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Abstract

High-Dimensional Non-Gaussian Data Clustering using

Variational Learning of Mixture Models

Wentao Fan, Ph.D.
Concordia University, 2013

Clustering has been the topic of extensive research in the past. The main concern is to automat-
ically divide a given data set into different clusters such that vectors of the same cluster are as sim-
ilar as possible and vectors of different clusters are as different as possible. Finite mixture models
have been widely used for clustering since they have the advantages of being able to integrate prior
knowledge about the data and to address the problem of unsupervised learning in a formal way.
A crucial starting point when adopting mixture models is the choice of the components densities.
In this context, the well-known Gaussian distribution has been widely used. However, the deploy-
ment of the Gaussian mixture implies implicitly clustering based on the minimization of Euclidean
distortions which may yield to poor results in several real applications where the per-components
densities are not Gaussian. Recent works have shown that other models such as the Dirichlet,
generalized Dirichlet and Beta-Liouville mixtures may provide better clustering results in appli-
cations containing non-Gaussian data, especially those involving proportional data (or normalized
histograms) which are naturally generated by many applications. Two other challenging aspects
that should also be addressed when considering mixture models are: how to determine the model’s
complexity (i.e. the number of mixture components) and how to estimate the model’s parameters.
Fortunately, both problems can be tackled simultaneously within a principled elegant learning
framework namely variational inference. The main idea of variational inference is to approximate
the model posterior distribution by minimizing the Kullback-Leibler divergence between the exact
(or true) posterior and an approximating distribution. Recently, variational inference has provided
good generalization performance and computational tractability in many applications including

learning mixture models.
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In this thesis, we propose several approaches for high-dimensional non-Gaussian data cluster-
ing based on various mixture models such as Dirichlet, generalized Dirichlet and Beta-Liouville.
These mixture models are learned using variational inference which main advantages are com-
putational efficiency and guaranteed convergence. More specifically, our contributions are four-
fold. Firstly, we develop a variational inference algorithm for learning the finite Dirichlet mixture
model, where model parameters and the model complexity can be determined automatically and
simultaneously as part of the Bayesian inference procedure; Secondly, an unsupervised feature
selection scheme is integrated with finite generalized Dirichlet mixture model for clustering high-
dimensional non-Gaussian data; Thirdly, we extend the proposed finite generalized mixture model
to the infinite case using a nonparametric Bayesian framework known as Dirichlet process, so that
the difficulty of choosing the appropriate number of clusters is sidestepped by assuming that there
are an infinite number of mixture components; Finally, we propose an online learning framework
to learn a Dirichlet process mixture of Beta-Liouville distributions (i.e. an infinite Beta-Liouville
mixture model), which is more suitable when dealing with sequential or large scale data in contrast
to batch learning algorithm. The effectiveness of our approaches is evaluated using both synthetic
and real-life challenging applications such as image databases categorization, anomaly intrusion
detection, human action videos categorization, image annotation, facial expression recognition,

behavior recognition, and dynamic textures clustering.
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Chapter 1

Introduction

1.1 Clustering via Finite Mixture Models

Data clustering is the unsupervised partitioning of data into homogeneous components. It is an
important problem in several fields, such as signal and image processing, and has been the topic of
extensive research in the past [1—4]. There are a myriad of clustering methods (see [5] for a review).
Among all these methods, finite mixture models have been shown to provide flexibility for data
clustering [6] and have been successfully applied in several domains and applications. Examples
include cognitive understanding [7], epidemiological studies [8], speaker’s location detection [9],
person authentication [10], and so forth. Indeed, they have been proven to be a powerful way to
capture hidden structure in data and to take uncertainty into account.

A finite mixture model is formed by taking linear combinations of a finite number of basic
distributions. These basic distributions are called components of the mixture model. For instance,

a finite mixture model with M components is given by
M
p(X) =Y mp(X|6;) (1.1)
j=1

where p(X16;) is a component of the mixture and has its own parameter ;. In general, mixture
models can comprise linear combinations of any distributions, such as Gaussian, Beta, Dirichlet,
etc. The parameters {;} are called mixing coefficients and are subject to the constraints: 0 <
m; < 1 and Zjvil m; = 1. In mixture modeling, three challenging aspects should be carefully
addressed: how to choose the proper basic distribution, how to estimate the model’s parameters
and how to select the model’s complexity. Each of these aspects has a significant impact on the

performance of model learning.



Selecting the most accurate probability density functions (pdfs) that best represent the mixture
components is important when modeling and clustering data. The Gaussian assumption has been
widely adopted (i.e. assuming that each per-class density is Gaussian) due to its simplicity. In
several real-world applications, however, when the data clearly appear with a non-Gaussian struc-
ture, this assumption fails. For instance, recent works have shown that other models such as the
Dirichlet [11-16], the generalized Dirichlet [17-23] and the Beta-Liouville mixtures [24—-27] pro-
vide better clustering results in several applications, especially those involving normalized count
data (i.e. proportional vectors) which naturally appear in many applications such as text, image
and video modeling.

The majority of parameter estimation approaches in mixture modeling consider either de-
terministic or Bayesian techniques [6]. Deterministic techniques aim at optimizing the model
likelihood function, are generally implemented within the expectation-maximization (EM) [28]
framework, and are well documented [29, 30]. On the other hand, Bayesian techniques have been
proposed to avoid drawbacks related to deterministic techniques such as their suboptimal gener-
alization performance, dependency on initialization, over-fitting and noise level under-estimation
problems of classic likelihood-based inference [31, 32]. These drawbacks are avoided via the incor-
poration of prior knowledge (or belief) in a principled way and then marginalizing over parameter
uncertainty. Bayesian methods [33, 34] have considered either Laplace’s approximation [35] or
Markov chain Monte Carlo (MCMC) simulation techniques [36,37]. While MCMC techniques
are computationally expensive, Laplace’s approximation is generally imprecise, since it is based
on the strong assumption that the likelihood function is unimodal which is not generally the case
for finite mixtures of distributions [38]. Recently, Variational inference (also known as variational
Bayes) [39,40] framework has been widely used as an efficient alternative and as a more control-
lable way to approximate Bayesian learning. The variational learning approach was introduced in
the context of the multi-layer perceptron in [41] where it was called ensemble learning and de-
veloped further in [42,43]. The main idea is to approximate the model posterior distribution by
minimizing the Kullback-Leibler divergence between the exact (or true) posterior and an approxi-
mating distribution. The variational inference has received a lot of attention and has provided good

generalization performance and computational tractability in various applications including finite



mixtures learning [44—46]. For instance, the authors in [39, 40, 47, 48] have developed comprehen-
sive frameworks for variational learning, in the case of Gaussian mixture models, which have been
shown to provide better parameter estimates than the maximum likelihood (ML) approach.

Another crucial issue when using mixture models is the model complexity (i.e. model structure
or number of mixture components) determination problem. Indeed, it is important to estimate the
number of clusters that best describes the data without over-fitting or under-fitting it [6]. In general,
this problem is tackled using ML method in conjunction with a given model selection criterion,
such as minimum description length (MDL) and minimum message length (MML) [6, 11], in fre-
quentist frameworks or by considering Bayes factors in the case of fully Bayesian approaches.
However, these approaches are clearly time-consuming since they have to evaluate a given selec-
tion criterion for several numbers of mixture components. This is especially true in the case of
the Bayesian approach because it requests the evaluation of multi-dimensional integrals which is
generally tackled via MCMC techniques (e.g. Gibbs sampling, Metropolis Hastings). Despite the
fact that MCMC techniques have revolutionized Bayesian statistics by accommodating situations
characterized by uncertainty of the statistical model structure [49-51], their use is often limited
to small-scale problems in practice because of its high computational cost and the difficulty in
tracking convergence. Apart from the elegant way to estimate the parameters of mixture models,
another advantage of variational inference is that it is able to automatically determine the number
of mixture components as part of the Bayesian inference procedure.

Data clustering is known to be a challenging task in modern knowledge discovery and data
mining. This is especially true in high-dimensional spaces mainly because of data sparsity. Thus,
feature selection is a crucial factor to improve the clustering performance [52-54]. Its primary
objective is the identification and the reduction of the influence of extraneous (or irrelevant) fea-
tures which do not contribute information about the true clusters structure. The automatic selection
of relevant features in the context of unsupervised learning is challenging and is far from trivial
because inference has to be made on both the selected features and the clustering structure [54—
61]. [54] is an early influential paper advocating the use of finite mixture models for unsupervised
feature selection. The main idea is to suppose that a given feature is generated from a mixture of

two univariate distributions. The first one is assumed to generate relevant features and is different



for each cluster and the second one is common to all clusters (i.e. independent from class labels)
and assumed to generate irrelevant features !. The unsupervised feature selection models in [54, 60]
have been trained using a MML objective function with the EM algorithm. Despite the fact that
the EM algorithm is the procedure of choice for parameter estimation in the case of incomplete
data problems where part of the data is hidden, several studies have shown theoretically and exper-
imentally that the EM algorithm, in deterministic settings (e.g. ML estimation), converges either
to a local maximum or to a saddle point solution and depends on an appropriate initialization (see,
for instance, [29, 63, 64]) which may compromise the modeling capabilities. Recently, variational
inference have shown promising results in learning mixture models with integrated unsupervised
feature selection [57,65], by providing parameters estimation and features selection in a single

optimization framework.

1.2 Variational Inference

In this section, a brief introduction to variational inference is presented. Assume that we have a
fully Bayesian model in which all parameters are given proper prior distributions. Let © repre-
sents the set of all non-observed variables (including latent variables) and X denotes the set of
observations. The goal of variational inference is to find a proper approximation ¢(®) for the true
posterior distribution p(®|X). In order to do this, we can write the following decomposition of the

log marginal probability of the observed data X, which holds for any choice of distribution ¢(©)

Inp(X) = L(g) + KL(ql[p) (1.2)
where (@ X)
3 L Pe,
() = / 0@ 2 e (1.3)
B p(©]X)
KL(qlp) = — / 0@’ slie (1.4)

here, KL(¢||p) is the Kullback-Leibler (KL) divergence which represents the dissimilarity between
the true posterior p(®|X) and the variational approximation ¢(®). We know that KL(g||p) > 0

I'Several other quantitative formalisms for relevance in the case of feature selection have been proposed in the past
(see, for instance, [62]).



(according to Jensen’s inequality), and that the equality is achieved when if and only if ¢(®) =
p(®|X). Then, we can conclude that £(q) < In p(X) from Eq. (1.2), which means that £(q) forms
a lower bound on In p(X).

Suppose that we allow any possible choice for ¢(®). Then, the lower bound of Inp(X)
can be maximized with respect to ¢(®) when the KL divergence is minimized, that is when
q(®) = p(®|X). However, in practice the true posterior distribution is normally computation-
ally intractable and can not be directly used for variational inference. Thus, a restricted family of
distributions ¢(®) needs to be considered. An ideal restriction should have the property that, the
family of ¢(©) comprises only tractable distributions, and at meanwhile is still flexible enough to
provide a good approximation to the true posterior distribution. A common approach in variational
inference literatures is to adopt factorization assumptions for restricting the form of ¢(©) [66].
This approximation framework is known as mean field theory [67, 68] which was developed in the
filed of physics [69]. With the factorization assumption, the posterior distribution ¢(®) can be

factorized into 7" disjoint tractable distributions as

q(©) = HQ1<91) (1.5)

Notice that this is the only assumption about the distribution, and no further restriction is placed on
the functional forms of the individual factors ¢;(®;). In order to maximize the lower bound £(¢q),
we need to make a variational optimization of £(¢) with respect to each of the distributions ¢;(©;)

in turn. Let us substitute Eq. (1.5) into Eq. (1.3), and use ¢; to denote ¢;(©;) for simplification,



then the optimization of £(q) with respect to a specific factor ¢5(®;) can be given as

cto- [ T[22

/QSH%[lnp@X Zlnql}dG

i#£s

/qs [/qu Inp(© X)d@}d@ /Qslﬂqsd@s—i-const.

i£S

Jae

—/ qsIn f(Og, X)dO, — /qs In ¢,d®, + const.
(1.6)

where any terms that are independent of ¢,(©;) are absorbed into the additive constant. A new

distribution f(®y, X') in Eq. (1.6) is introduced as

In f(©,, X) /qu Inp(©, X)dO; = (Inp(©, X)), (1.7)
i#S

Here, we use the notation (...);«s to represent the expectation with respect to all the distribu-
tions of ¢;(©;) except for i = s. We can also notice that Eq. (1.6) is actually a minus KL di-
vergence between ¢s(0;) and f(®;, X'). Therefore, maximizing £(q) in Eq. (1.6) is equivalent
to minimizing the KL divergence. We know that the KL divergence reaches its minimum when

q5(0®;) = (O, X). Thus, a general expression for the optimal solution ¢*(®;) can be given by
Ing;(©;) = (Inp(X, ©));., + const. (1.8)

Here, the additive constant denotes the normalization coefficient for the distribution. By taking
the exponential of both sides of Eq. (1.8) and normalize, we can obtain the variational solution of
:(©;) as

exp((Inp(X, ©));s)
Jexp((Inp(X, ©));,)dO

Since the expression for ¢*(©,) depends on calculating the expectations with respect to the other

7 (©,) =

(1.9)

factors ¢ (©;) for i # s, we need to cycle through all the factors to find the maximum of the

6



lower bound. In general, in order to perform the variational inference, all the factors ¢;(©;) need
to be suitably initialized first, then each factor is updated in turn with a revised value obtained
by Eq. (1.9) using the current values of all of the other factors. Convergence is guaranteed since

bound is convex with respect to each of the factors ¢;(©;) [66, 70].

1.3 Contributions

The goal of this thesis is to propose several novel approaches for high-dimensional non-Gaussian
data clustering based on variational inference framework in the context of various mixture models
including Dirichlet, generalized Dirichlet and Beta-Liouville. The contributions of this thesis are

listed as the following:

1= Finite Dirichlet Mixture Models with Variational Bayes Learning:
We propose a variational inference framework for learning finite Dirichlet mixture models.
Compared with other algorithms which are commonly used for mixture models (such as
EM), our approach has several advantages: first, the problem of over-fitting is prevented;
furthermore, the complexity of the mixture model (i.e. the number of components) can
be determined automatically and simultaneously with the parameters estimation as part of
the Bayesian inference procedure; finally, since the whole inference process is analytically

tractable with closed-form solutions, it may scale well to large applications.

1= Finite Generalized Dirichlet Mixture Models with Unsupervised Feature Selection:
A variational inference framework is developed for unsupervised non-Gaussian feature se-
lection, in the context of finite generalized Dirichlet mixture-based clustering. Under the
proposed principled variational framework, we simultaneously estimate, in a closed-form,
all the involved parameters and determine the complexity (i.e. both model an feature selec-

tion) of the finite generalized Dirichlet mixture model.

1= Infinite Generalized Dirichlet Mixture Models via Dirichlet Process:
We extend the finite generalized Dirichlet mixture model to an infinite case through a non-

parametric Bayesian framework namely Dirichlet process. The infinite assumption is used
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to avoid problems related to model selection (i.e. determination of the number of clusters)
and allows simultaneous separation of data in to similar clusters and selection of relevant

features.

1= Online Learning of Infinite Beta-Liouville Mixture Models:
We propose a novel online clustering approach based on a Dirichlet process mixture of Beta-
Liouville distributions (i.e. an infinite Beta-Liouville mixture model). We are mainly moti-
vated by the fact that online algorithms allow data instances to be processed in a sequential

way, which is important for large-scale and real-time applications.

1.4 Thesis Overview

The organization of this thesis is as follows:

(4 Chapter 1 introduced the background knowledge regarding finite mixture models and varia-

tional inference learning framework.

(1 In Chapter 2, we propose a variational inference framework approach to learn finite Dirichlet
mixture models. Both synthetic and real data, generated from real-life challenging applica-
tions namely image databases categorization and anomaly intrusion detection, are experi-
mented to verify the effectiveness of the proposed approach. This work has been published

in the IEEE Transactions on Neural Networks and Learning Systems [71].

(1 In Chapter 3, we develop a novel statistical approach of simultaneous clustering and feature
selection for unsupervised learning. The proposed approach is based on finite generalized
mixture models and variational inference learning. We apply the proposed approach to both
synthetic data and a challenging application which concerns human action videos catego-
rization. This contribution has been published in the IEEE Transactions on Knowledge and

Data Engineering [72].

(d In Chapter 4, we propose a novel unsupervised clustering approach based on an infinite

generalized mixture model with variational framework. We test the proposed approach using

8



both synthetic data and real-world applications involving visual scenes categorization, auto-

annotation and retrieval. This research work has been published in Pattern Recognition [73].

(d In Chapter 5, a novel online clustering approach based on infinite Beta-Liouville mixture
models is proposed. The effectiveness of the proposed work is evaluated on three challenging
real applications namely facial expression recognition, behavior modeling and recognition,
and dynamic textures clustering. This work has been published in the /IEEE Transactions on

Neural Networks and Learning Systems [74].

(1 In Conclusions, we summarize our contributions and present some promising future works.



Chapter 2

Variational Learning for Finite Dirichlet Mixture
Models

In this chapter, we focus on the variational learning of finite Dirichlet mixture models. Com-
pared to other algorithms which are commonly used for mixture models (such as expectation-
maximization), our approach has several advantages: first, the problem of over-fitting is prevented;
furthermore, the complexity of the mixture model (i.e. the number of components) can be de-
termined automatically and simultaneously with the parameters estimation as part of the Bayesian
inference procedure; finally, since the whole inference process is analytically tractable with closed-
form solutions, it may scale well to large applications. Both synthetic and real data, generated from
real-life challenging applications namely image databases categorization and anomaly intrusion

detection, are experimented to verify the effectiveness of the proposed approach.

2.1 The Finite Dirichlet Mixture Model

The Dirichlet distribution is the multivariate generalization of the Beta distribution, which offers
considerable flexibility and ease of use. In contrast to Gaussian distribution which only contains
symmetric modes, the Dirichlet distribution may have multiple symmetric and asymmetric modes.
Additionally, the Dirichlet distribution is defined in the compact support [0, 1] and can be easily
generalized to be defined in a compact support of the form [A, B], where (A, B) € R?. Thus, the
Dirichlet distribution is a better choice for modeling compactly supported data, such as images,

text or videos [11].
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A finite mixture of Dirichlet distributions with M components is represented by [75]
p(X|7,a) = ijDu« X|a;) (2.1)

where ¥ = (my,...,my) denotes the mixing coefficients which are positive and sum to one.
Dir(X|a ;) in Eq. (2.1) is the Dirichlet distribution of component j with its own positive parameters
d; = (aj1,...,a;p), and is defined by:
Dir(X|d,) = Zl 1 G1) 12[ o= (2.2)
Hz 1 Dleg) 15
where X = (Xy,...,Xp)and 337, X; = 1,0 < X; < 1forl = 1,..., D. It is noteworthy that
the Dirichlet distribution is used here as a parent distribution to model directly the data and not as
a prior to the multinomial.
Consider a set of /V independent identically distributed vectors X' = {X' ¢ N} assumed
to be generated from the mixture distribution in Eq. (2.1), the likelihood function of the Dirichlet

mixture model is given by

N M
i@ = [[{ S mpu(¥ia} 23)
i=1 =1

It is convenient to interpret the finite Dirichlet mixture model in Eq. (2.1) as a latent variable
model. Thus, for each vector X’i, we introduce a M -dimensional binary random vector ZZ =
{Zir,...,Zim}, such that Z;; € {0, 1}, Zjvil Zij = land Z;; = 1if )Z'Z- belongs to component j
and 0, otherwise. The latent variables Z = {Z;, ..., Zy} are actually hidden variables, so that do
not appear explicitly in the model. The conditional distribution of Z given the mixing coefficients
7 is defined as

p(Z|7) = HHT[' i (2.4)

=1 j=1

Then, the likelihood function with latent variables, which is actually the conditional distribution of

data set X' given the class labels Z, can be written as

p(X|Z,d) = HHDII“X’O@ i (2.5)



Having the data set X', an important problem is the learning of the mixture parameters. By learning,
we mean both the estimation of the parameters and the selection of the number of components M .
In the following, we describe a variational inference approach, for finite Dirichlet mixture models,

that can handle these two issues simultaneously.

