.ac.jp/~s1060203/

codes/fstm.
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Chapter 5

Probable convexity and application
to Correlated Topic Models

In this chapter we make a fresh view on posterior estimation in probabilistic models by
looking at the “practical properties” of the problem. Chapter 3 introduces the FW frame-
work for speedily doing a posteriori inference of topic mixtures. However, FW is limited to
models that the inference problem is naturally concave. For many topic models, posterior
estimation may not be concave and hence precludes the use of FW. This chapter intro-
duces a new framework for this situation, and then study CTM and related nonconjugate

models.

5.1 Introduction

Estimation of posterior distributions plays a central role when developing probabilistic
graphical models. With conjugate priors, we are likely able to derive efficient sampling
algorithms for estimation [44, 78]. When nonconjugate priors are used, the estimation
problem is much more difficult, as observed in the topic modeling literature by Ahmed
and Xing [4], Blei and Lafferty [18, 20|, Putthividhya et al. [80, 81], Salomatin et al.
[86]. A popular approach is to cast estimation as an optimization problem. Nonetheless,
the resulting problems are often non-convex. Non-convexity poses various obstacles for
designing efficient algorithms, and does not allow us to directly exploit the nice theory of

convex optimization.

In this work, we introduce the framework of probable convexity that aims at two targets:

(1) to reveal how hard an optimization problem in practice is; (2) to support us smoothly
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employ efficient methods of convex optimization to deal with non-convex problems. The
probable convexity of a family § of real functions essentially says that most members of §
are convex. With such families, in practice we probably rarely meet non-convex functions
from §. We remark that in many situations (e.g., posterior estimation in graphical models)
we often has to deal with not only one but many members of a family at once. Hence
some appearances of non-convex members may not affect significantly the overall result.
Hence a direct employment of convex optimization is possible and beneficial. In other

words, we could do minimization efficiently for functions of § in practice.

We next use the framework to investigate estimation of posterior distributions in the
Correlated Topic Model (CTM) [18] and related non-conjugate models. In particular, we
study the problem of a posteriori estimating theta (topic mixture) for a given document:
0" = argmaxe Pr(6|d). This is an MAP problem and is intractable for many models
in the worst case [91]. We show that under certain conditions, the objective function of
this MAP problem is in fact probably concave, i.e., concave with high probability. This
suggests that posterior estimation of theta may be tractable in practice. Similar results

are obtained for related nonconjugate topic models.

The cornerstone of our analyses of nonconjugate models is the logistic-normal function
which originates from the logistic-normal distribution [5]. We show in this work that
the logistic-normal function is probable concave under certain conditions. This result
may be of interest elsewhere and beneficial in practical applications, because the logistic-
normal distribution is used as an effective prior in many contexts including topic modeling
[18, 20, 64, 80, 81, 86] and grammar induction [29, 30].

As a consequence of our analysis, a novel algorithm for learning CTM is proposed.
This algorithm is surprisingly simple in which posterior estimation of theta is done by
Online Frank-Wolfe [47]. From empirical experiments we find that the new algorithm is
significantly faster than existing ones, while maintaining or making better the quality of
the learned models. This further suggests that even though MAP inference for CTM is

intractable in the worst case, most instances in practice may be resolved efficiently.

ORGANIZATION:  We present the concepts of probable convexity in Section 5.2.
Section 5.3 presents our analysis of the logistic-normal function. The study of CTM and
related nonconjugate models is presented in Section 5.4. The new algorithm for learning
CTM and experimental results are discussed in Section 5.5. The final section is for further

discussion and conclusion.
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5.2 Probable convexity

Let §(x;a) be a family of real functions defined on a set X C RX, parameterized by a.

Each value of a determines a function f(x;a) of §(z;a).

Definition 6 (probable convexity). Let §(x;a) be a family of functions defined on a set
X C RE| parameterized by a. Family §(x;a) is said to be probably convex if there exists
a positive constant p such that any element of §(x;a) is convex on X with probability at
least p. Equivalently, §(x;a) is said to be p-convex if any element of F(x;a) is conver on

X with probability at least p.

By definition, a family of convex functions is probably convex with probability 1. The
family §(x;a,b, ¢) = {az? + bx + ¢ : a,b,c € R} is probably convex with probability 1/2,

since convexity of this family is decided by the sign of a.

Definition 7 (almost sure convexity). Let §F(x;a) be a family of functions defined on a
set X C RE parameterized by a. Family §(x;a) is said to be almost surely convex if any

element of §(x;a) is conver on X with probability 1.

It is easy to see that a family of convex functions is almost surely convex. By definition,
the family §(z;a,b,c) is not almost surely convex. If a family is almost surely convex,

almost all of its members are convex.

A family §(z;a) is said to be p-concave if the family —F(z;a) = {—f(z;a) : f(z;a) €
S(z;a)} is p-convex. One can easily realize that if §(z;a) is p-concave, then —§(z;a) is

p-convex and vice versa.

The concept of probable convexity applies equally to the cases of only one function. A
function f(z) is said to be p-convex in X if it is convex in X with probability at least p.
Similarly, function f(x) is said to be p-concave in X if it is concave in X with probability

at least p.

Convex optimization refers to minimizing a convex function over a convex domain. It is
also refers to maximizing a concave function over a convex domain. It has a long history
and has a rich foundation. Convex problems are often considered as being easy since
there exist various fast algorithms. The book by Boyd and Vandenberghe [24] provides

an excellent introduction to the field.

67



5.3 Concavity of the logistic-normal function

We first consider probable convexity of the following function which is called logistic-

normal:
1
LN (z;p, X)) = —§(loga7; —pu)'E (logx — E log Ty, (5.1)

where p € RE-L S € SE71 & € Ay such that log@ ~ N (g, X). This function nat-
urally originates from the logistic-normal distribution [5], whose density is p(x; pu, ¥)
exp(LN(x;u,X)). Due to the broad use of this distribution in probabilistic modeling,
the logistic-normal function plays an important role in many contexts. Nonetheless, the
function itself is neither convex nor concave in Ag. This is one of the main reasons for

why posterior estimation in nonconjugate models is often intractable.

By a thorough analysis of this function, we found the following property.

Theorem 8. Denote p = 1 — 2108(K-D=05Q0-1D/0 for \ — X\ (271 and 0 = max; ¥5;°.

Function LN (x; p, X) is p-concave over A if A > 1.

This theorem essentially says that LN is in fact concave under some conditions. Note
that the quantity (A — 1)?/o is not always small. Indeed, letting A\,(X~") be the kth
eigenvalue of 37!, we have Tr (27! = kK:_ll Me(Z7Y) = kK:_ll Y5 When the condition
number of £~ is not large, Ax_;(X7") and o may be of the same order. This observation

suggests that the probability bound obtained in Theorem 8 is significant.

Corollary 5. With notations as in Theorem 8, function LN (x;up,X) is almost surely

concave as \? /o — +00.

In the case that the least eigenvalue A is much larger than log(K — 1), function LN is
concave with high probability. More concretely, if A2 = w(clog K), i.e., \?/olog K — +00
as K — +o0, then exp {2log(K — 1) — 0.5(A — 1)?/c} goes to 0. Hence the following
result holds.

Corollary 6. With notations as in Theorem 8, assume that \> = w(clog K). Function

LN(x; p, X) is almost surely concave as K — +00.
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5.3.1 Proof of Theorem 8

We will show probable concavity of LN by investigating concavity in common sense. Note
that the domain Ak is convex, and function LN is twice differentiable over Af. Hence,

to see concavity, it suffices to show that the second derivative is negative semidefinite [24].

Let ¥7* be the i row of 7', The first and second partial derivatives of the function

w.r.t the variables are:

OLN —1% " (logZ — p) — L, i< K
. {ithKiEZl(logi—ﬁ)—i, i=K
| —fii B i<Ki#jj<K
O*LN 5 (log® — ) — S + 3, i<Ki=j
orde; = | = S =K
7K h:lzhj> 1=K, < K
| S S (og® — ) — i D0 N B s ==K
Denote S = =T s ) U = < = ), where s = —32,5," 57 is the sum of
Sk SKK Sk

the rows of £ 7!, and s is the sum of all elements of 37, We can express the second

derivative of LN as

1

1 1 1 1 1
LN" = diag—.diag[U (log® — p)].diag— — diag—.S.diag— + diag—.diag—
T T T T T T

1 1
= dz’ag;. (Ix — S + diag[U(logx — p)]) .dz’ag;. (5.2)

A classical result in Algebra [1, exercise 8.28] says that for any symmetric A and
nonsingular Y, the product YAY" is positive semidefinite if and only if A is positive
semidefinite. Consequently, the matrix Ix — S + diag|U (log& — p)] decides negative

semidefiniteness of LN".

Lemma 6. Denote z = X '(log&—p). LN" is negative semidefinite if z;+- - -+2z_, > 1
and Iy — X7 + diag(z) < 0.

Proof. As discussed before, matrix Ix — S+ diag|U (log & — p)] decides negative definite-

ness of LN”. Letting zx = —2; — -+ — 21 and 1 = (1,...,, 1) € RE~1 we have
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A = Ix—8S+diaglU(logx — p)]
= Ix—(Igx_y )'Z YT gy 1) +diag(z, ..., 2x)

o t 31 iao(z 0 —(z+1)
= (Ix—1 1) [Ixoy — 27"+ diag(z)] (Ix-1 1)+ ( el el )5-?0

0 —(z+1)
—(z+1)" zxg+1
but has rank 2. It is not hard to see that all principle minors of C' are 0, except the ones

Consider the last term C = . This matrix is of size K x K,

which associate with the last two rows and columns. Those principle minors are zx + 1

0 —z; — 1 )
and : =2k +1—(z+1)*fori € {1,..,K —1}. According to a
—Zi—l ZK+1

classical result in Algebra [1, exercise 8.32], C' < 0 if and only if all of its principle minors

are non-positive. Therefore C' < 0 if and only if zx +1 < 0.

