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Abstract

Finite mixture models, i.e., mixture models with a fixed number of components, have a long
tradition in statistical modeling and are a well-established tool to explore structures in complex
data. In scenarios where the number of components is unknown, choosing an appropriate number
of components is a crucial modeling decision that can be challenging. In order to formalize this
modeling decision in a Bayesian fashion, we investigate the mizture of finite miztures (MFM)
model. The MFM model extends the traditional finite mixture model to a Bayesian mixture
model with a random number of components. Using the MFM model, it is possible to group
data into meaningful subpopulations and estimate the model parameters without specifying
the number of components a priori. We discuss equivalent representations of the MFM model
such as the stick-breaking representation and relevant distributions such as the exchangeable
partition probability function. For Bayesian inference of the model parameters, we propose
a computationally efficient coordinate-ascent variational inference (CAVI) algorithm for MFM
models and provide detailed derivations of the corresponding update equations. Subsequently,
we focus on mixtures consisting of multivariate Gaussian component distributions with unknown
means and known covariance matrices, resulting in a novel CAVT algorithm for the static mixture
of finite Gaussian mixtures (MFGM) model. We evaluate the clustering performance of our CAVI
algorithm using synthetic data generated according to a finite Gaussian mixture and observe
high accuracy for suitably chosen hyperparameters. Furthermore, we apply an existing CAVI
algorithm for Dirichlet process mixture (DPM) models, which are frequently used in scenarios
with an unknown (but finite) number of components, to our data. A comparison reveals that
the proposed CAVI algorithm for static MFGMs outperforms the CAVI algorithm for DPMs,

especially for large datasets.
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Chapter 1

Introduction

1.1 Background

Mixture models, i.e., models based on a linear combination of distributions, find applications
in various fields such as model-based clustering and classification [1], density estimation [2],
image and signal processing [3], biology and bioinformatics [4], and text mining and natural
language processing [5]. Mixture models posit that the observed data arise from a mixture of
several subpopulations commonly called components, each characterized by its own probability
distribution. Traditionally, mixture models have assumed that the number of components is
fixed. The inception of finite mixture modeling, a landmark in statistical modeling, dates back
nearly 130 years to a first significant publication where the number of components was fixed to
two [6]. However, it soon became clear that choosing an appropriate number of components is
a critical modeling decision. The frequentist statistical viewpoint does not allow to infer the
number of components jointly with the model parameters [7] and requires a separate model
selection task using heuristic algorithms.

Bayesian mixture models (BMMs) extend the traditional concept of a mixture model by
incorporating Bayesian principles, i.e., the parameters of the mixture are modeled as random
unknown quantities that are distributed according to known prior distributions, and Bayes’
theorem is used to update beliefs about these parameters according to observed data. This
allows for the incorporation of prior knowledge and uncertainty into the modeling process.
Within the Bayesian framework, a natural way to deal with an unknown number of components
is to treat it as a random parameter with a (discrete) prior. In the literature, this type of BMM
is commonly referred to as the mizture of finite miztures (MFM) model. The MFM model was
introduced in [8] and further studied in [9]-[11].

Unfortunately, practical statistical inference, in particular inference about the number of

components in the MFM model, is difficult analytically and computationally. A notable ad-
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9 1. Introduction

vance was achieved in [9], where the reversible jump Markov chain Monte Carlo (RIMCMC)
method [12] was used for the MFM model. This method enables sampling all the model param-
eters including the number of components from the joint posterior distribution, i.e., the joint
distribution of the model parameters given the observed data. However, the RIMCMC method
is difficult to use since designing good reversible jump moves is often nontrivial, especially in
high-dimensional parameter spaces [13].

Due to these challenges, infinite mixture models, i.e., mixture models with an infinite number
of components such as the Dirichlet process mizture (DPM) model, have become popular. Since
the Dirichlet process has several computationally tractable representations, such as a represen-
tation using the partition distribution — which is a member of the family of Gibbs partition
distributions, cf. Section 3.2 — and the stick-breaking representation, a variety of efficient infer-
ence algorithms for DPM models have been proposed [14]-[16]. For DPMs, the expected number
of clusters, i.e., the number of components used in the process of generating the observed data,
grows logarithmically with the number of observations [17]. Thus, when the underlying distri-
bution of the observed data has a fixed and finite number of components, the usefulness of DPM
models for clustering is questionable. Indeed, in [18], the authors proved inconsistency of DPM
models when estimating the number of clusters in a dataset distributed according to a simple
univariate mixture with a fixed and finite number of Gaussian components. More specifically, it
was shown in [18] that when a DPM model is applied to data from a finite mixture, the posterior

distribution of the number of clusters does not concentrate at the true number of components.

1.2 State of the Art and Motivation

Despite the inconsistency issue with DPMs discussed in [18], inference algorithms for DPM
models play a major role in state-of-the-art inference algorithms for MFM models [19]. It
turned out that for a special case of MFM models (called static MFMs, see Section 3.1), there are
MFM counterparts for all the computationally tractable representations of the Dirichlet process
mentioned above. Exploiting the fact that static MFM models have a partition distribution of
Gibbs form as well, split-merge samplers for DPMs [14],[15] were adapted to static MEM models
in [19]. Partitions are sampled from the corresponding posterior distribution, and thereby the
number of clusters is inferred.

In [20], an algorithm of a somewhat different nature, called telescope sampling, was proposed.
Unlike the split-merge sampler in [19], the telescope sampler does not require knowledge of the
marginal likelihood, nor is it restricted to the static MFM model. Indeed, the telescope sampler

is known as one of the most generic and easily implemented inference algorithms for MFM
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1.3. Thesis Outline 3

models with arbitrary component distributions [20].

All state-of-the-art inference algorithms for the MFM model use Monte Carlo sampling tech-
niques — in particular, of the MCMC type — which are prone to be computationally expensive,
especially in scenarios with high-dimensional parameter spaces or a large number of observations.
This fact motivates the main contribution of this thesis, which is a computationally efficient ap-

proximate inference algorithm for the static MEM model based on variational inference (VI).

1.3 Thesis Outline

The rest of this thesis is organized as follows. In Chapter 2, we introduce the (finite) BMM.
We also present various equivalent representations and address the challenge of estimating the
model parameters in a BMM. In the first part of Chapter 3, we present the generalized MFM
model and two special cases, the static and dynamic MFM models. Next, we derive various
relevant distributions such as the exchangeable partition probability function (EPPF) and the
prior distribution of the number of clusters, and we discuss connections between static and
dynamic MFM models as well as the DPM model. The second part of Chapter 3 is focused
on the static MFM model and presents equivalent representations including the stick-breaking
representation.

In Chapter 4, we derive a novel coordinate-ascent variational inference (CAVI) algorithm for
the static MEM model using the stick-breaking representation. This algorithm is furthermore
specialized to Gaussian component distributions with unknown means and known covariance
matrices in Chapter 5. Subsequently, we evaluate the clustering performance of our algorithm
using synthetic data from a finite Gaussian mixture and the well-known Old Faithful geyser
dataset.

Finally, Chapter 6 provides a summary of the thesis, reviews the most important results of

our numerical simulation, and suggests potential areas for future research.

1.4 Notation

The notation used in this thesis is summarized in Table 1.1. Note that our notation does not

distinguish between a random quantity and its realization.
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1. Introduction

set of natural numbers

set of real numbers

scalar

vector

matrix

all-one vector of length K

identity matrix of size M x M

vector /matrix transpose

inverse

determinant of a matrix

trace of a matrix

indicator function; equals one if argument is true and zero else
Dirac delta function

natural logarithm

gamma function

digamma function

probability density function (pdf)

conditional pdf

probability mass function (pmf)

conditional pmf

variational approximation of a (conditional) pdf/pmf

discrete mixing distribution

expectation with respect to the pdf f(-)

Dirichlet distribution with parameter vector 3

exponential distribution with rate parameter «

gamma distribution with shape parameter a and rate parameter «
categorical distribution with event probabilities 7
multivariate Gaussian distribution with mean vector g and covariance
matrix X

random variables x and y are independent

random variables x and y are conditionally independent given random
variable z

random variable z is distributed according to the pdf f(x)

random variables x; and xo are independent and identically distributed
according to the pdf f(x)

Table 1.1: Summary of notation.
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Chapter 2

Bayesian Mixture Models

In this chapter, we introduce the (finite) Bayesian mixture model (BMM). Our aim is to famil-
iarize the reader with the notation and terminology surrounding the theory of BMMs and to
build a solid basis for the remainder of the thesis.

In the fields of statistical modeling and data analysis, the BMM is a powerful approach to
understanding complex data distributions and uncovering latent (i.e., not observed) structures
within them. The key concept of mixture models [21],[22] is that observations are assumed to
originate from multiple underlying components with each component characterized by its own
statistical distribution defined by parameters. The Bayesian variant of these models, i.e., BMM,
draws its distinction by treating the component parameters as random variables. By specifying
prior distributions over the component parameters, additional global parameters of the mixture
model (e.g., the mixture weights), and even the number of components, existing knowledge or
assumptions about the data can be incorporated in a Bayesian fashion. As new observations
become available, the posterior distributions are updated, refining the information about the

components and parameters of the model.

2.1 Basic Formulation

Let ¢, € RM forn =1,..., N, be conditionally independent random vectors. The basic (finite)
mixture model assumes that observations @,, arise from a density f(x,|m, 8*) defined as a convex

combination of K € N component distributions, each of specified parametric form f(x,|6}), i.e.,

f(xn’W> 9*) = Zwkf<a:n|9;) (2'1)

k=1

We assume that the functional form of the component distributions f(x,|0;) is completely

known, but for the parameters 8;. The vector * = (6;T . O}T)T contains the random
component parameters 8; € RP, for k = 1,..., K, often referred to as mizand parameters. We
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6 2. Bayesian Mixture Models

assume the component parameters to be i.i.d. according to the prior density f(€;). The vector
7 is composed of K random weights 7, € [0, 1], which we call the mizture weights, and lies in

the (K — 1)-dimensional probability simplex

Ag = {n e [0,1]*

K
T, > 0 and Zwkzl}. (2.2)

k=1

Because of the constraints on the mixture weights 7 specified by (2.2), it is guaranteed that (2.1)
is a valid probability distribution as long as every component distribution is also a valid probabil-
ity distribution. Mathematically, the conditional distribution f(a,|w,8*) given by (2.1), called
the mizture distribution, can be interpreted as a linear combination of its individual components
f(x,|0;), where the mixture weights 7y, for £k = 1,..., K, are the (random) coefficients. By
adjusting their respective values, one can control the influence of each component f(x,|6}) on
the mixture distribution f(x, |7, 8*). Therefore, we put a prior on the mixture weights, i.e., we
assume that the random vector 7 is distributed according to the prior density f(7) with support
given by the simplex Ag defined in (2.2). Furthermore, statistical independence between 8} and
7 is assumed, i.e., 67 I w for all kK = 1,..., K. The BMM for N observations x,..., Ty, as

described above, can be summarized as follows:

™~ f(m), (2.3a)
05.....0% " 1(67), (2.3b)
x1,...,xy|m, 0" Lid f(@n|m, 0%). (2.3¢)

2.2 Likelihood Function

In the case of N conditionally independent observations from (2.1), the joint distribution of the
observations given 7 and 8* has the form

N

N K
f(zx|w, 0% H (x|, 0%) = HZ T f(2,]0}), (2.4)

. . T ..
where xq,...,xy are arranged in the vector x according to * = (aff w%) . The joint

distribution given by (2.4) is referred to as the likelihood function. Due to its product-of-
sums form, evaluating the likelihood function for the BMM can be computationally expensive;
particularly when dealing with a large number of observations or components. A full expansion
of the likelihood function involves a sum of KV terms and thus may require an infeasible amount

of computational resources to perform conventional Bayesian inference methods.
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2.3. Latent Indicator Variables 7

2.3 Latent Indicator Variables

We next provide an alternative representation of the BMM defined in (2.3). Suppose we are
given N observations x,,, independently drawn from the mixture distribution f(x, |7, 8*) given
by (2.1). Furthermore, let z1,...,2zx be discrete random variables, which are assumed to be
conditionally independent given the mixture weights 7 and take on values from {1,..., K} with
probability 7y, i.e., P{z, =k} = m;. Thus, each z, given = is distributed according to the

categorical distribution
K
p(zn|m) = Clzn;m) = H ﬂ,]j(z":k). (2.5)
k=1

We can characterize the generation procedure of an observation «,, from the mixture distribution
f(x,|m,0%) in two steps: first, z, is drawn from (2.5) and secondly, given z,, @, is drawn from

the component distribution corresponding to z,, i.e.,
f(@n|€07, 2,) = f(‘pn‘e:n)- (2.6)

Therefore, each observation x,, is assigned its own variable z, indicating the component of the
mixture distribution that is responsible for generating the observation. For this reason, we refer
to z1,...,2n as the indicator variables. We assume that the component parameter 6} and the
indicator variable z, are conditionally independent given the mixture weights =, i.e., 8 1L z,, | 7
forall k=1,...,K and n =1,..., N. Including the indicator variables z1, ..., zy in the BMM

given by (2.3) results in a hierarchical model, which is summarized by

™~ f(m), (2.7a)
zl,...,zN\ﬂi'im'Si' p(zn|m) = Czn; ), (2.7b)
* 5 ld.d. *
10k 7 f(05), (2.7¢)
x, |07, 2, ~ (2|07, 2,) = f(2,]07 ) independently for n=1,... N, (2.7d)
where we summarize the independence/conditional independence assumptions by
0; L7 forall k=1,... K, (2.8a)
0; Lz, |m forall k=1,...,K and n=1,...,N, (2.8b)
Xp LT, @, 2, 05 | 2,05 forall n'#n=1,... N and k# z,. (2.8¢)

A graphical model representation [23] of the BMM in (2.7) is shown in Figure 2.1. We note
that the mixture weights 7 and the component parameters @* are global parameter vectors

. . . . T ..
influencing the entire observation vector @, whereas the vector z = (21 -+ zxy)  containing the
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8 2. Bayesian Mixture Models

Figure 2.1: Bayesian network representing the BMM with indicator variables in (2.7). White
nodes indicate the variables that are latent, while grey nodes indicate the ones that are observed.
Plates indicate the repetition of nodes or groups of nodes.

indicator variables is a local parameter vector since its nth element z, influences only the nth
observation x,. It can be shown [24] that marginalizing out the indicator variables from the
joint conditional distribution f(z,, z,|m, 8%) yields

K

fla|m,0%) = > m., f(2.l65,). (2.9)

zn=1
Thus, the hierarchical model in (2.7) again gives a mixture distribution in the form of (2.1), but
with the indicator variable z, replacing k as the component index.

Indicator variables are particularly useful when the goal is to group observations into mean-
ingful subpopulations. This unsupervised learning task is commonly known as clustering. We
emphasize the fundamental distinction between the (known) number of components K in the
mixture distribution (2.1) and the number of clusters L < K in the observations , i.e., the
number of mixture components responsible for generating the observations x. Using the indi-
cator variables z, or more practically, estimates of the indicator variables, the number N of

observations x,, generated by component k of the mixture distribution is given by
N
Ny =Y 1(zn = k). (2.10)
n=1

With (2.10), the number of clusters L in the observations x given Ny,..., Ng and z, i.e., the

number of mixture components assigned at least one observation by z, can be determined by

L= f:]l(Nk > 0). (2.11)
k=1

Furthermore, the number of observations N can be recovered from (2.10) via summation with

respect to the component index k, i.e.,

K
N=> N (2.12)
k=1
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2.4. Latent Mixing Distribution 9

Obviously, the number of clusters L is upper bounded by the number of components K of the
mixture model. The number of clusters L may be smaller than K, due to, e.g., components
associated with small mixture weights 7, too few observations (i.e., N < K), or not well-

separated components.

2.4 Latent Mixing Distribution

We now consider an important representation [25, Chapter 1] of the BMM in (2.3) where we
can represent the unknown mixture weights 7 and component parameters 8* with a probability
distribution G(-). Let 0, for n =1,..., N, be a random vector assigned to the nth observation
,. The 6, are random samples from a discrete probability distribution G(-) which places

probability mass 7, at the support point 65, i.e.,
P{6,, =0;} = G(6,) = 7.