2.2 Variational Inference for Finite Dirichlet Mixture Model

2.2.1 Variational Approximation

In order to estimate the parameters of the finite Dirichlet mixture model and to select the number of
components correctly, we adopt the variational inference methodology proposed in [47] for finite
Gaussian mixtures. The main idea of this framework is based on the estimation of the mixing

coefficients 77 by maximizing the marginal likelihood p(X'|7) given by
p(X|7) =) / p(X, Z,d|7)dd (2.6)
Z

where p(X, Z, @|7) is the joint distribution of all the mixture model random variables conditioned

on the mixing coefficients as
p(X, Z,a|7) = p(X|Z, @)p(Z|7)p(d) 2.7)

An important step now is to define a conjugate prior p(&) over the & parameters. Since the Dirichlet
belongs to the exponential family of distributions [76], a conjugate prior can be derived as follows
[77]: B
- F(ZZD:I a;i)|” —N(aj—1

p(@;) = f( ) {H&F(aﬂ)} lHle et (2.8)
where f(v,\) is a normalization coefficient and (v, \) are hyperparameters. Unfortunately, this
formal conjugate prior for the Dirichlet distribution is intractable, mainly because of the diffi-
culty to evaluate the normalization coefficient, and cannot be applied for the variational inference

directly as it shall be clearer later. We decided, faut de mieux, to tackle this problem in a sim-

ilar way as in [78] where the authors proposed a conjugate prior for the Beta distribution (i.e.
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one-dimensional Dirichlet) within a variational framework. Indeed, we assume that the Dirich-
let parameters are statistically independent and for each parameter «;;, the Gamma distribution is
adopted to approximate the conjugate prior as

Uj1

Ui wii—1 oy
plag) = Glagiluji, vji) = F(;j,)%"ﬂ ettt (2.9)
where u;; and vj; are hyperparameters, subject to the constraints u; > 0 and v;; > 0. Therefore,
we have
M D
p(@) = [T plan) (2.10)
j=11=1

By substituting Egs. (2.4), (2.5) and (2.10) into Eq. (2.7), we obtain the joint distribution of all the

random variables, conditioned on the mixing coefficients as
u]l

D Z;j D
p(X, Z,ad|7) HH[ sz 1 Q1) H aﬂ 1} HF u;z 1 —vjas (2.11)
i=1 =1

Plag) 13 j=11=1

A directed graphical representation of this model is illustrated in Figure. 2.1.

[ ]
Y
(w

M N

NI MD

Figure 2.1: Graphical model representation of the finite Dirichlet mixture. Symbols in circles
denote random variables; otherwise, they denote model parameters. Plates indicate repetition (with
the number of repetitions in the lower right), and arcs describe conditional dependencies between
variables.

Since the marginalization in Eq. (2.6) is intractable, we use the variational inference to find a
tractable lower bound on p(X|7). To simplify the notation without loss of generality we define

© = {Z,a}. The variational lower bound L of the logarithm of the marginal likelihood p(X|7)
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can be found as

£Q) = /Q(@) m%d@ 2.12)

where (Q(©) is an approximation to the true posterior distribution p(©|X, 7). In this work, we
adopt the factorization assumption for restricting the form of ()(©) as mentioned in Section 1.2.
With this factorized approximation, the posterior distribution ()(©) can be factorized into disjoint

tractable distributions as follows

mwzmawazqﬂﬁwmﬂﬂﬂﬂmm (2.13)

By applying the general variational formula as shown in Eq. (1.9), we obtain the variational solu-

tions for the factors of the variational posterior as (see Appendix A for details)

N M
_ H H’“i (2.14)

i=1 j=1
M D
Q@) = T[] 9(cnluyvi) (2.15)
j=11=1
where
ry = —a— (2.16)
Zj:l Pij
D
pij = eXp{lnﬂ'j + R+ Y (A — 1) lnXil} (2.17)
=1

Z aj) — V(ay) [<1n ajl> —In dﬂ}

Rl
=
=
N
H‘U
Ol
i.‘
u Mw

lD—l F(@jl)
1 D D
+3 oAV ay) - V(an)]((nay — Ina;)?)
=1 =1
1 D D D
+ 5 Z Z djaajb |:‘I//(Z @jl)(<ln Oéja> —In O_éja)<<111 Oéjb> —In O_éjb) (218)
a=1 b=1,a#b =1
sz = Uj + Pji U;l = v — Oy (2.19)
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D
U(ay) —1—2\11 Z@ a( lnozk> In ay,) (2.20)

k=1 kAL k=1

Mu

N
Pl = Z Zj>ajl|:

i=1

N
O = (Zj)In Xy (2.21)
1=1

where U(-) and V’(-) are the digamma and trigamma functions, respectively. The expected values

in the above formulas are

ws
(Zgy =1y, ap={az)=-"L (2.22)
Ujl
(Inaj) = V(u}) — Inwvy, (2.23)
((Inoy — Inay)?) = [P(uf) — Inwj]? + U (u)) (2.24)

2.2.2 Determining The Number of Components

Most conventional approaches tackle model selection problems via cross-validation. However, this
approach is computational demanding and wasteful of data. In our work, the mixing coefficients
7 are treated as parameters, and point estimations of their values are evaluated by maximizing the
variational likelihood bound £(@). Setting the derivative of this lower bound with respect to 7 to

Zero gives:
LN

Note that this maximization is interleaved with the variational optimizations for Q(Z) and Q(&).
Indeed, components that provide insufficient contribution to explain the data would have their
mixing coefficients driven to zero during the variational optimization, and so they can be effectively
eliminated from the model through automatic relevance determination [79]. Thus, by starting with
a relatively large initial value of M and then remove the redundant components after convergence,
we can obtain the correct number of components in a single training run. It is also noteworthy
that some works have shown that the variational objective is reduced to the Bayesian information
criterion (BIC) as N — oo [39,40] which justifies the fact that the variational Bayes approach is
more accurate than BIC for model selection (i.e. determination of the optimal number of mixture

components) in practical settings [46].
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2.2.3 Complete Variational Learning Algorithm

In variational learning, it is able to trace the convergence systematically by monitoring the vari-
ational lower bound during the re-estimation step [40]. Indeed, at each step of the iterative re-
estimation procedure, the value of this bound should never decrease. Specifically, we evaluate the
bound £(()) at each interaction and terminate optimization if the amount of increase from one
iteration to the next is less than a criterion. For the variational Dirichlet mixture model, the lower

bound in Eq. (2.12) is evaluated as

£(Q) = Z/Q(Z,&) m{w}d&

Q(Z,d)
=(Inp(X|Z,d)) + (Inp(Z|7)) + (Inp(@)) — (InQ(2)) — (InQ(@))
M N D N M N M
= Z Z 7"1']'[72,]' + Z(d]’l) IIIXZ'[] —+ Z Z Tij ln7rj — Z Z Tij IHTZ']'
z:l]\;:lD =1 =1 j=1 =1 j=1
+ Z Z{Uﬂ In Vi1 — In F(Ujl) + (Ujl — 1)<1Il Oéjl> — Ule_éjl}
j]\:41 l;l
_ Z Z{u}“z In v} —InT(uf) + (uf; — 1)(Inay) — v;flc_uﬂ}
j=1 1=1

(2.26)

Since the solutions for the variational posterior () and the value of the lower bound depend on

Algorithm 1 Variational Dirichlet mixtures

1: Choose the initial number of components M and the initial values for hyperparameters {u; }
and {v; }.
2: Initialize the value of 7;; by K-Means algorithm.

3: repeat
The variational E-step: Update the variational solutions for Q(Z) Eq. (2.14) and Q(d)
Eq. (2.15).

5:  The variational M-step: maximize lower bound £(()) with respect to the current value of 7
Eq. (2.25).

6: until Convergence criteria is reached.
7: Detect the optimal number of components M by eliminating the components with small mix-
ing coefficients close to 0.
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7, the optimization of the variational Dirichlet mixture model can be solved using an EM-like
algorithm with a guaranteed convergence (see, for instance, [39] for an empirical study and [48, 80]
for a theoretical one). Indeed, local convergence has been formally and analytically proven in
the case of the exponential family models with missing values [80] to which the finite Dirichlet
mixture belongs. This local convergence is due to the convexity property of the exponential family

of distributions. The complete algorithm can be summarized in in Algorithm 1.

2.3 Experimental Results

In this section, we describe results that evaluate and indicate the effectiveness of the proposed ap-
proach using both synthetic and two real applications namely images categorization and anomaly
intrusion detection. While the goal of the synthetic data is to investigate the accuracy of the varia-
tional approach as compared to the deterministic technique proposed in [75], the target of the real
applications is to compare the performances of finite Dirichlet with finite Gaussian mixture models
both learned in a variational way. In our experiments, we initialize the number of components to
15 with equal mixing coefficients. It is worth mentioning that multiple maxima in the variational
bound may exist and therefore running the optimization several times with different initializations
is helpful for discovering a good maximum in principle [47]. In practice we have perceived that,
for the experiments involved in this chapter, poor initialization values of the hyperparameters {u;; }
and {v;; } will considerably slow down the convergence speed. Based on our experiments, an opti-
mal choice of the initial values of the hyperparameters {u;; } and {v;;} is to set them as 1 and 0.01,
respectively. We have also considered hyperparameters initialization strategy previously proposed
in [81] in the case of finite Gaussian mixture models. This approach is based on estimating the
hyperparameters using maximum likelihood estimation of the parameters that result from succes-
sive runs of the EM algorithm. However, we have not observed, according to our experiments,

significant improvement or influence on the learning process.
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Table 2.1: Parameters of the different generated data sets. N denotes the total number of elements,

n; denotes the number of elements in cluster j. aji, oo, orj3 and 7; are the real parameters. &,

(2, j3 and 7; are the estimated parameters by variational inference. ¢;1, &j2, &;3 and 7; are the

estimated parameters using DM. We can observe that both algorithms are able to estimate unknown
parameters, yet the variational algorithm always gives more accurate values.

j\ajl Qj2  ajz T | Gy Grj2 ;3 it \5@'1 &j2 &3 T

1| 12 30 45 05 | 125 3129 4556 050 | 11.08 31.33 4528 0482

2] 32 50 16 05 | 3358 5020 1564 050 | 3127 5064 1638 0518

1| 12 30 45 04 | 1391 3540 5107 0398 | 13.96 3241 4853  0.327

2] 32 50 16 04 | 3268 5171 1681 0401 | 32.53 4896 1679 0451

100 3| 55 28 35 02 | 5043 2599 3195 0201 | 51.66 30.03  37.85 0222

Dataset3 200 1 | 12 30 45 025 | 13.07 3196 4663 0247 | 1358 2885 4654 0225

(N=800) 200 2| 25 18 90 025 | 2402 1776 8544 0253 | 2596 17.69 9351  0.231

3

4

1

2

3

nj
Data set 1 200
(N =400) 200
Data set 2 200
(N =500) 200

200 55 28 35 025 | 54.89 2773 3413 0.249 | 5643  29.72 3393  0.286
200 32 50 16 025 | 31.63 4873 14.45  0.251 | 34.68 51.34 14.18  0.258
Data set 4 200 12 30 45 0.2 11.46 2797 4198  0.198 | 11.28  32.59 46.84  0.231
(N =1000) 100 25 18 90 0.1 25.16 19.23 9336  0.098 | 23.13 19.50 87.92  0.145
300 55 28 35 03 | 5445  28.58 3440 0300 | 53.57  29.08 36.77  0.286

200 4 32 50 16 02 | 3623 5547 18.04  0.198 | 35.31 53.09 19.61 0.174

200 5 3 118 60 0.2 3.22 130.15  65.89  0.206 | 2.84 109.37 6332 0.164

Data set 5 200 1 12 30 45 022 | 12.21 31.24 47.06  0.223 | 1250  28.96 46.89  0.258
(N=900) 200 2 32 50 16 022 | 36.86  57.47 1896  0.222 | 3458  52.67 18.71 0.204
200 3 55 28 35 022 | 55.83  28.75 3484 0221 | 57.62  27.04 36.18  0.237

100 4 3 118 60 0.11 3.03 12493 6346  0.111 3.19 122,75 58.14  0.125

100 5 25 18 90  0.11 | 25.72 17.96 90.71 0.112 | 26.15 18.03 88.96  0.092

100 6 75 2 80  0.11 | 68.48 1.69 7498  0.111 | 72.54 2.37 83.28  0.084

Data set 6 200 1 12 30 45 0.2 13.60  33.37 49.51 0.199 | 11.13  32.66 4735 0218
(N =1000) 200 2 32 50 16 02 | 3372 5326 16.67  0.201 | 35.68  47.52 17.31 0.207
200 3 80 130 5 02 | 8635 139.96 5.21 0.199 | 84.93  136.49 3.98 0.179

100 4 3 118 60 0.1 2.98 12484  64.67  0.100 | 3.50 115.03  66.37  0.081

100 5 25 18 90 0.1 21.57 15.43 79.37  0.100 | 22.86 16.71 83.92  0.092

100 6 75 2 80 0.1 64.15 1.69 67.23  0.101 | 81.63 2.67 70.38  0.135

100 7 6 50 118 0.1 5.84 49.48 115.82  0.100 | 8.19 53.75 128.17  0.088
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Figure 2.2: Mixture densities for the synthetic data sets. (a) Data set 1, (b) Data set 2, (c) Data set
3, (d) Data set 4, (e) Data set 5, (f) Data set 6.

()

2.3.1 Synthetic Data

We first present the performance of our variational algorithm (varDM) in terms of estimation and
selection, on six three-dimensional synthetic data. Please notice that, here we choose D = 3
purely for ease of representation. We tested the effectiveness of our algorithm for estimating the
mixture’s parameters and selecting the number of components on generated data sets with different
parameters. Table 2.1 shows the real and estimated parameters of each data set using both our
variational algorithm and the deterministic approach (DM) proposed in [75]. Figure 2.2 represents
the resultant mixtures with different shapes (symmetric and asymmetric modes).

In order to estimate the number of components, we apply directly our algorithm on these data
sets (by starting with 15 components). The redundant components have estimated mixing coef-
ficients close to O after convergence. By removing these redundant components, we obtain the

correct number of components for each generated data set. Figure 2.3 illustrates the value of the
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Figure 2.3: Variational likelihood bound for each iteration for the different generated data sets.
The initial number of components is 15. Vertical dash lines indicate cancelation of components.
(a) Data set 1, (b) Data set 2, (¢) Data set 3, (d) Data set 4, (¢) Data set 5, (f) Data set 6.

variational likelihood bound in each iteration and shows that the likelihood bound increases at each
iteration and in most cases it increases very fast when one of the mixing coefficients is close to 0
(i.e. shall be removed). We can verify the results of estimating the number of components by per-
forming our variational optimization on a fixed number of components (i.e. without components
elimination). Thus, the variational likelihood bound becomes a model selection score. As shown
in Figure 2.4, we ran our algorithm by varying the number of mixture components from 2 to 15.
According to this figure, it is clear that for each data set, the variational likelihood bound is max-
imum at the correct number of components which indicates that the variational likelihood bound
can be used as an efficient criterion for model selection.

Moreover, we have performed a comparison between the numerical complexity of the proposed

variational algorithm and the DM approach, in terms of overall computation time and number of
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Figure 2.4: Variational likelihood bound as a function of the fixed assumed number of mixture
components for the different generated data sets. (a) Data set 1, (b) Data set 2, (c) Data set 3, (d)
Data set 4, (e) Data set 5, (f) Data set 6.

iterations before convergence. The corresponding results are shown in Table 2.2. It is obvious that,
for each data set, the proposed variational algorithm requires less iterations to converge and has a

faster computational time than the deterministic one.

2.3.2 Images Categorization

In this part, we consider the problem of images categorization which is a fundamental problem
in vision that has recently drawn considerable interest and seen great progress [82]. Applications
include the automatic understanding of images, object recognition, image databases browsing and
content-based images suggestion, recommendation and retrieval [83—85]. As the majority of com-
puter vision tasks, an important step for accurate images categorization is the extraction of good

descriptors (i.e. discriminative and invariant at the same time) to represent these images. Recently
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Table 2.2: Rum time (in seconds) and number of iterations required before convergence for varDM
and DM.

VarDM DM
Data set | Run time | No. iterations || Run time | No. iterations
1 4.81 278 10.62 364
2 4.73 269 10.85 395
3 4.08 191 10.19 282
4 3.95 189 9.83 257
5 3.64 143 9.17 243
6 4.72 265 10.78 386

Table 2.3: Clustering Accuracies with varDM Model and varGM Model. M* denotes the average
number of clusters.

varDM varGM

Data set M* Accuracy (%) M* Accuracy (%)
A 485+0.19 | 7493 +1.62 || 456 +0.31 | 65.26 + 1.38
B 4.03+£0.14 | 78.01 £1.56 || 441 +£0.52 | 68.34 +1.29
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Figure 2.5: Sample images from each group of sports event data set: (a) Rowing. (b) Badminton.
(c) polo. (d) Bocce. (e) Snow Boarding. (f) Croquet. (g) Sailing. (h) Rock climbing.

methods based on the bag-of-features approach have shown to give excellent results [86,87]. In
this subsection we therefore follow this class of methods and in particular the one proposed in [87].
First, key points in the images are detected using one of the various detectors and local descriptors
which should be invariant to image transformation, occlusions and variations of illumination are
extracted. Then, these local descriptors are grouped into VV homogenous clusters, using a cluster-
ing or vector quantization algorithm such as K-Means. Therefore, each cluster center is treated as
a visual word and a visual vocabulary is build with WV visual words. Applying the paradigm of
bag-of-words, a VYV —dimensional histogram representing the frequency of each visual word is cal-
culated for each image. Finally, the Probabilistic Latent Semantic Analysis (pLSA) model [88] is
applied to reduce the dimensionality of the resulting histograms allowing the representation of im-
ages as proportional vectors. Thus, our variational Dirichlet mixture modeling framework provides
a natural setting to address the categorization task.