If C and Ix_; — 2! + diag(z) are negative semidefinite, so are A and LN”. This
suggests that if zx +1 < 0and I, —%7" +diag(z) <0, then LN” < 0 which completes
the proof. (Q.E.D.)

Next we want to see under what conditions, matrix I — 7" + diag(z) < 0 with
the constraint of z; + -+ + zx_1 > 1. The following theorem reveals a property whose

detailed proof is presented in section 5.3.2.

Theorem 9. Let z be a Gaussian random variable with mean 0 and covariance matriz
Ae Sff_l, and 0 = max; Ay;. For a fired S € Sff_l, consider B =1x 1 — S+ diag(z).
Assuming A _1(S) > 1, we have

Pr(A;(B) > 0z + -+ + 251 > 1) < exp {2log(K — 1) — 0.5(1 — Ax_1(S))*/o} .

This theorem essentially says that under certain assumption, matrix B is negative
semidefinite with probability at least 1—exp {2log(K — 1) — 0.5(1 — )\K_l(S))2/O'}. Hence

we have enough tools to prove Theorem 8.

Proof of Theorem 8. Consider the logistic-normal function LN (x; p, ¥2), and denote A =
)\K_l(E_l) and ¢ = max; Zi_il. As discussed before, concavity of this function over Ag
is decided by its second partial derivative LN"”. Lemma 6 suggests that LN (x; p,X) is
concave if 2y + -+ 21 > L and I'x_; — X' +diag(z) <0, where z = 7 (log & — ).
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Note that Ez = 0 and cov(z) = X' since ElogZ = p and cov(log®) = ¥. Theorem
9 implies that with the constraint of z; + --- 4+ zx_1 > 1, Ix_; — B! + diag(z) < 0
holds with probability at least 1 — exp {2log(K — 1) — 0.5(1 — >\)2/O'} if A > 1. This
means assuming A > 1, function LN(x; u,X) is concave with probability at least 1 —
exp {2log(K — 1) — 0.5(1 — \)* /o }. (QE.D.)

5.3.2 Proof of Theorem 9

To prove this theorem we need the following result.

Lemma 7. Consider a Gaussian random vector z with mean 0 and covariance matriz
A € SE. Let o; = Ay; be the it" diagonal entry of A, and o = max; o;. Then for any real
a > 0, we have E Tr e®499(2) = 25:1 eV’ok/2 < K ea*0/2,

Proof. Note that

Tr e®dia9(z)  — Ty ; %dz’agl(z)
o

= Tr;z.!dmg(zia ) i)
o

— Z,—'Trdzag(Zi, ) 2k)
=0
s i K K o K

SD DR D) EE
=0 = k=1 k=1 =0 =

Hence E Tr e®®ia9(z) — [ Zszl erFh = 25:1 Ee®#k.

By assumption, z; is a Gaussian variable with mean 0 and variance oj. Using the

a20'k/2

generating function of Gaussian, we have Ee®* = e . So substituting these quantities

into the expectation in the last paragraph completes the proof. (Q.E.D.)

Proof of Theorem 9. We have

PI‘()\l(B) > 0‘21 + -+ 2K > 1)

IA

Pr(A(B) = 0)
: aB
(112% {IE Tre }

IN

(Laplace transform method)

inf {E Tr ea[IK,1—5+diag(z)} }
a>0
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Pr(M(B) = 0z1 + -+ 21 2 1) < inf {E (Tr et Ty en@ea®)) }
(Corollary 1)

= inf { Tr e?Ix-1=S] B Ty ea.diag(z)}
a>0

< inf { Treallx—1=5 () — 1).€a20/2}

a>0

(Lemma 7)
— lnf{(K_ 1>.ea20'/2.TI_€ll[IK71—S}}

a>0

IA

inf (K = 1)1 K (el =3}
inf {(K _ 1)2_6[120/2_6A1(a[IK,l—S])}
a>0
(Spectral mapping theorem)
= inf {(K — 1)2.6a20/2.6a—aAK,1(5)}

a>0
= lIlf {(K _ 1)2.6[120'/24-0,—0)\1{,1(5)}

(- AK_1<S>>2} |

IA

= (K—1)2exp{— oo

Note that the last equality is obtained by minimizing the function a*$ + a — aAg_1(S)
for a > 0 conditioned on 1 < Ag_1(S). (Q.E.D.)

5.4 MAP inference of topic mixtures in CTM

We next study convexity of a family originated from the topic modeling literature. In
particular, we are interested in the problem of estimating topic mixtures (posterior distri-
butions) in correlated topic models (CTM) [18]. This problem is intractable by traditional
approaches [4, 18]. We will show that in fact this problem is tractable under some condi-

tions, by showing probable concavity of the objective function.

The correlated topic model assumes that a corpus is composed from K topics B4, ..., B,

and a document d arises from the following generative process:

1. Draw |pu, X ~ N (p, X)
2. For the n'* word of d:

e draw topic assignment zg4,|x ~ M(f(x))

o draw word wdn|zdn7 /8 ~ M(/Bzdn)
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where NV(u, X) is the normal distribution with mean p and covariance X; M(-) is the
multinomial distribution; f(x) maps a natural parameterization of the topic proportion

to the mean parameterization:

0= fz)= ZKLe (5.4)

This logistic transformation maps a K-dimensional vector  to a (K —1)-dimensional vec-
tor 8. Hence various ®’s can correspond to a single 8. Fixing zx = 0, the transformation
(5.4) means that € follows the logistic-normal distribution [17]. According to Aitchison
and Shen [5], the density function of € is thus

1

1 _
O pu,X)=——e ——(log — p)'>"(lo 0 — log 6y, |, 5.5
p(6; 1y %) o) XP( S(log 6 — p) g6 — p) Z g k) (5.5)

where g € RE-1 'S € SX7'. Note that € is derived from x by (5.4). Hence log @ is a

normal random variable with mean p and covariance X.

One of the most interesting tasks in this model is the posterior estimation of topic
mixtures for documents. More concretely, given the model parameters T = {3, u, X}, we

are interested in the following problem for a given document d:

0* = arg max Pr(0|d,Y)
OcA i
= arg max Pr(0,d|Y) (5.6)
OcA i

Lemma 8. Given a CTM model with parameters T = {3, u, X} and a document d, the
MAP problem (5.6) can be reformulated as

1
0" = arg max d;lo 0 — “(log O — »! (lo 0— log 6 5.7
g max Z g; KBy — 5 (log 8 — )’ g0 —p) Z g  (5.7)

Proof. We have
0" = arg max Pr(0,d|Y) = arg max log Pr(0,d|Y) = arg max log Pr(d|@, T)+log Pr(6|T).
fcAk OcA i OcAk

Note that Pr(d|6,Y) = >_,d;log S 6kBi; + c for some constant ¢, and the density of

the logistic-normal distribution is given in (5.5). Hence

K
1 ~ 1
0" = arg maX E d;log E Hkﬁkj——(loge Nk E_l(loge—u)—g log@k—élogdet(Qﬁz)—l—c.

k=1 k=1
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Since any point on the boundary of Ay makes the objective function undefined and hence
is not optimal. Therefore, ignoring the boundary of A and the constant in the objective

function completes the proof. (Q.E.D.)

Loosely speaking, Lemma 8 says that posterior estimation of topic mixtures in CTM
is in fact an optimization problem. The objective function is well-defined on Ag. We
would like to remark that this function is neither concave nor convex in general. Hence

maximizing it over Ag theoretically is intractable.

5.4.1 Some results

Let the model parameters T = {3, u, £} be fixed, where 3;, € Ay, u € RE-1 3 ¢ S5

Consider the following family, parameterized by d:
CTM(0:;d,Y) = {f(0:d,Y):0 c Ak, logh ~ N(u,X)}. (5.8)

where f(0;d,T) = > d;log S Ok B — z(log 0—p)'="(logh—p)— S~ log B This
family contains all possible instances of the problem (5.7). Hence, analyzing this family

means analyzing the problem of estimating topic mixtures in CTM.

Consider a member f(0;d,T). Note that d and 3 are always nonnegative in practices
of topic modeling. Hence the first term in f(0;d,T) is always concave over Ag. It
implies that concavity of f(6;d,T) is heavily determined by the logistic-normal term
Y= —%(logé — ) (log O — p) — Zszl log 0. If this term is concave, then f(0;d,T)
is concave. Combining these observations with Theorem 8, Corollary 5, and Corollary 6,

we arrive at the following results for CTM.

Theorem 10. Let T be fized, 0 = max; X5\ = Ag_1(Z7Y), andp = 1—e21o8(E-1)-05(3-1)*/o

i )

Assuming X > 1, family CTM(0;d,T) is p-concave over Ag.

Corollary 7. With notations as in Theorem 10, family CTM(0;d,Y) is almost surely

concave as \? /o — +o0.

Corollary 8. With notations as in Theorem 10, assume that \* = w(clog K). Family
CTM(0;d,Y) is almost surely concave as K — +00.
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5.4.2 Implication to related models

Many nonconjugate models employ the Gaussian distribution to model correlation of
hidden topics, including those by Blei and Lafferty [20], Miao et al. [64], Putthividhya
et al. [80, 81], Salomatin et al. [86]. The analysis for CTM is very general for the case
of logistic-normal priors. Therefore, the results for CTM can be easily derived for other
nonconjugate topic models. Here we take DTM [20] and IFTM [80] into consideration as

two specific examples.