Therefore, the mixture weights 7w and the component parameters 8; are subsumed into the
discrete probability distribution G(-) consisting of K points of support 65,..., 8% and the cor-

responding probability masses g, for k= 1,..., K, as follows:
K
G(0n) =D m6(60, — 6;). (2.13)
k=1

In literature, (2.13) is referred to as the mizing distribution. Since 7 and 0} are latent random
parameters, the mixing distribution G(-) is latent and random as well. Thus, a realization of
G(-) can be determined by sampling from the corresponding prior distributions f(7) and f(65).
Note that the conditional distribution of an observation x,, given a realization of the mixing
distribution G(-) according to (2.13) equals the mixture distribution defined in (2.1) [25], i.e.,

f(mn‘G) = f((l?n|ﬂ', 0*) = Zﬂ—kf(wn‘ep (2‘14)

k=1
As in the previously considered representation (cf. (2.7)), including the mixing distribution G(-)

in the BMM in (2.3) also leads to a hierarchical model. Considering N conditionally independent

observations x,, it is summarized according to

™~ f(m), (2.15a)
* « 1d.d. *

017'--701( ~ f(ekz)v (215b)
K

G(6,) = > md(0n — 6;), (2.15¢)
k=1

6.,....0n|G K G(8,), (2.15d)

|0, ~ f(x,|0,) independently for n=1,...,N. (2.15¢)
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10 2. Bayesian Mixture Models

i}
Figure 2.2: Bayesian network representing the BMM with the mixing distribution in (2.15).

A graphical model representation of the BMM in (2.15) is shown in Figure 2.2.

We note that the BMM using latent indicator variables (2.7) or the BMM using the latent
mixing distribution (2.15) can be used interchangeably, since we arrive at the same conditional
distribution f (&, |, 8*) for the observations x,, (cf. (2.9) and (2.14)). The choice between the two
hierarchical models is motivated by the use case. When only the clustering results are required,
i.e., the cluster assignment for each observation, it is preferable to use the latent indicator variable
model since the cluster assignment for each observation x,, is directly given by the estimate of
the corresponding indicator variable z,. When estimates of the local parameters 64,...,0y
are required, the latent mixing distribution representation is preferable. This representation
provides us with the cluster parameters, or more precisely, the component parameters 6; of
the non-empty components, directly. Hence, each parameter 6,, for n = 1,..., N, takes on
values from {67, ...,0;}, where L < K. Clustering the observations « using this representation
requires an additional post processing step in which we assign the observations x, and x,  to
the same cluster, if and only if 8,, = 8,,. The number of observations generated by component

k of the BMM in (2.15) is given by
N
Ny =) 1(6, = 6;). (2.16)
n=1

The number of clusters L in the observations x is again determined according to (2.11).
Choosing an appropriate number of components K in advance can be quite challenging.

There are several strategies to tackle this problem from a modeling perspective. One is to fix

K at +oo, which leads to Bayesian nonparametric (BNP) mixture models, i.e., BMMs using

an infinite-dimensional parameter space and with an infinite number of components. The most
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2.5. Bayesian Estimation in Mixture Models 11

prominent example of a BNP mixture model is the Dirichlet process mizture (DPM) model [26,
Chapter 3]. A second, and maybe the most intuitive approach from a Bayesian perspective, is
to treat the number of components K as an unknown and random parameter with (a discrete)
prior p(K). In consequence, K must now be inferred jointly with the other parameters 8*, =
and z. In literature, such kinds of BMM are referred to as miztures of finite miztures (MFMs)

[20],[19]. The MFM model will be discussed in detail in Chapter 3.

2.5 Bayesian Estimation in Mixture Models

In this section, we address the challenge of estimating the latent parameters = and 6* in a
BMM using the basic formulation in (2.3). We arrange the latent parameters in the vector
w € RY according to w = (wT B*T)T where P = K + Kp is the number of scalar parameters in
the BMM. In Bayesian estimation, the conditional distribution of the latent parameters given
the observations f(w|x) is of special importance. It is referred to as the posterior pdf or the
posterior. Let w(x) be an estimator, i.e., a (vector) function of the observations @ and let the
cost function C'(e) be a scalar-valued, nonnegative function of the P-dimensional estimation
error e = W — w. An estimator wg(x) is said to be a Bayesian estimator, if it minimizes the
mean cost [27] of the posterior distribution f(w|x), i.e.,

wp(x) = arg min
W JRP

C(w — w) f(wlz) dw = arg min EY®#N{C(d — w)}. (2.17)

Various Bayesian estimators can be obtained from (2.17) by choosing different cost functions.
In what follows, we will consider two special Bayesian estimators that will be used later on to

estimate the parameters of a BMM.

2.5.1 Minimum Mean Square Error (MMSE) Estimator

The MMSE estimator is one of the most important Bayesian estimators. It is obtained when the
cost function in (2.17) is specified as the squared estimation error, i.e., C(w — w) = ||w —w||} =

lle||3. Working out (2.17) using the squared estimation error as cost function yields
dnise(@) = [ wf(wle) dw = EY faw). (218)
RP

Hence, the MMSE estimator equals the conditional expectation of w with respect to the posterior

pdf f(w|x), also known as the posterior expectation or the posterior mean.
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12 2. Bayesian Mixture Models

2.5.2 Maximum A-Posteriori (MAP) Estimator
A cost function which assigns zero cost to the case where @ = w and evaluates to one otherwise
leads to the MAP estimator. It is given by

wyap(x) = arg max f(w|x). (2.19)

Hence, the MAP estimator equals the global maximum of the posterior f(w|x). Using Bayes’

law, the posterior can be expressed as

f(z|w) f(w)
oM (2.20)

Therefore, the MAP estimator can alternatively be expressed as

f(wlz) =

wyap(T) = arg max f(x|w) f(w), (2.21)

where the evidence f(x) in (2.20) is a constant with respect to the maximization in (2.19) and
thus has been omitted. Equation (2.21) shows that both the observations x (via the likelihood
function f(x|w)) and the prior f(w) influence the estimation result. If a weak-informative prior
(e.g., f(w) is a flat function) is chosen, it will weakly (if at all) influence the position of the

maximum in (2.21), hence [27]
wyap(x) ~ argmax f(x|w). (2.22)
w

We conclude that the posterior f(w|x) is a key component of Bayesian estimation. For the

BMM in (2.3), we obtain an expression for the posterior from (2.20):

f(x|m,0%)f(m,6")
/(@) '

Due to the statistical independence of the latent parameters (cf. Section 2.1), the joint distribu-

fwlx) = f(m,0%|x) = (2.23)

tion of the latent model parameters can be factorized as
K
f(m,0%) = f(m) I] f(60). (2.24)
k=1

Inserting the likelihood function (2.4) and the joint prior pdf (2.24) into (2.23) yields

(T2 YA e f (al67)) £ () T £(67)
f(@)

This expression shows that the calculation of the corresponding posterior is generally associated

f(mw, 0% |x) = . (2.25)

with a high computational cost since the likelihood function (2.4) is involved. In order to apply

Bayesian estimators efficiently in the BMM framework, approximation methods are used to
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2.5. Bayesian Estimation in Mixture Models 13

obtain a tractable approximation of the posterior f(w|x). One prominent example is variational
inference (VI) [28] — in particular, coordinate-ascent variational inference (CAVI) — where the
posterior f(w]|x) is approximated by a computationally more tractable distribution ¢(w) which
is referred to as a wvariational distribution. Once it has been determined, an approximation of
the MMSE and MAP estimator is given by exchanging f(w|xz) with ¢(w) in (2.18) and (2.19),
respectively. CAVI for BMMs — in particular, CAVI for MFMs — will be discussed in Chapter 4.
Note that a well-established alternative to VI is given by Monte Carlo (MC) sampling methods

which are not addressed in this thesis.
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15

Chapter 3

Mixture of Finite Mixtures Model

In this chapter, we provide an introduction to the mixture of finite mixtures (MFM) model,
which is a BMM with an unknown number of components K that is distributed according to
some specified prior pmf p(K). The first four sections of this chapter are based on [20] where
different approaches to the MFM model regarding the specification of the prior on the number
of components and the mixture weights are combined to construct a generalized MFM model.

In Section 3.5, we present representations for the special case of static MFMs based on [19].

3.1 Model Formulation

The generalized MFM model for N conditionally independent observations = (x] - - x%)T

builds on the BMM using the latent indicator variables discussed in Section 2.3 and is therefore

defined in a hierarchical way:

K ~ p(K), (3.1a)
w|K; B() ~ f(m| K B() = D(m = (m - 7x)"3 8 = B(K)1k), (3.1b)
2.yl R p(a|m) = Clzn ), (3.1¢)
0r,.... 00 K" o), (3.1d)
x, |07, 2, ~ f(x,|0%, 2,) = f(2,|0; ) independently for n=1,... N, (3.1e)
with conditional independence assumptions summarized by
O, Ulw|K forall k=1,... K, (3.2a)
0; 1Lz, |m, K forall k=1,..., Kandn=1,...,N, (3.2b)
2 LK |7 forall n=1,...,N, (3.2¢)
Xp LT, @, 20,07 | 2,05 forall n'#n=1,...,N and k# z,, (3.2d)
x, LK |60%, z,. (3.2¢)
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16 3. Mixture of Finite Mixtures Model

N

Figure 3.1: Bayesian network representing the generalized MFM model given in (3.1).

The corresponding Bayesian network is shown in Figure 3.1.

To have consistency for the number of components, it is necessary that the prior pmf p(K)
satisfies p(K) > 0 for all K € N [10]. Furthermore, p(K) has to exclude zero in order to be
a proper prior in a mixture context, which is not fulfilled by most of the discrete probability
distributions. A convenient way to achieve this condition for many discrete distributions is to
define a translated prior K — 1 ~ p(-). The prior p(K) is then obtained by evaluating the
translated prior at K — 1, i.e., p(K) = p(K —1). Recall the crucial distinction between the
number of components K and the number of clusters L. For a given K, the number of clusters
is determined according to (2.10) and (2.11). For cluster labeling purposes, [ € {1,...,L} is
used as a subscript later on. We note that due to the prior p(K') on the number of components
K, the number of clusters L is a priori random as well.

The meaning of the term mizture of finite miztures becomes clear when one examines the

corresponding joint conditional distribution f(x|7’,0*). It can be expressed as

[e%S) N
flaln',0") = > p(K) [] f(zal6", 7, K), (3.3)
K=1 n=1

which is a countably infinite mixture of finite mixtures with K components. The parameter vec-
tors v’ and 0* are super vectors, which contain the mixture weights 7 and component parame-
ters 0" of each finite mixture combined in (3.3). The finite mixture distribution f(z,|0*, 7, K)

depends on the random number of components K through

K
f@nl0,m, K) = > ., f(xa]0, 20, K). (3.4)

Zn=1

Because of the conditional independence assumptions given by (3.2e¢) and (3.2d) we have

f(@n]07, 20, K) = f (20|07, 20) = f(n]67,).
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3.1. Model Formulation 17

Therefore, the mixture distribution in (3.4) can be expressed as
K
flx,]0", 7, K) = Z T f (2063 (3.5)
zZn=1

By inserting (3.5) into (3.3) we obtain

[ee]

N K
flaln’,07) = > p(K) l:[ z_: f(@al62,), (3.6)

K=1
i.e., a weighted sum of finite mixtures with different numbers of components, each represented
by its likelihood Hﬁf:l Zi _1 72, f (24|03 ). The corresponding weights are given by the prior
pmf on the number of components p(K') evaluated at K € {1,2,...}.
In the generalized MFM model in (3.1), a symmetric Dirichlet prior on the mixture weights
7 is assumed (cf. (3.1b)). It is defined for each K € N according to the corresponding hyper-
parameter 3 = S(K)1g, where 1k is the all-one vector of length K and the scalar 3(K) > 0 is
given by some deterministic function of K. This includes the special cases where f(K) = k/K
referred to as the dynamic MFM model [11] and B(K) = [ referred to as the static MFM model
[19],[9]. A priori, for both cases the mean of the mixture weights given K is given by

1
R IKB())) -1 3.7
fr} = 21 (37)
and the variance for each individual weight 7, for k =1,..., K, is given by
K-1
_ 3.8
vart e = ) 1 (3:8)

From (3.8) it can be concluded, that the variance decreases with increasing 5(K) which leads
to more balanced mixture weights, i.e., mixture weights taking on similar values, and vice
versa. Hence, the types of finite mixtures which are combined in (3.6) vary with J(K) since
the dependency of the hyperparameter 3(K) on K leads to a combination of finite mixtures
favouring different distributions of the component sizes (cf. (2.10)) Ny, ..., Ng.

For a dynamic MFM with §(K) = x/K, finite mixtures with balanced component sizes for
small K are mixed with sparse finite mixture (SFM) models [29] for moderate K and, as K goes
to infinity, with DPMs where the component sizes are extremely unbalanced. As stated in [29],
the concept of SFM modeling is based on specifying an overfitting finite mixture model with
too many components K and assuming heterogeneity for all available variables a priori. Sparse
solutions with regard to the number of mixture components and with regard to heterogeneity
of component locations are induced by specifying suitable shrinkage priors on, respectively, the
mixture weights and the component parameters.

In contrast to the dynamic MFM model, finite mixtures of a similar type are combined for

static MFMs, where S(K) = /5 which obviously limits the MFM model in its flexibility.
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18 3. Mixture of Finite Mixtures Model

3.2 Exchangeable Partition Probability Function and Distribution of
the Cluster Sizes

Let C = {Ci, - ,Cr} be a random partition of the N observations = (z - w%)T induced
by the MFM model in (3.1) through the indicator variables z = (z; --- zy)', where C; =
{n:z,=1}, for Il = 1,...,L. In other words, cluster C; contains all observations generated

by the component f(x,|0;). Further, we denote the corresponding cluster sizes by N, i.e.,
N] = card((;), for I = 1,..., L. Here, card(C;) denotes the number of observations assigned to
cluster C;. Note that all proofs in this section are based on [20]. For the sake of comprehensibility,

intermediate steps have been added where it made sense.

Theorem 3.1: For a generalized MFM with «|K; 5(-) ~ D(m; 3(K)1k) and prior pmf p(K),
the set partition C = {Cy,...,Cr} is distributed according to

oo

p(C;N,B(-)) = > p(K)p(C|K; N, B(-)), (3.9)
K=L
where
(Kﬁ(K) L
p(CIK; N, () = H (N, + B(K (3.10)
=1
and
Y B() [(KB(K))K! (3.11)

T T(KB(K)+ N)(K — L)'

Proof: Let us first consider the conditional pmf p(z|K;3(+)) for a fixed number of components
K. It can be obtained by marginalizing out the mixture weights 7 from the joint conditional

distribution f(z,w|K;N,3(:)), i.e

PRGN B) = [ Feml KGN B dr = [ plam)f(alKiB()dm. (3.12)

where we used the conditional independence assumption (3.2c) in the last step. It follows from

(3.1c) that the indicator variables z given the mixture weights 7 are i.i.d. categoricals and

therefore
N N K 1 i Z ]l(z 7]{:) K
p(z|ﬂ') = H Z’I’L’ﬂ. = H H (Z'L_ ) H n=1 n H W]]c\[k, (313)
n=1 n=1k=1 k=1 k=1

where we used (2.10) in the last step. Since a symmetric Dirichlet prior is assumed for the

mixture weights 7 (cf. (3.1b)), f(=|K; 5(+)) is given by

f (| K B(:) H gt (3.14)
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3.2. Exchangeable Partition Probability Function and Distribution of the Cluster Sizes 19

where

O(SK 6(5)) 1s)
[T51 D(B(K))

is the normalization constant. Multiplying (3.13) by (3.14) yields

«(B) =

ple1m) S| 5() = o) [ rf et = 40 H w7t = D 3110
k=1 ﬁ c(B)

(3.16)
Note that the product of p(z|w) and the prior f(w|K;/3(-)) in (3.16) takes on, up to a pro-
portionality constant, the same functional form as f(m|K,3(K)), although with a different
hyperparameter (3 (K) = B(K)+ Ng. This is a consequence of choosing the Dirichlet distribution
as the prior f(m|K; ((+)) for the mixture weights, which is conjugate to the categorical distribu-
tion p(z,|m) of the indicator variables. Due to the specific form of (3.16), the integral in (3.12)
simplifies to an integral over a Dirichlet distribution, which equals one because the Dirichlet

distribution is a valid pdf. We therefore obtain

KN BC) = () s [ Dl BRI L) e = cl8) s (3.17)
Inserting (3.15) and substituting back 3(K) = S(K) + Ny leads to
e N U(Xhey BK)) TIR T(B(K) + Ny) (Kﬁ s + Ni)
PRGN B0 = 1 T 5(10) TS () + M)~ TRAK 13 R

(3.18)
where we used (2.12) in the last step. We next reorder the components such that the L < K
occupied components appear first. Then, the indicator variables z = (21 --- zN)T define a set
partition C = {Cy,...,Cr} of the observation indices n € {1,..., N}. The number of assignment

vectors z that lead to the same partition C is given by

K K!
(o= oo

Here, (]L() denotes the number of possibilities to choose L clusters labeled by [ € {1,...,L}
among K components, and L factorial accounts for the possibilities to relabel these L clusters.
Note that the product in (3.18) can be reduced to L factors since % =1 for N = 0.
Thus, (3.18) can be reformulated according to

(KB ﬁ L(B(K) + N)
D(KB(K) + N) ﬂ K))

We assume that each of the assignment vectors z leading to the same partition C is equally

p(z|K;N,B(-)) = (3.20)

likely, i.e., we assume a uniform distribution over the number of outcomes given in (3.19):

(K — L)!