In our experiments, we have considered the FeiFei’s sports event data set containing 8 cate-
gories of sports scenes: rowing (250 images), badminton (200 images), polo (182 images), bocce
(137 images), snow boarding (190 images), croquet (236 images), sailing (190 images), and rock
climbing (194 images). Thus, the data set contains 1,579 images in total. We normalize each image

into a size of 256 x 256 pixels. Examples of images from each categories are shown in Figure 2.5.
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Table 2.4: Average Rounded Confusion Matrix using the varDM Model to categorize Data Set A.
Rowing Badminton Sailing Croquet Rock

Rowing 109 5 28 3 5
Badminton 8 116 0 10 18

Sailing 19 3 122 2 4
Croquet 9 25 1 104 11
Rock 8 18 3 10 111

In our experiments, the key points of each image are detected using the Difference-of-Gaussian
(DoG) interest point detector [89] and described using Scale-Invariant Feature Transform (SIFT)
descriptor, resulting on 128-dimensional vector for each key point [89]. Then, an accelerated ver-
sion of the K-Means algorithm [90] is used to cluster all the SIFT vectors into a visual vocabulary
of 700 visual words. Note that, the number of visual words is user-specified. Based on our experi-
ments, the best results have been obtained when WV = [600, 800]. Then, the new representation for
each image is calculated through the pLSA model by considering 35 aspects.

Two data sets are used for testing our algorithm. Data set A consists of 750 images from five
categorizes of the sports event data set: rowing, badminton, sailing, croquet and rock climbing.
Data set B consists of 600 images from four different categorizes of the sports event data set:
rowing, polo, snow boarding and bocce. Table 2.3 shows the average number of clusters and the
average classification accuracies using both varDM and Gaussian mixture (varGM) models learned
by running their respective variational algorithms 20 times. Tables 2.4 and 2.5 show the confusion
matrices when applying varDM for data sets A and B, respectively. According to the obtained
results we can clearly see that the varDM outperforms the varGM in terms of both categorization

accuracy and selection of the optimal number of image categories.

2.3.3 Anomaly Intrusion Detection

Nowadays, intrusion detection systems (IDSs) are becoming more and more important as com-

puter security vulnerabilities and flaws are being discovered everyday [91-94]. The main goal
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Table 2.5: Average Rounded Confusion Matrix using the varDM Model to categorize Data Set B.
Rowing Polo Snow Bocce

Rowing 115 17 8 10
Polo 6 124 13 7
Snow 21 6 109 14

Bocce 5 3 15 127

is to establish approaches which can scan network activities and detect suspicious patterns that
may have been derived from intrusion attacks. Intrusion detection is based on the assumption
that intrusive activities are noticeably diverse from normal system activities and hence detectable.
According to the analysis methods, IDSs can be classified into two main categories: misuse detec-
tion and anomaly detection systems. In misuse detection systems, pre-defined attack patterns and
signatures are used for detecting known attacks. Alternatively, anomaly detection systems detect
unknown attacks by observing deviations from normal activities of the system. Anomaly detection
has the advantage of detecting new types of intrusions. In our work, we first use our mixture model
to learn patterns of normal and intrusive actives from training data. Then, we detect and classify

intrusive activities which are deviated from the normal activities in a testing data set.

Data Set Description

The well-known KDD Cup 1999 Data ! is used to investigate our mixture model. This data set
(tcpdump file) was collected at MIT Lincoln laboratory for the 1998 DARPA intrusion detection
evaluation program by simulating attacks on a typical U.S. Air Force Lan. Each data instance in
the data set is a connection record obtained from the simulated intrusions with 41 features (such
as duration, dst_bytes, etc). A connection is a sequence of TCP packets starting and ending at
some well defined times, between which data flows to and from a source IP address to a target IP
address under some well defined protocol. The training data consists of 494,021 data instances of

which 97,277 are normal and 396,744 are attacks. The testing set contains 311,029 data instances

"http://kdd.ics.uci.edu/databases/kddcup99/kddcup99.html
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Table 2.6: Confusion Matrix for Intrusion Detection with Variational Dirichlet Mixture Model.
Normal DOS R2L  U2R Probe

Normal 49081 1169 9012 1042 289

DOS 38859 181372 562 309 8751

R2L 3617 169 9657 243 95

U2R 185 63 137 2185 66

Probe 401 185 62 149 3369

Table 2.7: Intrusion Detection Results Using different approaches.
Algorithm | varDM | DM | varGM | GM

Accuracy (%) | 78.75 | 75.53 | 73.34 | 71.29

of which 60,593 are normal and 250,436 are attacks. All of these attacks fall into one of the
following four categories: DOS: denial-of-service (e.g. syn flood); R2L: unauthorized access from
a remote machine (e.g. guessing password); U2R: unauthorized access to local superuser (root)
privileges (e.g. buffer overflow attack) and Probing: surveillance and other probing (e.g. port

scanning).

Results

In our data set, each data instance contains 41 features in which 34 are numeric and 7 are symbolic.
In our experiments, only the 34 numeric features are used (i.e. each data is then represented as a
34-dimensional vector). Since the features are on quite different scales in the data set, we need to
normalize them such that one feature would not dominant the others in our algorithm. Table 2.6
shows the obtained confusion matrix using our varDM. According to this matrix the detection rate
1s 78.75%. A summary of the detection results by applying other approaches namely the DM, the
varGM, and the Gaussian mixtures (GM) are given in table 2.7. According to these results, we can

say that the varDM outperforms significantly, according a student’s t-test, the other approaches.
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Chapter 3

Unsupervised Feature Selection for
High-Dimensional Non-Gaussian Data Clustering

with Variational Inference

Clustering has been a subject of extensive research in data mining, pattern recognition and other
areas for several decades. The main goal is to assign samples, which are typically non-Gaussian
and expressed as points in high-dimensional feature spaces, to one of a number of clusters. It is
well-known that in such high-dimensional settings, the existence of irrelevant features generally
compromises modeling capabilities. In this chapter, we propose a variational inference framework
for unsupervised non-Gaussian feature selection, in the context of finite generalized Dirichlet (GD)
mixture-based clustering. Under the proposed principled variational framework, we simultane-
ously estimate, in a closed-form, all the involved parameters and determine the complexity (i.e.
both model an feature selection) of the GD mixture. Extensive simulations using synthetic data
along with an analysis of human action videos demonstrate that our variational approach achieves

better results than comparable techniques.

3.1 Model specification

The GD distribution is the generalization of the Dirichlet distribution. It has a more general co-
variance structure (can be positive or negative) than Dirichlet distribution and offers high flexibility
and ease of use for the approximation of both symmetric and asymmetric distributions. Compared
to the Gaussian distribution, the GD distribution has a smaller number of parameters that makes

the estimation and the selection more accurate.
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A GD distribution of a D-dimensional random vector Y is defined as

1 )
[ + Bji) a]—l ot
D(Y|d;, 5;) = || EWER (1—§ n) (3.1)

=1

where ZIZIYZ <land 0 < Y, < 1forl =1,....,D. d; = (aj,...,o;p) and EJ =
(Bj1,--.,0Bjp) are the parameters of the GD distribution, such that, o; > 0, 8;; > 0, vj =
Bji—ajii1—Pj41 forl =1,...,D—1,and v;p = B;p—1. Assume that we have a set of [V indepen-
dent and identically distributed vectors ) = (}71, o ?N), where each vector Y; = (Y1,...,Yp)is

assumed to be sampled from a finite GD mixture model with M components [17]:

M
p(Yil7,a@,8) = Y mGD(Y;|a;, 5;), (32)

j=1
where & = (dy,...,dy) and E = (/671, o ,EM). a; and Ej are the parameters of the GD distri-
bution representing component j. © = (mq,...,m) represents the mixing coefficients with the

constraints that are positive and sum to one.

According to an interesting mathematical property of the GD thoroughly discussed in [60], the
data point Y; can be transformed using a geometric transformation into another D-dimensional
data point X, with independent features. Then, the finite GD mixture model is equivalent to the

following mixture model

M D
p(Xil7,a@,6) =Y m; [ [ Beta(Xalaj, B;) (3.3)
=1 1=1
where X; = (Xit, .., Xsp), Xjp =Yy and Xy =Y, /(1— 1 Yi) forl > 1, and Beta(X;|oyi, ;1)
is a Beta distribution defined with parameters (o, 5;;):
(Ck]l + 5][) a i1—1 T
Beta(Xulayi, Bj1) = = Xy (1= Xa)™ (3.4)
Y I(o)T (ﬁ]l)

Consequently, the estimation of a D-dimensional GD is reduced to D estimations of one-dimensional
Beta distributions which is interesting for multidimensional data. Moreover, the independence be-

tween the features, in the transformed data space, becomes a fact rather than an assumption as
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considered in previous unsupervised feature selection Gaussian mixture-based approaches [54, 57,
59, 65].
Next, we assign a binary latent variable Zi = (Za, ..., Zin) to each observation )?i, such that

Z;; €{0,1}, Zj\il Zij =1, Z;; = 1if X, belongs to component 7 and equal to 0, otherwise. The

conditional distribution of latent variables Z = (Zl, . Z ~), given the mixing coefficients 7, is
defined as
N M
— Zij
p(ZI7) =[[1]~" (3.5)
i=1 j=1

It is noteworthy that the previous model assumes actually that all the features X;; are equally
important for the clustering task which is not realistic in general, since some of the features might
be “noise” and do not contribute to clustering process. In our work, we adopt the unsupervised
feature selection scheme that has been proposed in [60] by approximating the feature distribution

as

0K 1-¢y
P(Xa|Wikt, dar, v, Bjty Mty Tha) (Beta<Xil’ajl76jl))¢l(H Beta(Xil‘Aklkal)Wikl> "
o (3.6)
where ¢;; is a binary latent variable, such that ¢;; = 1 if feature [ is relevant (i.e. supposed to follow
a Beta distribution, Beta(X;|a;;, 8;), that depends on the class labels), and ¢; = 0 if feature
is irrelevant and then supposed to follow a mixture of K Beta distributions, Beta(X;| A, 7xi),
independent from the class labels. In addition, W, is a binary variable such that Zszl Wi = 1.
When W;,; = 1, it indicates that X;; comes from the kth component of the irrelevant Beta mixture
model. Assuming that W;;,; represents the elements of }V, the marginal distribution of WV is defined
as

N K
pOVID = TTTT T (3.7)

i=1 k=1 I=1
where 1y, represents the prior probability that X;; comes from the k£th component of the irrelevant

Beta distribution, and S°1 | 7, = 1.
The prior distribution of gg is defined as

N D
p(d]d) = H H ei“ 6112_(15“ (3.8)

i=1 [=1
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where each ¢; is a Bernoulli variable such that p(¢; = 1) = ¢, and p(¢; = 0) = ¢,. The
vector € = (€1, ..., €p) represents the features saliencies (i.e. the probabilities that the features are
relevant) such that €, = (¢;,,¢,) and ¢, + €, = 1.

Next, Gamma distributions are adopted to approximate conjugate priors over parameters &, 5 , X
and 7 as suggested recently in [78], by assuming that the different model’s parameters are inde-
pendent: p(a) = G(ali, v). p(5) = G(BIp, ). p(X) = G(N|g, h). p(7) = G(7|5,1), where G(-) is
the Gamma distribution and is defined as

G(zl|a,b) = F[Za) zi-tetr, (3.9

It is noteworthy that €, 7 and 77 will be considered as parameters and not as random variables within

our framework, thus priors shall not be imposed on them as we will explain further in next section.

3.2 Variational Learning of the Model

In order to estimate the parameters of the finite GD mixture model and to select the number of
components correctly, we adopt the variational inference methodology proposed in [47]. We are
mainly motivated by the good results obtained recently using variational learning techniques in
machine learning applications in general [95, 96] and for the unsupervised feature selection prob-
lem in particular [59, 65]. To simplify notation, let us define © = {Z, W, q;, a, 5 , X, 7} as the set
of non-observed random variables and denote A = {7, 17, €} as the set of parameters. Our goal is to
optimize the values of A by maximizing the marginal likelihood p(X'|A). Since this marginaliza-
tion is intractable, variational inference is then adopted to find a tractable lower bound on p(X|A).

By applying Jensen’s inequality, the lower bound L of the logarithm of p(X’|A) can be found as

mp(x1) > [ Q) E

where )(©) is an approximation to the true posterior distribution p(©|X, 7).

40 = £(Q), (3.10)

Then, we adopt the factorization assumptions for restricting the form of Q(©), such that

—

Q(0) = Q(2)Q(0)QMQ(A)Q(B)QNQ(7) . (3.11)
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In order to maximize the lower bound £(Q), we need to make a variational optimization of £(Q)
with respect to each of the factors in turn. For a specific factor @),,(0,,), the general expression

for its optimal solution can be found by

exp<lnp(X,®]A)>¢m
fexp<lnp(X,@|A)>¢md@ 7

Qm(Om) = (3.12)

where ()., is the expectation with respect to all the factors except for @),,,(©,,). By applying
Eq. (3.12) to each variational factor, we obtain the optimal solutions for the factors of the varia-

tional posterior as:

N M N D K
Zi' 7 i [
Q) =111 TIT 0 - o, = [ITI 1T mi
i=1 j=1 i=1 I=1 i=1 I=1 k=1
(3.13)
M D
Q@) = [T TI 6wl vp) =TT 119Bulps ) (3.14)
j=11=1 Jj=li=1
K K D
QW) =TT TT9Mwlgi: i) » =TI 1] 9(rulsinti) (3.15)
k=1 1=1 k=1 1=1
where we define
(¢ar)
Pij 01 Pikl
Tii = fi=—g"—13> Mikl = ¢
! Sl pid 5§l¢“) + 5&1 éu) Yol Pid

pij = exp{lnwj + Z<¢zl R+ (aj—)InXy+ (B —1)In(1 — X; )]}

55;5“) = exp{Z(Zij> [ﬁjl + (@ — 1) In Xy + (B — 1) In(1 — Xil)] +In el}
j=1
K
5511%)“) = exp{Z<Wikl>[]‘—kz + (A — 1) In Xy + (T — 1) In(1 — X;)] + In(1 — el)}

=1
Dikl = eXp{<1 — ¢ [Frr + O — D In Xy + (7 — 1) In(1 — Xz)] + lnnkz}

N
why =i+ Y (Zig)(di)az [ (@ + Bj) — (@) + B (aj + Bi) ((In Bjr) — In Bj1)]
=1
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=1
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where ( - ) represents an expected value, the () is the digamma function and defined as: 1(a) =

dInT(a)/da. Notice that, R and F are the lower bound approximations of R = (In FF(SS}L(B B))> and

F = <1n FF((A’\);(TT)) >, respectively. Since these expectations are intractable, we use the second-order

Taylor series expansion to find their lower bounds as proposed in [78]. The expected values in the

above formulas are given by
(Zig) =rijy  ( War) =mae,  {(Pa) = fau, (1—da) =1—fa

<ln a> =Y(u*) —Inv*, <lnﬂ> =Y(p*) —Ing", <ln )\> =Y(g*) —Inh", <ln7’> =(s*) —Int*

Now, we can obtain a variational lower bound £(()) which approximates the true marginal log
likelihood In p(X’|A) by using the variational solutions to each factor. The model parameters A can
be estimated by maximizing £(()) with respect to 7, 77 and €. Thus, by setting the derivative of the

lower bound with respect to 7;, 7, and ¢; to zero, we get

g 1« RS
Wj:NZTij, nchNZmuk, El:NZfil (3.16)
i=1 i=1 i=1

Since the solutions for the variational posterior () and the value of the lower bound depend on

the values of 7,17 and €, the optimization of the model can be solved in a way analogous to the
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Algorithm 2 Variational GD mixture with feature selection

Choose the initial number of components M and K.
Initialize the values of r;; and m;;, by K-Means algorithm.
repeat
The variational E-step: Update the variational solutions through Eq. (3.13) to Eq. (3.15).
The variational M-step: maximize lower bound £(()) with respect to the current values of
7,17 and € using Eq. (3.16).
until Convergence criteria is reached.
Detect the optimal number of components M and K by eliminating the components with small
mixing coefficients close to 0.

EM algorithm. The complete algorithm can be summarized in Algorithm 2. It is noteworthy that
the proposed algorithm allows implicitly and simultaneously model selection with parameter es-
timation and feature selection. This is different from classic approaches which perform model
selection using model selection rules, derived generally under asymptotical assumption and in-
formation theoretic reasoning, such as MML, MDL and AIC [11]. A major drawback of these
traditional approaches is that they require the entire learning process to be repeated for different

models (i.e. different values of M and K in our case).

3.3 Experimental Results

In this section, we shall illustrate our results with a collection of simulation studies involving both
synthetic data and a real-life challenging application namely human action videos categorization.
The goal of the synthetic data is to investigate the accuracy of the variational approach. The real
application has two main goals. The first goal is to compare our approach which we refer to as
varFsGD to the MML-based unsupervised feature selection approach (MMLFsGD) previously pro-
posed in [60]. The second goal is to compare varFsGD with the GD mixture learned in a variational
way without feature selection (we refer to this approach as varGD). We have also compared our
results with the variational Gaussian mixture-based unsupervised feature selection approach (we
shall refer to as varFsGau) proposed in [59]. In all our experiments, we initialize the number of

components M and K with large values (15 and 10, respectively) with equal mixing coefficients,
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Table 3.1: Parameters of the different generated data sets. N denotes the total number of elements,
n; denotes the number of elements in cluster j for the relevant features. a1, 51, 2, B2, &3, Bjs
and 7; are the real parameters of the mixture models of relevant features. ¢, le, Qjo, Bﬂ, a3,
B;3 and 7r; are the estimated parameters from variational inference.

ng j a1 Bjn aje Bia azz Biz T ‘ &1 Bj1 Qo Bj2 &3 Bj3 5

Data set 1 300 1 30 15 20 40 33 18 033 | 2794 1432 18.65 4127 3213 1752 0.32
(N=900) 300 2 25 33 30 50 14 62 033 | 2371 31.15 28.16 48.88 13.57 5993 0.34
300 3 40 30 35 26 27 12 034 | 3954 2936 3622 2451 2533 11.89 0.34
Data set 2 200 1 30 15 20 20 33 18 023 | 28.68 14.14 19.01 1955 3176 1754 0.24
(N=900) 300 2 25 33 30 50 14 62 034 | 2503 3272 28.11 4839 1458 6439 034
400 3 40 30 19 21 15 10 043 | 3557 2634 1873 2058 1577 981 042
Data set 3 800 1 45 55 62 47 54 39 053 | 46.01 5786 60.15 4529 51.04 41.68 0.54
(N =1500) 700 2 59 60 50 65 35 45 047 | 58.10 58.16 4843 61.89 3451 47.84 046
Data set 4 200 1 15 16 20 15 17 36 0.16 | 1531 17.09 1923 1521 1633 38.19 0.16
(N =1200) 200 2 18 35 10 25 20 13 016 | 1895 37.17 10.15 2394 2218 1257 0.15
400 3 40 28 33 46 18 40 033 | 3930 27.65 31.17 4756 1922 4383 0.33
400 4 30 44 25 40 35 22 035 | 3024 4579 2361 3839 3337 2415 036

and the feature saliency values are initialized at 0.5. In order to provide broad non-informative
prior distributions, the initial value of u, p, g and s for the conjugate priors are set to 1, and v, q, h,

t are set to 0.01.

3.3.1 Synthetic Data

First, the performance of the proposed varFsGD algorithm was evaluated in terms of estimation and
selection, through quantitative analysis on four 11-dimensional (three relevant features and eight
irrelevant features) synthetic data sets. The relevant features were generated in the transformed
space from mixtures of Beta distributions with well-separated components, while irrelevant ones
were from mixtures of overlapped components. Table 3.1 illustrates the real and estimated param-
eters of the distributions representing the relevant features for each data set using the proposed
variational algorithm. According to this table, the parameters of the model, representing relevant
features, and its mixing coefficients are accurately estimated. Although we do not show the es-
timated values of the parameters of the mixture models representing irrelevant features (the eight
remaining features), accurate results were obtained by adopting the proposed algorithm as well.