The Independent Factor Topic Model (IFTM) by Putthividhya et al. [80] is a variant
of CTM in which g is replaced with p/ = As + p to model independent sources that
compose correlated topics. A slight modification to our analysis would yield interesting

results for the corresponding family, denoting Y’ = {3, ', ¥},
IFTM(0;d,Y) = {f(8:d,Y"): 0 € Ax, logh ~ N (i, %)}

Theorem 11. Let Y’ be fized, 0 = max; 35,5, A = Ag_1(Z7Y), and p = 1—e2los(K-1)-050~1)*/o
Assuming X > 1, family IFTM(0;d,Y") is p-concave over Ag.

The Dynamic Topic Model (DTM) by Blei and Lafferty [20] also employs Gaussian pri-
ors to model correlation. Those priors are separable, i.e., having diagonal covariance ma-
trices. Let DT M (0;d, 3, o, o) be defined similarly with (5.8), where £~! = diag(o, ..., o).
For this family, note that Ag_1(2™') = ¢. Hence, Theorem 10 implies

Theorem 12. For fized {8, a, 0}, if 0 > 1 then family DTM(0;d, 3, o, o) is probably

concave with probability at least 1 — e?108(K-1)=0.50-0.5/c+1

5.5 A fast algorithm for learning CTM

In this section we discuss an application of the findings in Section 5.4 to designing an
efficient algorithm for learning CTM. Nonconjugacy of the prior over @ poses various
drawbacks and precludes using sampling techniques [18]. Hence Blei and Lafferty [18§]
proposed to use variational Bayesian methods to approximate the posterior distributions
of latent variables. Variational Bayesian methods have been employed heavily for learning
many other nonconjugate models [20, 64, 80, 81, 86]. The use of simplified distributions
to approximate the true posterior often results in more parameters to be optimized when

learning a model. (For example, the method by Blei and Lafferty [18] maintains K
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Gaussian distributions for each document.) Hence it could be problematic when the

corpus is large.

Learning CTM and other related models can be made significantly simpler by using
our analysis. Indeed, to estimate the posterior (P(0|d,Y)) of topic mixtures, one can
exploit fast algorithms for convex optimization. The analysis in Section 5.4 provides a
theoretically reasonable justification for such an exploitation. Once 0 had been inferred
for each document in the training data, one can follow the approach as in Chapter 4 to
estimate topics 3. A Gaussian prior is also easily estimated when all @ of the training

documents are known.

5.5.1 Derivation of the algorithm

Our proposed algorithm for learning CTM is presented in Algorithm 5 which is an alterna-
tive algorithm similar to EM. This algorithm tries to maximize the following regularized

joint likelihood of the training corpus C:

M
L(B,p,%) = ) logPr(6,d|B,pu,%) — —-aTr =™

2
dec
K 1 ) i
— Z Z d; logz OBk — 3 Z(log@ — )’ (logh — p)
deC j k=1 dec

M M
5 logdet ¥ — 5 Tr X! + constant.

The main reason for imposing a regularization term o Tr 37! on the joint likelihood
is to control the eigenvalues of the learned ¥'. Large o often prevents the eigenvalues
of 7! from increasing. On the other hand, small values of a play the role as promoting
large eigenvalues of 37!, In the latter case, Corollary 7 and Corollary 8 suggest that
estimation of topic mixtures (@) is more likely to be a concave problem, and thus can be

done efficiently.

In Step 1 which does posterior inference for each document, we use the Online Frank-
Wolfe algorithm [47] to maximize the joint probability Pr(6,d|3, u, ). This algorithm
theoretically converges to the optimal solutions, provided that the optimization problem

is concave.!

In Step 2, we fix 6; which has been inferred for each document d € C in Step 1,

In practice we can approximate Ax by A, = {6 : Zszl 0 = 1,0; > ¢,Vi} for a very small constant
€, says € = 10719, Hence the online Frank-Wolfe algorithm should be slightly modified accordingly.
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Algorithm 5 fCTM: a fast algorithm for learning correlated topic models
Input: a corpus C = {dy, ...,dy }, and a positive constant .
Output: 8, p, 3.
Initialize B, w, 33, and then alternate the following two steps until convergence.
Step 1: for each document d, use Algorithm 6 to solve for

0, = arg max log Pr(6,d|3, n,X) (5.9)
OcAk
Step 2: compute

Brj o Z d;bar, (5.10)

dec

1 .
po= > "log 8, (5.11)
dec
1 i i ¢

¥ = alg 1+ u ;(log 0,—p)(logl; — p)'. (5.12)

Algorithm 6 Online Frank-Wolfe
Input: document d, and model T = {3, u, 3}.
Output: @ that maximizes ) 5
£(8) =3, d;log S5 OBy — L(log O — p)'S " (log 6 — ) — S log 6.
Initialize @; arbitrarily in Ak-.
for (=1,...,00do
Pick f, uniformly from

{32, djlog Sy Ok —3(log — )= (log @ — ) — Yoi, log 0}

= % Zi:l In
i’ == argmax; VI(6y);; (maximal partial gradient)
a:=2/(0+2);
0,1 :=aey + (1 - Oz)eg.
end for

and maximize L(3, pu,X) to estimate the model parameters. Solving for 3 can be done
independently of p, 3. Hence by using the same argument as Than and Ho [100], we can
arrive at the formula (5.10) for updating topics. Maximizing the term relating to g in
L(B, p,X) will lead to (5.11) for updating p.

Take X into consideration: L, = —1 3", -(log 0,— )X (log @y —p) — Ylogdet X —
Yo Tr~". Its derivative with respect to 7" is VL, = —2 3", .(log 6, — p)(log B, —
p)+ 45 — Mol ;. Solving VL, = 0, one can derive (5.12) for updating 3.
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Figure 5.1: Performance of f{CTM and CTM on Grolier as the number of topics increases.
Lower is better for inference/learning time, whereas higher is better for likelihood and
coherence. For K = 100, CTM needed approximately 38 hours for learning, while f{CTM
needed less than 19 minutes to complete learning.

5.5.2 Experiments

To see advantages of our algorithm (fCTM), we took the variational Bayesian method
(denoted as CTM) by Blei and Lafferty [18] into comparison. Four measures were used
for comparison: learning time, likelihood of the training data, inference time (Step 1) for

the testing data, and coherence [66] for measuring the quality of the learned topics.

The Grolier corpus was considered, for which 23024 documents were used for training,

and 6718 documents were held out for testing.?

Runtime. Figure 5.1 records some statistics from learning/inference results. We ob-
served that fCTM learn significantly faster than CTM. Similar behavior holds when doing
inference for each document. In our observations, f{CTM often learns 65-135 times faster
than CTM. Speedy learning of {CTM can be explained by the fact that Step 1 is done
efficiently by the Online Frank-Wolfe algorithm. CTM did slowly because many auxiliary
parameters need to be optimized. Furthermore, the variational method for doing inference
is not guaranteed to converge quickly. Figure 5.1 shows that CTM often needs intensive

time to do inference.

Model quality. Likelihood and coherence are used to see the quality of models learned
from data. Coherence is used to assess quality (goodness and interpretability) of individual

topics. It has been observed to reflect well human assessment [66].

To calculate the coherence of a topic k, we first choose the set V* = {v¥ ... vF} of the

2We used the same convergence criteria for {CTM and CTM: relative improvement of objective func-
tions is less than 1076 for inference of each document, and 103 for learning; at most 100 iterations are

allowed to do inference. We used default settings for some other parameters of CTM, and set o = 100 in
fCTM.
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Figure 5.2: Quality of individual topics learned by fCTM and CTM on Grolier for models
with 30 topics. Higher is better.

top t terms that have highest probabilities in that topic, and then compute

m—1

D(vE vk 1
lOg (Um7vlk)+
D(vy)

Clk,VF) =>"

=2 [=1

where D(v) is the document frequency of term v, D(u,v) is the number of documents
that contain both terms u and v. In our experiments, we chose top t = 20 terms for inves-

tigation, and coherence of individual topics is averaged: coherence = + SK Ok, V).

Figure 5.1 shows the quality of the learned models. We observe that the two learning
methods performed comparably in terms of likelihood. However, the topic quality of
CTM is inferior to that of f{CTM in terms of coherence.
fCTM consistently better than CTM. When investigating individual topics we find that
topics learned by CTM vary significantly in quality. Some topics seem not to be good

Note that topics learned by

enough as depicted in Figure 5.2. In contrast, the quality of topics learned by fCTM does

not vary much.

Models of hidden interactions. Figure 5.3 and 5.4 shows parts of the full model with
100 topics learned by fCTM from Grolier. Figure 5.3 shows positive correlations between
topics, while Figure 5.4 shows negative correlations. We observe that the learned topics
are interpretable and the discovered correlations are reasonable. Those further support

that f{CTM can learn qualitative models with a significantly faster speed than CTM.
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languages

king war

caesar germany empire jazz
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Figure 5.3: Ilustration of the correlated topic model with 100 topics learned from Grolier articles. An edge connecting two topics

shows that the two topics very likely appear together in

a document. This visualization was drawn with Graphviz [40]
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5.6 Summary

We have introduced a framework with the concept of probable convexity to analyze con-
vexity of real functions. The analysis can be used in many situations where the function
family of interest is not convex. It could help us to identify a subset of convex functions
from that non-convex family, and hence we could deal with the family efficiently in prac-
tice. Hence probable convexity provides a feasible way to deal with non-convexity of real

problems such as posterior estimation in probabilistic graphical models.

When applied to the problem of estimating topic mixtures in CTM [18], we found that
this problem is in fact concave with some probability. Hence in practice we can exploit
results from convex optimization to design efficient algorithms. The same results were
discussed with many nonconjugate models. Finally, we proposed a novel algorithm for
learning CTM which can work significantly faster than existing methods, while keeping

or making better the quality of the learned models.
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Chapter 6

Conclusion and future research

The thesis has systematically studied to model large collections of documents. To this
end, the thesis elucidated two fundamental problems that have to be resolved in order to
successfully develop scalable learning algorithms. The first problem is posterior inference
of topic mixtures, which essentially asks for uncovering what topics and how significantly
each contributes to a document. The second problem is model complexity which refers to

learn sparse topic models.