= (3.21)

p(z|C,K) =
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20 3. Mixture of Finite Mixtures Model

Using Bayes’ law, the pmf of the set partition C given the number of components K can be

expressed as

p(Clz,K)p(z|K; N, 5(-))
p(z|C.K) '

Let C(z) be a function which obtains the partition C defined by z. Thus, the conditional pmf

p(C|z,K) in (3.22) is given by p(C|z,K) = 1(C = C(z)). We assume that C obeys z, i.e., C = C(z),

(3.22)

p(CIK; N, B(+) =

which leads to
p(Clz,K) = 1. (3.23)

Inserting (3.20), (3.21), and (3.23) into (3.22) yields

I'(KB(K))K! L L(B(K) +N]) _ V(KB(K)) L

F(KB(K)+N)(K—L)!£[1 T(B(K)) - LH K)+ Nj).
(3.24)

p(CIK; N, B(+) =

The pmf p(C; N, 5(-)) of the set partition C = {Cy,...,C} given by (3.9) is obtained from (3.24)

by marginalizing out K:
p(C; N, B() Z p(K)p(CIK; N, ().

Here, the summation starts at K = L since p(C|K; N, 3(-)) = 0 for K < L due to the binomial

coefficient ( ) being involved. O
Theorem 3.2: For a generalized MFM with «|K; 5(-) ~ D(m; 8(K)1k) and prior pmf p(K),
the labeled cluster sizes Nj,..., N} are jointly distributed according to

(Kﬁ(k)) L
W N k 5
p(N{, NL7N6 - ' Zp LH )), (325)

where the factor V]S,f%ﬂ *) g given by (3.11).

We note that the pmfs p(C; N, 5(+)) and p(N7, ..., N;; N, () are commonly referred to as prior
distributions in the sense that they are available before the values of «,, are observed as long as

the number of observations N is known.

Proof: We now consider the sizes N{,...,Nj, N/ € N, of the L < K clusters, i.e., non-empty
components, labeled according to [ € {1,...,L}. Recall that the number of possibilities to

choose L clusters from K components is given by

My K 3.26
<L>_L!(K—L)!' (3:26)

N! N!
N{ING! - NPt TR, N

Furthermore, there are

(3.27)
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3.2. Exchangeable Partition Probability Function and Distribution of the Cluster Sizes 21

different ways to partition N observations into L clusters with sizes Nj,..., N;. Thus, the
number of assignment vectors z that lead to the same cluster sizes N7,..., N} is given by the

product of (3.26) and (3.27). Assuming that each of those vectors is equally likely leads to
LK — L) TTE, N)!

p('z’N{7"'7N2ﬂK) = K'N' (3'28)
Since I'(y + 1) = yI'(y) = y(y — 1)! = y! for y € N, (3.28) can be further developed as
LK — L)' T2 D(N] + 1
(2N Ny ) = P DTS, TV + 1) (3.29)

K!N!
Using Bayes’ law, the joint pmf of the labeled cluster sizes N7j,..., N} given the number of
components K can be expressed as

PNy, -, Np |z, K)p(2| K5 N, 5())

N{,...,N;|K;N,B(-)) =
p( 1 ) L‘ ) 7ﬁ()) p(Z|N{,,N£,K) ’

(3.30)

Let the cluster sizes N{,..., N} be arranged in the vector n’ = (N] --- N;)T and let n/(2)
be a vector function which obtains the cluster sizes n’ defined by z. Thus, the conditional pmf
p(N7,...,N;|z,K) in (3.30) is given by p(N7,...,N;|z,K) = 1(n’ = n/(z)). We assume that n'/

obeys z, i.e., n' = n/(z), which leads to
p(Ny,...,Ni|z,K) = 1. (3.31)

Inserting (3.20), (3.29), and (3.31) into (3.30) yields

N T(KB(K))K! ﬁ L(B(K) + Nj)
DT (N + 1) D(KB(K) + N)(K — L) - T(B(K))

V(K,ﬂ(K)) L
LH L(s j[\? )). (3.32)

Finally, by marginalizing out K from (3.32) we obtain

l
p(Niv" NL7N6 L| Z LH N’_|_1) ’

which is the joint distribution of the labeled cluster sizes in (3.25). Note that the summation

starts at K = L since the binomial coefficient (%) is involved in (3.32). O

The pmf p(C; N, 5(-)) in (3.9) is symmetric in its arguments, i.e., it remains the same for every
permutation of its arguments — the cluster sizes N7,..., N;. It defines an exchangeable random
partition C of the N observations @1, ..., xy under the generalized MFM model in (3.1). In other
words, the distribution of the partition C is invariant under permutations of {1,..., N}. Due
to the symmetry with respect to the cluster sizes Ni, ..., N;, the distribution p(C; N, 5(+)) is an
exchangeable partition probability function (EPPF) [30].
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22 3. Mixture of Finite Mixtures Model

For a static MFM, where 5(K) = 3, the EPPF is given by

L
P (@ N, 5) = V) T P P) Nl +5 (3.33)
=1
where
e [(KB)K!
Vil =Y p(K) Kp) . (3.34)

['(KB+ N)(K — L)!

Proposition 3.3: The coefficients v 2 in (3.34) satisfy the recursion
VAL = (N + LAV 4 BV 1 (3.35)
forL=1,...,N—1.

Proof: As in [20], we use the identity I'(z) = I'(z + 1)/z, and obtain

CT(KB+N+1)  T(KB+N+1)
DK+ N) = KB+N  (N+LB)+B(K—-1L) (3:36)
Inserting (3.36) into (3.34) yields
() T(KP)K I'(KB)K
Vi =W+ L9) ) p)g (K/3+N+1)(K L) —|—ﬁZp K6+N+1)(K L—1)
= (N + LB)V]SIB-ELL + 5‘/15/@1 L+1s
which is the recursion given in (3.35). O

Due to the special product form of pgai(C|N, 8) in (3.33) and the recursion given by (3.35), the
exchangeable random partition C for the static MFM model is of Gibbs form, i.e., the EPPF
Pstat (C; N, ) is a member of the family of Gibbs partition distributions. An exchangeable random
partition C is said to be of Gibbs form if for some sets of nonnegative weights {W;} and {Vi .}
the EPPF of C satisfies .

p(C) =Vnr [[Wn

=1
for all 1 < L < N and for all compositions {N{,..., N;} of N [31].

This fact is exploited in [19], where the proposed MCMC algorithms for doing posterior infer-
ence of static MFM models are based on sampling techniques for the class of BNP mixtures with
exchangeable random partitions of Gibbs form. In particular, the direct application of inference
algorithms for DPMs to static MFMs is shown. For a DPM with concentration parameter x,

the EPPF is given by the Ewens distribution, which is of Gibbs form as well:

L
pDPM(C N,k HF (337)
Ii—‘rN l 1
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3.2. Exchangeable Partition Probability Function and Distribution of the Cluster Sizes 23

We note that for a generalized MFM, where the hyperparameter 5(K) depends on K, an EPPF
beyond the family of Gibbs partition distributions is obtained. The EPPF pgyn(C; N, k) of

dynamic MFM models can be expressed explicitly in relation to (3.37).

Theorem 3.4: For a dynamic MFM with §(K) = /K, the corresponding EPPF pgyn(C; N, k)

can be expressed as

Payn(C; N, k) = popnt(C: N k) S p(K)RS P, (3.38)
K=L
where .
D(N/ + EY(K —1+1

L1+ %)F(NZ’)K
In (3.38), pppm(C; N, k) is the EPPF for a DPM given by (3.37) and n' is the vector of induced

. . T
cluster sizes, i.e., n’ = (N --- Nj) .

Proof: Inserting f(K) = x/K in (3.10) and (3.11), we obtain

(Kk) L

V
Payn (C|K; N, k) NI L H ( ) and
L(%)
(K,k) F( )K'
= . .4:
Vv [(k+ N)(K —L)! (3.40)
Therefore, the EPPF (cf. (3.9)) for a dynamic MFM is given by
Mk) & K!'  ET(N+ %)
Payn(C; N, k) = =——= > p(K) (3.41)
v I'(k + N) KE::L (K—L)!ll;[l )

Using I'(£) = £T(1 + £), the factor (K L), M-, F@Eg) ) in (3.41) can be reformulated as

K LTV +2) LN+ &)
(K—L)!ll;[l I‘l(%)K =" KLK L'll_[lF =)
—l lLF / K
LH + ll—[l )
L L F(N{Jri)(K—lJrl)

=" T[TW)]T K

=1 =1 F(l + %)F(Nl/)K ’

(3.42)

where we multiplied by []~, ;Ex{% in the last step. Inserting (3.42) into (3.41) leads to
1

KED(R) o & L D(N 4+ &) (K —1+1
Pl o) = E S TTE 3 pta0) T B
00 L ! K
= popm(C; N, k) Z p(K) H L ;VEJ K)

K=L =1

(K —1+1)
JL(N)K

L
K

which proves the expression in (3.38). O
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24 3. Mixture of Finite Mixtures Model

The joint distribution payn (N7, ..., N7; N, k) can be derived as follows. From (3.32) with 3(K) =
k/K and (3.40) we obtain the conditional joint pmf of the labeled cluster sizes for a fixed K,

which is given by

N! &M'T(k N/ + —)( —1+1)
W(N! L NVIKG N 3.43
pdy( 1> ) L| y 4V, ) L'FK—I—NII;[l )F(N’—i—l)K ( )
Marginalizing out K yields
N! k'D(r) & L D(N + £)(K —1+1)
2(N{,...,N ;N k) = — =" 3.44
Payn(Ms- o Nii N ) = T T(k+ N) / Z l[{r E)L(N] + 1)K 4

which is the joint pmf of the labeled cluster sizes for a dynamic MFM model.

We conclude from Theorem 3.4 that dynamic MFMs can be viewed as a generalization of the
Dirichlet process prior beyond the class of Gibbs-type priors. It can easily be seen from (3.39)
that limg o Rg,( f) = 1. Furthermore, specifying a prior pmf which places all probability mass
on K = oo leads to p(K = oo) = 1. Therefore, we obtain payn(C; N, k) = pppm(C; N, k) from
(3.38).

3.3 Prior Distribution of the Number of Clusters

In this section, we derive the prior pmf p(L; N, 3(+)) of the number of clusters L, exploiting the
distributions introduced in the previous section. Recall that due to the number of components
being random with prior p(K), the number of clusters L is a priori random as well. Although
both priors are closely related to each other, p(L; N, 3(-)) does not necessarily match p(K) for
a finite number of observations, i.e., p(L; N, 3()) # p(K) for 1 < N < oc.

Theorem 3.5: For a generalized MFM with 7|K; 5(-) ~ D(m; 5(K)1k) and prior p(K), the
prior pmf of the number of clusters L parametrized by the number of observations N and the
hyperparameter f3(-) is given by

V(K B(K))

p(LiN.B()) = 75 Z M))Lcﬁﬁ”{”, (3.45)

where Vﬁ,{?ﬁ ) i given by (3.11) for each K and C](\,[fiﬁ (F) is obtained via summation over the

labeled cluster sizes N{,..., N}:
P _ ZH DN} + B(K)) (3.46)
N} =1 N/+1>
where
7= {N],... N, :N|,....N, >0and N| + -+ N} = N}. (3.47)
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3.3. Prior Distribution of the Number of Clusters 25

Proof: This proof is based on [20]. Recall the joint conditional distribution of the cluster sizes

p(N7,...,Ni|K; N, B(-)) for a fixed K given by (3.32). By aggregating p(N7,..., N7 |K; N, 5(-))

over N] given in (3.47), we obtain the prior pmf of the number of clusters p(L|K; N, 3(-)) given
K:

p(LIK; N, 5(-) Zp (N7, N KN, B())
Y T KB(K)) L T(B(K) + N})
~ LIT(B(K))" %:ZHI N’ +1)
_ NI V ”B(K)) U BE) (3.48)

o F(ﬁ(K))L Mt

By marginalizing out K from (3.48), we obtain

o0 V(Kﬁ(K)) (K5
LN B = 37 32 O Rt O
which is the prior pmf of the number of clusters given in (3.45). O

We note that C’](Vﬁﬁ ) can be computed recursively with relatively low computational cost; see
Algorithm 1 in [20] for further details.
For static MFM models, where 3(K) = (3, the prior on the number of clusters psat(L; N, )

can directly be derived from Theorem 3.5 and is given by

(ﬁ)

N VN )
pstat( ) 75) L' F(ﬂ)L CN L (349)

where VIS,’B 1), is given by (3.34) and C](Vlfgg ) becomes CJ(\,ﬁ)L which is independent of K due to
B(K) = f (cf. (3.46)).

Finally, for a dynamic MFM model with S(K) = k/K, the prior pmf of the number of clusters
Payn(L|N, k) is given by

N! &I'T(k) & LK—1+1

(Kk)
S (K o .
LIT(x+ N) K;p( v e (3.50)

pdyn(L; N7 KV) =
=1

where Cz(vlfiﬂ) is obtained from (3.46) by inserting S(K) = x/K. Starting with the joint pmf of
the labeled cluster sizes for a dynamic MFM given by (3.43), (3.50) can be proved in a similar
manner as Theorem 3.5.

In Section 3.2 we derived the EPPF of the DPM model from the EPPF of the dynamic MFM
model by placing all probability mass of p(K) on infinity. With lim g [[7, ﬁ =1 and
p(K = o0) =1, we obtain from (3.50) the prior pmf of the number of clusters for a DPM, i.e.,

N! KED(R) (o0

LIT(k+N) MF 321

popm(L; N, k) =



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

26 3. Mixture of Finite Mixtures Model

K — 1~ BNB(1,4,3) K —1 ~ Geo(0.1) K —1~U(1,30)
0.6
0.41 —Klg
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>
= 0.2 E
2 £
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< 0.0
—
2 0.6
= : )
@]
E 0.4 .‘ E
41 o
=}
o
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=
0.0

123456789101234567891012345678910
Number of components/clusters

Figure 3.2: Prior pmfs p(K) of the number of components K (blue) and induced prior pmfs
Pstat (L; N, §) with =1 (top) and payn(L; N, k) with £ = 1 (bottom) of the number of clusters
L (red) for N = 82. (Adapted from [20].)

Note that CJ(VIE“) becomes C](VOO,—J) which is independent of the concentration parameter s, since
limg 00 /K = 0.