The feature saliencies of all the 11 features for each generated data set are shown in Figure 3.1.
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Figure 3.1: Feature saliency for synthetic data sets with one standard deviation over ten runs. (a)
Data set 1, (b) Data set 2, (c) Data set 3, (d) Data set 4.

It is clear that features 1, 2 and 3 have been assigned a high degree of relevance which is consistent
with the ground-truth. Therefore, we can conclude that, for synthetic data sets, the proposed
algorithm successfully detects the true number of components and correctly assigns the importance

of features.

3.3.2 Human Action Videos Categorization

With the rapid development of digital technologies, the increase in the availability of multime-
dia data such as images and videos is tremendous. With thousands of videos on hand, grouping
them according to their contents is highly important for a variety of visual tasks such as event

analysis [97], video indexing, browsing and retrieval, and digital libraries organization [98]. How
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to provide efficient videos categorization approaches has attracted many research efforts and has
been addressed by several researchers in the past (see, for instance, [99-101]). Videos catego-
rization remains, however, an extremely challenging task due to several typical scenarios such as
unconstrained motions, cluttered scenes, moving backgrounds, object occlusions, non-stationary
camera, geometric changes and deformation of objects and variations of illumination conditions
and viewpoints. In this section, we present an unsupervised learning method, based on our varia-
tional algorithm, for categorizing human action videos. The performance of the proposed method

is evaluated on a challenging video data set namely the KTH [102] human action data set.

walking jogging running boxing hand waving hand clapping

Figure 3.2: Examples of frames, representing different human actions in different scenarios, from
video sequences in the KTH data set.
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Experimental Methodology

Several studies have been conducted to provide models and visual features in order to consistently
(i.e. regardless changes in viewpoint angles, position, distance, size, orientation, or deformation)
categorize objects and visual scenes. These studies have shown that a good model is required,
and it must be able to select relevant visual features to improve categorization performance [103,
104]. Recently several works have been based on the notion of visual vocabulary constructed
via a quantization process, according to a coding rule such as K-Means, of local features (spatio-
temporal features in the case of videos) extracted from a set of detected interest points (space-time
interest points in the case of videos). This approach allows the representation of images and videos
as histograms of visual words and have convincingly proven its effectiveness in several applications
(see, for instance, [86]).

Our methodology for unsupervised videos categorization can be summarized as the following.
First, local spatio-temporal features from each video sequence are extracted from their detected
space-time interest points. Among many of the existing space-time interest points detectors and
local spatio-temporal features [99, 105], we employ the space-time interest point detector proposed
in [101] !, which is actually a space-time extension of the well-known Harris operator, and his-
tograms of optic flow (HoF) as proposed in [105]. Next, a visual vocabulary is constructed by
quantizing these spatio-temporal features into visual words using K-means algorithm and each
video is then represented as a frequency histogram over the visual words. Then, we apply the
pLSA model [88] to the obtained histograms as done in [87] in the case of still images. As a result
each video is represented now by a D-dimensional proportional vector where D is the number
of latent aspects. Finally, we employ our varFsGD model as a classifier to categorize videos by
assigning the video sequence to the group which has the highest posterior probability according to

Bayes’ decision rule.

"We have also tested another popular feature detector namely the Cuboid detector proposed in [99]. However, we
have not noticed a significant improvement according to our experiments.

37



KTH Human Action Data Set

The KTH human action data set is one of the largest available video sequences data sets of human
actions [102]. It contains six types of human action classes including: walking, jogging, running,
boxing, hand waving and hand clapping. Each action class is performed several times by 25
subjects in four different scenarios: outdoors (S1), outdoors with scale variation (S2), outdoors
with different clothes (S3) and indoors (S4). This data set contains 2391 video sequences and
all sequences were taken over homogenous backgrounds with a static camera with 25ftps frame
rate. All video samples were downsampled to the spatial resolution of 160x 120 pixels and have
a length of four seconds in average. Examples of frames from video sequences of each category
are shown in Figure 3.2. In this experiment, we considered a training set composed of actions
related to 16 subjects to construct the visual vocabulary, by setting the number of clusters in the
K-Means algorithm (i.e. number of visual words) to 1000, as explained in the previous section.
The pLSA model was applied by considering 40 aspects and each video in the database was then
represented by a 40-dimensional vector of proportions. Last, the resulting vectors were clustered
by our varFsGD model. The entire procedure was repeated 30 times for evaluating the performance
of our approach. The optimal number of components was estimated as around 6 while the number
of irrelevant Beta components was identified as K = 2. The confusion matrix for the KTH data
set is shown in Figure 3.3. We note that, most of the confusion takes place between “walking” and
“jogging”, “jogging” and “running”, as well as between “hand clapping” and “boxing”. This is
due to the fact that similar actions contain similar types of local space-time events.

Table 3.2 shows the average classification accuracy and the average number of relevant compo-
nents obtained by varFsGD, MMLFsGD, varGD and varFsGau. It clearly shows that our algorithm
outperforms the other approaches for clustering KTH human action videos. For instance, the fact
that the varFsGD performs better than the varFsGau is actually expected since videos are repre-
sented by vectors of proportions for which the GD mixture is one of the best modeling choices
unlike the Gaussian mixture which implicitly assumes that the features vectors are Gaussian which
is far from the case.

We have also tested the effect of different sizes of visual vocabulary on classification accuracy

for varFsGD, MMLFsGD, varGD and varFsGau, as illustrated in Figure 3.4(a). As we can see,
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Figure 3.3: Confusion matrix for the KTH data set.

Table 3.2: The average classification accuracy and the number of components (M) computed on
the KTH data set using varFsGD, MMLFsGD, varGD and varFsGau over 30 random runs.

Algorithm | M | Accuracy (%)
varFsGD | 5.96 78.17
MMLFsGD | 5.87 76.69
varGD 5.53 71.34
varFsGau | 5.67 72.06

the classification rate peaks around 1000. The choice of the number of aspects also influences
the accuracy of classification. As shown in Figure 3.4(b), the optimal accuracy can be obtained
when the number of aspects is set to 40. These aspects may contribute with different degrees in
discriminating among image categories. The corresponding feature saliency of the 40-dimensional
aspects together with their standard deviations (error bars) can be viewed in Figure 3.5. As illus-
trated in this figure, the features have different relevance degrees and then contribute differently
to clustering. For instance, there are seven features (features number 1, 8, 11, 14, 16, 22, 29) that
have saliencies lower than 0.5, and then provide less contribution in clustering. This is because

these aspects are associated to all categories and have less discrimination power. By contrast, eight
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Figure 3.4: (a) Classification accuracy vs. vocabulary size for the KTH data set; (b) Classification
accuracy vs. the number of aspects for the KTH data set.

features (features number 2, 10, 13, 25, 28, 33, 36 and 37) have high relevance degrees with fea-

ture saliencies greater than 0.9 which can be explained by the fact that these features are mainly

associated with specific action categories.
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Chapter 4

Variational Learning of a Dirichlet Process of
Generalized Dirichlet Distributions for Simultaneous

Clustering and Feature Selection

This chapter introduces a novel enhancement for unsupervised feature selection based on general-
ized Dirichlet mixture models. Our proposal is based on the extension of the finite mixture model
previously developed in [60] to the infinite case, via the consideration of Dirichlet process mix-
tures, which can be viewed actually as a purely nonparametric model since the number of mixture
components can increase as data are introduced. The infinite assumption is used to avoid problems
related to model selection (i.e. determination of the number of clusters) and allows simultaneous
separation of data into similar clusters and selection of relevant features. Our resulting model is
learned within a principled variational Bayesian framework that we have developed. The experi-
mental results reported for both synthetic data and real-world challenging applications involving
image categorization, automatic semantic annotation and retrieval show the ability of our approach
to provide accurate models by distinguishing between relevant and irrelevant features without over-

or under-fitting the data.

4.1 The Infinite GD Mixture Model with Feature Selection

In this section, we describe our main unsupervised infinite feature selection model. We start by a
brief overview of the finite GD mixture model. Then, the extension of this model to the infinite
case and the integration of feature selection are proposed. Finally, we present the conjugate priors

that we will consider for the resulting model learning.
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4.1.1 The Finite GD Mixture Model

Consider a random vector Y = (Y1,...,Yp), drawn from a finite mixture of generalized Dirichlet

(GD) Distributions with M/ components [106] as

M
p(Y|#,d,5) =Y mGD(Y|d;, 5)) (4.1)

j=1
where @ = {ai,....au}, 5 = {B1,...,Bu}, a&; and 3; are the parameters of the GD dis-
tribution representing component j with @; = {a;1,...,a;p} and Bj = {Bj,...,B;p}, and
7 = {m,...,m} represents the mixing coefficients which are positive and sum to one. A GD

distribution is defined as
D

Y|04], 53 H zjyll + g]]ll) Yot~ 1( Z Yk) 4.2)

1=1
where 327, Vi <land0 <Y, < 1forl=1,....D,a; > 0,85 >0, = By — i1 — B
forl=1,...,D—1,and v;p = Bjp — 1.

Now, let us consider a set of /N independent identically distributed vectors ) = (571, cee }7}\;)
assumed to arise from a finite GD mixture. Following the Bayes’ theorem, the probability that
vector ¢ is in cluster j conditional on having observed Y, (also known as responsibilities) can be
written as

p(jIY;) o m;GD(Y; a5, ;) (4.3)

In this work, we exploit an interesting mathematical property of the GD distribution previously

discussed in [60, 106] to redefine the responsibilities as
D

p(jlY:) o< m; H Beta( X, Bji) (4.4)
=1

where X;; = Yj; and X;; = Yy /(1 — 2_:11 Yir) for [ > 1 and Beta(X;|c; i, 5;:) is a Beta dis-
tribution defined with parameters (o, 5;;). Thus, the clustering structure for a finite GD mixture
model underlying data set )’ can be represented by a new data set X = (X: 1y-- X ~) using the

following mixture model with conditionally independent features

M D
p(Xi|7, @, ) =Y m; [ [ Beta(Xalay, Bj1) (4.5)
j=1 =1
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4.1.2 Infinite GD Mixture Model With Feature Selection

A conventional finite mixture model can be extended to have an infinite number of components us-
ing the Dirichlet process mixture model with a stick-breaking representation. The Dirichlet process
(DP) [107,108] is a stochastic process whose sample paths are probability measures with proba-
bility one. It can be considered as a distribution over distributions. The infinite GD mixture model
with feature selection proposed in this chapter is constructed using the DP with a stick-breaking
representation. Stick-breaking representation is an intuitive and straightforward constructive defi-
nition of the DP [109-111]. It is defined as follows: given a random distribution G, it is distributed
according to a DP G ~ DP(¢, H) if the following conditions are satisfied:

Jj—1 00
Aj~Beta(lw),  ~H — m=N]J0-X),  G=) _my,  (46)
s=1 j=1

where 5Qj denotes the Dirac delta measure centered at €2;, and ) is a positive real number. The
mixing weights 7; are obtained by recursively breaking an unit length stick into an infinite number
of pieces.

Assuming now that the observed data set is generated from a GD mixture model with a count-

ably infinite number of components. Thus, Eq. (4.5) can be rewritten as
p()?l‘ﬁ, O?, g) = Zﬂ'jHBeta(XMOéﬂ,ﬁjl) . (47)
j=1 =1

Then, for each vector )Z'Z-, we introduce a binary latent variable Zi = (Zi, Zsa,...), such Z;; €
{0,1} and Z;; = 1 if X, belongs to component j and 0, otherwise. Therefore, the likelihood func-

tion of the infinite GD mixtures with latent variables, which is actually the conditional distribution

of data set X’ given the class labels Z = (Zl, ce 7 ) can be written as
N oo D Zij
p(Xx|12.a.8) =1]]] (H Beta(Xyaj, @,)) (4.8)
i=1 j=1 ‘=1

According to Chapter 3, we know that some of the features in a high-dimensional data set may
be irrelevant and not contribute to the clustering process. In order to take this fact into account

the authors in [54] have supposed that a given feature X;; is generated from a mixture of two
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univariate distributions: The first one is assumed to generate relevant features and is different for
each cluster; the second one is common to all clusters (i.e. independent from class labels) and
assumed to generate irrelevant features. This idea has been extended in [60] where the irrelevant
features is modeled as a finite mixture of distributions rather than a usual single distribution. In this
work, we go a step further by modeling the irrelevant features with an infinite mixture model in
order to bypass the difficulty of estimating the appropriate number of components for the mixture

model representing irrelevant features. Therefore, each feature X;; can be approximated as
$u g 1=ga
p(Xil) ~ (Beta(Xil|ajl, ﬁjﬂ) (H Beta(Xil ’Uk:la Tkl)Wikl) (49)
k=1

where W, is a binary variable such that W;,; = 1 if X;; comes from the kth component of the
infinite Beta mixture for the irrelevant features. ¢;; is a binary latent variable, such that ¢; = 1
indicates that feature [ is relevant and follows a Beta distribution Beta(X;|a;, 8;1), and ¢ = 0
denotes that feature [ is irrelevant and supposed to follow an infinite mixture of Beta distributions

independent from the class labels:

p(Xu) = mBeta(Xu|ow, ) (4.10)
k=1

where 7);, denotes the mixing probability and also implies the prior probability that X;; is generated
from the kth component of the infinite Beta mixture representing irrelevant features.
Thus, we can write the likelihood of the observed data set X’ following the infinite GD mixture

model with feature selection as

N oo o0 1-¢, %
p(X|Z,W,gZ5, &75,0_:, F) = HH HBeta(Xil|ajl,6ﬂ)¢“>< (H Beta(Xil|Ukl,Tkl)Wikl) ]
i=1 j=1[1=1 Py
4.11)
where W = (Wl,...,WN) with ﬁi = (Vf/ﬂ,l/f/ﬂ,,_,) and Wy, = (Wikts - -, Wirp). 5 _
(61, &x) contains elements G; = (¢n,....0m). & = (61,2...) and 7 = (71, 7....)

are the parameters of the Beta mixture representing irrelevant features which comprise elements

dr = (o1, ...,0kp) and T = (Tx1, . - ., TkD ), T€SPECtively.
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4.1.3 Prior Distributions of The Proposed Model

We shall follow the variational inference framework for learning our model. Thus, each unknown
parameter is given a prior distribution. Since the analysis is considerably simplified if we exploit
conjugate prior distributions, conjugate priors are therefore chosen for the unknown random vari-
ables Z, W, gg, a, 5 ,0 and 7. The prior distributions of Z and VV given the mixing coefficients 7
and 77 can be specified as

p(Z|7) = HH Zig (4.12)

=1 j=1

N o D
pOVID) = [T TTTT ™ (4.13)

According to the stick-breaking construction of DP as stated in Eq. (4.6), 7 is a function of X. We

rewrite it here for the sake of clarity

j=1
=\ (4.14)
s=1
Similarly, 77 can be defined as a function of 7, such that
k—1
me = [ J(1 =) (4.15)

p(2) =TT TI TT =201 (+.16)

pOVI) = TTTTTT0w JT 0 =)™ (4.17)

k
where X = (A, Ag,...)and 5 = (71,72, . . .). The prior distributions of X and 7 follow the specific
Beta distribution given in Eq. (4.6) as

PN = HBeta ;) H¢]1— )it (4.18)
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p(71@) = [ [ Beta(L, ¢x) = [ er (1 — )" (4.19)
k=1 k=1

To add more flexibility, another layer is added to the Bayesian hierarchy by introducing prior
distributions over the hyperparameters 1) = (11,19,...) and F = (1, @9, ...). Motivated by the
fact that that the Gamma distribution is conjugate to the stick lengths [112], Gamma priors are

placed over 1/7 and ¢ as

-
p() = G(a ) = [[ F5vi "™ (4.20)
g=1"

) P ek 4.21)

where hyperparameters @ = (aq, as, . . .), b= (b1,bs,...), ¢ = (c1,c,...) and d = (dy,ds,...)
are subject to the constraints a; > 0, b; > 0, ¢, > 0 and dj, > 0 to ensure that these two prior
distributions can be normalized. The prior distribution for the feature relevance indicator variable
5 is defined as
N D
p(0le) = [T T b, ™ (422)
i=1 1=1
where each ¢; is a Bernoulli variable such that p(¢; = 1) = ¢, and p(¢; = 0) = ¢,. The
vector € = (€1, ..., €p) represents the features saliencies (i.e. the probabilities that the features are
relevant) such that €, = (¢;,, ¢,) and €, + €, = 1. Furthermore, a Dirichlet distribution is chosen

over €as [113]
D& +8) 1 601

Tentrenth S

e

where the hyperparameter 5 = (&1, &) is subject to the constraint (£;,&) > 0 in order to ensure

(4.23)

o

p(® = [ Dir(@lé) =

that the distribution can be normalized.

Next, we need to define the prior distributions for parameters ¢, 5 , 0 and T of Beta distributions.
Although Beta distribution belongs to the exponential family and has a formal conjugate prior, it
is analytically intractable and cannot be used within a variational framework as shown for instance

in [78]. Thus, the Gamma distribution is adopted to approximate the conjugate prior, as suggested
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in [78], by assuming that parameters of Beta distributions are statistically independent:

oo D
p(@) = 6(@17,9) = [T [T 5 esi™ e (4.24)
j=11=1 L)
oco D q]?jz
p(B)=GB5.q) = [[[] =28 "e (4.25)
RN = o o L —h
o) =g(alg,h) = oIk e TkLIkL (4.26)
p(d) =G(7|7.h) HHF@M)
[e.9] D tskl
p(7) =680 = [T [ 5557 "™ (4.27)
Skl
k=11=1

where all the hyperparameters @ = {u;; }, U = {vy}, p = {pj}. ¥ = {a5}, § = {gu}, ho={hu},
§={sw}and t = {t;;} of the above conjugate priors are positive.
A directed graphical representation of the infinite GD mixture model with feature selection is

illustrated in Figure 4.1.

Figure 4.1: Graphical model representation of the infinite GD mixture model with feature selec-
tion. Symbols in circles denote random variables; otherwise, they denote model parameters. Plates
indicate repetition (with the number of repetitions in the lower right), and arcs describe conditional
dependencies between variables.
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4.2 Variational Inference

In this section, a variational framework for learning the infinite GD mixture model with feature
selection is proposed. In our work, we define © = {Z W, g;, a, E, o, T, X, J, 5, @, €} as the set
of unknown random variables. The main idea in variational learning is to find an approximation
Q(©) for the true posterior distribution p(©|X’) [40].

Motivated from the work in [112], we truncate the stick-breaking representation for the infinite

GD mixture model at a value of M as
Ay=1, m =0 whenj> M, d om=1 (4.28)

Moreover, the infinite Beta mixture model for the irrelevant features is truncated at a value of K

such that

k=1, m=0whenk>K, Y p=1 (4.29)

Please notice that, the truncation levels M and K are variational parameters which can be freely
initialized and will be optimized automatically during the learning process.
By employing the factorization assumption and the truncated stick-breaking representation for

the proposed model, we then obtain

QO)=T11]eZ)

i=1j=1

HQ(M)Q(WI [HHHQ(WM)]

j= i=1 k=

:k;l . i=1 l:}i ;
< ([TT] @@, ] [HHQ o11) Q (Tt ] (4.30)
Lj=11=1 k=1 I=1

In this work, the general expression for the optimal solution of each variational factor is given

by
exp(Inp(X, 0));4s
fexp(lnp(?(, ©))izsdO

where (-);5 denotes an expectation with respect to all the distributions ();(©;) except for i = s.