Chapter 3 introduces the FW framework for inferring sparse topic mixtures. The
framework has some properties that are attractive for large-scale modeling such as fast
convergence rate, a provable guarantee on inference quality, and the ability to directly
trade off sparsity of topic mixtures against quality. Goodness and flexibility of FW have
been demonstrated by two specific applications: designing effective methods for supervised

dimension reduction, and designing scalable learning algorithms for FSTM and CTM.

Chapter 5 discusses a novel theory of probable convexity to deal with the cases that
inference is inherently intractable. We have shown that posterior inference of topic mix-
tures in CTM and many nonconjugate models are tractable in practices, although the
problem is well-known intractable in the worse case. Benefits of this study is a novel
algorithm for learning correlated topic models. The scalability of this algorithm enables

us to easily make a large-scale analysis of hidden interactions of latent topics.

Chapter 4 introduces FSTM for modeling large corpora. The model overcomes many
limitations of existing topic models. More importantly, its learning algorithm is near
independent of the dimensionality of data. This property is very attractive as recent
applications often face with extremely high dimensional data. The distributed architecture

enables us to learn thousands of hidden topics from collections with millions of documents.
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Despite of significant achievements, the research remains some limitations and leaves

open many opportunities for future study. The followings are some of the limitations.

Fast inference of posteriors other than topic mixtures

The thesis has focused mostly on estimation of topic mixtures. However, for some models
and in some applications, it is necessary to estimate some other posterior distributions. We
left open the estimation of the z variable in topic models which are sometimes important

to know, because it shows what topic generates a specific occurrence of terms.

Incorporation of prior knowledge

FSTM is in a very initial form of topic models. It can be included as the core in more
complex models. Also there is no mechanism in FSTM to exploit domain (or prior)
knowledge to refine its quality. Hence it is an open direction for future research to include
prior knowledge into FSTM. An easy way is to encode prior knowledge into the objective

function of inference and then use the framework in Chapter 3 to do inference.

Learning when data and model do not fit in memory

Although the learning algorithm for FSTM is scalable, in its current form it is still hard to
manage oversize text collections as it requires data to be loaded into memory. Hence an
interesting research would be to propose online algorithms that can learn from sequential

data or extremely large collections.

From practical observations, we found that the learned topics in FSTM are pretty
dense. This would be problematic when we want to learn hundreds of thousands of topics
for the aim of topical exploration. Therefore, model sparsity should be studied further in

order to learn really big models from data.
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Appendix A

Modeling the diversity and

log-normality in data

This part presents a study to model two properties of data. The main result is a new topic
model for which posterior inference for documents is accelerated by employing variational

methods.

A.1 Introduction

Topic models often consider a given corpus to be composed of latent topics, each of which
turns out to be a distribution over words. A document in that corpus is a mixture of
these topics. These in some models imply that the order of the documents in a corpus
does not play an important role. Further, the order of the words in a specific document

is often discarded.

One of the most influential models having the above-mentioned assumptions is the
Latent Dirichlet Allocation model (LDA) [21]. LDA assumes that each latent topic is
a sample drawn from a Dirichlet distribution, and that the topic proportions in each
document are samples drawn from a Dirichlet distribution as well. This interpretation of

topic-word distributions has been utilized in many other models, such as the Correlated
Topic Model (CTM) [17], the Independent Factor Topic Model (IFTM) [79], DCMLDA
[35], Labeled LDA [82], and fLDA [3].
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A.1.1 Forgotten characteristics of data

Geologists have shown that the concentration of elements in the Earth’s crust distributes
very skewed and fits the lognormal distribution well. The latent periods of many infectious
diseases also follow lognormal distributions. Moreover, the occurrences of many real events
have been shown to be log-normally distributed, see [60] and [55] for more information.
In linguistics, the number of words per sentence, and the lengths of all words used in
common telephone conversations, fit lognormal distributions. Recently, the number of
different words per document in many collections has been observed to very likely follow
the lognormal distribution as well [34]. These observations suggest that log-normality is

present in many data types.

Another inherent property of data is the “diversity” of features (or attributes). Loosely
speaking, diversity of a feature in a dataset is essentially the number of different values
of that feature observed in the records of that dataset. For a text corpus, high diversity
of a word means a high number of different frequencies observed in the corpus.! The
high diversity of a word in a corpus reveals that the word may play an important role
in that corpus. The diversity of a word varies significantly among different corpora with
respect to the importance of that word. Nonetheless, to the best of our knowledge, this

phenomenon has not been investigated previously in the machine learning literature.

In the topic modeling literature, log-normality and diversity have not been under con-
sideration up to now. We will see that despite the inherent importance of the diversity
of data, existing topic models are still far from appropriately capturing it. Indeed, in
our investigations, the most popular LDA behaved inconsistently with respect to diver-
sity. Higher diversity did not necessarily assure a consistently better performance or a
consistently worse performance. Beside, LDA tends to favor data of low diversity. This
phenomenon may be reasonably explained by the use of the Dirichlet distribution to gen-
erate topics. Such a distribution often generates samples of low diversity, see Section A.4
for detailed discussions. Hence the use of the Dirichlet distribution implicitly sets a severe

setback on LDA in modeling data with high diversity.

IFor example, the word “learning” has 71 different frequencies observed in the NIPS corpus [11]. This
fact suggests that “learning” appears in many documents of the corpus, in fact 1153 documents, and that
many documents contain this word with very high frequencies, e.g. more than 50 occurrences. Hence,
this word would be important in the topics of NIPS.
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A.1.2 Our contributions

In this work, we address those issues by using the lognormal distribution. A rationale for
our approach is that such distribution often allows its samples to have high variations,
and hence is able to capture well the diversity of data. For topic models, we posit that the
topics of a corpus are samples drawn from the lognormal distribution. Such an assumption
has two aspects: one is to capture the lognormal properties of data, the other is to better
model the diversity of data. Also, this treatment leads to a new topic model, named
Dirichlet-Lognormal topic model (DLN).

By extensive experiments, we found that the use of the lognormal distribution really
helps DLN to capture the log-normality and diversity of real data. The greater the
diversity of the data, the better prediction by DLN; the more log-normally distributed
the data is, the better the performance of DLN. Further, DLN worked consistently with
respect to diversity of data. For these reasons, the new model overcomes the above-

mentioned drawbacks of LDA. Summarizing, our contributions are as follows:

e We introduce and carefully investigate an inherent property of data, named “diver-
sity”. Diversity conveys many important characteristics of real data. In addition,

we extensively investigate the existence of log-normality in real datasets.

o We investigate the behaviors of LDA, and find that LDA behaves inconsistently
with respect to diversity. These investigations highlight the fact that “diversity” is

not captured well by existing topic models, and should be paid more attention.

e We propose a new variant of LDA, called DLN. The new model can capture well
the diversity and log-normality of data. It behaves much more consistently than
LDA does. This shows the benefits of the use of the lognormal distribution in topic

models.

RoADMAP: In the next section, some notations and definitions will be introduced.
Some characteristics of some real datasets will be investigated in Section A.3. By those
investigations, we will see the necessity of more attention to diversity and log-normality of
data. Insights into the lognormal and Dirichlet distributions will be discussed in Section
A.4. Also we will see the rationales of using the lognormal distribution to cope with
diversity and log-normality. Section A.5 is dedicated to presenting the DLN model. Our
experimental results and comparisons will be described in Section A.6. Further discussions
are in Section A.7. Section A.8 is a brief review of the literature. The last section will

show our conclusions.
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A.2 Definitions

Each dataset D = {d;,ds,...,dp} is a set of D records, composed from a set of features,
A = {A;, Ay, ..., Ay }; each record d; = (di,...,d;v) is a tuple of which d;; is a specific

value of the feature A;.

Diversity is the main focus of this article. Here we define it formally in order to avoid

confusion with the other possible meanings of this word.

Definition 8 (Observed value set). Let D = {dy,ds, ...,dp} be a dataset, composed from
a set A of features. The observed value set of a feature A € A, denoted OVp(A), is the

set of all values of A observed in D.

Note that the observed value set of a feature is very different from the domain that

covers all possible values of that feature.

Definition 9 (Diversity of feature). Let D be a dataset, and be composed from a set A
of features. The diversity of the feature A in the data set D is

Divp(it) = 122!

Clearly, diversity of a feature defined above is the normalized version of the number
of different values of that feature in the data set. This concept is introduced in order to

compare different datasets.

The diversity of a dataset is defined via averaging the diversities of the features of that

dataset. This number will provide us an idea about how variation a given dataset is.

Definition 10 (Diversity of dataset). Let D be a dataset, composed from a set A of
features. The diversity of the dataset D is

Divp = average{Divp(A) : A € A}

Note that the concept of diversity defined here is completely different from the concept
of variance. Variance often relates to the variation of a random variable from the true sta-
tistical mean of that variable whereas diversity provides the extent of variation in general
of a variable. Furthermore, diversity only accounts for a given dataset, whereas vari-
ance does not. The diversity of the same feature may vary considerably among different

datasets.
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By means of averaging over all features, the diversity of a dataset surfers from outliers.
In other words, the diversity of a dataset may be overly dominated by very few features,
which have very high diversities. In this case, the diversity is not a good measure of the

variation of the considered dataset. Overcoming this situation will be our future work.

We will often deal with textual datasets in this work. Hence, for the aim of clarity, we
adapt the above definitions for text and discuss some important observations regarding

such a data type.

If the dataset D is a text corpus, then the observed value set is defined in terms of
frequency. We remark that in this work each document is represented by a sparse vector
of frequencies, each component of which is the number of occurrences of a word occurred

in that document.