The prior pmfs p(L; N, 5(K)) of the number of clusters L for a static MFM (cf. (3.49)) with
f =1 and for a dynamic MFM (cf. (3.50)) with x = 1 are shown in Figure 3.2. In the figure,
three different distributions are considered as priors p(K) of the number of components K: the
translated (cf. section 3.1) beta-negative-binomial (BNB) distribution K —1 ~ BNB(1, 3,4) with
ECPEDIK} = 2 suggested in [20], the translated geometric distribution K — 1 ~ Geo(0.1) with
EPED LK} = 10 suggested in [19], and the uniform distribution K ~ ¢(1,30) with EPED [} =
15.5 suggested in [9]. In the case of the static MFM model, the priors of K and L roughly coincide
for all three choices of p(K) for values of K and L between one and ten. On the other hand, for
the dynamic MFM this only holds for the BNB prior, which has a small mean value. For the
prior pmfs p(K') with larger mean values, a substantial difference between p(K) and pgyn(L; N, k)

can be observed as probability mass is shifted towards smaller values of L.

3.4 Comparing Static and Dynamic MFMs and DPMs

In this section, we provide a more in-depth comparison of the prior pmf of the number of clusters
L and the joint pmf of the cluster sizes N7,..., N} for static and dynamic MFM models as well
as the DPM model.

First, we discuss the influence of the hyperparameters § and . Therefore, Figure 3.3 shows
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n Static Dynamic

2 20

E — K — 1~ BNB(1,4,3)

% — K — 1 ~ Poisson(4)

g | — K -1~ Geo(0.1)

8 — DPM
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Figure 3.3: Prior expectations of the number of clusters for a static MFM (left) and a dynamic
MFM in comparison to a DPM (right) as a function of 5 or x under the priors on the number
of components K — 1 ~ BNB(1,4,3), K — 1 ~ Poisson(4), K — 1 ~ Geo(0.1) for N = 100. The
corresponding prior expectations of K are illustrated as dashed horizontal lines. (Adapted from
[20].)

the prior expectations of the number of clusters E®swt(BNAILL for a static MFM model as
a function of  using several different priors p(K) and N = 100 observations. Additionally,
Figure 3.3 shows the expectiation EPan(LN T for a dynamic MFM model as a function of
k using several different priors p(K), including the p(K) which results in the DPM model, and
N = 100 observations. For comparison, the corresponding prior expectations of the number of
components B )){K } are shown in Figure 3.3 as well. We observe that the gap between the
prior expectation of K and L decreases with increasing hyperparameter 5 or x for both types
of MFMs. While EPstat(LNAIITY approaches EPSD K rather quickly, there is a substantial
gap left between EPan(LNALTY and EPFNLK} even for larger values of x. This is a direct
consequence of choosing 5(K) = k/K, which prevents a quick growth of the number of clusters
as the number of components increases. We conclude that for a static MFM, the prior p(K) has
a strong influence on the prior on the number of clusters for nearly all values of 3. In contrast,
for the dynamic MFM, the influence of p(K) is reduced over an extended range of x values.

For drawing comparisons between mixture models, the joint pmf p(Ny,..., N7|L; N,5(+)) of
the labeled cluster sizes for a given number of clusters, also referred to as conditional EPPF) is
very useful [32]. It can be expressed through the joint distribution of the labeled cluster sizes
p(N7,...,N.|N,5(K)) and the prior distribution of the number of clusters p(L; N, 3(+)):
p(NY, .- Npi N, 5())

p(L; N, B(-))

For a DPM, p(Ny,...,N;;N,(3(-)) can be obtained from (3.44) by placing all prior mass at

PN, ... NL|L; N, B(1)) = (3.52)
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28 3. Mixture of Finite Mixtures Model

K = oo:
poPm(Vys -, N N R L|F(I€+NI1F( 1) L'Ffi—l—NllNl" .
Inserting (3.53) and (3.51) into (3.52) obtains the conditional EPPF for a DPM, i.e.,
N! kET(k) & 1
LIT(k+ N) 1L N/ L
=1
popm(N], ... N |L;N) = — H : (3.54)
M /{LF(/{) (o0) C](VL =1 Nl/
L'T(k+ N)
which is inversely proportional to the cluster sizes Ni,..., N} and thus favouring a partition

structure with many small clusters and a few large ones. Furthermore, the conditional EPPF in
(3.54) is independent of the concentration parameter x. Hence, it can not be made more flexible.
For a static MFM, p(Ny,..., N;;N,j3(+)) is obtained from (3.25) with S(K) = :

V(ﬁ) L F<Nl/+6)

Ll F(ﬁ) i TN + 1)’ (3.55)

pstat(N{w' NLaNﬂ)

where VJS,B 2 is given by (3.34). Inserting (3.55) and (3.49) into (3.52) obtains the conditional
EPPF for a static MFM, i.e.,

(3.56)

!/ !/ 1 L F(
pstat(Nh?NL‘L,NvB): (5) HF

In contrast to the DPM, the conditional EPPF of a static MFM depends on the hyperparameter
(in this case, ), which leads to a more flexible partitioning structure: For 5 = 1, the uniform
distribution over all partitions of N observations into L clusters is obtained. For values of 5 > 1
partitions where the clusters are of generally equal size are favored, whereas values of § < 1
favor partitions consisting of only a few large clusters and many small ones. We note that this
behaviour is directly related to the symmetric Dirichlet prior on the mixture weights = (cf.
Section 3.1).

Finally, the conditional EPPF for a dynamic MFM is obtained by inserting (3.44) and (3.50)
into (3.52), i.e

i ﬁr N/ + —)(K—l+ 1)

/ = Lp HTra F(N’+1)K

Pagn(N], ... NL|L; N, k) = . . (3.57)
e F(1 + %) K

We conclude that, of the three conditional EPPFs (3.54), (3.56), and (3.57), the one for the dy-
namic MFM model (i.e., (3.57)) is the most flexible since it depends on both the hyperparameter
x and the prior pmf p(K).
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3.5. Equivalent Representations of Static MFMs 29

3.5 Equivalent Representations of Static MFMs

In this section, we present several equivalent representations of the static MFM model based on
[19]. One of these representations, namely the stick-breaking representation, is investigated in

more depth since it builds the basis of our VI algorithm developed in Chapter 4.

3.5.1 Representation Using Latent Indicator Variables

We start with the representation using latent indicator variables which can directly be derived
from the generalized MFM model given in (3.1) by using a fixed value for the hyperparameter
B(K), ie., B(K) = 5. The static MFM model using latent indicator variables is defined as

follows:
K~ p(K), (3.58a)
m|K; B~ f(n|K;8) =D(w = (m -+ 7g)" ;8 =PBlk), (3.58b)
21,y ZN|T Lig p(zn|m) = Czn; ), (3.58¢)
0, ... 05 K" 167, (3.58d)
x, |07, 2 ~ (2|07, 2,) = f(2,]07 ) independently for n=1,... N, (3.58¢)

with conditional independence assumptions as in (3.2).

3.5.2 Representation Using the EPPF

Recall the random partition C = {Cy,...,Cr} of the N observations xi,...,xy induced by an

MFM model through the latent indicator variables z = (z; --- zN)T. Exploiting the corre-

sponding EPPF pg.(C; N, 3) for a static MFM given by (3.33), we find the following equivalent

representation to the model given in (3.58):

C ~ pstat(c; N? 5)3
o erlC TR o)), (3.59)

x,|0°,C ~ f(x,|0]) for neC and n=1...,N,

where the L cluster parameters 6; are arranged according to * = (6;T --- OET)T. Once a
partition C is determined, one does not have to deal with component labels or empty components,
which makes this representation of the static MFM particularly useful for doing inference.

The representation of the static MFM in (3.59) enables the formulation of a restaurant pro-
cess, which falls under the general category of urn schemes considered in [33]. Given the partition

C = {Cy,...,Cr} of N observations, a new observation is placed in an existing cluster C;, for
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30 3. Mixture of Finite Mixtures Model

I =1,...,L, with probability proportional to N/ + 3 or is placed in a new cluster Cr4; with

V@

probability proportional to BV]S,BJZL r11/Vni1r- The corresponding partition generating process

can be formulated as follows:
o Assign the first observation x; to cluster one.
o Forn=2,3,..., assign observation x,, to

— an existing cluster C; € {Cy,...,Cp} with probability proportional to N| + /3

(8)
n,L+1

(8)
Vn,L

— anew cluster Cp11 ¢ {Cq,...,Cr} with probability proportional to

This process is closely related to the Chinese restaurant process for DPMs [34], where the nth
observation is either placed in an existing cluster with probability proportional to N/ or is placed

in a new cluster with probability proportional to the corresponding concentration parameter x.

3.5.3 Latent Mixing Distribution

Recall the latent mixing distribution G(-) introduced in Section 2.4. With K, 7 and 67,...,07}
as in (3.58), we define realizations of G(-) to be of the form (cf. (2.13))

G(6,) = ZKJ m6(6, — 67). (3.60)
k=1

Furthermore, we denote the distribution of G(-) by M(G; p(K), f(65), 5). As already mentioned,
BMNMs with latent indicator variables and the latent mixing distribution can be used interchange-
ably. Since the static MFM model defined in (3.58) includes latent indicator variables, we have

the following equivalent representation:

G() ~ M(G;p(K), f(6;),B),
01,....05G " G(8,),

|0, ~ f(x,|0,) independently for n=1,..., N.

According to (3.60), 6,, is equal to 8} with probability 7. Hence, we observe L < N distinct
values 67,...,0; for N samples 64,...,0y from G(-). The next sample Oy, either belongs
to the set of existing cluster parameters 68, € {67,...,0;} or takes on a new value from a

new cluster parameter 67, sampled from the prior pdf f(6;). The corresponding conditional

distribution of Oy given 64,...,0y, i.e., the predictive distribution, can be formulated as
follows:
VJSfB)l L+1 L
f(On11]61, ..., 0N) ox ﬁﬁﬂemﬂ) + ) (N +8)3(On11 — 67), (3.61)
N+1,L =1
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3.5. Equivalent Representations of Static MFMs 31

where NN/ is given by
N
— Z 1(6, =
n=1

Note the close relation of (3.61) to the partition generating process in Section 3.5.2.

For comparison, the predictive distribution for a DPM [16] can be expressed as

L
f(On4+1161,...,0N) < Kf(Oni1) + > (N + B)0(On41 — 67),
=1

where the mixing distribution G(-) is distributed according to the Dirichlet process with the prior
distribution of the component parameters f(0;) and concentration parameter s, i.e., G(-) ~

DP(G; f(65), k).
3.5.4 Stick-Breaking Representation

Recall that the mixture weights 7w = (m; --- 7x)" exist in the (K — 1)-dimensional probability
simplex Ak defined in (2.2). Due to the constraint that S5, 7, = 1, a realization of 7 can
conceptually be generated by breaking off random portions from a unit-length stick. This so-
called stick-breaking analogy is commonly used to represent various kinds of priors for mixture
models, such as the Dirichlet process [35] or the beta process [36] and enables the development
of efficient inference algorithms.

In a certain special case — namely, when p(K) = Poisson(K — 1;«) and 5 = 1 — the static
MFM model given in (3.58) also has an interesting representation that can be described using
the stick-breaking analogy [19], which permits the development of efficient inference algorithms
for static MFM models. The underlying procedure can be described as follows: Take a unit-
length stick and break off pieces whose sizes are i.i.d. according to an exponential distribution
with rate parameter o > 0 until the stick is entirely depleted, i.e., all the pieces sum up to one.
We summarize the MFM model for N conditionally independent observations x1, ...,y using

the stick-breaking analogy as

o

vy, Vo, . .. R E(vg; ) (3.62a)

f(—min{j:ka21}, (3.62b)

k=1
Fe=uv; for k=1,...,K—1, (3.62¢)
K-1
Te=1-> T, (3.62d)
k=1
0;,..., 0% K "= f(6;), (3.62¢)
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32 3. Mixture of Finite Mixtures Model

2o an T R C s W), (3.62f)
n~ f(x,|0;) independently for n=1,... N, (3.62g)
where ® = (7 -~ 7~r[~<)T. Note that the random variables vy, for k = 1,..., K — 1, in this

model definition should not be confused with the coefficients V introduced in Section 3.2.

Proposition 3.6: The stick lengths 7 and the mixture weights 7 in the static MFM model
(3.58) have the same distribution, i.e., the symmetric Dirichlet distribution with hyperparameter

B = S1lk, when p(K) = Poisson(K — 1;«) and § = 1.

Since the stick-breaking representation restricts the prior pmf p(K) to the Poisson family of
distributions and the hyperparameter 8 = 1, it in turn may restrict the static MFM model
in terms of flexibility. However, the induced priors on the number of components K and the
mixture weights 7t are still commonly used or are favorable in certain scenarios. For example,
the choice of a Poisson prior on the number of components K with rate parameter o = 1, i.e.,
p(K) = Poisson(K — 1; = 1), is proposed and justified in [37]. To investigate the influence of
the parameter a on the stick-breaking process, let us first consider the distribution of the stick
lengths vy, for k= 1,..., K — 1, given by &(vy; a) (cf. (3.62a)). In contrast to the beta distribu-
tion, which is used in the stick-breaking representation of DPMs, the exponential distribution
is supported on the interval [0, 00). Depending on the parameter «, a considerable amount of
probability mass can lie in the interval (1,00) and therefore, the MFM model may a priori be
restricted to a single or small number of components. From Figure 3.4, it is demonstrated that
the probability of observing a larger number of components grows with growing rate parameter
a. Since K — 1 ~ Poisson (K — 1;«), we have E{K — 1} = a.. Therefore, the expected value of
the total number of components K is given by E{K} = a + 1.

According to the static MFM model in (3.58), we assume a symmetric Dirichlet prior for the

mixture weights 7, i.e.,
f(m|K; ) = D(m; f1k). (3.63)

The Dirichlet distribution in (3.63) is given by

L(¥i8)
f(m|K: ) = D(m; flg) = —==t - H (3.64)
[Tz T(B)
where the random vector 7w = (m; --- 7x)" with mean vector

K Blk 1
EC IKWB)){ﬂ.} = K7 = o lk
=1

exists in the (K — 1)-dimensional probability simplex Ag given by (2.2). As stated in Propo-

(3.65)

sition 3.6, the stick-breaking representation of the static MFM model restricts the prior on
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Figure 3.4: (a) Exponential distribution for four different rate parameters o. The smaller «,
the more probability mass lies in the interval (1,00). (b)-(d) Visualization of the stick-breaking
process. In each plot, four realizations of the mixture weights 7 according to (3.62a)—(3.62d)
are shown. Larger values of o means that more components are expected.

the mixture weights to the case where § = 1. Figure 3.5 shows realizations of the symmetric
Dirichlet distribution for the case where K = 3 and € {1,10}. We observe that none of the
individual mixture weights is dominating, meaning that the symmetric Dirichlet prior favors
the components of the mixture model equally without introducing any additional bias towards
specific components. This gives rise to the exchangeability property of the symmetric Dirich-
let distribution. With growing /3, the probability mass is more and more concentrated at the
center of the support region, i.e., the mean of the symmetric Dirichlet distribution given by
(3.65), resulting in a single peak at the center for § — oco. For the special case where § = 1,
the Dirichlet distribution is uniform over its support, which is also known as the flat Dirichlet

distribution. Therefore, the static MFM model obtained using the stick-breaking representation
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Figure 3.5: Visualization of realizations of the symmetric Dirichlet distribution D(7; 81k ) for

K = 3. Top: 2000 realizations of the random vector @ = (w1 7o 7r3)T per plot illustrated
as blue dots existing in the (K — 1)-dimensional probability simplex A indicated by the red
triangle. Bottom: Four realizations of 7r per plot illustrated as breaking a unit-length stick into
K = 3 pieces.