Qs(05) = (4.31)
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By applying Eq. (4.31) to each factor of the variational posterior, we then acquire the following

optimal solutions

M
H H rd QM) = [ Beta(n16, ;) 4.32)
i=1j=1 7j=1
. M N K D
QW) = [T 9(wlas,b7) =TI TI 110 (4.33)
j=1 i=1k=11=1
K K
Q) = [[ Beta(velpor, i) . Q@) = [ 9(exlci, df) (4.34)
k=1 k=1
- N D —
Qo) =TIIIH" =0, Q@ = HDir<a|5*> (4.35)
i=11=1 _
D _‘ M D
Qa) = Hg(%ﬂ“gz, ). Q(B) = Hg Bilpyi, 4j1) (4.360)
j=1li=1 j=1li=1
K D K D
Q@) =[[11I6ulgi ki) . Q&) =TT T[9(mwmlsiti) (4.37)
k=11=1 k=11=1
where we have defined
(¢a1) -
Tij fi Mk
Tij = ; fi ; Mikl = — e —— (4.38)
TRy . S S
-1
Fij = exp{z<¢zl R+ (@ —1)InXy+ (B — 1) In(1 — X)) + (In ;) + Z(ln(l - X))} (439
s=1
~ k—1
Mg = exp{ (1 — i) [Fr+ (61 — 1) In Xy + (Fry — 1) In(1 — Xy) | + (Invx) +Z(ln(1 —7s))} (4.40)
s=1
<¢>z> _ eXp{Z i) Rji+ (@ —1)In Xy + (B — 1) In(1 — X; )] + (Ine,)} (4.41)
i = eXP{Z<Wim>[J:Em + (O — 1) In Xy 4 (T — 1) In(1 — Xip)] + (Ineg,) } (4.42)

k=1
N — —_ —_ —_

uj = uj + Z<Zz'j><¢u>@jz (W + Bjt) — (@) + B (@ + Bi)((InBy) —InBy)|  (4.43)
i=1
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N
pj = Dpji+ Z<Z¢j><¢>iz>5jl [(aj + Bj) — v (Bj) + au (e + Bj) ((Inoyy) — Inag)]  (4.44)

Ik = gk + Z (1= i) (Wir)owt [ (0r1 + Tra) — P(Tat) + Tt (0 + 7o) ((In7h1) — In7gy)] (4.45)

Skl = Skl + Z<1 — i) (Wikt) Tht [ (k1 + Trt) — ©(Tat) + 0 (Gha + Tra) (Inogr) — InGry)| (4.46)

N N
v = vji — Z<Zij><¢iz> In Xy , qj = qjt — Z(Zij><¢u> In(1 — Xy) (4.47)
=1 =1

hi = by — Z<1 — ) (W) In Xy, 15y =t — Z<1 — ¢ ) (Wi ) In(1 — Xy) (4.48)

N
0 =1+> (Zy), ;= () + Z Z (Zis),  a=a;+1 (4.49)
i=1 i=1 s=j+1
N D
br=b;— (In(1=X)), pe=1+>> (W), ch=cr+1 (4.50)
=1 =1
N K D
o= (k) + D Y. > (Wia) di = dy, — (In(1 — ) (4.51)
i=1 s=k+1 I=1
N N
=a+) (da), &E=&+ (1—¢u) (4.52)
=1 1=1

where 1 (-) is the digamma function and defined as: ¥ (a) = dInT'(a)/da. R and F are the lower

bound approximations of R = <ln FF((;;JFF(B ﬁ))> and F = <ln FF((AA)JFFTT)Q respectively. The expected

values in the above formulas are given by

* * *

_ = Y _ _

Q| = ]*l ; Bji = qj*j ; Tl = }glgl ; T = jZ (4.53)

aj %
(Yj) = 7 (oK) = el (Zij) =rij,  Wia) = miu (4.54)

i k
(du) = fu, (1—¢u) =1— fa, (Ina) =(u*) —Inov* (4.55)
(Inp) =v(*)—Ing¢", (lno) =¢(g*) —Inh*, (n7) =9(s*) —Int* (4.56)
(InX;) =v(0;) — (0 +9;) , (In(1 = X;)) = ¢(0;) — ¥(b; + 9;) (4.57)
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(Inyk) = (pr) — P(pr + @r) (In(1 = %)) = (i) — (pr + @) (4.58)
(Iney, ) = (&) — (& + &) , (Ine,) = (&) — (& +65) (4.59)

The complete algorithm can be summarized in Algorithm 3.

Algorithm 3 Variational learning of infinite GD mixtures with feature selection

Choose the initial truncation levels M and K.
Initialize the values for hyper-parameters w;;, vji, pji» @ji> Gris Pkts Skis tris @4, by, cr, di, &1 and
&o.
Initialize the values of r;; and m;;; by K-Means algorithm.
repeat
The variational E-step: Estimate the expected values in Eqs. (4.53)~(4.59), use the current
distributions over the model parameters.
The variational M-step: Update the variational solutions for each factor by Eqgs. (4.32)~(4.37)
using the current values of the moments.
until Convergence criteria is reached.
Compute the expected value of \; as (\;) = 6;/(6; + ¥;) and substitute it into Eq. (4.14) to
obtain the estimated values of the mixing coefficients ;.
Compute the expected value of 7 as (vx) = pr/(pr + @) and substitute it into Eq. (4.15) to
obtain the estimated values of the mixing coefficients 7).
Calculate the expected values of the features saliencies by () = & /(& + &) = (& +
Sy (du))/ (& + & + N).
Detect the optimal number of components M and K by eliminating the components with small
mixing coefficients close to 0.

4.3 Experimental Results

In this section, we evaluate the effectiveness of the proposed variational infinite GD mixture model
with feature selection (InFsGD) through synthetic data and two challenging applications namely
unsupervised image categorization and image annotation and retrieval. In all our experiments,
we initialize the truncation levels M and K as 15 and 10, respectively. The initial values of
hyperparameters u, p, g and s of the Gamma priors are set to 1, and v, g, h, t are set to 0.01. The
hyperparameters a, b, ¢ and d are set to 1, while & and &, are set to 0.1. Our simulations have

supported these specific choices.
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Table 4.1: Parameters of the generated data sets. /N denotes the total number of elements, [V;
denotes the number of elements in cluster j. «;1, 2, 551, Bj2 and 7; are the real parameters. &,
&2, Bj1, Bj2 and 7; are the estimated parameters by the proposed algorithm.

Nj jlap Bpn ap Bp m | dan Bp G Bp )
Dataset1 200 1| 10 15 21 12 050 | 10.12 1459 20.38 11.73 0.501
(N=400) 200 2| 25 18 35 40 0.50|23.67 1865 36.18 41.26 0.499
Dataset2 200 1| 10 15 21 12 025| 981 1589 20.51 12.10 0.253
(N=800) 200 2|25 18 35 40 0.25]|25.77 1832 36.03 41.68 0.249
400 3| 18 35 10 25 050 1735 3429 10.72 26.65 0.498
Dataset3 200 1| 10 15 21 12 025 10.09 1557 21.33 11.54 0.247
(N=800) 200 2|25 18 35 40 0.25]|24.13 17.28 35.15 38.66 0.251
200 3| 18 35 10 25 0.25]18.61 34.19 9.71 25.08 0.248
200 4| 33 27 45 13 0253195 26.83 43.89 1227 0.254
Dataset4 200 1| 10 15 21 12 020 934 1450 20.18 12.35 0.197
(N =1000) 200 2| 25 18 35 40 0.20|26.07 18.16 3449 39.12 0.199
200 3| 18 35 10 25 0.20 | 17.31 36.53 10.76 2422 0.203
200 4| 33 27 45 13 0.20 | 31.52 26.35 47.03 1398 0.204
200 5|20 10 42 38 0.20 | 19.88 1094 41.14 36.67 0.197
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4.3.1 Synthetic data

The purpose of the synthetic data is to investigate the accuracy of the proposed algorithm in terms
of parameters estimation and model selection. The performance of the InFsGD was evaluated
through quantitative analysis on four ten-dimensional (two relevant features and eight irrelevant
features) synthetic data. The relevant features were generated in the transformed space from mix-
tures of Beta distributions with well-separated components, while irrelevant ones were from mix-
tures of overlapped components. Table 4.1 illustrates the real and estimated parameters of the
distributions representing the relevant features for each data set using the proposed algorithm. Ac-
cording to this table, the parameters of the model, representing relevant features, and its mixing
coefficients are accurately estimated by the InFsGD. Similarly, the values of the parameters of the
mixture models representing irrelevant features (the eight remaining features) were also correctly
obtained (in terms of both parameters estimation and model selection) by adopting the proposed
algorithm.

Figure 4.2 shows the estimated mixing coefficients of the mixture components, in each data
set, after convergence. By removing the components with very small mixing coefficients (close
to 0) in each data set, we obtain the correct number of components for the mixtures representing
relevant features. Furthermore, we present the results of the features saliencies of all the 10 features
for each data set over ten runs in Figure 4.3. It obviously shows that features 1 and 2 have been

assigned a high degree of relevance, which matches the ground-truth.

4.3.2 Visual Scenes Categorization

In this experiment, a challenging problem namely image categorization is highlighted. It is a fun-
damental task in vision and has recently drawn considerable interest and has been successfully
applied in various applications such as the automatic understanding of images, object recognition,
image databases browsing and content-based images suggestion and retrieval [114]. As the ma-
jority of computer vision tasks, a central step for accurate images categorization is the extraction
of good descriptors (i.e. discriminative and invariant at the same time) to represent these im-

ages. Recently local descriptors have been widely and successfully used [115, 116] mainly via the
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Figure 4.2: Mixing probabilities of components, 7;, found for each synthetic data set after con-
vergence. (a) Data set 1, (b) Data set 2, (c) Data set 3, (d) Data set 4.

bag-of-visual words approach [86, 87, 117] which has allowed the development of many models
inspired from text analysis such as the pLSA model [88]. Recently, it has been shown that the
performance of visual words-based approaches to images categorization can be significantly im-
proved by adopting multiple image segmentations instead of considering the entire image as a way
to utilize visual grouping cues to generate groups of related visual words [117, 118].

The methodology that we have adopted for categorizing images can be summarized as fol-
lows: First, we compute multiple candidate segmentations for each image in the collection using
Normalized Cuts [119] '. Following that, Gradient location-orientation histogram (GLOH) de-

scriptors [120] are extracted from each image using the Hessian-Laplace region detector [121]%.

'Source code: http://www.seas.upenn.edu/ timothee/software/ncut/ncut.html
2Source code: http://www.robots.ox.ac.uk/~vgg/research/affine/
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Figure 4.3: Features saliencies for synthetic data sets with one standard deviation over ten runs.
(a) Data set 1, (b) Data set 2, (c) Data set 3, (d) Data set 4.

Note that, the GLOH descriptor is an extension of the SIFT descriptor, and is shown to outperform
SIFT [120]. Principal component analysis (PCA) is then used to reduce the dimensionality to 128.
Next, a visual vocabulary V is constructed by quantizing these feature vectors into visual words
using K -means algorithm and each image is then represented as a frequency histogram over the
visual words. Based on our experiments, the optimal performance can be obtained when V = 800.
Then, we apply the pLSA model to the bag-of-visual words representation which allows the de-
scription of each image as a D-dimensional vector of proportions where D is the number of aspects
(or learned topics). Finally, we employ the proposed InFsGD as a classifier to categorize images
by assigning each test image to the class which has the highest posterior probability according to
Bayes’ decision rule.

In our experiment, we adopted a subset of the challenging Caltech data set [122] to evaluate the
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effectiveness of the proposed approach. Specifically, we considered four object classes from the
Caltech data set [122] which include: “airplane”, “face”, “car”, and “motorbike”. Sample images
from this data set is displayed in Figure 4.4. This data set is randomly divided into two halves: one
for training (constructing the visual words) and the other for testing. We evaluated the performance

of the proposed algorithm by running it 20 times.

Face Airplane Car Motorbike

Figure 4.4: Sample images from the four categories of the Caltech data set.

For comparison, we have also applied four other models with the same experimental setting:
the finite GD mixture model with feature selection (FsGD), the infinite GD mixture model without
feature selection (InGD), the infinite Gaussian mixture model (/nGau) proposed in [112] and the
Gaussian mixture model with feature selection (FsGau) as learned in [59]. To make a fair com-
parison, all of these models are learned in a variational way. In our experiment, first, multiple

segmentations for each image is computed. Some sample segments for images from each category
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Face Airplane Motorbike

Figure 4.5: Sample segmentation results from the four categories of the Caltech data sets

in this data set are shown in Figure 4.5. The categorizing accuracy using the different tested ap-
proaches are presented in Table 4.2. According to the results in this table, the proposed InFsGD
provides the best performance among the tested algorithms in terms of the highest classification
rate and the most accurately estimation of the number of categories. Additionally, the number of
components for the mixture model representing irrelevant features was estimated as 2. Further-
more, we have tested the evolution of the classification accuracy with different number of aspects
as shown in Figure. 4.6 (a). Based on this figure, the highest classification accuracy can be obtained
when we set the number of aspects to 40. The corresponding feature saliencies of the 40 aspects
obtained by InFsGD are illustrated in Figure. 4.6 (b). As shown in this figure, it is clear that the

features have different relevance degrees and then contribute differently to images categorization.
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Table 4.2: The average classification accuracy and the number of categories (M) computed by
different algorithms for the Caltech data set.

InFsGD FsGD InGD InGau FsGau
M 3.9 375 385 3.8 3.7
Accuracy (%) 90.21 88.64 &88.03 84.19 &1.75
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Figure 4.6: (a) Classification accuracy vs. the number of aspects; (b) Feature saliency for each
aspect.

4.3.3 Image Auto-Annotation
Methodology

Many images carrying extremely rich information are now archived in large databases. A challeng-
ing problem is then to automatically analyze, organize, index, browse and retrieve these images.
A lot of approaches have been proposed to address this problem. In particular, semantic image
understanding and auto-annotation have been the topic of extensive research in the past [123—-128].
The main goal is to extract high-level semantic features in addition to low level features to bridge
the gap between them and to enhance visual scenes interpretation abilities [129-131]. Automatic
annotation approaches can be divided into two main groups of approaches [132, 133]. The first

group deals directly with the annotation problem by providing labels to the complete image or its
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different regions (see, for instance, [129, 130]). The second group tackles this problem via two
independent steps where the first step categorizes the images and the second one attaches labels
to them using the top ranked categories (see, for instance, [125, 133]). Approaches in this second
group have shown promising results recently. Thus, the goal of this subsection is to develop an
annotation-driven image retrieval approach, based on the work in [133], via categorization results
obtained with the proposed InFsGD in a bag-of-visual key words representation. Our aim is to
build an efficient annotation-retrieval approach to handle the problem of image search under three
challenging scenarios as stated in [133]: 1) use a tagged image or a set of keywords as query to
search images on the untagged portion of a partially tagged image database; 2) use an untagged
image as query to search images on the tagged portion of a partially tagged image database; 3) use
an untagged image as query to search images on an untagged image database. The methodology
that we have adopted for this experiment can be divided into three sequential steps namely: images
categorization, annotation, and retrieval.

In the categorization stage, the proposed InFsGD is integrated with the pLSA model to catego-
rize images through a bag-of-key visual words representation. First, interest points are detected us-
ing the Difference-of-Gaussian (DoG) detector [121]. Then, we use PCA-SIFT descriptor' [134],
computed on detected keypoints of all images and resulting on 36-dimensional vector for each
keypoint. Subsequently, the KA-Means algorithm is used to construct a visual vocabulary by quan-
tizing these PCA-SIFT vectors into visual words. In our experiments, we set the vocabulary size
to 1000. Each image is then represented as a frequency histogram over the visual words. Then, the
pLSA model is applied to the obtained histograms to represent each image by a 50-dimensional
proportional vector where 50 is the number of latent aspects. Finally, our InFsGD is deployed to
cluster the images.

The categorization results in the previous stage are exploited to perform image annotation.
Here, we follow an approach proposed in [133] which considers the problem of image annotation
from three phases: 1) the frequency of occurrence of potential tags based on the categorization
results; 2) saliency of the given tags; 3) the congruity of a word among all the candidate tags.

Assume that we have a training image data set that contains several categories. Each category is

'Source code of PCA-SIFT: http://www.cs.cmu.edu/~yke/pcasift
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annotated by 4 to 5 tags where common tags may appear in different categories. At the beginning,
we collect all the tags from each category. The total number of categories in the data set is denoted
as C' and the number of categories that have each unique tag t is represented as F'(¢). Then,
tag saliency can be evaluated similarly as for inverse document frequency in the field of document
retrieval. For a test image, a ranked list of predicted categories is generated according to the Bayes’
decision rule in the classification. Then, the top 5 predicted categories are chosen and the union of
all involved unique tags denoted as U () forms the set of candidate tags. Thus, we define f(t|I)
as the frequency of the occurrence of each unique tag t among the top 5 predicted categories. We
follow the idea proposed in [133] to determine the word congruity using WordNet [135] with the
Leacock and Chowdrow measure [136]. WordNet is a large lexical database of English which
groups English words into sets of cognitive synonyms called synsets. Hence, the congruity for a

candidate tag ¢ can be calculated by [133]:

dtot([)
G(t|I) = 4.60
(t1) drot (1) + [UD) 'S perriry drcn (@, ) (4.60)

We adopt the same settings for d; oy and 7oy as in [133], such that the distance between two
tags t and ¢y is: dpop(t,t2) = exp(—rron(ti, ta) +3.584) — 1. In addition, d;(I) evaluates the

pairwise semantic distance among all candidate tags and is defined as:

di(I) = > Y dien(z,y) (4.61)
)

zeU(I) yeU(I

By having all the three annotation factors on hand, we can compute the overall score for a candidate
tag as

AQI) = ay f(t|I) + 1320 In(5 +CF(t))

where a; + a2 + a3 = 1 represents the degree of importance of the three factors. Then, a tag

+ asG(t|T) (4.62)

t is chosen for annotation only if its score is within the top £ percentile among the candidate
tags. According to our experimental results, we set a; = 0.5, as = 0.2, a3 = 0.3, and ¢ =
0.7. For retrieving images, we use automatic annotation and the WordNet-based bag-of-words
distances as introduced in [133]. The core idea is that if tags were missing in the query image or

in our database, automatic annotation is then performed and the bag-of-words distances between
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Table 4.3: The average classification accuracy computed by different algorithms.

Method | Accuracy (%)

InFsGD 75.1
InGD 74.7
InGau 73.6

SC-GM 71.8
FsGau 70.2

query image tags and the database tags are calculated. This distance is used to rank the degree
of relevance of the images in the database and then to perform images search accordingly (more

details and discussions can be found in [133]).