Definition 11 (Observed frequency set). Let C = {dy,ds, ...,dy} be a text corpus of size
M, composed from a vocabulary V of V words. The observed frequency set of the word

w €V, denoted OVe(w), is the set of all frequencies of w observed in the documents of C.

OVe(w) = {freq(w) : 3d; that contains exactly freq(w) occurrences of w}

In this definition, there is no information about how many documents have a certain
freq(w) € OVe(w). Moreover, if a word w appears in many documents with the same
frequency, the frequency will be counted only once. The observed frequency set tells
much about the behavior and stability of a word in a corpus. If |OVe(w)] is large, w must
appear in many documents of C. Moreover, many documents must have high frequency
of w. For example, if |OV.(w)| = 30, w must occur in at least 30 documents, many of

which contain at least 20 occurrences of w.

Definition 12 (Diversity of word). Let C be a corpus, composed from a vocabulary V.

The diversity of the word w € V in the corpus is

_ |OVe(w)|

DiUc(U)) = T

Definition 13 (Diversity of corpus). Let C be a corpus, composed from a vocabulary V.

The diwversity of the corpus is

Dive = average{Dive(w) : w € V}

It is easy to see that if a corpus has high diversity, a large number of its words would

have a high number of different frequencies, and thus have high variations in the corpus.
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These facts imply that such kind of corpora seem to be hard to deal with. Moreover,
provided that the sizes are equal, a corpus with higher diversity has higher variation, and
hence may be more difficult to model than a corpus with lower diversity. Indeed, we will

see this phenomenon in the later analyses.

In this work, we will often mention lognormal and Dirichlet distributions. Hence we
include here their mathematical definitions. The lognormal distribution of a random

variable & = (21, ..., 1,)T, with parameters g and X, has the following density function

1
(2m)2 /|Z|21...70

1 _
LN(x; p, ) = exp{—5(logz — p)" 3" (log & — )}

Similarly, the density function of the Dirichlet distribution is

r(>r, a)
Dir(x;aq, ..., 0p) = Zl : Hz
Y Y Y n HZ 1F O[Z P

where Z?:l x; = 1,x; > 0. The constraint means that the Dirichlet distribution is in fact

in (n — 1)-dimensional space.

A.3 Diversity and Log-normality of real data

We first describe our initial investigations on 5 real datasets from the UCI Machine Learn-
ing Repository [11] and Blei’s webpage.? Some information on these datasets is reported
in Table A.1, in which the last two rows have been averaged. In fact, the Communities
and Crime dataset (Comm-Crime for short) is not a usual text corpus. This data set
contains 1994 records each of which is the information of a US city. There are 123 at-
tributes, some of which are missing for some cities [84]. In our experiments, we removed
the attributes from all records if they are missing in some records. Also, we removed the
first 5 non-predictive attributes, and the remainings consist of only 100 real attributes

including crime.

Our initial investigations studied the diversity of the above data sets. These three
textual corpora, AP, NIPS, and KOS, were preprocessed to remove all function words
and stopwords, which are often assumed to be meaningless to the gists of the documents.

The remaining are content words. Some statistics are given in Table A.2.

2The AP corpus: http://www.cs.princeton.edu/~blei/lda-c/ap.tgz
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Table A.1: Datasets for experiments.

Data set AP NIPS KOS SPAM Comm-Crime
Number of documents 2246 1500 3430 4601 1994
Vocabulary size 10473 12419 6906 58 100
Document length 194.05 1288.24 136.36

#unique words per doc 134.48 497.54  102.96

Table A.2: Statistics of the 3 corpora. Although NIPS has least documents among the
three corpora, all of its statistics here are much greater than those of the other two

corpora.
Data set AP KOS NIPS
Diversity 0.0012 0.0011 0.004
No. of words with [OV| >5 1267 1511 5900
No. of words with [OV| > 10 99 106 1633
No. of words with |[OV|>20 1 4 345
Three greatest |OV|’s {25; 19; 19} {26; 21; 21} {86; 80; 71}

One can easily realize that the diversity of NIPS is significantly larger than that of AP
and KOS. Among 12419 words of NIPS, 5900 words have at least 5 different frequencies;
1633 words have at least 10 different frequencies.> These facts show that a large number
of words in NIPS vary significantly within the corpus, and hence may cause considerable

difficulties for topic models.

AP and KOS are comparable in terms of diversity. Despite this fact, AP seems to have
quite greater variation compared with KOS. The reason is that although the number of
documents in AP is nearly 10/15 of that in KOS, the number of words with |[OV| > 5 in
AP is approximately 12/15 of that in KOS. Furthermore, KOS and AP have nearly the
same number of words with |OV| > 10. Another explanation for the larger variation of AP
over KOS is is that the documents in AP are much longer on average than those of KOS,
see Table A.1. Longer documents would generally provide more chances for occurrences

of words, and thus would probably encourage greater diversity for a corpus.

Comm-Crime and SPAM are non-textual datasets. Their diversities are 0.0458 and
0.0566, respectively. Almost all attributes have |OV/| > 30, except one in each data set,
and the greatest |OV| in SPAM is 2161 which is far greater than that in the textual
counterparts. The values of attributes are mostly real numbers, and vary considerably.

This is why their diversities are much larger than those of textual corpora.

The next investigations were on how individual content words distribute in a corpus.

3The three words which have greatest number of different frequencies, |OV|, are “network”, “model”,
and “learning”. Each of these words appears in more than 1100 documents of NIPS. To some extent,
they are believed to compose the main theme of the corpus with very high probability.
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Figure A.1: Distributions of some attributes in Comm-Crime and SPAM. Bold curves are
the histograms of the attributes. Thin curves are the best fitted Lognormal distributions;
dashed curves are the best fitted Beta distributions.

We found that many words (attributes) of SPAM and Comm-Crime very likely follow
lognormal distributions. Figure A.1 shows the distributions of some representative words.
To see whether or not these words are likely log-normally distributed, we fitted the data
with lognormal distributions by maximum likelihood estimation. The solid thin curves in
the figure are density functions of the best fitted lognormal distributions. We also fitted
the data with the Beta distribution.? Interestingly, Beta distributions, as plotted by
dashed curves, fit data very badly. By more investigations, we found that more than 85%
of attributes in Comm-Crime very likely follow lognormal distributions. This amount
in SPAM is 67%. For AP, NIPS and KOS, not many words seem to be log-normally
distributed.

A.4 Insights into the Lognormal and Dirichlet distri-

butions

The previous section provided us an overview on the diversity and log-normality of the
considered datasets. Diversity differs from dataset to dataset, and in some respects rep-
resents characteristics of data types. Textual data often have much less diversity than
non-textual data. There are non-negligible differences in terms of diversity between text
corpora. We also have seen that many datasets have many log-normally distributed
properties. These facts raise an important question of how to model well diversity and

log-normality of real data.

Taking individual attributes (words) into account in modeling data, one may imme-
diately think about using the lognormal distribution to deal with the log-normality of

data. This naive intuition seems to be appropriate in the context of topic modeling. As

“Note that Beta distributions are 1-dimensional Dirichlet distributions. We fitted the data with this
distribution for the aim of comparison in terms of goodness-of-fit between the Dirichlet and lognormal
distributions.
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Figure A.2: Illustration of two distributions in the 2-dimensional space. The top row are
the Dirichlet density functions with different parameter settings. The bottom row are the
Lognormal density functions with parameters set as pu = 0,3 = Diag(o).

we shall see, the lognormal distribution is not only able to capture log-normality, but also
able to model well diversity. Justifications for those abilities may be borrowed from the

characteristics of the distribution.

Attempts to understand the lognormal and Dirichlet distributions were initiated. We
began by illustrating the two distributions in 2-dimensional space. Depicted in Figure A.2

are density functions with different parameter settings.

As one can easily observe, the mass of the Dirichlet distribution will shift from the
center of the simplex to the corners as the values of the parameters decrease. Conversely,
the mass of the lognormal distribution will shift from the origin to regions which are
far from the origin as o decreases. From more careful observations, we realized that the
lognormal distribution often has long (thick) tails as o is large, and has quickly-decreased
thin tails as ¢ is small. Nonetheless, the reverse phenomenon is the case for the Dirichlet

distribution.

The tails of a density function tell us much about that distribution. A distribution
with long (thick) tails would often generate many samples which are outside of its mass.
This fact suggests that the variations of individual random variables in such a multivari-
ate distribution might be large. As a consequence, such probability distributions often

generate samples of high diversity.

Unlike distributions with long tails, those with short (thin) tails considerably restrict
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Table A.3: Synthetic datasets originated from the Beta and lognormal distributions. As
shown in this table, the Beta distribution very often yielded the same samples. Hence it
generated datasets with diversity which is often much less than the number of attributes.
Conversely, the lognormal distribution sometimes yielded repeated samples, and thus
resulted in datasets with very high diversity.

Dataset Drawn from #Documents #Attributes Diversity

1 lognormal 1000 200 193.034
2 beta 1000 200 82.552

3 lognormal 5000 200 193.019
4 beta 5000 200 82.5986
) lognormal 5000 2000 1461.6

6 beta 5000 2000 456.6768

variations of theirs samples. This implies that individual random variables in such dis-
tributions may be less free in terms of variation than those in long-tail distributions.
Therefore, probability distributions with short thin tails are likely to generate samples of

low diversity.

The above arguments suggest at least two implications. First, the lognormal distribu-
tion probably often generates samples of high diversity, and hence is capable of modeling
high diversity data, since it often has long (thick) tails. Second, the Dirichlet distribution
is appropriate to model data of low diversity like text corpora. As a result, it seems to

be inferior in modeling data of high diversity, compared with the lognormal distribution.