(3.62) uses a weakly-informative prior on the mixture weights 7. Choosing this particular prior
is especially useful in scenarios where there is only weak prior information about the mixture

weights available.
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Chapter 4

Variational Inference for Static
Mixtures of Finite Mixtures

4.1 Introduction

Consider a model with latent random variables w = (w; --- wp)’ € RP and observations
x = (xf - m]T\,)T with @, € RM. The posterior pdf f(w|x) is of special importance for
Bayesian estimation, since it summarizes all the information that x contains about w. Thus,
various estimators can be obtained from it. The posterior pdf can be written as
f(w, x)
f(wlz) = 122 (4.1)
fz)

where f(w,x) is the joint pdf of w and @ and f(x) is called the evidence. The evidence can be

calculated by marginalizing out all of the latent variables from the joint density f(w,x), i.e.,

(@) = /wGRP f(w, z) dw. (4.2)

For many models, this evidence integral is unavailable in closed form or requires exponential
time to compute [28]. One way to circumvent this problem is to use sampling techniques such
as Markov chain Monte Carlo (MCMC) to approximate the posterior pdf. An alternative to
sampling techniques is given by variational inference (VI). VI methods are computationally
efficient and thus usually much faster than sampling techniques. Although the accuracy of VI
methods is lower compared with sampling techniques, they can be favorable in high-dimensional
scenarios, settings with large datasets or very complex models. When approximating a posterior
density using VI, the resulting methodology is called variational Bayes (VB).

The objective of VB is to find the best approximation to the posterior distribution from a
computationally more tractable class of distributions of the latent variables. The best approx-
imation is selected from the class of approximating distributions by minimizing a discrepancy

called a divergence between the posterior distribution of interest and the member of this class of
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36 4. Variational Inference for Static Mixtures of Finite Mixtures

approximating distributions. The most popular choices for the discrepancy and the approximat-
ing class of distributions are the Kullback—Leibler divergence (KLD) and the class of product
distributions called the mean-field family of distributions, respectively. This combination is pop-
ularly known as mean-field VI, originating from mean-field theory in physics [38]. Mean-field
VI has percolated through a wide variety of disciplines, including statistical mechanics, electri-
cal engineering, information theory, neuroscience, cognitive sciences, and deep neural networks.
While computing the KLD is intractable for a large class of distributions, reframing the mini-
mization problem for maximizing the evidence lower bound (ELBO) leads to efficient algorithms.
In particular, for (conditionally) conjugate exponential family models, the optimal distribution
for mean-field VI can be computed by the iteration of closed-form updates. These updates form
a coordinate-ascent algorithm known as coordinate-ascent variational inference (CAVI) [39].

Let F denote the mean-field family of distributions over the latent variables, i.e.,
P
F = {atw) = [T astw). with 5w € 7 . (43)
j=1

Here, F; is a subset of all possible probability distributions for a random variable w;. Each
distribution ¢(w) € F is called a wvariational distribution, which approximates the posterior
f(w|z), and the marginal pdf ¢;(w;) € F; is referred to as variational factor distribution. We

search for the optimal ¢(w), which maximizes the ELBO, i.e.,

¢ (w) = argmax L(q; x). (4.4)
q(w)eF
The ELBO is defined as
2y — plaw) [, S flw,z)
L(g:w) = E@ {m e } /w 2w (4.5)

i.e., the expected value obtained by taking the expectation with respect to the variational dis-
tribution ¢(w) of the logarithm of the joint pdf f(w,x) divided by the variational distribution
q(w) itself. To solve the optimization problem (4.4), the CAVI algorithm iteratively optimizes
each g;j(w;) while keeping ¢;(w;) for i # j fixed. Thus, in the (th iteration step of the itera-
tive algorithm, the jth substep (with j € {1,..., P}) updates the previous iterate q](g_l)(wj) by

solving the optimization problem

qj(-g) (w;) = argmax L(q; x). (4.6)
a5 (w;)€F;

Here, the variational distribution ¢(“)(w) used in £(q(*7); z) is, according to (4.3), given by

J I
¢ (w) = (Hq?)(wz-)) IT o "w).

i=j+1
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4.2. Conjugate Exponential Family Model for Static Mixtures of Finite Mixtures 37

where all currently fixed variational factor distributions ¢;(w;) (for ¢ # j) are equal to the results
of the most recent respective updates either calculated in the previous iteration step £ — 1 or in
a substep of the current iteration step ¢ [40]. As stated in [28], the solution of the optimization

problem (4.6) is proportional to the exponentiated expected log of the complete conditional of

wj, 1.e.,

)" (w;) oc exp (B0 {In flw; ;. @)}). (4.7)
where o< denotes equality up to a constant normalization factor and we denote by w.; the vector
of latent variables w with the jth variable removed, i.e., w.; = (wy - Wi—1 Wjgr - wp)T.

The expectation in (4.7) is with respect to the currently fixed variational density ¢.;(w~;) =
[1izj @i(wi). With g;(w;) given by (4.7) for each substep j = 1,..., P of the very last iteration
step, i.e., when the ELBO converges, the resulting optimal variational distribution ¢*(w) can

be written as »
¢ (w) = 1] g (wy), (4.8)

j=1
and thus is a member of F. In summary, the CAVI algorithm described above is presented as

Algorithm 1.

Algorithm 1: General formulation of CAVI
Input: Observations & and number of factor distributions P

Output: Variational factor distributions ¢j(wj), for j =1,..., P
(0)

1 Initialize: Variational factor distributions ¢; (wj), for j=1,..., P;
2 while the ELBO has not converged do

3 {=0+1

4 for j from 1 to P do

5 L update qj(-g) (wj) according to (4.7)

6 Compute the ELBO £(¢\); ) according to (4.5)

S

return ¢*(w) = [T, q; (w;)

4.2 Conjugate Exponential Family Model for Static Mixtures of Finite
Mixtures

For the remainder of the thesis, we will consider the static MFM model in its stick-breaking
representation given in (3.62). We restrict ourselves to the case where the components are ex-
ponential family distributions and f(n;; A) is the corresponding conjugate prior. For N condi-
tionally independent observations x1,...,xx given 1] , the conjugate exponential family MFM
model can be summarized as

vy, Ve, . .. i E(vg; @) (4.9a)
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38 4. Variational Inference for Static Mixtures of Finite Mixtures

J
szin{j:kaZI}, (4.9b)
! k=1

e =v, for k=1,...,K—1, (4.9¢)
K-1

TR=1-Y_ m, (4.9d)
k=1

. | g idd. «

7717---777K’K ~ f(nkaA)7 (496)

zl,...,zNhri'im'gl'C(zn;Tr), (4.9f)

x, ~ f(x,|n; ) independently for n=1,... N. (4.9¢)

The corresponding (conditional) independence relations are given by

vpdlop forall k#K =1,2,..., (4.10a)
npllnl | K forall k4K =1,... K, (4.10b)
mllv| K forall k=1,... K, (4.10c)
nllz,|K,v forall k=1,...,K and n=1,...,N, (4.10d)
zn L K|v forall n=1,... N, (4.10e)
T, L0, Ty, 2o, M | 20, M, n#n'=1,...,N and k # z,, (4.10f)
x, LK |n" v, (4.10g)

where v = (v; --- vg)' and p* = (T - n}}T)T.
In the conjugate exponential family MFM model given in (4.9), the component distributions

f(xn|n; ) are of natural exponential family form, i.e.,

K —
F(@alnz,) = f@alzn) = [] (h@a) expmi @, — ami))) ", (4.11)
k=1

where a(-) is the log-partition function, and we assume for simplicity that @, is the sufficient
statistic for the natural component parameter 7;;. The prior distribution of the natural compo-

nent parameters f(n;; A) is a member of the corresponding conjugate family
Fmiz X) = b(X) exp(X{my; — Aza(np)), (4.12)

where A = (A? )\Q)T is the hyperparameter. It consists of a vector A; € R™ and a scalar

A2 € R. The normalization constant b(A) is given by

b(A) = < /77 g PN = Aoa(m}) dn;ﬁ) (4.13)

and depends on the hyperparameter A [40]. Furthermore, we assume A as well as « to be

deterministic. A graphical summary of the considered model is presented in Figure 4.1.
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Figure 4.1: Bayesian network representing the conjugate exponential family MEFM model given
in (4.9).

4.3 CAVI Algorithm

In this section, we derive the CAVI algorithm for static MFMs being represented via the stick-
breaking analogy (4.9). Although the VI framework has been applied to various kinds of mixture
models such as finite mixtures or DPMs for example, there is, at least to our best knowlege,
no literature about VI in context to MFMs. Due to the close relation to the stick-breaking

representation of DPMs, our algorithm is inspired by the VB method derived for DPMs in [16].

4.3.1 Truncated Mean-Field Approximation

We now define the mean-field variational family F for approximating the posterior distribu-

tion f(v,n*, z|x). In the considered representation (4.9), the latent variables are the auxiliary

variables v = (v; --- UK)T, the natural component parameters n* = (nT --- n}*(T)T with
- . T
n; € RM and the indicator variables z = (21 - - zN)T and thus, w = (v T 2")". Hence,

the variational distribution under the mean-field assumption (cf. (4.3)) is given by

K K N
q(v, 0", 2) = 4y(v)gr (N")qe(2) = (H Gy (vk)> (H Gy (nZ)) (H qun(zn)) (4.14)
k=1 k=1 n=1

Due to the random number of components K involved in the first two products in (4.14), we
heavily doubt the existence of a closed-form solution for the corresponding CAVI updates. To
circumvent this problem, K is exchanged with a deterministic parameter 7', which can be freely
set. In the context of DPMs, T is referred to as truncation parameter. This leads to the truncated

mean-field approximation for the static MFM model:

q(v,n",2) = ¢5(v)gr(N")qe(2) = (H Gy (w)) (H %(ﬂ?)) (H %(zn)), (4.15)

wherev = (v; -+ vp) andn* = (T --- n}T)T. Note that the subscripts in (4.15) depict the

variational parameters, i.e., the hyperparameters of the corresponding variational distributions

q(-).
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40 4. Variational Inference for Static Mixtures of Finite Mixtures

We will show that the iterative optimization process (4.7) leads to closed-form updates of the
variational parameters vectors v, = (7.1 ’}/tyg)T, T = (Tt?l TtVQ)T and ¢, = (Pn1 - ¢n,T)T of
the corresponding variational factor distributions. Note that applying the truncation parameter
T is a major simplification. However, we only consider the variational distribution ¢(v,n*, z) to
be truncated; there is no such constraint on the full model. Thus, the algorithm will still obtain
an approximation of the full stick-breaking representation described by (4.9). The approximating

model can be summarized as
iid.
vy~ E(v; ) for t=1,....T,

Ty = Ut for tzl,...,T,

* % 1d.d. *
7717--.777le f(m;A),

zl,...,zN|7ri'}'vd' C(zp; ), 4.16d
x, ~ f (n|n:, ) independently for n=1,... N, (4.16e

with

(T) * d *T * 1(zn=t)
FO (@alnz,) =TT (hn)exp(m; "zn — a(n))) ) (4.17)
t=1

and

Ff5 ) = b(N)exp(A{mf — Asa(my)). (4.18)

Here, we denote by f(7)(-) the truncated version of the corresponding pdf f(-) in (4.9). Model

(4.16) implies (conditional) independencies which we summarize by

vy lloy forall t#t =1,...,T, (4.19a)
i Un, forall t#£t'=1,...,T, (4.19b)
n, Lo forall t=1,...,T, (4.19c¢)
n, Lz,|v forall ¢t=1,...,7 and n=1,...,N, (4.19d)
xp L v, @, 20, M7 | 20, M5, n#n'=1,...,N and t# z,. (4.19¢)

4.3.2 Derivation of the CAVI Updates

We next formulate the CAVI algorithm for static MFMs by deriving the updates for the varia-
tional factor distributions g, (v¢), ¢r,(n;) and gg, (2,,) in (4.15) using the approximating model
given in (4.16). For the sake of brevity, the iteration index ¢ as well as the superscript (T) is
omitted throughout the derivations.

As a preparatory step, we work out the expectation E(%:(22){1(z, = t)} which will show up
frequently throughout the derivation of the CAVI updates and the ELBO. Since the indicator
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4.3. CAVI Algorithm 41

variable z,, is a discrete random variable and, according to (4.17), z, € {1,...,T}, we have
T
Blen G D1 (z, =)} = Y 120 = t)gg, (2n). (4.20)
zn=1

Because of the indicator function, the sum in (4.20) reduces to a single term, namely the one

where z, =t. With ¢, = ¢4, (2, = t), we obtain
EWenCo) (1 (2, = 1)} = g, (20 = 1) = Pps- (4.21)
CAVI Update for ¢, (v:)

Applying (4.7) to g+, (v¢), the updated variational factor pdfs of the auxiliary variables are given
by
G (v2) o< exp (B~ D) In f (v |v.,, 0", 2, 2)}). (4.22)

For convenience, we work with the log of (4.22), i.e.,
In gy, (vy) < BUC0 2D f(v|v.,, 0", 2, @)}, (4.23)

where the symbol = denotes equality up to an additive constant. Due to the statistical in-

dependence of the auxiliary variables (cf. (4.19a)), the complete conditional can be written as

fuve,,m", z,x) = f(un", z,@). (4.24)

First, let us consider the joint conditional pdf f(v|n*, z, ). Applying Bayes’ law yields

f(xlv,n", 2)f(v|n", )
a2 . (4.25)

To simplify this expression, we exploit independencies among the variables under the model

foln®, z, @) =

(4.16). As implied in (4.19¢), the observations x are conditionally independent of v given n*

and z, so
f(alo.n",2) = f(@ln’,2). (4.26)

The auxiliary variables v are statistically independent of n* (cf. (4.19¢)) and thus, we have
fwln®, z) = f(v]z). (4.27)

Inserting (4.26) and (4.27) into (4.25) leads to

f(zln*, 2)f(v|2)
f(z|n*, z)

Since we do not know f(v|z), we apply Bayes’ law and obtain for (4.28)

fvln*, z,x) = = f(v]z). (4.28)

Foln* ) = flo]z) = LERI@i2), (4.20)
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42 4. Variational Inference for Static Mixtures of Finite Mixtures

Keeping in mind that we search for the variational factor pdf ¢,(v:), the denominator p(z) in
(4.29) is a normalization constant, since it does not depend on v;. Thus, p(z) can be omitted in

the optimization process and (4.29) becomes

fvn®, z,2) o p(z]v) f(v; @), (4.30)

In our model (cf. (4.16a)) the auxiliary variables vy, ..., vy are i.i.d. according to the exponential
distribution

fog ) = ae™ . (4.31)

Thus, the random vector v is distributed according to the joint pdf

T T
f(w;a) = [[ flvs @) = [[ e (4.32)
t=1 t=1
According to (4.16d), the indicator variables z,, for n =1,..., N, given v, are independent and

identically distributed according to the categorical distribution

T
p(zalv) =[] vf(z":t). (4.33)
t=1

Thus, the random vector z is distributed according to the joint pmf

3
—~
il
<
~—
I
— =
=,
N
3
<

) (4.34)

i
I

(zn=t), (4.35)

I
=
Eﬂ

3
I
MR
4~
I
—

Inserting (4.32) and (4.35) into (4.30) yields

N T T T N
flvln*, z, @) o <H Hvt]l(znzt)> [Tae > =J]ae " [] o=, (4.36)
n=1t=1 t=1 t=1 n=1

According to (4.24), the complete conditional of v; is the marginal pdf of f(v|n*, z, ). Using
the statistical independence of the auxiliary variables v once again, it can easily be retrieved

from (4.36) by omitting the product with respect to ¢:

N
F(olve,.n*, 2. 2) o ae™ T vf . (4.37)

n=1

Next, we apply the log to (4.37), which yields

N N
In f(vve,,n*, 2z, 2) = In <a6_m’t H v}(z"_t)> =lna+Ine " + Z In vgl(z”:t)
n=1 n=1
N
=Ina—av; + Z 1(z, = t) Inv,. (4.38)

n=1
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Inserting (4.38) into (4.23) leads to

N
In gy, (v;) = Ea(v~em7.2) {lna — v + Z 1(z, =t)In vt}

n=1

N
= E(q(”“’"*’z)){lna —av} + E(q(””“”*’z)){z 1(z, =t)In vt}

n=1

N
=Ina—av + E(‘I(””f’"*’z)){z 1(z, =t)In Ut}. (4.39)

n=1
In the last step, we used the fact that In o and awv; are constants with respect to the expectation,

ie.,

E@@-m 2 Ina —av} = / / q(v~t)a(n*)e(z)(Ina — avy) dv dn”*
,UNteRT—l

zeNN nERTH
(Ina — awvy) Z / </ q(vt) dU~t> q(n*)q(z) dn*
Jlorert *cRTM v ERT—1
1
= (lna — avy) Z (/ q(n®) dn*) q(z)
zeNN n*eRTM
1

= (lna — avy) Z q(z)

zeNN

=Ina — av;.