Results

We test out approach using a subset of LabelMe data set [137] which contains both class labels and
annotations. First, we use the LabelMe Matlab toolbox? to obtain images online from 8 outdoor

% (13 2 13 2 (13

scene classes: “highway”, “inside city”, “tall building”, “street”, “forest”, “coast”, “mountain”
and “open country”. We randomly choose 200 images from each category. Thus, we have 1600
images in total. Each category is associated with 4-5 tags. We randomly divide the data set into
two partitions: one for training, the other for testing. First, we have performed categorization
using the proposed InFsGD with bag-of-visual key words representation as described previously.
We compare our approach with other four well-defined approaches: the infinite GD mixture model
without feature selection (InGD), the variational infinite Gaussian mixture model (InGau), the
combination of a structure-composition model and a Gaussian mixture model (we denote it as SC-
GM) as proposed in [133] and the Gaussian mixture model with feature selection (FsGau). The
categorization result of the 8 outdoor scene images is illustrated in Table 4.3. According to this
table, we can observe that the proposed InFsGD outperforms other four approaches in terms of the
highest classification accuracy rate (75.1%).

The obtained result from the categorization is then exploited by the annotation stage. The

performance of annotation is evaluated by precision and recall which are defined in the standard

Zhttp://labelme.csail. mit.edu/
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Table 4.4: Performance evaluation on the automatic annotation system based on different catego-
rization methods.

Method | Mean Precision (%) | Mean Recall (%)

InFsGD 31.5 43.6
InGD 304 42.3
InGau 29.8 40.2
SC-GM 27.1 38.7
FsGau 26.3 36.8

way: the annotation precision for a keyword is defined as the number of tags correctly predicted
divided by the total number of predicted tags. The annotation recall is defined as the number of
tags correctly predicted, divided by the number of tags in the ground-truth annotation. In our
experiments, the average number of tags generated for each test image is 4.05. Table 4.4 shows
the performance evaluation of the automatic annotation approach according to the categorization
result obtained by using different methods. It is clear that, annotation with the categorization result
obtained by InFsGD provides the best performance. Table 4.5 presents some examples of the
annotations produced by using InFsGD categorization method.

In the last step, we perform image retrieval under the three scenarios as described in the previ-
ous subsection. For the first scenario in which the database is not tagged and query may either be
keywords or tagged image, the retrieval is performed by first automatically annotating the database
through categorization and annotation steps. Then, image retrieval is performed according to the
bag-of-words distances between query tags and our annotation. In this experiment, we use 40 pairs
of query words that are randomly chosen from all the candidate tags. In the second scenario, the
database is tagged and the query is an untagged image. Thus, the first step to automatically an-
notate the query image. Then, the database is ranked according to the bag-of-words distances. In
the third scenario, neither the image database nor the query is tagged. Therefore, both the image
database and the query images have to be annotated automatically first. Subsequently, image re-
trieval is applied once again using the bag-of-words distance evaluation. We choose 100 images

randomly as the set of query images in this experiment. The performance of semantic retrieval was
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Table 4.5: Sample annotation results by using InF'sGD classification method.

[T ul :
il HEEasm
i)
Our la- | car, road, mountain car, sidewalk, win- | sky, building, tree human, car, tree
bels dow
LabelMg¢ truck, car, sky, road, | building, car, win- | building, tree, car, | person, car, side-
labels mountain dow, sidewalk, hu- | sky walk, building,
man tree
Our la- | sea water, tree, sky sand, tree, sea water | forest, sky, cloud cloud, field, moun-
bels tain, tree
LabelMg¢ tree, forest, moun- | sea water, sand, sky, | mountain, sky, field, | sky, sand, field,
labels tain, cloud, sky cloud tree mountain, car
Table 4.6: The comparison of image retrieval performance.
Scenario 1 Scenario 2 Scenario 3
Method | Precision (%) | Recall (%) || Precision (%) | Recall (%) || Precision (%) | Recall (%)
InFsGD 51.5 58.9 453 50.2 47.5 56.6
InGD 49.7 56.6 42.5 493 46.6 54.1
InGau 48.6 56.3 41.4 48.7 459 52.8
SC-GM 46.2 55.7 38.6 45.6 41.7 53.5
FsGau 43.8 52.1 37.1 434 38.3 51.0
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evaluated by measuring precision and recall. In this case, precision is defined as the proportion
of retrieved images that are relevant, and recall denotes the proportion of relevant images that are
retrieved. An image is considered relevant if there is an overlap between the original tags of the
query image or query word and the original tags of the retrieved image. Since categorization is
the baseline of our annotation-driven image retrieval approach. We have also tested the impact
of using different categorization algorithms on annotation-driven image retrieval performance and
illustrates the corresponding result in Table 4.6 on retrieving the top 10 relevant images. As we can
observe form this table, using InFsGD as the categorization method provides the best performance
for all three scenarios which indicates that the categorization algorithm is a significant influence

factor for the annotation-driven image retrieval scheme that we have applied.
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Chapter 5

Online Learning of a Dirichlet Process Mixture of
Beta-Liouville Distributions via Variational

Inference

A large class of problems can be formulated in terms of clustering process. Mixture models are an
increasingly important tool in statistical pattern recognition and for analyzing and clustering com-
plex data. Two challenging aspects that should be addressed when considering mixture models
are: how to choose between a set of plausible models and how to estimate the model’s parameters.
In this chapter, we address both problems simultaneously within a unified online nonparametric
Bayesian framework that we develop to learn a Dirichlet process mixture of Beta-Liouville distri-
butions (i.e. an infinite Beta-Liouville mixture model). The proposed infinite model is used for
the online modeling and clustering of proportional data for which the Beta-Liouville mixture has
been shown to be effective. We propose a principled approach for approximating the intractable
model’s posterior distribution by a tractable one, such that all the involved mixture’s parameters
can be estimated simultaneously and effectively in a closed form. This is done through variational
inference that enjoys important advantages, such as handling of unobserved attributes and prevent-
ing under- or over-fitting, and that we explain in details. The effectiveness of the proposed work
is evaluated on three challenging real applications namely facial expression recognition, behavior

modeling and recognition, and dynamic textures clustering.
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5.1 Beta-Liouville Mixture Model

Recently, Beta-Liouville mixture models have drawn considerable attention and have been suc-
cessfully applied in many applications [24]. The Beta-Liouville distribution contains the Dirichlet
distribution as a special case and has a smaller number of parameters than the generalized Dirich-
let. Furthermore, Beta-Liouville mixture models have shown better performance than both the
Dirichlet and the generalized Dirichlet mixtures as detailed in [24]. More properties and discus-
sions about the Beta-Liouville can be viewed in [138,139]. In this section, first we introduce
the finite Beta-Liouville mixture model. Then, we present its extension to the infinite case via a

stick-breaking construction of Dirichlet process framework.

5.1.1 Finite Beta-Liouville Mixture Model

Given a D-dimensional vector X = (X1,...,Xp) which follows the Beta-Liouville distribution
with positive parameters § = (ay,...,ap,a, ), then the probability density function of X is
given by [138]

D ray-1 a-0  aq D B—1
BL(X|0) = (Zd 1ad +/3 HXad (Zxd) (1-2)@) (5.1)

d=1 d=1
Assume that we have observed a set of [V vectors X = {)Z' Tyoos ,)Z' ~ }» where each vector )Z'i =
(Xi1, ..., X;p) is represented in a D-dimensional space and assumed to be generated from a finite

Beta-Liouville mixture model with M components, then [24]
p(Xi|7,0) = ZWJBL Xi6,) (5.2)
J=1

where BL()Z'i|9j) is a Beta-Liouville distribution corresponding to component j with parameters
0, = (oj1,...,a5p,aj,F;). In addition, g = (01,...,05), and @ = (my,..., 7y ) denotes the

vector of mixing coefficients which are positive and sum to one.
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5.1.2 Infinite Beta-Liouville Mixture Model
Stick-breaking Construction

In this subsection, we extend the finite Beta-Liouville mixture model to the infinite case by exploit-
ing a Dirichlet process formulation. In our work, the Dirichlet process is constructed by adopting
a stick-breaking framework, which is defined as follows [109]: given a random distribution G, it
is Dirichlet process distributed with a base distribution /{ and concentration parameter ¢ (denoted
as G ~ DP (v, H)), if the following conditions are satisfied:

j—1

Aj~Beta(le),  ~H  m=N]J0-X),  G=) m,  (53)
j=1

s=1

where g, denotes the Dirac delta measure centered at €2;, and 7; is the mixing proportion in terms
of mixture modeling terminology and is defined by recursively breaking a unit length stick into
an infinite number of pieces. The Dirichlet process can be translated to a mixture model with a
countably infinite number of components by its nonparametric nature [ 140]. In the case of Dirichlet
process mixture model, the actual number of components is not fixed, and can be automatically

inferred from the data using Bayesian posterior inference framework.

The Infinite Model

Assume now that we have observed X which is generated from a Beta-Liouville mixture model
with a countably infinite number of components. Then, the infinite Beta-Liouville mixture model

can be written as -
p(Xi|#,6) = mBL(X,[6;) 5.4

j=1
In mixture modeling, we generally use auxiliary variables to allocate each vector to a specific
cluster. Thus, we introduce a M -dimensional binary random vector Z: =A{Zu,...,Ziu} for each
observed vector )Z'i, such that Z;; € {0, 1}, Zj\il Zii = 1land Z;; = 1if XZ belongs to component

j and 0, otherwise. Z = {Zl, 7 ~ } is known as the set of “membership vectors” of the mixture
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model and its distribution is specified in terms of the mixing coefficients 7, such that
p(Z|7) = HHW “ (5.5)
=1 j=1
Notice that, 7 is a function of X according to the stick-breaking construction of Dirichlet process

as shown in Eq. (5.3). Then, we can write
p(Z|N) = H H AJ )] (5.6)
=1 j=1 s=1

The prior distribution of X is the specific Beta distribution as shown in Eq. (5.3):
e HBeta ;) H% 1— )%t (5.7)

The primary difficulty when adoptmg variational learmng approach lies with the choice of conju-
gate priors. In our case, since oy, « and [ are positive, Gamma distributions G(-) are adopted to
approximate conjugate priors for these parameters: p(ay) = G(ag|luq, va), p(a) = G(alg, h) and

p(B) = G(Bls, k).

5.2 Online Variational Model Learning

In this section, we first develop a batch variational inference framework for learning infinite Beta-
Liouville mixture models. Subsequently, an online extension is proposed. To summarize, the
main goal is to develop a variational approach that learns an infinite Beta-Liouville mixture model
by simultaneously optimizing both its parameters and its structure (i.e. complexity or number of
mixture components) in both batch and online settings. To simplify the notation, in the following

sections we define © = {Z, A} as the set of latent and unknown random variables where A =
{X.0}.
5.2.1 Batch Variational Learning

The main idea of variational inference to find an approximation )(©) for the true posterior dis-

tribution p(©|X’). This is done by maximizing the lower bound on the model evidence In p(X),
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which is defined by
£(Q) = / Q(O) In[p(¥, ©)/Q(©)]de (5.8)

In this work, we adopt a truncation technique proposed in [112] to truncate the variational distri-
butions at a value M, such that Ay = 1, z;\il m; = 1, and m; = 0 when j > M. Notice that the
truncation level M is a variational parameter which can be freely initialized and will be optimized
automatically during the learning process. By adopting the truncated stick-breaking representation

and the factorization assumption, we obtain

0(6) = [ﬁ@(&)} [ﬁﬁ@(am] {ﬁ@(&)@(a»@(@) 59)

Jj=1ld=1

Two alternative approaches with equivalent results can be applied for variational inference.
In the first approach, a general solution for optimizing each variational factor exists and is given

by [66, chapter 10]
exp<lnp(2(, @)>¢S

- fexp<lnp(2€', @)>#Sd@

where (-)., denotes the expectation with respect to the () distributions over all variables except

Qs(0) (5.10)

for ©,. We have adopted this approach in previous Chapters to learn finite Dirichlet , GD and
ininite GD mixture models. The second approach for deriving optimization solutions in variational
inference is based on a gradient method [141]. Since this gradient-based approach can be easily
adapted to online learning, it is adopted here to learn infinite Beta-Liouville mixtures in a batch
manner and then will be extended into an online version in the next subsection. The major idea of
the gradient-based variational learning approach is that, since the model has conjugate priors, the
functional form of the factors in the variational posterior distribution is known. Thus, by taking
general parametric forms for these distributions, the lower bound can be considered as a function
of the parameters of these distributions. The optimization of variational factors is then achieved
by maximizing the lower bound with respect to these parameters. In our case, the functional form
for each variational factor is the same as its conjugate prior distribution, namely Discrete for Z,

Beta for X, and Gamma for &y, @ and 5 Therefore, we can define the parametric forms for these
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variational posterior distributions as the following

M
HH% . QM) = [ Beta(rles, d)) 5.11)
j=1

i=1 j=1
M D
=TT 6 (csalesss. v}0) (5.12)
j=1d=1
M M
Q@) =[] g(eslg;. 05, QB =]]9Bls; k) (5.13)
j=1 j=1

Consequently, the parameterized lower bound £((Q)) can be obtained by substituting Egs. (5.11),
(5.12) and (5.13) into Eq. (5.8) (See Appendix C.1). Maximizing this bound with respect to these
parameters then gives the required re-estimation equations (Details of the variational inference

procedure are given in Appendices C.2 to C.4). Thus, we can obtain

~ N N N
Ti5
i = == cj =1+ Z<Zij>7 dj =v¢; + Z Z (Zis) (5.14)
Zj:l Tij i=1 i=1 s=j+1
D D
T‘U—exp[S +H;+( Z ) In( Zde ;i — 1) lnl—Zde —|—Z ajq —1)In X;q
d=1 = d=1 d=1
j—1
+Hn ) + > (In(1 = A,))] (5.15)
s=1

where S; and H; are given by Eq. (C.4) and Eq. (C.3), respectively.

N
u;d = Ujq + Z<Zij>ajd[ Zajd + \I/ Zajd Z ln Ctjl> —1In ajl)ajl — qf(djd) (5.16)

i=1 d=1 I#d
N D
Vig=vja— Y (Zij)[In Xiq —In(>_ X;q)] (5.17)
=1 d=1
N — — — —
g =g+ > (Zi) BV (& + B))((InB;) — In B)) — U(ay) + U(ay; + Bj)]a; (5.18)
i=1
N D N D
hi=hj— Z(Zm ln(z Xidq), Ky =k;— Z(Zz-j) In(1 — ind) (5.19)
=1 d=1 i=1 d=1
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N
$i=s;+ > (Zi)|a;V' (6 + Bj)((Inay) — Inay) + U(a; + B;) — (B;)] B; (5.20)
=1

where U(-) is the digamma function. The expected values in the above formulas are defined as

Qg = Zj;l aj = %ﬂ B; = é (Zij) = 1ij (5.21)

<ln ajd> = U(ujy) — Inviy (5.22)

(Inoj) =W(g)) —Inhi, (Inp;)=T(s}) —Ink; (5.23)

(InX;) =U(c;) — U(cj +d;), (In(l—N))=T(d;) — ¥(c; +d;) (5.24)

The batch variational inference for infinite Beta-Liouville mixture model can be approached via
an EM-like framework and is summarized in Algorithm 4. The convergence of this batch learning
algorithm can be monitored through inspection of the variational bound. After convergence, we
may notice that the expected values of the mixing coefficients of some components are numerically
distinguishable from their prior values while others are close 0. This effect can be explained
qualitatively in terms of the automatic trade-off in a Bayesian model between fitting the data and
the complexity of the model, in which the complexity penalty stems from components whose

parameters are pushed away from their prior values [66].

5.2.2 Online Variational Inference

In this subsection, we extend the batch variational inference approach for learning infinite Beta-
Liouville mixture model to online settings by adopting the framework proposed in [141]. Since in
many real-world applications data points are continuously arriving over time in an online manner,
it is desirable to estimate the variational lower bound corresponding to a fixed amount of data. In
our case, let ¢t denotes the actual amount of observed data. Then, the current lower bound for the

observed data is given by

zgi/Q(A)dAZZiQ(Z-)I [ X“Z|A] /Q m[ //\\)}dA (5.25)
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Algorithm 4 Batch variational learning of infinite Beta-Liouville mixture.

1: Choose the initial truncation level M.

2: Initialize the values for hyper-parameters v;, w;q, vj4, 95, h;, 5; and k;.
3: Initialize the values of r;; by K'-Means algorithm.

4: repeat

5 The variational E-step:

6

Estimate the expected values in Eqs. (5.21)~(5.24), use the current distributions over the

model parameters.
The variational M-step:

® X

current values of the moments.
9: until Convergence criterion is reached.

Update the variational solutions for each factor using Egs. (5.11), (5.12) and (5.13) and the

10: Compute the expected value of \; as (\;) = ¢;/(c¢; + d;) and substitute it into Eq. (5.3) to

obtain the estimated values of the mixing coefficients ;.

11: Detect the optimal number of components M by eliminating the components with small mix-

ing coefficients close to 0 (less than 1075).

where A = {X, 5} The key idea of the online variational learning algorithm is to successively

maximize the current variational lower bound Eq. (5.25). Assume that we have already observed

a data set {X;,... X (t—l)}- For a new observation X;, we can maximize the current lower bound
LD(Q) with respect to Q(Z,), while other variational factors are fixed to QU= (X), QU1 (),

QU=1(&) and Q=1 (3). Thus, the variational solution to Q(Z,) is given by

Jj=1
where
th
Ty = ZM ~
j=1"1j
and
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Next, the current lower bound £®((Q) is maximized with respect to Q®(X), while Q(Z,) is
fixed and other variational factors remain at their (¢ — 1)th values. Therefore, we can obtain the

variational solution to Q® (X):

Q(t) HBeta )\(t)|c ,d ) (5.29)

7j=1

where the hyperparameters are defined by
W= g pac?dl =dlY 4 pAdY (5.30)

where p; is the learning rate which is used to reduce the earlier inaccurate estimation effects that
contributed to the lower bound and accelerate the convergence of the learning process. In this
work, we adopt a learning rate function introduced in [142], such that p, = (1o+1t) %, subject to the
constraints a € (0.5, 1] and 79 > 0. In Eq. (5.30), Ac§t) and Adg-t) are the natural gradients of the
corresponding hyperparameters. The natural gradient of a parameter is obtained by multiplying the
gradient by the inverse of Riemannian metric, which cancels the coefficient matrix for the posterior

parameter distribution. Thus, we can obtain the following natural gradients as

Ac§t) = C§t) — C§t_1) =1 + N’T’t]‘ — Cg»t_l) (531)
AdD = g _ gi=D —y 4 N Z ree — d (5.32)
s=j+1

Subsequently, the current lower bound £ (Q) is maximized with respect to Q™ (@) and the

corresponding variational solution is given by

D
N(dq) = H [Ty vt (5.33)
j=1d=1
where
w =i 4 e, ol = oY ) (5.34)

The corresponding natural gradients are defined by

Au;g) = Ujd + N?"th_é]d Z Oé]d + \If Z ijd Z hl aﬂ) —In O_éjl)O_éjl — \IJ(O_éjd)} — U;C(ltil)
d=1 I#d
(5.35)
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AV = v — Nry [In Xpg = (> Xa)] — vy (5.36)

J
d=1
The solutions to the hyperparameters of Q) (&) and Q® () can be computed similarly. This
online variational inference procedure is repeated until all the variational factors are updated with
respect to the new observation. The computational complexity for the proposed online variational
infinite Beta-Liouville mixture is O(M D) in contrast to O(N M D) for its batch version in each
iteration. This is because the batch algorithm updates the variational solutions by using the whole
data set in each iteration. Thus, the proposed online algorithm is much more computationally
efficient since the estimation quality of the batch algorithm is improved more slowly than in the
case of the online one. The total computational time depends on the number of iterations required
for convergence. The online variational inference for infinite Beta-Liouville mixture model is

summarized in Algorithm 5.