With the aim of illustrating the above conclusions, we simulated an experiment as fol-
lows. Using tools from Matlab, we made 6 synthetic datasets from samples organized into
documents. 3 datasets were constructed from samples drawn from the Beta distribution
with parameters a = (0.1, 0.1); the others were from 1-dimensional lognormal distribution
with parameters ;4 = 0,0 = 1. All samples were rounded to the third decimal. Note that
the Beta distribution is the 1-dimensional Dirichlet distribution. Some information of the
6 synthetic datasets is reported in Table A.3. Observe that with the same settings, the
lognormal distribution gave rise to datasets with significantly higher diversity than the

Beta distribution. Hence, this simulation supports further our conclusions above.

A.5 The DLN model

We have discussed in Section A.4 that the Dirichlet distribution seems to be inappropriate
with data of high diversity. It will be shown empirically in the next section that this

distribution often causes a topic model to be inconsistent with respect to diversity. In
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Figure A.3: Graphical model representations of DLN and LDA.

addition, many datasets seem to have log-normally distributed properties. Therefore, it
is necessary to derive new topic models that can capture well diversity and log-normality.
In this section, we describe a new variant of LDA, in which the Dirichlet distribution used

to generate topics is replaced with the lognormal distribution.

Similar with LDA, the DLN model assumes the bag-of-words representations for both
documents and corpus. Let C be a given corpus that consists of M documents, composed
from the vocabulary V of V' words. Then the corpus is assumed to be generated by the

following process:

1. For each topic k € {1, ..., K}, choose
ﬁhJ”kaz%rleV(ukaz%)

2. For each document d in the corpus:

(a) Choose topic proportions @4|a ~ Dir(«)
(b) For the nth word wg, in the document,

e Choose topic index zg,|04 ~ Mult(6,)

e Generate the word

Wan|B; Zan ~ Mult(f(8.,,))-

Here f(+) is a mapping which maps 3, to parameters of multinomial distributions. In

DLN, the mapping is

F(B) = <t

Z;'/:l Bk ‘

The graphical representation of the model is depicted in Figure A.3. We note that
the distributions used to endow the topics are the main differences between DLN and
LDA. Using the lognormal distribution also results in various difficulties in learning the
model and inferring new documents. To overcome those difficulties, we used variational

methods.
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A.5.1 Variational method for learning and posterior inference

There are many learning approaches to a given model. Nonetheless, the lognormal distri-
bution used in DLN is not conjugate with the multinomial distribution. So learning the
parameters of the model is much more complicated than that of LDA. We use variational
methods [110] for our model.

The main idea behind variational methods is to use simpler variational distributions to
approximate the original distributions. Those variational distributions should be tractable

to learn their parameters, but still give good approximations.

Let C be a given corpus of M documents, say C = {w,...,wys}. V is the vocabulary
of the corpus and has V' words. The jth word of the vocabulary is represented as the jth
unit vector of the V-dimensional space RY. More specifically, if w; is the jth word in the
vocabulary V and wj» is the 7th component of w;, then wj» =0 for all 7 # j, and wg =1.

These notations are similar to those in [21] for ease of comparison.

The starting point of our derivation for learning and inference is the joint distribution
of latent variables for each document d, P(zg4, 84, B, pu,3). This distribution is so
complex that it is intractable to deal with. We will approximate it by the following

variational distribution:

K
Q(z4,04, Bldg, Va: B i) = Q(04|72)Q(z4|P4) H ﬁk|ﬂku§k)

K Vv

= Q(04lv4) H Qzanlban) [ [ 1T @511, 5%;)

n=1 k=1j=1

Where 3y = diag(52,,...,02,), By, = (fikts -, fir’)T € RY. The variational distribu-
tion of discrete variable zg4, is specified by the K-dimensional parameter ¢,,. Likewise,
the variational distribution of continuous variable 6, is specified by the K-dimensional pa-
rameter ;. The topic-word distributions are approximated by much simpler variational

distributions Q(By|fi,, %) which are decomposable into 1-dimensional lognormals.

We now consider the log likelihood of the corpus C given the model {«, p, 3}.
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M
log P(Clav, 1, ) = log P(wg|or, p, )

d=1

IZIOg/dOd/d,BZPwd7zd70d7ﬁ|a I"”? )
M

Q(E[A)

; /ded/dﬂZP wa, Elos p B)F =7 QEA)

Where we have denoted = = {z4,04,8}, A = {d,, V4 I, EAI} By Jensen’s inequality
[110] we have

M
w 75 ) 72
log P(Cla, pu, 3) > Z/ded/dﬂZQ E[A) log Cé?(:'ﬁ\)“ )

M
> [Bglog Plwy, Ela, i1, S) - Bolog QEN)]. (A1)

d=1

The task of the variational EM algorithm is to optimize the equation (A.1), i.e., to
maximize the lower bound of the log likelihood. The algorithm alternates E-step and
M-step until convergence. In the E-step, the algorithm tries to maximize the lower bound
w.r.t variational parameters. Then for fixed values of variational parameters, the M-step
maximizes the lower bound w.r.t model parameters. In summary, the EM algorithm for
the DLN model is as follows.

e E-step: mazximize the lower bound in (A.1) w.r.t ¢,~, M, 3.
e M-step: mazimize the lower bound in (A.1) w.r.t o, p, X.

o [terate these two steps until convergence.

Note that DLN differs from LDA only in topic-word distributions. Thus ¢, -y, and «
can be learnt as in [21], with a slightly different formula for ¢.

v
. SO Y
Pani X | finy — logz exp(fii + 502)] exp ( (7Vai) Z“ng ) (A.2)

t=1
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To complete the description of the learning algorithm for DLN, we next deal with the
remaining variational parameters and model parameters. For the aim of clarity, we begin
with the lower bound in (A.1).

Eglog P(wg, E|la, u, X) = Eglog P(wg|za,8) + Eqlog P(z4]64)
+Eqlog P(64|c) + Eqlog P(B|p, X)

Eqlog Q(E|¢yva . E) = EglogQ(zaley) + Eqlog Q(84]v,)
K

+3 " Eqlog QB4 )
=1

Thus the log likelihood now is

lOgP(ClOé,[,l,, 2) 2 EQ logP(wd|zd7 )

(KL (Q(24|Pa)||P(2a]04)) — KL (Q(Balva) || P(8a|))]

Miimi

<8
Il

1

M:

"KL (QBRZ)IIP(B |, =) (A3)

1 =1

a
I

Where K L(-||-) is the Kullback-Leibler divergence of two distributions. Since Q(z4|¢,)

and P(z4]0,) are multinomial distributions, according to [74], we have

’de Z fydt

(A4)

KL( (zd|¢d)||P zd|0d Zz¢dn110g¢dnz Zz¢dnz

n=1 i=1 n=1 i=1

Where U(-) is the digamma function. Note that the first term is the expectation of
log Q(z4|¢,), and the second one is the expectation of log P(z4|04) for which we have
used the expectation of the sufficient statistics Eq[log 4|7l = ¥ (yai) — ¥(3 1, va) for
the Dirichlet distribution [21].
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Similarly, for Dirichlet distributions as implicitly shown in [21],
KL(Q (9d|’7d)||P(9d|a)) =

—log I'( Za, +Zlogf () (v 1)( (Vi) Z%lt)
+ log F(Z Vaj) — Zlog L(va) + Y (4 — 1) < (Yas) Zvdt ) (A.5)

j=1 i=1 i=1

NEMN

By a simple transformation, we can easily show that the KL divergence of two log-
normal distributions, Q(B8|x, f]) and P(B|p, ), is equal to that of other normal distri-
butions, Q*(8|u, f]) and P*(B|p,X). Hence using the KL divergence of two Normals as

in [75], we obtain the divergence of two lognormal distributions.
L (Q(B.7a, Z)IIP(B 1, )
1 -1 1 -l Vo1 1~
= S log S S + 5T (8,207 ) = 5+ S — )57 (@ - ) (A6)
Where Tr(A) is the trace of the matrix A.

The remaining term in (A.3) is the expectation of the log likelihood of the document
wy. To find more detailed representations, we observe that, since 8, is a log-normally

random variable,
EQ logﬂij = ﬁij,j c {1, e V}

1% 1%
Eglog Z B = logexp <EQ log Z ﬂ,-t> (A.7)
t=1

t=1
14
< logEq Y B (A-8)
t=1
14
< log _ exp(fii + 53/2) (A.9)
t=1

Note that the inequality (A.8) has been derived from (A.7) using Jensen’s inequality.
The last inequality (A.9) is simply another form of (A.8), replacing the expectations of
individual variables by their detailed formulas [55].
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From those observations, we have

Eqlog P(wg|z4, B)
Ny

= Eqlog P(wan|zan, B) (A.10)

n=1

- Z Z Z ¢dn2wdnE Q [log Bij — log Z Bit

nlzljl

= Zd Z Z (bdmwdn [ﬂw log Z exp(fi + Uzt/Q)] (A.12)

n=1 =1 j=1

(A.11)

There is a little strange in the right-hand side of (A.11) resulting from (A.10). The

reason is that in DLN each topic 3, has to be transformed by the mapping f(-) into pa-

rameters of the multinomial distribution. Hence the derived formula is more complicated
than that of LDA.

A lower bound of the log likelihood of the corpus C is finally derived from combining

(A.3), (A4), (A.5), (A.6), and (A.12). We next have to incorporate this lower bound into

the variational EM algorithm for DLN by describing how to maximize the lower bound

with respect to the parameters.

Variational parameters:

First, we would like to maximize the lower bound by variational parameters, L, 3.