It remains to work out the last term in (4.39), i.e., E(q(”“’"*’z)){zgzl I(z, =t)In vt}. Since
v~; and n* are not present in the sum, the expectation is only with respect to ¢(z). Thus, we
obtain
N
E(t](vwm*,z»{z t)In Ut} - (Z)){Z 1(z t)In Ut}
n=1

Een ()] (2, = t)} In v,

Mz

&
Z Op,t In vy, (4.40)

where we used (4.21) in the last step. Inserting (4.40) into (4.39) yields

N
gy, (v) = I = avy + Y Gy 00y, (4.41)

n=1
To find the updated variational factor pdf g, (v;), we omit the additive constant In a and develop

(4.41) further as

N
¢y, (v¢) o exp (—avt + Z GntIn Ut>
n=1
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44 4. Variational Inference for Static Mixtures of Finite Mixtures

N
= exp(—auvt) exp(ln vt)zn:1 Pt

N
—awt gD St (4.42)

=e “;

Let us consider a gamma distribution with shape parameter 7;; and rate parameter 7, 2, i.e.,

- - 1 1 A, B
Fe e, ve2) = Gue A Te2) = mﬂ;d lemmav (4.43)
t,

where I'(+) is the gamma function. Omitting the constant factor —= ’y% ' in (4.43) leads to
1“( 1) 62
F v e, ye2) o eVl (4.44)

A comparison of (4.44) and (4.42) results in

N
Y1 =1+ Z Ont (4.45)
n=1

and

Y2 = Q. (4.46)

We conclude that the variational factor pdf ¢, (v¢) is a gamma distribution with variational

parameters J; 1 and 7o, i.e.,

1 t1—1 — vt
Q'n(vt) = mﬂélvz e (4.47)

At first glance, it seems that the variational factor pdf ¢, (v¢), i.e., the approximated marginal
posterior, does not have the exact same functional form as the corresponding prior f(v:; o) given
by (4.31). In fact, the exponential distribution is a special case of the gamma distribution, i.e.,
E(v;a) = G(v; & = 1, o). This relation can easily verified by setting 4;; = 1 and 12 = a in
(4.47) and comparing the result with (4.31). Thus, we can equivalently use the gamma prior
G(vi; & = 1, a) instead of the exponential distribution £(v;; «) in (4.16a). Note that, according to
(4.45) and (4.46), the CAVI algorithm updates the shape parameter (& = 1) of the corresponding
prior pdf only, while the rate parameter « is fixed.

In the approximating model (4.16), we did not explicitly restrict the mixture weight 77 to
be of the remaining portion of a unit-length stick (cf. (4.16b)), whereas in the full model (4.9)
we have mx = 1 — Y4 ' . We therefore normalize the variational factor pdfs g, (v;), for
t=1,...,T, such that the auxiliary variables v; — and thus the mixture weights m; as well —

sum up to one with respect to their posterior mean, i.e.,

ZE () {3} 27“ =1

Yt,2
t=1
Here, the normalized Variational parameter .1, for t =1,...,T is given by
RN
Y1 = Z Fex (448)
t=1 y0

with 4,1 according to (4.45).
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CAVI Update for ¢, (n;))
Applying the log of (4.7) to gr,(n/), the CAVI solution is given by
Ingr, (n;) < B4 n f (nf 0%, v, 2,2, 0, A) }
= B Iy f(nf|v, z, 2, 0, A)}, (4.49)
where (4.19b) has been exploited in the last step. To find an expression for the complete

conditional f(n;|v, z,x), our starting point is the joint conditional pdf f(n*|v, z, ). By means

of Bayes’ law, we have

) _ f@|v,n", z)f(n*|v, 2)
f v, z, @) = o 2) : (4.50)

Next, we exploit independencies among the variables under the approximating model (4.16):

According to (4.16¢), the component parameters n* follow the family of distributions f(n;; )
given by (4.18). They are independent of the auxiliary variables v (cf. (4.19¢)) and conditionally

independent of the indicator variables z given v (cf. (4.19d)). Thus, we have
f'v, z) = f(n*5 A). (4.51)
Inserting (4.51) and (4.26) into (4.50) and omitting the normalization constant f(x|v, z) yields
ffv, z, @) oc f(zn”, 2) ("5 ). (4.52)

In our truncated model the component parameters n;, for t = 1,...,7T, are independent and

identically distributed according to the family of distributions
FiA) = b(Nexp(A{n; — Aoa(my)). (4.53)

Thus, the random vector n* is distributed according to the joint pdf

SN =TT A) = [T oV exp (Al nf — Xaa(n))). (4.54)

The vector z is a local parameter vector in the sense that its nth element z, influences the nth
observation x,, only, i.e.,

f(@nln®, z) = f(@nln", 20)- (4.55)
Furthermore, we assume that, given the component parameters n* and the indicator variable
Zn, an observation x, is conditionally independent of an observation x,, and, due to locality
of z, as well conditionally independent of an indicator variable z, for n # n’ = 1,..., N, see

(4.19¢). Thus, the joint conditional density f(x|n*, z) factorizes as

N

-l T 1(zn=t)
= [T T (n(z)exp(n; "an — a(mi))) (4.57)

n=1t=1
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46 4. Variational Inference for Static Mixtures of Finite Mixtures

where we used (4.17) in the last step. Next, we insert (4.54) and (4.57) into (4.52) which leads

to

::]ﬂ

Il

n=1t

fm v, z,x, 0, A) x

(st = at) ") T80 )

t=1

N

1

b(N)exp(Afn; — Aaa(ny))
1 n=1

. 1(zn=t)
(h@a)exp(n; @, —a(m)) .
(4.58)

I
i~
’,:12

o~
Il

The desired complete conditional f(n;|v, z, ) can be obtained from the joint density f(n*|v, z, x)
by marginalizing out all of the component parameters n*,. Due to the statistical independence,
this marginalization is done by omitting the product with respect to ¢ in (4.58), i.e

N =t
fi v, z,@) o b(Aexp(ATn; = Asa(m)) TT (h(@n)exp(m; "2, — a(n?)))l( T (wso)

n=1
To solve the update equation (4.49), we next apply the log to the complete conditional given by
(4.59):

5 =t
In f(nf|v, 2, @) = n(b(A)exp(A{n; — Aea(n}))) + In <H (h(@n)exp(m; "a, — a(?ﬁ)))l( - )>

n=1
N
— Inb(A) + AT — o) + 3 1z = £)(In h(wa) + 5 " — (). (4.60)
n=1
Inserting (4.60) into (4.49) gives
N
Ing;, (n;) £ E(q(vmwwz)){ln b(A) + ATy — \sa(n)) + Z 1(zn = t)(Inh(z,) + n,’fTwn — a(nf))}
n=1
= B fInb(\) + An; — daa(n}) }
A
N
+ E(q(vmitvz)){z 1(z, = t)(Inh(z,) + nfT:cn - a(nf))} . (4.61)
n=1

B

We will now develop A and B. For A, we have

> L s g 6009002002 (m0N) & X X))’
= (Inb(A) + ATn} — Aea(m))) > / ( / q(v) dv> a(mZy)a(z) dn’,
2ENN ER(T 1)M veRT

1

= (Inb\) + ATn; — Asa(n})) > ( /77 o q(nit)dnit> q(z)

zeNN

1

= (Inb(X) + X n; — Aea(n))) Zq

zeNN
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4.3. CAVI Algorithm 47

=Inb(A) + ATn — Mea(n)). (4.62)

With (4.21), we obtain for B

N
B =Y B (1(z, = )} (Inh(z,) + n; T, — a(n]))

n=1

N
= > dni(Inh(@,) + m; @, — a(ny)). (4.63)

n=1

Inserting the expressions for A and B into (4.61) leads to

N
Ingr,(m7) < bA) + AT — Aaa(n}) + Y dne(Inh(zy) +0f @, — alny)), (4.64)

n=1

or equivalently

N
¢z, (n;) o exp (111 bA) + ATn; = doa(m)) + Y dne(Inh(@n) + 1 @ — alm] )))

n=1

N N N
- b()\)exp (Z an,th(xn)) exXp ( (Arlr + Z ¢n,t$nT> 77: - <)\2 + Z ¢n,t> a(nf))

n=1

N N
x exp ( (AlT + Z qﬁn,tmnT) n; — </\2 + Z d)m) a(nf)) , (4.65)
n=1 n=1

where the constant factor b(A)exp (Zﬁ;l d)mh(:cn)) has been omitted in the last step. Via com-
paring (4.65) and (4.53), we conclude that the variational factor pdf ¢, (n;) takes the same func-
tional form as the prior pdf f(n;; X) given by (4.53) with variational parameter 7, = (7,5 Tt72)T,
ie.,

Gr, (107) = be(Te)exp(riyn; — Tea(ny)), (4.66)

where by(7:) = 1/ [ cpu exp(mym; — m2a(n;)) dnf. The CAVI update for the variational pa-

rameters is given by

N
T = A1+ Z Pt n, (4.67)
n=1
N
Tro2 = Mg+ Z Gnt- (4.68)
n=1

CAVI Update for ¢4, (zn)

Finally, applying (4.7) to gg,(25), the updated variational factor distributions of the indicator

variables z, are given by

G, (2n) o< exp(BUOM =D ln £ (2|20, 1, v, 2)}). (4.69)
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48 4. Variational Inference for Static Mixtures of Finite Mixtures

Since it is more convenient to work with the log of (4.69), we consider
In g, (2,) = E@@N 2 f1n £ (2, |20, v, 0%, 2) ). (4.70)

Our first task is to find an expression for the complete conditional f(z,|z,,v,n*, ). We start

with a simplification of the complete conditional, namely

f(Zn‘ZNn,’U, 77*, m) = f(2n|v777*7 (E), (471)

which is due to the conditional independence of the indicator variables zi,...,zy given v
(or equivalently given 7) assumed in (4.16d). Next, we consider the joint conditional pdf

f(z|v,n*, x) and use Bayes’ law, which leads to

f(@|v,n*)
The indicator variables z are conditionally independent of n* given v (cf. (4.19d)). Thus, we

f(zlv,n", @) =

obtain

p(z[v, ") = p(z|v). (4.73)

Inserting (4.26) and (4.73) into (4.72) yields

f(zlv,n", @) o f(a|n", z)p(2|v), (4.74)
where we omitted the constant f(x|v,n*) since it does not affect the optimization process.
According to (4.35) and (4.57), the joint conditional pdf f(z|v,n*) in (4.74) can be further
developed as

Al 1(zn=t) N T
f(zlv,n" = a(HH (xn)exp(n; T2, — a(n;} ) " )HHvt]l(zn:t)

n=1t=1
N =t
=11 H(h(wn)exp(nZ‘Tivn — a(?’l?))vt)ﬂ( = (4.75)

The desired complete conditional f(z,|v,n*, ) can be obtained from the joint conditional pdf
f(z|v,n*, &) by marginalizing out all of the indicator variables except the nth, i.e., marginalizing
out z.,. Due to the conditional independence of the indicator variables z1, ..., zy given v, this
is simply done by omitting the product with respect to n in (4.75):

. 1(zn=t)
F(zalv «H( p)exp(ni @y — alm))v) (4.76)
t=1

Applying the log to (4.76) yields

- =t
In f(z,]v,m*, ) < In <H (h(iﬂn)eXp(an:cn B a(nf))vt>l( = ))

t=1

T
=Y 1z = t)(Inh(z,) + Inve + 0} 2, — a(ny)). (4.77)

t=1
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4.3. CAVI Algorithm 49

Next, we insert (4.77) into the update equation (4.70), which leads to

T
In g, (2,) = E(q(”’"*’z%)){z 1(z, = t)(Inh(z,) + Inv, + 0} @, — a(nf))}
t=1

T
Z 1(z ln h(zn) + E(Q'vt(’Ut)) {Inv,} + E(‘lrt(rlf)) {n:T}mn o E(q”("f)){a(n,f)}).
t=1
(4.78)
Furthermore, exponentiating (4.78), we obtain the desired variational factor pmf gg, (2, ):

T

Ggsn (2n) o €XD <Z 1(z, = £)(InA(z,) + B {In v} + B 00) T, — E<qff>{a<n:>}>)

t=1

L * N 1(zn=t

H( exp( qwt(m)){ln v+ E(q”("t)){nZ‘T}azn _ E(qrt(m)){a(n:)})) ( ).

- (4.79)
Equation (4.79) already indicates, that qg, (2,,) takes the same functional form as the prior pdf

f(zn|v). Thus, let us consider the categorical distribution
P(zni ) = H on =", (4.80)

where ¢, = (dn1 - gi)n,T)T is the updated variational parameter vector of interest. For

convenience, we introduce the shorthand notation

Spy = B @) 154, } 4 Blan () ", — E(q*t(”f)){a(n;‘)}. (4.81)

)

Inserting (4.81) into (4.79) gives us

T
h(@)exp(Sn)) ' = o T exp(Spe) =7, (4.82)

t=1

Q¢n Zn

Hz'ﬂ

where the factor h(x,) has been omitted, since it constant with respect to ¢ and thus will
cancel out in the normalization step which will be mentioned shortly. Comparing (4.82) with
the categorical distribution given by (4.80), we conclude that the updated variational parameter
¢n,¢ is proportional to exp(S,, ;). To turn (4.82) into a valid categorical distribution, we normalize

exp(Spy), for allt =1,...,T, to have SE exp(Sp,¢) = 1. Thus, the CAVI solution is given by

T
A, ('zn) = Zn, ¢n = H ¢ Zn_t) (483)
t=1

where the updated variational parameter is the (posterior) probability of an observation ,
being assigned to the tth mixture component, i.e.,

exp(Sn.t)
Sy exp(Sh.)

which is often referred to as the responsibility of component ¢ for observation x,.

Pt = (4.84)

)
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50 4. Variational Inference for Static Mixtures of Finite Mixtures

4.3.3 Derivation of the Evidence Lower Bound

In terms of assessing convergence, the ELBO is a common choice since it can easily be computed
and stored throughout the CAVI algorithm. Typically, the algorithm is terminated once the
change in the ELBO has fallen below some small threshold.

According to (4.5), the ELBO is defined as

£(g; @) = B {0 (w, @) } — BE) {Ing(w)}
= B D i {0 (0, 9%, 2, @)} — BAOT 2D {Ing(v, 0%, 2)}. (4.85)

For convenience only, we will use E@{.} instead of E@®n"2){.} below. Let us first con-
sider the joint distribution f)(v,n*, z,a). Applying the chain rule to the joint distribution
D (v,n*, z,x) leads to

f(T)(vv n*7 Z,CU) - f(T)(z7w|Uﬂ7*)f(T)(U777*)
= [ (@|z, 0,77 (2|, n*) T (") P (n7)
— D 2 (o) T s0) ), (1.5

where we used (4.26), (4.73) and, due to the statistical independence of v and n*, ™) (v|n*) =
f(T)(v; «) in the last step. Furthermore, we appended the hyperparameter A to the argument
of fI)(n*) for the sake of completeness. Using (4.56) and (4.34), we can rewrite (4.86) as

N
fOw,m z.2) = fD(w0) fD (07 2) T] 2D (znl0) f D (@nln*, 20). (4.87)

n=1

Note that, given z,, @, is independent of n;; for ¢’ # z, (cf. (4.19¢)) and therefore

FD(@n|n*, 20) = fD(zn|nk).