Algorithm 5 Online variational learning of infinite Beta-Liouville mixture.

Choose the initial truncation level M.
Initialize the values for hyper-parameters v;, w4, v;4, g5, hj, s; and k;.
fort =1— Ndo
The variational E-step:
Update the variational solution to Q(Z,) using Eq. (5.26).
The variational M-step:
Compute learning rate p; = (19 +t) .
Calculate the following natural gradients: A, Adg-t), Aujc(lt), Av;gt), Ag;(t), Ah;.(t), As;(t)
and Ak;(t).
Update the variational solutions to Q) (X), Q®)(d,), Q®)(&) and Q1) ().
Repeat the variational E-step and M-step until new data is observed.
end for
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5.3 Experimental Results

5.3.1 Design of Experiments

In this section, the effectiveness of the proposed online infinite Beta-Liouville mixture model (re-
ferred to as OIBLM) is evaluated through three challenging applications involving facial expression
recognition, behavior modeling and recognition, and dynamic textures clustering. The first goal
of these applications is to evaluate the performance of OIBLM in terms of estimation (estimating
the model’s parameters) and selection (selecting the number of components of the mixture model).
The second goal is to show that our algorithm works well on diverse types of digital data. Three
types of digital media namely images, videos and dynamic textures are considered in our experi-
ments where each kind of media is used in one application. The third goal is to demonstrate the
merits of Beta-Liouville mixtures by comparing the performance of the proposed OIBLM to three
other online infinite mixture models including the infinite generalized Dirichlet (OIGDM), infinite
Dirichlet (OIDM) and infinite Gaussian (OIGM) mixtures. To make a fair comparison, all these
models are learned using online variational inference. It is also noteworthy that in all our real
applications, the testing data are supposed to arrive sequentially in an online fashion. In our exper-
iments, we initialize the truncation level M and the hyperparameter ¢ to 15 and 0.1, respectively.
The initial values of hyperparameters u, g and s of the Gamma priors are set to 1, and v, h, k are
set to 0.01. The parameters a and 7), of the learning rate are set to 0.75 and 64, respectively. Our
simulations have supported these specific choices. It is worth mentioning that we have evaluated
the sensitivity of our model to the initialization specification by repeating our algorithm several
times with different initial values of hyperparameters. However, no significant improvement or

influence on the learning process has been observed according to our experiments.

5.3.2 Facial Expression Recognition
Problem statement

Facial expression recognition is a crucial step to understand human emotion and paralinguistic

communication. It provides clues about affective state, cognitive activity and psychopathology
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and then may have important applications in human-computer interaction [143]. This problem
is challenging and far from straightforward especially under variable illumination conditions and
head motion [144, 145]. The majority of the research efforts on vision-based facial expression
analysis and recognition rely on the well-known Ekman’s emotional categorization referred to as
the basic emotions [146] including happiness, sadness, surprise, fear, anger, and disgust, that are
widely discussed in a series of interesting books [147-149]. The development of methodologies
to tackle this problem is still an active area of research with several promising approaches pro-
posed in the literature [150-156]. Although different, these approaches have been mainly based
on solving two sub-problems namely feature extraction and facial expression categorization. In
this experiment, we follow these approaches by applying our OIBLM for categorization in con-
junction with Local Binary Pattern (LBP) [157] features-based representation. The choice of LBP
features is motivated by the fact that they have shown recently promising results in facial image
analysis [157, 158]. In contrast to other proposed facial expression features, LBP features are more
robust against illumination changes and are more computationally efficient [158]. It is noteworthy
that we shall focus on static face images, without regard to temporal information, in this subsec-
tion. Temporal behaviors of facial expression in image sequences will be considered in the set of

experiments in subsection 5.3.3.

Figure 5.1: Sample images from the JAFFE data set: (a) Anger, (b) Disgust, (c¢) Fear, (d) Happi-
ness, (e) Sadness, (f) Surprise, (g) Neutral.

Methodology and Results

We use the same preprocessing step suggested in [159] by cropping original images into 110x 150

pixels to reduce the influence of background. As a result, the cropped images remain the central
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Table 5.1: The average recognition accuracy (%) and the number of categories (]\//T ) computed by
different algorithms for the JAFFE data set. The numbers in parenthesis are the standard deviations
of the corresponding quantities.

OIBLM OIGDM OIDM OIGM

—

M 6.71 (0.25)  6.64(0.29)  6.52(0.35)  6.43(0.38)
Accuracy | 88.28 (1.09) 86.17 (1.33) 84.52(1.18) 81.37 (1.41)

part of facial expression. Next, we extract LBP features from face images. More specifically,
each cropped face image is first divided into small regions from which LBP histograms are then
extracted and concatenated into a single feature histogram representing the face image [158]. We
use the same experimental settings for extracting LBP features as in [158]: we adopt a 59-bin LBP
operator in the (8,2) neighborhood (which means 8 sampling points on a circle of radius of 2) and
divide each image (110x150) into 18x21 pixels regions. Therefore, face images are divided into
42 (6x7) regions and are then represented by LBP histograms with length of 2478 (59x42). Then,
we apply the pLSA model [88] as a dimensionality reduction technique to the LBP feature vectors.
Each image is then represented as a 40-dimensional vector of proportions. Finally, we employ the
proposed OIBLM to cluster the sequentially arriving images.

In our experiment, we have adopted the Japanese Female Facial Expression (JAFFE) data set!
which is a benchmark in the filed of facial expression recognition. It contains 213 images of 7 facial
expressions (neutral plus six basic facial expressions: anger, disgust, fear, happiness, sadness and
surprise) posed by 10 Japanese female models aged from 20 to 40. Each image size is of 256 x256
pixels and each expresser has 2~4 samples for each expression. Sample images from this data set
with different facial expressions are shown in Figure 5.1.

We evaluated the performance of the proposed algorithm by running it 30 times. The confusion
matrix for the JAFFE data set provided by OIBLM is shown in Figure 5.2. Furthermore, we
have tested three other algorithms (OIGDM, OIDM and OIGM) for comparison. The average
recognition accuracy and the average estimated number of categories obtained by each algorithm

are shown in Table 5.1. According to this table, it is obvious that the proposed OIBLM outperforms

!'This data set is available at: http://www.kasrl.org/jaffe.html
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Figure 5.2: Confusion matrix obtained by OIBLM for the JAFFE data set.

Table 5.2: The average recognition accuracy rate (Acc) and the average estimated number of
categories (M) computed using different algorithms on the three data sets: facial expression (face),
mouse behavior (mouse) and human activity (UCF11).

OIBLM 0IGDM oIDM 0IGM

Dataset | Acc (%) M Acc (%) M Acc (%) M Acc (%) M
Face | 87.18(1.19) | 5.72(0.23) | 85.94(1.26) | 5.63(0.28) | 82.71(1.43) | 5.56(0.31) | 80.25(1.71) | 5.52(0.37)
Mouse | 75.68 (0.98) | 4.67(0.29) | 74.09(1.02) | 4.61(0.32) | 71.33(1.57) | 4.55(0.31) | 69.54 (1.49) | 4.49(0.35)
UCFI1 | 81.27 (1.34) | 10.46 (0.45) | 79.13 (1.67) | 10.35(0.52) | 77.45(1.82) | 10.29 (0.61) | 74.39 (1.75) | 10.25 (0.58)

the other three algorithms by providing the highest recognition accuracy rate (88.28%) and the

most accurate estimated number of categories (6.71).

5.3.3 Behavior Modeling and Recognition

Learning object, event and behavior classes is an important problem in computer vision which has
several applications [160—162]. Recent popular methods have been based on the representation
of images and videos as collections of local visual descriptors extracted from patches or interest

points. Various interest points (space-time interest points in the case of videos) detectors and local
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visual descriptors exist. The usual way to use the resulting visual descriptors is to quantize them,
using a certain clustering process such as K-Means or randomized forests [163, 164], to produce
the so-called visual words. In this experiment, we present an unsupervised learning method, based
on our online variational algorithm with the bag-of-visual words representation, for recognizing
various kinds of behaviors in video sequences. Among many of the existing space-time interest
points detectors and local spatio-temporal features, we adopt the so-called cuboid detector [99]
which has shown its effectiveness in behavior modeling. The Cuboid detector is based on temporal

Gabor filters and a histogram of the cuboid types and shall be used here as our behavior descriptor.

(a) (0) G

Figure 5.3: Sample frames from the each data set. (a): facial expression; (b): mouse behavior; (c):
human action.

The methodology of our unsupervised behavior recognition approach is summarized as fol-
lows. First, we extract local spatio-temporal features known as cuboids using the cuboid detector
as proposed in [99] from the already observed video sequences. In our work, we use the same
settings as in [99] for extracting cuboids and constructing the behavior descriptors. Next, a visual
vocabulary is constructed by quantizing these spatio-temporal features into visual words using
K-means algorithm and each video is then represented as a frequency histogram over the visual
words. Then, we apply the pLSA model as a dimensionality reduction technique to represent each
video as a D-dimensional proportional vector where D is the number of latent aspects. In this
experiment, according to our experimental results, the optimal number of aspects was around 45.
Lastly, the testing videos are clustered using the proposed OIBLM algorithm.

We conducted our experiments on three representative domains: temporal behaviors of facial
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expressions [165], mouse behavior and human action. we use the same facial expression and mouse
behavior data sets provided by [99]. The facial expression video data set contains about 192 video
clips which are collected from 2 individuals under 2 lighting conditions. Each individual was asked
to repeatedly perform 6 expressions (anger, disgust, fear, joy, sadness and surprise) 8 times. The
mouse data includes 406 clips with 5 behaviors performed by the same mouse: drinking, eating,
exploring, grooming and sleeping. The human action video data that we adopted in this experiment
is the UCF11 data sets [166] 2. It contains 1168 video sequences in total with 11 action categories:
cycling, diving, golf swinging, soccer juggling, trampoline jumping, horse-back riding, basketball
shooting, volleyball spiking, swinging, tennis swinging, and walking with a dog. Sample frames
from each data set are shown in Figure 5.3.

Each data set is randomly divided into two halves: one for constructing the visual vocabulary,
the other for testing. The results are obtained over 30 runs. Table 5.2 shows the average number
of clusters and the average recognition accuracies using OIBLM, OIGDM, OIDM and OIGM al-
gorithms. The average performance of these different algorithms is also illustrated in Figure 5.4.
According to these results, we can clearly see that the OIBLM outweighs the other algorithms by
providing the best performance on all testing data sets. Given the difficulty of the considered data

sets, these results are rather encouraging.

5.3.4 Dynamic Textures Clustering

Dynamic texture, which is an extension of texture to the temporal domain, can be defined as a
video sequence of moving scenes that exhibit some stationarity characteristics in time (e.g., fire,
sea waves, smoke, swinging flag in the wind, foliage, etc.) [167]. Dynamic textures have attracted
growing attention during the last decade since they can be used in various applications such as
facial expressions recognition, video surveillance, development of screen savers, personalized web
pages, and video games [168—170].

In this experiment, we address the problem of clustering dynamic textures using the proposed

OIBLM algorithm. Given a video sequence of a single dynamic texture, our goal is to recognize

’This data set is available at: http://vision.eecs.ucf.edu/datasets Actions.html
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Figure 5.4: Performance comparison on the three data sets: facial expression, mouse behavior and
human activity using different algorithms.

which class the video sequence belongs to. We adopt a dynamic texture modeling framework
previously proposed in [170]. This framework is based on modeling a video sequence by a collec-
tion of linear dynamical systems (LDSs) where each one describes a small spatio-temporal patch
extracted from the video. In particular, we use the so-called bag-of-systems (BoS) representation
which is able to explicitly capture the dynamics of dynamic textures. The first step of this approach
consists of extracting LDS descriptors from the available video sequences using the dense sampling
approach [170]. More specifically, given a video sequence, first we divide it into non-overlapping
spatio-temporal volumes with size a x b X ¢, where a and b denote the spatial size while c is the
temporal size. In this experiment, we used a patch-size of 20 x 20 x 25 which has provided us
the optimal performance according to our results. Then, each spatio-temporal volume is modeled
using a LDS of order 3 to form a feature descriptor. After extracting all the features from the video
sequences, we build a visual vocabulary using the K-Medoid approach [2] to quantize these fea-
tures into visual words. Next, we reduce the dimensionality of these feature vectors via the pLSA
model by considering 35 topics. Then, each dynamic texture is represented as a 35-dimensional

proportional vector. Finally, we apply the proposed OIBLM to cluster our dynamic textures.
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smoke

Figure 5.5: Sample fames from the DynTex data set.

Table 5.3: The average accuracy and the number of categories (M\ ) computed by different algo-
rithms when clustering the DynTex data set.

OIBLM OIGDM OIDM OIGM

—

M 6.75(0.41)  6.69(0.38)  6.46(0.49)  6.37 (0.52)
Accuracy | 83.37 (1.72)  80.62(1.96) 77.75(2.34) 74.87(2.28)

A challenging dynamic textures data set, which is known as the DynTex database [171] 3, is
considered in this experiment. This data set contains around 650 dynamic texture video sequences
from various categories. In our case, we use a subset of this data set which contains 8 categories
of dynamic textures: candle, flag, flower, fountain, grass, sea, smoke and tree. Each category has
20 video sequences with a size of 352 x 288. As a preprocessing step, we re-sampled all the video
sequences into a size of 360 x 300 to avoid extracting overlapping patches and in order to not
disregard any region. We have used half the data to construct the visual vocabulary and the rest for
testing. Sample frames from each category are shown in Figure 5.5. We run the proposed OIBLM

30 times for evaluating its performance. For comparison, we have also tested OIGDM, OIDM

3This data set is available at: http:/projects.cwi.nl/dyntex/index.html
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Figure 5.6: Confusion matrix obtained by OIBLM for the DynTex data set.

and OIGM algorithms using the same experimental methodology. Figure 5.6 shows the confusion
matrix for the DynTex data set using OIBLM. The average results of the clustering accuracy and
the estimated number of categories are illustrated in Table 5.3. Although the number of categories
is underestimated (6.75) by our algorithm, it is clear that it outperforms the rest of the algorithms

in terms of the highest categorization accuracy rate (83.37%) as shown in Figure 5.7.
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Figure 5.7: Performance comparison in terms of classification accuracy provided different algo-
rithms for the DynTex data set.
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Chapter 6

Conclusions

Clustering is an important problem in several fields, such as signal and image processing. In this
thesis, we have developed several approaches for high-dimensional non-Gaussian data clustering.
Our approaches are based on variational learning of various mixture models such as Dirichlet, gen-
eralized Dirichlet and Beta-Liouville. We are mainly motivated by the promising results obtained
by using these mixtures to model non-Gaussian data, especially those involving normalized count
data (i.e., proportional vectors) which naturally appear in many applications such as text, image
and video modeling.

In Chapter 2, we have presented an efficient attractive procedure for the variational learning of
finite Dirichlet mixture models. Our procedure is based on the construction and the optimization
of a lower bound on the model’s likelihood by choosing completely factorized conditional distribu-
tions over the model’s variables. The proposed framework can be viewed as a compromise between
ML estimation which prefers complex models and then causes over-fitting and pure Bayesian tech-
niques which penalizes complex models, but unfortunately require intensive computations and are
generally intractable. Indeed, unlike pure Bayesian methods which require sampling, the pro-
posed variational approach approximates posterior distributions over model parameters analyti-
cally thanks to the accurate choice of specific conjugate priors. Through extensive experiments we
have shown that proposed variational framework allows the automatic and simultaneous adjusting
of the mixture parameters and the number of components. It is noteworthy that the ability of our
variational approach to lead to a model with the correct number of components has been based
solely on empirical evidence via our experiments. These experiments have involved both synthetic
and real challenging problems such as image databases categorization and intrusion detection.

Most of the feature selection algorithms based on mixture models assume that the data in
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each component follow Gaussian distribution, which is seldom the case in real-life applications.
Unlike these approaches, we have proposed in Chapter 3 a principled variational framework for
unsupervised feature selection in the case of non-Gaussian data which naturally appear in many
applications from different domains and disciplines. Variational frameworks offer a determinis-
tic alternative for Bayesian approximate inference by maximizing a lower bound on the marginal
likelihood which main advantage is computational efficiency and guaranteed convergence that can
be easily assessed as compared to MCMC-based approaches which make posterior approximation
in a stochastic sense. We have shown that the variational approach can be used to obtain a closed
form parameters posteriors for our model. The proposed approach has been applied to both syn-
thetic data and to a challenging application which concerns human action videos categorization,
with encouraging results. It is noteworthy that the proposed selection model is also applicable to
many other challenging problems involving non-Gaussian proportional data such as text mining
and compression, and protein sequences modeling in biology.

Until recently, feature selection approaches based on mixture models were almost exclusively
considered in the finite case. The work proposed in Chapter 4 is motivated by an attempt to over-
come this limitation via the extension of the simultaneous clustering and feature selection approach
based on finite generalized Dirichlet mixture models, to the infinite case via Dirichlet processes
with a stick-breaking representation. The proposed technique drives much of its power from the
flexibility of the generalized Dirichlet mixture, the high generalization accuracy of Dirichlet pro-
cesses, and the advantages of the variational Bayesian framework that we have developed to learn
our model. Our method has been successfully tested in several scenarios and our experimen-
tal results using synthetic data and real-world applications namely visual scenes categorization,
image annotation and retrieval have shown advantages derived from its adoption. The model de-
veloped in this chapter is also applicable to many other problems which involve high-dimensional
data clustering such as gene microarray data sets analysis, text clustering and retrieval, and object
recognition.

In Chapter 5, we have presented a coherent statistical framework based on the newly introduced
Beta-Liouville mixture which has been shown to outperform both the Dirichlet and the general-

ized Dirichlet mixtures for proportional data clustering. The proposed framework uses Dirichlet
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process formalism with a truncated stick-breaking representation which results in an infinite Beta-
Liouville mixture model. The learning of this infinite model has been tackled via an efficient
attractive procedure, based on online variational inference, that we have developed. Within this
learning framework, we have developed a variational lower bound on the likelihood of the pro-
posed infinite model which optimization results in a deterministic EM-like algorithm. Extensive
empirical results have shown the merits and effectiveness of the proposed approach. These ex-
periments have involved real challenging problems namely facial expression recognition, behavior
modeling and recognition, and dynamic textures categorization.

In conclusion, variational frameworks offer a deterministic alternative for Bayesian approxi-
mate inference by maximizing a lower bound on the marginal likelihood which main advantage is
computational efficiency and guaranteed convergence that can be easily assessed as compared to
MCMC-based approaches which make posterior approximation in a stochastic sense. Like pure
Bayesian learning, variational learning provides good generalization capabilities, but at a signif-
icant lower computational cost since it does not need calculations of high-dimensional integrals
using MCMC methods. The variational approach allows analytical calculations of posterior distri-
butions over the mixture hidden variables, parameters and structure. In other words it allows simul-
taneous inference on both model and parameter space. It is our hope that the proposed approaches
will serve to inspire more interesting applications and learning techniques since proportional data
arise in many other problems such as protein sequence modeling in molecular biology, text mining,
images annotation, user profiling, collaborative filtering and recommendation.