Note that the term containing g, for each ¢ € {1,..., K} is

N M _ 1~
Llp] =~ ?(Nz - Ni)Tzi 1(["’@' — ;)
M Ng
+ Z Z Z ¢dmwdn ,UZJ - lOg Z eXp ,uzt + Uzt/2)
d=1 n=1 j=1

Since log-sum-exp functions are convex in their variables [27], L[g;] is a concave func-

tion in p;. Therefore, we can use convex optimization methods to maximize Llg;]. In

particular, we use LBFGS [62] to find the maximum of L[] with the following partial

derivatives
M Nd M Nd
oL exp(fiij + 77;/2)
—~  — _ME /J/Z + ¢dnzwdn ¢dnz !
s 22 et = 2D S G G )

Where E{jl is the jth row of 3.
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The term in the lower bound of (A.3) that contains 3; for each i is

M Ny
M

3 M
LIE] = S log|Si| - - Ir(® )= i logz exp(fi + 05,/2)

2
d=1 n=1

We use LBFGS-B [128] to find its maximum subject to the constraints 7;; > 0,Vj €
{1, ..., V'}, with the following derivatives

Ry e
ooy 205 2 Y 24T exp(fi + 63/2)

Where 02-;2 is the jth element on the diagonal of 37 .
Model parameters:

We now want to maximize the lower bound of (A.3) with respect to the model param-
eters p and X, for the M-step of the variational EM algorithm. The term containing p,
for each i is

M 1~
Llp;] = _7(% - Ni)Tzi 1(["’2‘ )

The maximum of this function is reached at

w = i, (A.13)

The term containing 3; ! that is to be maximized is

M M ~
Lz = -5 log |21 — TTT(Ei_lEi)
M
And its derivative is
oL M M ~ M

Setting this to 0, we can find the maximum point:

A~

Bo= B+ (B ) (- )" (A.14)
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We have derived how to maximize the lower bound of the log likelihood of the corpus C
in (A.1) with respect to the variational parameters and model parameters. The variational
EM algorithm now proceeds by maximizing the lower bound w.r.t ¢,~, &, > under the
fixed values of the model parameters, and then by maximizing w.r.t «, @, 3 under the
fixed values of variational parameters. Iterate these two steps until convergence. In our
experiments, the convergence criterion is that the relative change of the log likelihood was

no more than 10~

For inferences on each new document, we can use the same iterative procedure as de-
scribed in [21] using the formula (A.2) for ¢. The convergence threshold for the inferences

of each document was 1076.

A.6 Evaluation

This section is dedicated to presenting evaluations and comparisons for the new model.
The topic model that will be used to compare with DLN is LDA. As previously men-
tioned, LDA is very popular and is the core of various topic models, where the topic-word
distributions are endowed with the Dirichlet distribution. This view on topics is the only
point in which DLN differs from LDA. Hence, any advantages of DLN over LDA can be
applied to other variants of LDA. However, any LDA-based model can be readily modi-
fied to become a DLN-based model. From these observations, it is reasonable to compare
performances of DLN and LDA.

Our strategy is as follows:

e We want to see how good the predictive power of DLN is in general. Perplexity will

be used as a standard measure for this task.

e Next, stability of topic models with respect to diversity will be considered. Addi-
tionally, we will also study whether LDA and DLN likely favor data of low or high
diversity. See subsection A.6.2.

e Finally, we want to see how well DLN can model data having log-normality and
high diversity. This will be measured via classification on two non-textual datasets,
Comm-Crime and SPAM. Details are in subsection A.6.3.
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Figure A.4: Perplexity as the number of topics increases. Solid curves are DLN, dashed
curves are LDA. The lower is the better.

A.6.1 Perplexity as a goodness-of-fit measure

We first use perplexity as a standard measure to compare LDA and DLN. Perplexity
is a popular measure which evaluates the goodness-of-fit of a statistical model, and is
widely used in the language modeling community. It is known to correlate closely with
the precision-recall measure in information retrieval [50]. The measure is often used to

compare predictive powers of different topic models as well.

Let C be the training data, and D = {wy, ..., wr} be the test set. Then perplexity is
calculated by

i log P(wd|C)> |

Perp(D|C) = exp < Z;F:l w0y

The data for this task were the 3 text corpora. The two non-textual data sets were not
considered, since perplexity is implicitly defined for text. For each of the 3 text corpora,
we selected randomly 90% of the data to train DLN and LDA, and the remainings were
used to test their predictive powers. Both models used the same convergence settings
for both learning and inference. Figure A.4 shows the results as the number of topics
increases. We can see clearly that DLN achieved better perplexity for AP and NIPS than
LDA. However, it behaved worse than LDA on the KOS corpus.

Remember that NIPS has the greatest diversity among these 3 corpora as investigated
in Section A.3. That is, the variations of the words in that corpus are very high. Besides,
the lognormal distribution seems to favor data of high diversity as analyzed in Section
A.4. The use of this distribution in DLN aims to capture the diversity of individual words
better. Hence the better perplexity of DLN over LDA for the NIPS corpus is apparently
justified.

The better result of DLN on NIPS also suggests more insights into the LDA model.
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In Section A.4 we have argued that the Dirichlet distribution seems to favor data of low
diversity, and seems inappropriate for high diversity data. These hypotheses are further

supported by our experiments in this section.

Note that AP and KOS have nearly equal diversity. Nevertheless, the performances of
both models on these corpora were quite different. DLN was much better than LDA on
AP, but not on KOS. This phenomenon should be further investigated. In our opinion,
some explanations for this may be borrowed from some observations in Section A.3. Notice
that although the number of documents of KOS is approximately 50% larger than that
of AP, the number of words having at least 5 different frequencies (|JOV| > 5) in KOS is
only about 20% larger than that of AP. This fact suggests that the words in AP seem to
have higher variations than those in KOS. Besides, Divap > Divkos. Combining these
observations, we can conclude that AP has higher variation than KOS. This is probably
the reason why DLN performed better than LDA on AP.

A.6.2 Stability in predictive power

Next we would like to see whether the two models can work stably with respect to diversity.
The experiments described in the previous subsection are not good enough to see this.
The reason is that both topic models were tested on corpora of different numbers of
documents, each with different document length. It means comparisons across various
corpora by perplexity would not be fair if based on those experiments. Hence we need to

conduct other experiments for this task.

Perplexity was used again for this investigation. To arrive at fair comparisons and
conclusions, we need to measure perplexity on corpora of the same size and same document
length. In order to have such corpora, we did as follows. We used 3 text corpora as above.
For each corpus, 90% were randomly chosen for training, and the remaining were used
for testing. In each testing set, each document was randomly cut off to remain only 100
occurrences of words in total. This means the resulting documents for testing were of the
same length across testing sets. Additionally, we randomly removed some documents to
remain only 100 documents in each testing set. Finally, we have 3 testing sets which are

equal in size and document length.

After learning both topic models, the testing sets were inferred to measure their pre-
dictive powers. The results are summarized in Figure A.5. As known in Section A.3,
the diversity of NIPS is greater than those of AP and KOS. However, LDA performed

inconsistently in terms of perplexity on these corpora as the number of topics increased.
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Figure A.5: Sensitivity of LDA and DLN against diversity, measured by perplexity as the
number of topics increases. The testing sets were of same size and same document length
in these experiments. Under the knowledge of Divnps > Divap > Divkos, we can see
that LDA performed inconsistently with respect to diversity; DLN performed much more
consistently.

Higher diversity led to neither consistently better nor consistently worse perplexity. This

fact suggests that LDA cannot capture well the diversity of data.

In comparison with LDA, DLN worked more consistently on these corpora. It achieved
the best perplexity on NIPS, which has the largest diversity among 3 corpora. The gap
in perplexity between NIPS and the others is quite large. This implies that DLN may
capture well data of high diversity. However, since the perplexity for AP was worse than
that for KOS while Divap = 0.0012 > Divkgos = 0.0011, we do not know clearly whether
DLN can cope well with data of low diversity or not. Answers for this question require

more sophisticated investigations.

Another observation from the results depicted in Figure A.5 is that LDA seems to work
well on data of low diversity, because its perplexity on KOS was consistently better than
on other corpora. A reasonable explanation for this behavior is the use of the Dirichlet
distribution to generate topics. Indeed, such distribution favors low diversity, as analyzed
in Section A.4. Nonetheless, it is still unclear to conclude that LDA really works well on
data of low diversity, because its perplexity for KOS was much better than that for AP

while Di’UAp ~ Di’UKos.

A.6.3 Document classification

Our next experiments were to measure how well the two models work, via classification
tasks, when data have high diversity and log-normality. As is well-known, topic models
are basically high-level descriptions of data. In other words, the most interesting char-

acteristics of data are expected to be captured in topic models. Hence we can consider
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them as other representations of data. This interpretation implicitly allows us to apply

them to many other applications, such as classification.

The datasets for these tasks are SPAM and Comm-Crime. We used micro precision
[88] as a measure for comparison. Loosely speaking, precision can be interpreted as the
extent of our confidence in assigning labels to documents. It is believed, at least in the text
categorization community, that this measure is more reliable than the accuracy measure

for classification [88]. Thus it is reasonable to use it for our tasks in this section.

SPAM is straightforward to understand, and is very suitable for the classification task.
The main objective is to predict whether a given document is spam or not. Thus, we keep
the spam attribute unchanged, and multiply all values of other attributes in all records by
10000 to make sure that the obtained values are integers. Resulting records are regarded

as documents in which each value of an attribute is the frequency of the associated word.

The nature of Comm-Crime is indirectly related to classification. The goal of Comm-
Crime is to predict how many violent crimes will occur per 100K population. In this
corpus, all cities have these values that can be used to train or test a learning algorithm.
Since predicting an exact number of violent crimes is unrealistic, we predicted the interval

in which the number of violent crimes of a city most probably falls.?