Inserting (4.87) into (4.85) gives us

N
L(gz) = E<q>{ln FD(w;a) +n fO ) + 3 (np™ (za]v) + In O (anln’, m)}

n=1

- E(q){th<va 77*7 Z)}

N
— E(Q){lnf(T)(v o) +1In fO (" X) + Z(lnp(T) o|v) 4 In f0) (0|} ))}

n=1

T N
_ E(Q){Z(ln G, (v¢) + 1Ingr, (0])) Z nqg, (2n } (4.88)

t=1 n=1

where we used (4.15) in the last step. Exploiting the linearity of the expectation, we can rewrite
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4.3. CAVI Algorithm 51

(4.88) as

L(g;z) = E{n fD(v;0)} +E@{In f(n*; A)}

A B
N
+ 3 (B p™ (zalo)} + B {n O (@n|m? )} )
n=1 e D
T N
=3 (B9 gy, ()} + EIngr ()} ) = S B {Ingy, ()} (489)
t=1 E F n=1 G

We will now develop the individual expectations in (4.89) denoted by letter A to letter G. With
(4.32), we obtain for A

T T
A =B 2y (D (y:a)}) = E(q(“’"*’z)){z —avgIn a} == jolC (”t)){vt}aln a. (4.90)

t=1 =
Since the variational factor pdf ¢,(v;) is a gamma distribution with shape parameter v;; and

rate parameter 7 o the expectation (a0 () {v} in (4.90) is given by

B () {4} = 181 (4.91)
Vt,2
Because of (4.54), B can be expressed as
B = E(a(vm*yz)){lnf(T) (n*; )\)}

T

- E(Q(”’"*’z)){ZOnb(A) T+ )\ga(r[;‘))}
t=1
T

= Tlnb(A) + Z( Blom ) () + A\BElem ) {4(n )}) (4.92)

=1
Although we know the functional form of the prior pdf f(n;;A) and derived the variational
factor pdf ¢r,(n;) to take the same form as well, we can not further develop (4.92), since we
have not chosen a specific distribution for the corresponding likelihood f(z,|n} ).

For C', we obtain
C = E(q(vm*%)){lnp(T) (2n|v)}
Ela(vn, 2)){21 lnvt}

Z E@@=) (2, = ) Inv,}, (4.93)

S

where (4.33) has been applied in the first step. Note that the indicator variables z1, ..., zy and

the auxiliary variables vy, ..., vy are statistically independent under the mean-field assumption
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52 4. Variational Inference for Static Mixtures of Finite Mixtures

(4.15) due to the fully factorized form. Thus, the expectation of the product in (4.93) is equal

to the product of expectations and C' can be further developed as

T T
C = Z E(q¢n(zn)){]]_(zn — t)}E(Q'yt (Ut)){ln v} = Z an,tE(q% (Ut)){ln v}, (4.94)
=1 =1

where (4.21) has been applied.
Using (4.17), we obtain for D

D= E(q(vvn*:z)){ln A (n|mZ,)}

T
_ gl ,2) {Z 1(z, = t)(Inh(z,) + n; " 2, — a(n; ))}

t=1

~

_ Z E(q(ﬂ?,zn)){]l(zn = t)(ln h(x,) + T]fTiBn - a(né‘))}

t=1

M’ﬂ

E@on () (1 (2, = ¢)JE(am (00) {lnh(mn) +n; 2, — a(nZ‘)}

o~
Il
MA

G (I A(@y) + Bl 0) fpeTh g Bom D) {(mr)}), (4.95)

Il
M’ﬂ

o~
I
MA

where the last step is due to (4.21). For similar reasons as mentioned after the derivation of B,
we can not further develop (4.95) at the moment and refer to Chapter 5.

According to (4.99), the expectation denoted by the letter E' is given by

E =BT ) Ing,, (v,)}
— Bl (vt)){(%,l — D Inve — 20 — (InC(ye1) — ye1nye2)}

= (11 — DE@ @) (v} — 5B @) £} — InT(y,0) + 761 In s (4.96)
With (4.66), we obtain for F

F = B9 In g, (n;)}
— E(q"'i ("7;)) {hl bt(Tt) + Tt?ln;; - Tt,2a(77:)}

= nby(ry) + THE D) i} — 7Bl ) fa(y)). (4.97)
Finally, for G we have
G = B ) ln gy, ()}

T
_ Rlawmn2) {Z 1(z, = #)In ¢}
t=1
T

Z (‘Idm(zn)){]]_ (2n _t)}hld)nt

t=1
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4.3. CAVI Algorithm 53

Il
[M]=

(z)n,t In ¢n,t

i
CRER

In ¢,,, (4.98)

®

where we used (4.83) and (4.21).
Let us now consider the expectation E(q"t (v)) {Inv;}, which has shown up several times. As

shown previously, the variational factor pdf ¢,(v;) is given by

1 t t1—1 —
G, (ve) = ) 1)722’111? Al (4.99)

We next express the gamma distribution (4.99) using its exponential family representation, i.e.,

v

Gy, (V1) = E(Ut)eXp(ﬁTt(Ut) - d(ﬁ)). (4.100)

Exponentiating the log of (4.99) leads to

1 —1
V) = ex ln( Tl e_”’“”‘))
Gy, (Vt) P( F(,yt,l)’Yt,Q t

=exp(—InT (1) + v Inyee + (ve1 — 1) Invg — v 0vr)

=exp((yn — 1) Inv — 00 — (InT(y1) — Y1 Inye2)). (4.101)

Comparing (4.101) with (4.100), we can see that the base measure h(v;) is given by

h(v) =1
and the natural parameter 7 is
i=0h i) =1 —me), (4.102)
where the reverse substitution is given by
Vo= (w1 w2) =@+l —i)". (4.103)

Furthermore, for the sufficient statistic £(v;) we obtain
tv) = (Invy v)" (4.104)
and the log-partition function a(n) is given by

a(n) =InT(v,1) — v Inyee
=Inl( +1) = (¢ + 1) In(—72), (4.105)

where we used (4.103) in the last step. Note that Inwv; is part of the sufficient statistic given by
(4.104). To obtain the desired expression for oICAC)) {Inv;}, we use the well known fact (see [40]
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54 4. Variational Inference for Static Mixtures of Finite Mixtures

for a detailed proof) that the expectation of the sufficient statistic (v;) is given by the gradient
of the log-partition function a(n), i.e., E(q‘*f(”‘)){f(vt)} = Vi(7), where V = (9/din  9/dif)".

Thus, we have
d ., .
a
o (1)
0 y y y
= 57 (InI(n +1) - (1 + 1) In(—12))
m
Coh+1)
Lo +1)

= V(i +1) — (=),

B (Ut)){ln vt =

In(—1)

(4.106)

where we used (4.105) in the second step and W(-) is the digamma function. Inserting (4.103)

into (4.106) gives
E(q'*t(“t)){ln v} = V(1) — Inyo.

4.3.4 Summary

(4.107)

In summary, according to (4.45), (4.46), (4.67), (4.68), and (4.84), the CAVTI algorithm for static

MFMs being described via the stick-breaking analogy (4.9) leads to the following update rules

for the variational parameters:

Tt
Tl = T A1)’
t=1 Yt,2

’Yt,2 =,

N
Tl = A1+ Z OntTn,

n=1

N
Teo = Ao + Z Ot

n=1

exp(Sn.t)

Pt = = 4>
Eszl eXp(Sn,i)

where

N
1=1+> ¢ns,

n=1

S = E(Q‘Yt(vt)){ln ved + E(ar (7)) Y, — E(qn(nz‘)){a(n:)}’

fort=1,...,Tandn=1,...,N.

(4.108a)
(4.108b)
(4.108c¢)
(4.1084)

(4.108¢)

(4.108f)

(4.108g)

We assess convergence of the ELBO to terminate the algorithm. The ELBO is given by

L(g;z) = B9 {In fD(w;0)} + EQ{In £ (n*; A)}

N
4 Z (E(q){ln f(T)(zn|'v)} + E(q){ln f(T) (wn!n,l‘n)}>
n=1
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4.3. CAVI Algorithm 55

= 3 (B gy, (0)} + B (I gr (n)}) = 3 E@ (g, (50)} (4.109)

Recalling (4.90), (4.92), (4.94), (4.95), (4.96), (4.97), and (4.98), the individual expectations in
(4.109) are

T
E@{In fD(v;a)} = — ZE(q’t(”t)){vt}aln a, (4.110a)
=1
T
EO{n fO (% A)} = Tlnb(A) + 3 (MBI 00) i} + B0 00) {a(n)}), (4.110D)
=1
T
E@{Inp®(z,|v)} = > ¢n’tE(q”’t (”t)){ln Ut} (4.110c)

T
ED{In £ (@,|n2,)} = 3 bne(nh@,) + 00 i Y a, — BOn ) {a(my)}),  (4.1104)
t=1

ED{In gy, (v))} = (71 — l)E(q“’t(”t)){ln v} — fyt’gE(q‘*f(”t)){vt} —InT (1) + %1 nye, (4.110e)
E@ {In gr, (07)} = nby(7s) + 75 B D) ey — 7, B0 00) L (o)}, (4.110f)

E9{In ¢g, ()} = ¢ In @y, (4.110g)

and, according to (4.91) and (4.107), we have

E(av () {v,} =

% 2
E(‘I'Yt(vt)){ln Ut} — \I’(f}/t,l) —In Ve,2-

Finally, in Algorithm 2 we present all the necessary steps for our CAVI algorithm for static
MFMs.
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Algorithm 2: CAVI for static MFM models

Input: Observations x, truncation level T', hyperparameters o and A
Output: Variational factor distributions ¢3, (vt), ¢7,(n;), for t =1,...,T and 4, (zn),
forn=1,...,N
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1 Initialize: Variational parameters %(0), Tt(o), fort=1,...7T and ¢£LO), forn=1,...,N

2 while the ELBO has not converged do

3
4

5
6

10

11

12

13

14

1

(9]

(=0+1
for n from 1 to N do

for t from 1 to T do
t compute Sy, ¢ according to (4.108g)

for t from 1 to T do
L set d)ff; according to (4.108e)

for t from 1 to T do
compute ;1 and 7 2 according to (4.108f) and (4.108b)

for t from 1 to T do

set %(z) according to (4.108a) and (4.108b)
set 'rt(z) according to (4.108c) and (4.108d)

| Compute the ELBO L(q9; x) according to (4.109)(4.110g)
return ¢*(v,n*, 2) = (IT11 43, (v0) ) (ITE1 a5, () ) (TThC1 @5, (20) )
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Chapter 5

Variational Inference for Static
Mixtures of Finite Gaussian
Mixtures

In this chapter, we test the clustering capability of the CAVI algorithm from Section 4.3. In
order to be able to apply our proposed algorithm to any given set of observations, we need to

specify the explicit functional form of the component distributions f(*) (mn|0;‘)

5.1 Conjugate Exponential Family Model for Static Mixtures of Finite
Gaussian Mixtures

We now describe the static mixture of finite Gaussian mixtures (MFGM) model which arises by
specifying the component distributions f(*) (mn|0;) as Gaussians with unknown mean 67 and

known covariance matrix 3 = %Iy, i.e.,

fT (@0]63,) = N (2465, %) = . exp(—l(wn—Hin)TE‘l(wn—Bin)> (5.1)
2m)M det(2) :

with x, € RM, 0; € RM and I,; denoting the identity matrix of size M x M. Recall that
our CAVI algorithm is based on component distributions of canonical exponential family form.

According to (4.17), we have
fO (@aln?,) = hzn)exp(nilz, —a(nl,)). (5.2)

We will next show that the multivariate Gaussian distribution in (5.1) is a member of the
exponential family and determine h(x, ), the natural parameter 7} , and the log-partition a(n} ).

Expression (5.1) can be further developed as

1 1 1
FD (2,07 ) = exp (ac};E_lmn) exp (0:32_1:% — 0;‘32_10;).
2r)" det() 2 2
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5 5. Variational Inference for Static Mixtures of Finite Gaussian Mixtures

By comparing with (5.2), we find that this expression is of exponential family form with

h(x,) = ! exp (—15222_193”), (5.3)
@2m)N det(2) 2
n:, =n'(0:,) =%7'6%, (5.4)
1
a(n’(62,)) = 502, 37162,. (5.5)

Note that the component parameters 07 | i.e., the means of the Gaussian component distribu-

Zn?
tions, can be obtained from the natural component parameters n; by inverting the function
7n*(-) given in (5.4):

zZ.

0. =3Xn; . (5.6)

Inserting (5.6) into (5.5) yields

* 1 * - * 1 * *
a(nzn) = inz;rzz 12nzn = annTzTIzn- (57)

With (5.3) and (5.7) the desired canonical exponential family form of the Gaussian components
fO (xn|nz) is given by

1
2m)Y det

FN @|ns,) =

1 1
exp (—:L'TTLE_I:Bn> exp (n;‘Tmn — —nTen: ) (5.8)

The complete specification of the component distributions in terms of their exponential family
representation in canonical form now enables the complete specification of the corresponding

conjugate prior.
5.1.1 Conjugate Prior
According to (4.18), a conjugate prior to the likelihood of the form in (5.2) is given by
Fni; A) = b(Nexp(Arn; = Asa(n})), (5.9)

where b(A) € R* is a normalization constant and the hyperparameters A; € RM and Ay € R are
arranged in the vector A according to A = (AT )\g)T. Inserting (5.7) with z, =t € {1,...,T}
(cf. (4.16)) into (5.9) leads to

* * )\ * *
i) = b\esp (Al = o2 ). (5.10)
Equivalently, we have
A
F0A) = c(A)exp (A?E—lag - ;G;Tz—loz), (5.11)

which is obtained from (5.10) by inserting (5.4). Since the likelihood is Gaussian with known

covariance matrix (cf. (5.1)), the conjugate prior is Gaussian as well. Therefore, we choose the
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5.1. Conjugate Exponential Family Model for Static Mixtures of Finite Gaussian Mixtures 59

prior distribution of the component parameters 6}, i.e., the component means, to be Gaussian

with mean pg- and covariance matrix g« according to
* * 1 1 * T —1/p*
f(67) = N(6;; pe-, Zo-) = — exp( —5 (607 — po-) X (6; — o) ). (5.12)
VJ@em)M det(Se-)

Note that the hyperparameters pg- and 3g- do not contain the subscript ¢ because of the

component means @; being identically distributed a priori. Working out the exponent in (5.12)

and comparing the result with (5.11), we find the following important relationships [40]:

1

Mo+ = Al, (513&)
A2
1

Yo = — 3. (5.13b)
A2

By applying the linear transformation n; = X710} (cf. (5.4)) to the Gaussian pdf in (5.12) we
obtain that n; ~ N (n;; pty+, Xy ), where

- I o
P =X pge = o> DWW (5.14a)
2
1
=218 = 72*1. (5.14b)
2

Note that the prior covariance matrix 3g- is, due to the EF framework, restricted to be a multiple
of the covariance matrix 3 of the corresponding likelihood function f(*) (azn|0;‘n) and thus can
not be chosen arbitrarily (cf. (5.13b)). Furthermore, we emphasize that the hyperparameter
vector A is the same for both representations (5.10) and (5.11), whereas the normalization
constants b(A) and ¢(A) are different.

Having the same hyperparameters X for both, the representation using the component param-
eters 8 and the natural component parameters 7; leads to a convenient way of determining the
conjugate prior f(m;; A) in its desired representation given in (5.10): First, the hyperparameters
po- and g of f(0;) = N(6]; pe~, Xg-) are specified. Given pg-, Xg- = 5.1y and I = 021y,
the hyperparameters A; and Ay of the equivalent representation (5.11) can be obtained from
(5.13a) and (5.13b) according to

Ao = U—B*, (5.15)

Al = )\2/,1,9*. (516)

Once A; and Ay have been determined, they can directly be applied to f(n;;A) given in (5.10).
Regarding its complete specification, it remains to elaborate the normalization constant b(\).