There are a number of potential future directions that we are going to pursue. These directions
are towards extending the approaches we have currently proposed to more general domains. For
instance, we can integrate hierarchies into our approaches through hierarchical Bayesian nonpara-
metric frameworks such as hierarchical Dirichlet process (HDP) [172] and hierarchical Pitman-Yor
process (HPYP) [173]. Indeed, both HDP and HPYP are extensions to the conventional Dirichlet
process where hierarchical model structures are employed. Specifically, HDP possesses a Bayesian
hierarchy where the base measure for a set of Dirichlet processes is itself distributed according to a
Dirichlet process, while HPYP is a hierarchical Bayesian model based on a two-parameters gener-

alization of the Dirichlet process. We are mainly motivated by the fact that hierarchies can help to
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unify statistics, providing a Bayesian interpretation of frequentist concepts such as shrinkage and
random effects [174]. Thus, by taking the building blocks provided by simple stochastic processes
such as the Dirichlet process, it is possible to construct models that exhibit richer kinds of proba-
bilistic structure. In addition, we may go a step further by extending these hierarchical Bayesian
nonparametric frameworks to online settings to make them more efficient and more easily applica-

ble to massive and streaming data.
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Appendix A

Proof of Equations (2.14) and (2.15)

According to Eq. (1.8), the general expression for the variational solution ()5(©;) can be written
as
InQ,(0;) = (Inp(X,0)). iz, +const. (A.1)

where any terms that are independent of Q);(©;) are absorbed into the additive constant. Using the
previous equation and the logarithm of joint distribution in Eq. (2.11), we develop the following

variational solutions for Q(Z) and Q(&).

A.1 Proof of Equation (2.14): Variational Solution to Q)(Z)

D

InQ(Z;;) = Zij[lnmj + R; + Z aj — 1) In X;;| + const. (A.2)

=1

where

(Zl 1ajl)> _ Ujy
Ri=(ln 1= () = — A3
j < 1 T /o . aj = {aj) » (A.3)

Unfortunately, a closed-form expression cannot be found for R ;, so the standard variational infer-
ence can not be applied directly. Therefore, we need to propose a lower bound approximation to
obtain a closed-form expression. The second-order Taylor series expansion has been successfully
applied in variational inference for providing tractable approximations [78, 175] and we shall use
it here. Indeed, we approximate the function R; using a second-order Taylor expansion about the
expected values of the parameters ¢/;. Let us define ﬁj to denote the approximation of R ;, and

(@j1,...,a;p) to represent the expected values of @;. This lower bound approximation is given
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by Eq. (2.18) and is proved in Appendix B. Then, the optimization in Eq. (A.2) becomes tractable
after replacing R ; by ﬁj.
From Eq. (A.2), it is straightforward to see that the optimal solution to Z has the logarithmic

form of Eq. (2.4) except for the normalization constant. Thus, In ()(Z) can be written as

N

In Q(Z) = Z Z Zij In Pij -+ const. (A4)
i=1 j=1
_ D
In Pij = In U] + Rj + Z(djl - 1) In Xil (AS)
=1

Note that, any terms that do not depend on Z;; can be absorbed into the constant part. If we take

the exponential of both sides in Eq. (A.4), we obtain
N M
Q(Z) H H Pij (A.6)
i=1 j=1
This distribution needs to be normalized which can be performed as following
N M p
Zij i
Q(Z) = H Hrij ; Tij = —MJ (A.7)
i=1 j=1 Zj:l Pij

Note that the {r;;} are nonnegative and sum to one. Therefore, we can obtain the standard result
for Q(Z) as

where {r;;} are playing the role of responsibilities as in the conventional EM algorithm.

A.2 Proof of Equation (2.15): Variational Solution to )(@)

Since there are M components in the mixture model by considering the assumption that the pa-

rameters a; are independent, (&) can be factorized as

Q@) =TT] @ (A.9)



Let us consider the variational optimization regarding the specific factor ¢)(«;,). The logarithm of

the optimized factor is given by

N N
111 Q(O[js) = Z rijj(a/js) —+ CYjS Z rij lIlXZ'S + (ujs — 1) ln a/js — Ujsajs <+ const. (AlO)

i=1 i=1
where

(A.11)

T . D )
j( js) <ln (a Zl;ﬁs O‘Jl) >
OF#ajs

L) Tz D)
where 7 (o) is defined as a function of ¢ and is unfortunately analytically intractable. There-
fore, similar to R ; in the previous subsection, we need to find a lower bound to approximate 7 ()
which we obtain via a first-order Taylor expansion [78] [66, chapter 10] about &, (the expected

value of o) (see Appendix B):

D
j(ajs)zajslnajs{\ll(Zaﬂ)— (as) +Za]l\lf Za]l ((Inay) —Inay) }+const.
=1 l#s
(A.12)

If we substitute this lower bound back into Eq. (A.10), we obtain a new optimal solution to «;, as

N D D D
ln Q(Oéjs)zz rij@js ln Oéjs l@(z O_éjl) — @(@js) + Z ‘I//(Z @jl)@jl(<ln Oéjl> — hl O_fjl):|
i=1 =1 Is =1
N
+a, Z i In Xis 4+ (w5 — 1) Inajs — v;50055 + const.
i=1
=In ojs(ujs + @js — 1) — ajs(vjs — ¥j5) + const.

(A.13)
where
D D D
Zwﬁ[ () = W) + S WS aasl(ino) ~nda) | A1d
I=1 I#s -1
N
Djs = ryInX;, (A.15)
=1
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We can see that Eq. (A.13) has the logarithmic form of a Gamma distribution. Taking the expo-

nential of its both sides, we obtain

Q(ays) oc oyl e ey (A.16)
Therefore, we can obtain the optimal solutions to the hyper-parameters w;, and v; as
*

Ui = Ujs + Qs Vi = Vjs — Uy (A.17)

where ¢, and ¥} are given by Eqgs. (2.20) and (2.21), respectively.
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Appendix B

Proof of Equations (2.18) and (A.12)

B.1 Lower Bound of R .: Proof of Equation (2.18)

The function R; in Eq. (A.3) is analytically intractable, a non-linear approximation of the lower
bound can be obtained by using the second order Taylor expansion as done in [78] where the au-
thors have used the first and second Taylor expansions to approximate lower bounds for variational

Beta mixture model. In our work, first, we define the following function

- (21 1 1)
H Q; =H Qj1y ..., 045D B.1
() = H( )= Hl (o) (B.1)

where «j; > 1. The lower bound of #(¢/;) can be obtained by using the second order Taylor

expansion for In&; = (Inayy, ..., Ina;p) atlnd;p = (Inaji,...,Ina;py) as

7—[( )>7—[< J(J) + (hl 62]‘ —1In C_Y)Lo)TVH(O_ZJ’,O) (Bz)
1
2—(111 a5 —Ind;0) " VPH(A,0)(Ind; — Indjp)

where VH(d; ) represents the gradient of H evaluated at @; = @, and V2H(d; ) is the Hessian

matrix. This gives

OH(d;
7‘[( >H jo + Z 81nozjl |aj:@j,0(lnaﬂ - 1najl10)

1 O*H(d;
520 o1 ) |ay=a;0(In o — I ja0)(Incp — Inajpo)  (B.3)

n .0 Inajy
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Then, the lower bound of the function R ; can be obtained by taking the expectation of Eq. (B.3)

with respect to &@; as

(Zl 19%51,0)

Hz 1 P(O‘Jl 0)

D
+ Z aj1,0 [‘I’(Z aji0) — U(aj0)] [(Inaj) —Inajg]
=1

R;>R; =

D
1
T3 ;O‘?lo Z%ZO W' (ji,0)]((In ajy — Ineji0)*)

1
+3 Yoot Yor(ast) {aja,oajb,o‘l”@zzl aji,0)((In aja) — Ineja0) ((Inajp) — Inajpo) }
(B.4)

In order to prove that the second order Taylor expansion of (c;) is indeed a lower bound of
H(d;), we need to show that AH(a/;) > 0, where AH(d;) denotes the difference between H (&5 )

and its second order Taylor expansion. The Hessian of A% (d;) with respectto (Incyq,...,Ina,p)

is given by Eq.(B.5). By substituting (In o1, . . ., In a;p) with the critical point (In a1 9, ..., Ina;p ),

[ 0@1[ (X2 iy agt) = V(o)) ; .
+aj [¥ (ZlDzl ajr) — V()] raj1ap V(300 o) — ey p V(302 agi)
—ay [W'(3002y agn) — V(@)
Hess = :
b b a;p[¥ (Zz = aﬂ) ¥(a;p)]
ajioyp W (302 at) — ajiagp W (302, i) +aip¥ (Zz pag) = ( D)]
i ~ap[V'(C 2y ) — V' (a;p)] i
(B.5)
Eq. (B.5) is reduced to a positive definite diagonal matrix. Since (In ;1 ,...,Ina;p ) is the only

critical point and A#H(d;) is continuous and differentiable through all cvj; (for i, > 1), the critical
point (In a1, ..., Ina;p) is also the global minimum of A% (&;). The global minimum value 0
is reached when (ln oy, ..., Ina;p) = (Inayip, ..., Inajp o). Therefore, the second order Taylor

expansion is indeed a lower bound.
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B.2 Lower Bound of J(«;,): Proof of Equation (A.12)

Since the first order Taylor expansion of a convex function is a tangent line of that function at a
specific value, the lower bound of 7 () in Eq. (A.11) can be approximated by a first order Taylor
expansion. In [78], the authors evaluate the lower bound of the Log-inverse-Beta function by using
the first order Taylor expansion. In our work, we extent this idea to the multivariate case. Let us

define the function F(«;;) as

D
Ulajs + 21z 1)

Flajs) =1In 5
U(ajs) [Tz, D)

(B.6)

B.2.1 Convexity of ()

It is not straightforward to show directly that F(«;;) is a convex function of « 5. Yet, by adopting
the relative convexity as in [78], we can show that F(«;;) is convex relative to In a;5. A function
is considered to be convex on an interval if and only if its second derivative is non-negative there.
The first derivative of F(«;,) with respect to In «j; is

OF (ajs)

Then, the second derivative with respect to In o, is

O*F (s
2251 s o -t

l#s l#s

00 1— e*(zlgésajl)t
:@js/ e (1 — aygt)dt (B.8)
0

1 —et

where the integral representations of ¥(z) and W'(z) are defined by
o0 e—t e—xt
V(zr) = — — dt B.9
@= (5 -155) ®9)

0 —xt
V(1) = / e u (B.10)
0

and




We can re-write Eq. (B.8) as

O2F (a4
8(1I1 aa] = / fl f2 (B.11)
js
where
1— e_(zis O‘jl)t
fi(t) = = (B.12)
fo(t) = e7 (1 — ayit) (B.13)

By analyzing Egs. (B.12) and (B.13), we can find that when Zf;s aj > 1:if t > 1/aj,, then
fi(t) < fi(1/ay) and fo(t) < 0;if t < 1/cys, then fi(t) > fi1(1/c;s) and fo(t) > 0. Hence, we

can rewrite Eq. (B.11) as

OPF(ays) _
8(1najs {/ Ji(t) fa(t dt+/ J1(t) f2(t) }

>ajs{/ - dt+/ A0}
/fz

) hm te~ st =0 (B.14)

- ajsfl(a

]S

Therefore, when Zf;s aj; > 1, the convexity of F(c,) relative to In aj, is proved.

B.2.2 Evaluating Lower Bound by The First Order Taylor Expansion

Since F(a5) is a convex function relative to In aj,, its lower bound can be obtained by applying

the first order Taylor expansion of F () for In a4 at In a5 o as following
8]:(ozjs)
Olnaj,
8?(&]'5) 80éjs
Oajs  Olnoyy
D
U(ajs0 + D1z, i)

=In + | U(js0 + o) —\I/(a-so)]a-so(lna-s—lnoz»so)
D js, j js,0) | Qjs, j js,
U'(ajs0) [Tz, Tei) ;

Flajs)>F(ajsp) +

|Oéjs:oéjs,0 (Inajs —Inajg)

:.F((lj&o) +

’ajs:ajs,o (hl Qjs — In aJ'S,O)

(B.15)
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Note that we reach the equality when o, = @;,. By substituting Eq. (B.15) into Eq. (A.11), we

obtain

T(tjs0 + X1 aﬂ)
T (0js)> <1n —5 { ajso+ ) o) = W(agso } ajs0(Inajs —In ajs,0)>
D(es0) [Tz, D) ;

D
:lnajsajsvo{<\ll(ajs7o + Zaﬂ)> — \I'(aj&o)} + const. (B.16)
I#s aZajs

a#ags

We can notice that in Eq. (B.16), the calculation of the expectation <\I/(ozj870 + Zf;&s ozjl)>& o,
is also analytically intractable. Using a similar proof as shown in Appendix B.2.1, it is straight-
forward to conclude that V(a0 + ZlD# «j;) is a convex function relative to In oy, for I =
{1,---,D}and [ # s. We can apply a first order Taylor expansion for the function U(>""" | x;+y)

at Inx, where x = (&1, -+ , Z,), to obtain its lower bound as

VO aity) >0 @i+y)+ > (Ina — i) V()& +y)d (B.17)
i=1 =1 =1 i=1

Using the previous equation, the approximation lower bound of expectation (W (cvj;0+> ID# o) >& o,
Js

is given by

ZO@[ + Ctjso a;éajs = ZOJJZO + ZO@IO\D ZOCJZO lIlOéjl> —In Oéjl,O) (B18)

I#s l#s

Finally, the lower bound of 7 («;,) can be calculated by substituting Eq. (B.18) back into Eq. (B.16):

D D D
j(()éjs) Z In OéjSOéj&(){\If(Z ajl,O)_\Ij(ajs,O)+Z ajl,O\Ij,<Z Oéjl,())<<hl Oéjl> —1In lejl’(])}—i‘COIlSt.
=1

I#s =1
(B.19)
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Appendix C

Variational Learning of Online Infinite

Beta-Liouville Mixture

C.1 Variational lower bound £(Q)

By substituting Egs. (5.11), (5.12) and (5.13) into Eq. (5.8), we can obtain the parameterized form
of the lower bound £(Q) as

@-3 [a@am{fggt o

—<1np X|Z, N, @y, @, H)> < p(Z| >+ <lnp(X)>
+(Inp(dq)) + (Inp(a)) + <lnpg> (InQ(2))

QM) — Q@) — (mQ(@)) ~ (mQ(H)) (C.1)

C.2 Variational solution to Q)(Z)

We calculate the variational parameter r;; by setting the derivative of £(() in Eq. (C.1) with
respect to r;; to 0. Notice that we must take account of the constraint that Z;\il ri; = 1. This can

be achieved by adding a Lagrange multiplier ¢ to £(()). Taking the derivative with respect to 7;
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and setting the result to zero, we get

aL(Q D D
B = Zozjd In Zde + Z Q{]d — 1 In de
T” d=1 d=1 d=1
D j—1
+(B; — 1) In(1 Zde + > (In(1—=X)) —(Inry; + 1)+ ¢
d=1 s=1

where S; = (In 1_([?? Fl(aj:)> and H; = (In O‘” +B 2 > Since S; and H; are analytically in-
tractable, we apply Taylor expansion to calculate lower bound approximations to these terms to
obtain closed-form expressions. This is motivated by the fact that the first-order and second-order
Taylor series expansion techniques have been successfully applied in variational inference for pro-
viding tractable approximations in many works [71, 78]. Thus, the second-order Taylor expansion
technique is used to approximate the function S; about &4 (the expected value of «4), and to
approximate H; about a; and Bj (the expected values of «; and 3;) as

R+ asvla + ) = ()] (o) ~ )

+8;l(a; + B;) — ¢(8)]({In 8;) — In §;)

5@+ B) — (@) (o — Ina,)?)

P B+ B) — ¥ (B By — YY)

+a; B¢ (6 + B;)((Inay) — Inay)((In B;) — In B;) (C.3)

Hj:hl

S ] —Ld=1"9) (25 1djd)
Hd L T(@ja)

Eﬂlb

U (aya)] [(Inaja) —naj)

D
2 iy
LD D
—l—§ Z as d Z U'(ap)]{(Inajq — Inajg)?)
d=1 =1
| 2D D
+§ Z Z Qjap U’ Z ((Inovja) —Inaje) ((Inagy) — Inag,) ] (C4)
a=1 b=1 d=1
(b#a)
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By substituting Eq. (C.4) and Eq. (C.3) back into Eq. (C.2), we then have
cp—l—anexp{S +H; +( Zoz]d In ZX’d

D D
+(B; — DIn(1 =) Xi) + > (aja—1)In Xy
d=1 d=1

+(In\,) + Zana — AS)>} (C.5)

Then, by substituting Eq. (C.5) back into Eq. (C.2), we can obtain the variational solution to r;; as
shown in Eq. (5.14).

C.3 Variational solution to Q(X)

For the variational factor Q(X), instead of using the gradient method, it is more straightforward to
use Eq. (5.10) to compute the variational solution. Notice that these two method have equivalent

results for variational inference. Therefore, the logarithm of Q(X) is given by

mQ(\) =In\; Z< j) +1In(1 =\ Z Z + (1b;) — 1)+Const. (C.6)

=1 s=j5+1
It is obvious that Eq. (C.6) has the logarithmic form of a Beta distribution as its conjugatae prior
distribution Eq. (5.7). By taking the exponential of its both sides, we obtain the variational solution
to Q(X) as in Eq. (5.11).

—

C.4 Variational solutions to Q(d;), Q(a) and Q(5)

The logarithm form of the variational factor () is given by

N D
In Q(O(jd> = Z<Zl]> [Bjd_ajd hl(Z Xid)—i—ajd In de} +(ujd_ 1) In Oéjd—Udeéjd—i-COIlSt. (C7)
i=1 d=1
T(at+3 10 i) >
O‘Jd)nz;&d (aji) / #aja
variational inference directly and Eq. (C.7) does not have the same form as the logarithm of a

Since the term B4 = < In is analytically intractable, we can not perform the
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Gamma distribution as its conjugate prior. Thus, we approximate it using the first-order Taylor

expansion as

Mo

Bjd ~ In Oéde_éJd

D
U(ajq) + w'( Z Z (Inay) — lno‘zjl)o_zjl] + const. (C.8)
d: d=1 I£d

By substituting Eq. (C.8) back into Eq. (C.7), we have

In Q(cvja)~In aj4{ Z<Zij>5éjd [0 @) — ¥(aja)

d=1
D D
‘HIII(Z Qja) Z((ln aj) —In Oéjl)aﬂ} + Uja — 1}
d=1 I#d
N D
—aja{vja — > (Zij)[InXig — (> Xig)] } + const. (C.9)
1=1 d=1

We can see that Eq. (C.9) has the logarithmic form of a Gamma distribution. By taking the expo-
nential of both sides of Eq. (C.9), we then have the variational solutions to Q)(dy) in Eq. (5.12).

Since a and 5 also have Gamma prior, it is straightforward to obtain the variational solutions
to Q(@) and Q() in a similar way as for Q(da,).
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