Since all crime values in the original data were normalized to be in [0,1], two issues arise
when performing classification on this dataset. First, how many intervals are appropriate?
Second, how to represent crime values, each belonging to exactly one interval, as class
labels. The first issue is easier to deal with in practice than the latter. In our experiments,
we first tried 10 intervals, and then 15 intervals. For the second issue, we did as follows:
each attribute was associated with a word except crime. The values of the attributes were
scaled by the same number to make sure that all are integers, and then were regarded as
frequencies of the associated words. For the crime attribute, we associated each interval
with each class label. Each record then corresponds to a document, where the crime value

is associated with a class label.

We considered performances on Comm-Crime of 3 approaches: SVM, DLN+SVM,
LDA+SVM. Here we used multi-class SVM implemented in the package by Joachims.b
It was trained and tested on the original dataset to ensure fair comparisons. DLN+SVM

(and LDA+SVM) worked in the same way as in previous works [21], i.e., we first modeled

5Be aware that this dataset is also suitable to be used in regression, since the data were previously
normalized to be in [0, 1]. However, this section is devoted to comparing topic models in terms of how
well they can capture diversity and log-normality of data. SPAM and Comm-Crime are good datasets for
these tasks, because they both have high diversity and many likely log-normally distributed attributes.
6 Available from http://svmlight.joachims.org/svm multiclass.html
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Table A.4: Average precision in crime prediction.
#intervals SVM DLN+SVM LDA+SVM

10 0.56 0.61 0.58
15 0.43 0.48 0.46

the data by DLN (LDA) to find hidden representations of the documents in terms of
topic proportions vectors, and then used them as feature vectors for SVM. For topic
models, the number of topics, K, should be chosen appropriately. In [111], Wallach et
al. empirically showed that LDA may work better as the number of topics increases.
Nevertheless, the Subsections A.6.1 and A.6.2 have indicated that large values of K did
not lead to consistently better perplexity for LDA. Moreover, the two models did not
behave so badly at K = 50. Hence we chose 20 topics for both topic models in subsequent
experiments. We used 5-fold cross-validation for the candidates. The results are presented
in Table A .4.

Among the 3 approaches, DLN4+SVM consistently performed best. These results
suggest that DLN worked better than LDA did. We remark that Comm-Crime has very
high diversity and seems to have plenty of log-normality. Hence the better performance
of DLN over LDA suggests that the new model can capture well log-normality of data,

and can work well on data of high diversity.

One can realize that the precisions obtained from these approaches were quite low. In
our opinion, this may be due to the inherent nature of that data. To provide evidence for
our belief, we conducted separately regression on the original Comm-Crime dataset with
two other well-known methods, Bagging and Linear Regression implemented in Weka.”
Experiments with these methods used default parameters and used 5-fold cross-validation.
Mean absolute errors from these experiments varied from 0.0891 to 0.0975. Note that all
values of the attributes in the dataset had been normalized to be in [0, 1]. Therefore
the resulting errors are problematic. After scaling and transforming the regression results
to classification, the consequent precisions vary from 0.3458 to 0.4112. This variation

suggests that Comm-Crime seems to be difficult for current learning methods.

The above experiments on Comm-Crime provide some supporting evidence for the
good performance of DLN. We next conducted experiments for classification on SPAM.
We used the same settings as above, 50 topics for topic models and 5-fold cross-validation.
The results are described in Table A.5. One can easily observe the consistently better
performance of our new model over LDA, working in combination with SVM. Note that

precisions for SPAM are much greater than those for Comm-Crime. The reasons are

"Version 3.7.2 at http://www.cs.waikato.ac.nz/~ml/weka/
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Table A.5: Average precision in spam filtering.
SVM DLN+SVM LDA+SVM
0.81 0.95 0.92

that SPAM is inherently for binary classification, which is often easier than multi-class
counterparts, and that the training set for SPAM is much bigger than that for Comm-

Crime which better enables learning.

A.7 Discussion

In summary, we now have strong evidence from the empirical results and analyses for
the following conclusions. First, DLN can get benefits from data that have many likely
log-normally distributed properties. It seems to capture well log-normality of data. Sec-
ond, DLN is more suitable than LDA on data of high diversity, since consistently better
performances have been observed. Third, topic models are able to model well data that
are non-textual, since the combinations of topic models with SVM often got better results

than SVM did alone in our experiments.

LDA and DLN have been compared in various evaluations. The performance of DLN
was consistent with the diversity of data, whereas LDA was inconsistent. Furthermore,
DLN performed consistently better than LDA on data that have high diversity and many
likely log-normally distributed properties. Note that in our experiments, the considered
datasets have different diversities. This treatment aimed to ensure that each conclusion
will be strongly supported. In addition, the lognormal distribution is likely to favor
data of high diversity as demonstrated in Section A.4. Hence, the use of the lognormal
distribution in our model really helps the model to capture diversity and log-normality of

real data.

Although the new model has many distinguishing characteristics for real applications,
it suffers from some limitations. First, due to the complex nature of the lognormal dis-
tribution, learning the model from real data is complicated and time-consuming. Second,
the memory for practical implementation is large, O(K.V.V + M.V + K.M), since we
have to store K different lognormal distributions corresponding to K topics. Hence it
is suitable with corpora of average vocabularies, and datasets with average numbers of

attributes.

Some concerns may arise when applying DLN in real applications: what characteristics

of data ensure the good performance of DLN? Which data types are suitable for DLN?
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The followings are some of our observations.

e For non-textual datasets, DLN is very suitable if diversity is high. Our experiments
suggest that the higher diversity the data have, the better DLN can perform. Note
that diversity is basically proportional to the number of different values of attributes
observed in a dataset. Hence, by intuition, if there are many attributes that vary
significantly in a dataset, then the diversity of that dataset would be probably high,
and thus DLN would be suitable.

e Log-normality of data is much more difficult to see than diversity.® Nonetheless,
if once we know that a given dataset has log-normally distributed properties, DLN
would probably work better on it than LDA.

e For text corpora, the diversity of a corpus is essentially proportional to the number
of different frequencies of words observed in the corpus. Hence if a corpus has words
that vary significantly, DLN would probably work better than LDA. The reason is
that DLN favors data of high diversity.

e A corpus whose documents are often long will allow high variations of individ-
ual words. This implies that such a corpus is very likely to have high diversity.
Therefore, DLN would probably work better than LDA, as observed in the previous

section. Corpora with short documents seem to be suitable for LDA.

e A corpus that is made from different sources with different domains would very
likely have high diversity. As we can see, each domain may result in a certain
common length for its documents, and thus the average document length would
vary significantly among domains. For instance, scientific papers in NIPS and news
in AP differ very much in length; conversations in blogs are often shorter than
scientific papers. For such mixed corpora, DLN seems to work well, but LDA is less

favorable.

A.8 Related work

In the topic modeling literature, many models assume a given corpus to be composed of

some hidden topics. Each document in that corpus is a mixture of those topics. The first

8In principle, checking the presence of log-normality in a dataset is possible. Indeed, checking the
log-normality property is equivalent to checking the normality property. This is because if a variable x
follows the normal distribution, then y = e” will follow the log-normal distribution [55], [60]. Hence,
checking the log-normality property of a dataset D can be reduced to checking the normality property of
the logarithm version of D.
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generative model of this type is known as Probabilistic Latent Semantic Analysis (pLSA)
proposed by Hofmann [50]. Assuming pLLSA models a given corpus by K topics, then the

probability of a word w appearing in document d is

P(w|d) =) P(w|z)P(z|d), (A.15)

where P(w|z) is the probability that the word w appears in the topic z € {1,..., K},
and P(z|d) is the probability that the topic z participates in the document d. However,
pLSA regards the topic proportions, P(z|d), to be generated from some discrete and

document-specific distributions.

Unlike pLSA, the topic proportions in each document are assumed to be samples
drawn from Dirichlet distributions in LDA [21]. Such assumption is strongly supported
by the de Finetti theorem on exchangeable random variables [6]. Amazingly, LDA has

been reported to be successful in many applications.

Many subsequent topic models have been introduced since then that differ from LDA
in endowing distributions on topic proportions. For instance, CTM and IFTM treat
the topic proportions as random variables which follow logistic distributions; Hierarchical
Dirichlet Process (HDP) considers these vectors as samples drawn from a Dirichlet process
[97]. Few models differ from LDA in view of topic-word distributions, i.e., distributions
over words. Some candidates in this line are Dirichlet Forest (DF) [8], Markov Topic
Model (MTM) [114], and Continuous Dynamic Topic Model (cDTM) [113].

Unlike those approaches, we endowed the topic-word distributions with the lognormal
distribution. Such treatment aimed to tackle diversity and log-normality of real datasets.
Unlike the Dirichlet distribution used by other models, the lognormal distribution seems
to allow high variation of its samples, and thus can capture well high diversity data. Hence

it is a good candidate to help us cope with diversity and log-normality.

A.9 Summary

In this work, we studied a fundamental property of real data, phrased as “diversity”, which
has not been paid enough attention from the machine learning community. Loosely speak-
ing, diversity measures average variations of attributes within a dataset. We showed that
diversity varies significantly among different data types. Textual corpora often have much
less diversity than non-textual datasets. Even within text, diversity varies significantly

among different types of text collections.

123



We empirically showed that diversity of real data non-negligibly affects performance of
topic models. In particular, the well-known LDA model [21] worked inconsistently with
respect to diversity. In addition, LDA seems not to model well data of high diversity.

This fact raises an important question of how to model well the diversity of real corpora.

To deal with the inherent diversity property, we proposed a new variant of LDA, called
DLN;, in which topics are samples drawn from the lognormal distribution. In spite of being
a simple variant, DLN was demonstrated to model well the diversity of data. It worked
consistently and seemingly proportionally as diversity varies. On the other hand, the use
of the lognormal distribution also allows the new model to capture lognormal properties
of many real datasets [60], [34].

Finally, we remark that our approach here can be readily applied to various topic
models since LDA is their core. In particular, the Dirichlet distribution used to generate

topics can be replaced with the lognormal distribution to cope with diversity of data.

124