As mentioned above, the prior distribution of the natural component parameters n; is Gaussian
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60 5. Variational Inference for Static Mixtures of Finite Gaussian Mixtures

and thus given by

f(nf) =N e, Be) =

! exp( =2t = g ) S0 — ) ). (517
\/(QTr)Mdet(En*) p( 2(7715 :Un) n (n; Hn )) ( )

Inserting the expressions (5.14a) and (5.14b) leads to

* 1 ]' * ]' —1 T 1 —1 -1 * 1 —1
fmiA) = exp|l —5(m — 2 A (2 n— X A,
@M det(L3-1) 2 A2 A2 A2

which can be further developed as

fisA) = i eXP<—2277tT277t + )‘1T77t ) AE 1>\1>
\/(%) det(E-1) ?
2
1 1 — * A * *
= — exp(—%)\lTE lkl)exp<kfnt - ;ntTEnt) (5.18)
\/(iﬂ) det(=-1)
A comparison of (5.18) and (5.10) yields that

1 L yrst

b(A) = exp| —=——A7 X7 A1 ). (5.19)
29

\/(ig)Mdet(zl)

We conclude that the normalization constant b(A) can be calculated in closed form. Thus,
we do not rely on numerical integration according to (4.13). Consequently, the computational

complexity of the CAVI algorithm is massively reduced, overall leading to shorter runtimes.

5.1.2 Truncated MFGM Model

Recall the approximating model given in (4.16). The results for the Gaussian case just obtained

enable a more precise specification:

vy i'riigi'g(vt;a) for t=1,...,T, (5.20a)
m=uv; for t=1,...,T, (5.20b)
I A (U P (5.200)
21,...,ZN|7ri'i'\51' C(zpn; ), (5.20d)
z, ~ fD(z,|m: ) independently for n =1,...,N. (5.20e)

Here, the components f(7) (:L'n]n:n) are canonical exponential family distributions, i.e.,

- T - 1(zn=t)
F O @alnz,) =TT (h@n)exp(ni @ —alm)))

where, according to (5.3) and (5.7),

1 1
h(wn) = eXp(—fﬂzzlwn),
@2r)Y det (2) 2
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* 1 * *
a(n;) = §mTEm~ (5.21)

The corresponding conjugate prior pdf f(n;; ) is given by

* * A * *

F5 ) = b(A)exp (AlTnt - ;mTEJm) (5.22)
with

1 |

b(A) = exp| —=——A7 X7 A1), (5.23)
o M 1 2)\2
(%) det(=1)
o2

AL = \opter, (5.25)

and 02, 0p. and pe- as in Section 5.1.1. Note that the full model given in (4.9) can specified in

a similar manner.

5.2 CAVI Algorithm

In this section, we adapt the general CAVI algorithm for static MFMs in the conjugate EF
framework (described in Section 4.3.4 and summarized by Algorithm 2) to the Gaussian case

considered in Section 5.1.

5.2.1 Expectations and Quantities Involved in the CAVI Algorithm

The CAVI algorithm for static MFGMs provides us with an approximation ¢*(v, n*, z) of the pos-
terior pdf f(v,n*, z|x), where v = (v, --- vp)", " = (T - n{ka)T and z = (21 - zN)T
are the latent model parameters. Due to the truncated mean-field approximation, the variational
distribution ¢* (v, n*, z) is factorized according to (4.15), where the truncation parameter 7" € N
can in general be freely set and acts as an input parameter for the CAVI algorithm. Further
inputs are the observations « = (z] - :B]TV)T, the hyperparameter « of the prior distribution
of the auxiliary variables v; (cf. (5.20a)) and the hyperparameters pg- and 3g- of the prior pdf
167).
According to (4.66), the variational factor pdf ¢, (n}) is given by

4, (nf) = bi(T)exp(im; — mi2a(ny)),

and thus has the same functional form as the corresponding prior pdf f(m;;A) given in (5.22),

but with hyperparameters 7,1 and 7 5 instead of A; and Ay. In consequence, the normalization
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62 5. Variational Inference for Static Mixtures of Finite Gaussian Mixtures

constant b;(7¢) can directly be obtained from (5.23) by exchanging A with 7 = (7'211 Ttg)T:

1 1 _

() = ——— exp( = 5o ThE ). (5.26)

2T — >
Similarly, from (5.14) we obtain
~ 1
foe = — X'y 4, (5.27a)
T2 7

- 1,

Note that p,: and fln* are referred to as approximated posterior mean and approximated
posterior covariance matrix of the ¢{th natural component parameter 7;, since the variational
factor pdf ¢, (n;) approximates the true marginal posterior f(n;|x). Furthermore, fi,- is equal
to the approximated MMSE estimate 7; of n/ (cf. Section 2.5).

We next work out the expectations g o (i )){nf} and E(on )){a(n;k )}, which we have not
been able to further develop in Section 4.3. Obviously, (o (7 »{n,f} is the approximated
posterior mean of n; and thus given by (5.27a), i.e.,

* 1
Blom ) () = — =7, (5.28)
2

)

Applying expression (5.21) to the approximated posterior expectation g (am (07 )>{a(1ﬁ)} of the

log-partition function a(n;) leads to
* % 1 * % *
B(em ) ()} = §E(qrt(nt)){mTEm } (5.29)

It can be shown [41] that the expectation of the quadratic form n;TXn; with respect to the

variational factor pdf ¢, (n;) is given by
Bl @) TS} = i S + trace(SSy;). (5.30)
With (5.27a) and (5.27b), (5.30) can further be developed as

E(qn(m)){n{fTEnZ‘} = T—Tt’TIE_IEE_le + trace<m22_1>,
2 b

T, 2 Tt72

2
t,
1 1
— 77-52_17},1 + trace<IM>,
t?
[
= T(TME Tig + T2 M).
Ti2
Inserting this expression into (5.29) yields the final result for the approximate posterior expec-
tation of the log-partition function a(n;)

. . 1 _
E(70) {a(n})} = 5oz (T B+ T M), (5.31)
t,2

)
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5.2. CAVI Algorithm 63

5.2.2 Summary

Due to the results obtained above, we are now ready to adapt the general CAVI algorithm
for static MFMs described in Section 4.3.4 to the special case of static MFGMs. Inserting
the two missing expectations (5.28) and (5.31), the updates of the variational parameters
Y, T and ¢, of the corresponding variational factor pdfs ¢, (vi) = G(ve; Y1, %,2)s ¢ (M) =
be(me)exp(Thm; — T 2a(n;)) and the variational factor pmf gg, (zn) = C(2n; @), for t =1,....T
and n=1,..., N are given by

Y1

Vel = e (5.32a)

s
T2 = a, (5.32b)

N
Tl =AL+ Y Gnan, (5.32¢)

n=1

N
Tho = Ao+ > Pn, (5.32d)

n=1

exp(Sn.t)
It = ST o (5.32¢)
" S exp(Sha)
where
N
Fia =14 bnr, (5.32f)
n=1
1
Snt=U(11) —Inye + —7 8w, — o (727 g + a2 M). (5.32¢)
Tt,2 27122

It remains to adapt the ELBO, which is used to assess the convergence of the CAVI algorithm
for static MFGMs. According to (4.109), it is given by

L(g;z) = BD{In f7)(v;a)} + ED{In £ (n*; A)}

N
+ Z (E(q){lnp(T)(zn\v)} + E(q){ln Ak ($n|77;)})

=1

~

(B9 {In gy, (v)} + EO{Ingr, (m))}) = Y E@{Ingy, (z)}.  (5:33)

t= n=1

[

Using the base measure (5.3), the missing normalization constants (5.23) and (5.26), and the

missing expectations (5.28) and (5.31), the individual terms in (5.33a) can be expressed as

E@{In fD(v;a) Z n, o, (5.33b)
= t.2
1 1
E@Q{n fD(n*;A)} =Tln — - ﬁx?zflxl
\/(iﬂ) det(z-1) 7
a A2
+ Z ( DY D IR (Ttle—lm + mM)), (5.33¢c)
— \ Tt,2 217 Ti2 N
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64 5. Variational Inference for Static Mixtures of Finite Gaussian Mixtures

T
E@{Inp™ (z]v)} = > ¢ns(¥(ye1) — Iny2), (5.33d)
t=1

E{In ) (@ |nz,) }

L —eiXla,) 1 1
= Z Ot <ln eXp( 5T, T ) + 77-5‘1271;371 — 272(7'512717771 + Tt,2M>>, (5.336)
=1 2r)N det (2) T2 Ti,2
E@{In gy, (v)} = (761 — D(¥(1) — Iny2) — v% —InT(%1) + 71 Iny2, (5.33f)
(q) * 1 |
E‘Y{Ing,(n;)} =In - T T

() demy 2

1
T sw—1
+ Tt,lz Tt1 —
Tt,2 270

(ThE g + o M), (5.33g)

ED{lngg, (21)} = ¢, In . (5.33h)

Finally, in Algorithm 3 we present all the necessary steps for the CAVI algorithm for static
MFGMs. At the end of each iteration, the ELBO is evaluated and the algorithm is terminated,
if the relative change of the ELBO with respect to the previous iteration falls below some small

threshold ¢, i.e., if
1£(qs ) — L(g“ D))
L(qD; )]

The output of the algorithm is further processed to estimate the latent model parameters v =

<e. (5.34)

(vy - op)t, mF = (T - né‘pT)T and z = (2 -+ zn)".
5.2.3 Initialization

Taking a closer look at the update equations given by (5.32), we see that the update procedure
cycles through two coupled stages. In the first stage, we use the current global hyperparameters
~; and 7 of the corresponding variational factor pdfs ¢.,(v;) and g, (n;) to evaluate (5.32g)
and hence update the responsibilities E(@#»(#){1(z, = t)} = ¢, using (5.32¢). In the following
stage, we keep the responsibilities fixed and use them to implicitly update g¢,(v;) and ¢r,(n})
by updating the corresponding variational parameters =, and 7; according to (5.32a)—(5.32d).

Based on this two-stage update procedure, we suggest two different ways to initialize our
CAVI algorithm. First, one could initialize the variational parameters «; and 7 and use them
to calculate the responsibilities ¢, ; using the respective update equation. Obviously, we use the
hyperparameters of the corresponding prior pdfs as initial values for the variational parameters,
ie., 'yt(o) = (1 a)' and Tt(o) = (AT )\2)T7 for t =1,...,T. Since v; and n; are global model
parameters, this initialization type will be referred to as global.

The second option is to invert this procedure, i.e., initializing the responsibilities ¢, ; and

calculating the variational parameters +; and 7 according to their respective update equations.
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5.2. CAVI Algorithm 65

Algorithm 3: CAVT for static MEFGM models

Input: Observations x, truncation level T', threshold e, hyperparameters
{a, 2 = 0Ly, po+, Xo+ = 0. Inr}
Output: Variational factor distributions ¢, (vt), g7, (nf), for t =1,...,T and I, (zn),

forn=1,...,N

1 compute X according to (5.24) and (5.25)

2 Initialize: Variational parameters %(0), Tt(o), fort=1,...7T and ¢£LO), forn=1,...,N
3 while the ELBO has not converged do

4 {=0+1

5 for n from 1 to N do

6 for t from 1 to T do

7 t compute Sy ¢ according to (5.32g)

8 for t from 1 to T do

9 L set d)%} according to (5.32e)
10 for t from 1 to T do

11 compute ;1 and 7 2 according to (5.32f) and (5.32b)
12 for t from 1 to T do

13 set %(z) according to (5.32a) and (5.32b)

14 set 'rt(z) according to (5.32¢) and (5.32d)

15 Compute the ELBO £(¢"¥); ) according to (5.33) and check convergence according
to (5.34)

r;turn ¢ (v,m*, z) = (Hthl @, (vt)) (Hthl qr, (nZ‘)) (H51V=1 qzn(zn))

1

(=]

In what follows, we describe two approaches of initializing the responsibilities ¢,,; that are used
for the simulations in Section 5.4.

The first one is to assign each observation @x,..., TN to a separate component. In conse-
quence, the truncation level T' can not be chosen freely since it has to be equal to the number

of observations /N. The initial responsibilities are given by

o) = (5.35)
0 else
T
Thus, each initial variational parameter vector ¢1(10) = <¢n0,)1 gbg @;O)T) , for n =
1,..., N, contains N — 1 elements which are equal to zero and one element (for index ¢ = n)

which is equal to one. This initialization type will be referred to as unique.

In the second approach, we preset the truncation level T and assign each observation x,, for

n=1,..., N, randomly to one of the T" components. Thus, each initial variational parameter
(0) (0) (0) O\ - .
vector ¢y’ = (¢n,1 o Oy gbn’T) ,forn=1,..., N, contains T — 1 elements which are
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66 5. Variational Inference for Static Mixtures of Finite Gaussian Mixtures

equal to zero and one element (with randomly chosen index ¢ € {1,2,...,T}) which is equal to
one. As stated in [28], CAVI only guarantees convergence to a local maximum of the ELBO,
which can be sensitive to initialization. In other words, poor initializations can lead to low
local maxima. Therefore, we run the CAVI algorithm multiple times, i.e., we perform multiple
permutations, each time with a new realization of the random component assignment described
above. As a final result, we take the output of the run (permutation) with the highest ELBO.

This initialization type will be referred to as permute.

5.3 Estimation of the Latent Model Parameters

In this section we describe the estimation of the auxiliary variables v (or equivalently the mix-
ture weights 7r), the component parameters 6*, and the indicator variables z using the output
q*(v,m*, z) of Algorithm 3. Recall that the variational distribution ¢*(v,n*, z) is an approxi-

mation of the posterior distribution f(v,n*, z|x) and is factorized according to

T T N
¢"(v,n" z) = (H %, (vt)> (H I, ("72‘)) (H q:;n(zn))

t=1 t=1 n=1
Therefore, the variational factor distributions ¢3, (v¢), ¢7,(n;) and g3 (z») approximate the corre-
sponding marginal posterior distributions f(v|x), f(n;|x) and f(z,|x). Hence, they can directly
be applied to the Bayesian estimators introduced in Section 2.5.

We start with the approximate MMSE estimate éjf of the tth component parameter 6}, i.e.,

the mean of the tth component. According to (5.28), the approximate posterior mean of the ¢th
natural component parameter n; is given by

* 1
i = Blm D)y = — =717y .
Tt,2

t,
Applying the deterministic transformation 8; = Xn; (cf. (5.6)) yields the desired approximate

MMSE estimate
1

0; = —7i, (5.36)
Tt,2
of the tth component parameter ;.
Due to the relation m = v, for t = 1,...,T (cf. (4.16b)), the approximate MMSE estimate
7y of the tth mixture weight m; is equal to the approximate posterior mean of the tth auxiliary

variable v;. According to (4.91), it is given by

fy = Blan @) (1 = 6L (5.37)

V2
Finally, we estimate the indicator variables z1,...,zy. According to (4.83), the variational
factor pmf gg, (2,) is a categorical distribution with variational parameter ¢,, = (¢5,1 - - - <bn7T)T.
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5.4. Performance Evaluation 67

Recall that the ¢,,; are responsibilities, i.e., the probabilities that an observation x,, is assigned
to the tth mixture component. Hence, we choose the estimate Z,, of the nth indicator variable
Zn to be the component with the largest responsibility. In other words, the estimate Z,, is equal

to the mode of the approximated posterior pdf ¢g, (2y,), i.e., the approximate MAP estimate of

Zn:
Z, = argmax ¢y ;. (5.38)
t
Using the estimates 21,...,2,, the number of clusters in the observations x (cf. (2.11)) can be
estimated according to
L=>"1(N,>0), (5.39)

t=1
where N, = SN 1(2, = t) is the (estimated) number of observations assigned to the ¢th mixture

component.

5.4 Performance Evaluation

5.4.1 Data Generative Model

Until further notice, we consider the observations x,...,zxy € RM to be drawn from a finite
mixture of multivariate Gaussian distributions with K = 8 equally sized components [20] of

dimension M = 2. The data generative model for N conditionally independent observations

x=(zf - w%)T can be summarized as follows:
1
™ = glg, (540&)
21y, 2N i C(zn; ), (5.40b)
x,|0%, z, ~ f(x,]0; ) independently for n=1,...,N. (5.40¢)

Here, the component distributions f(x,|0; ) are Gaussians, i.c., f(x,|0% ) = N (x,|0; ,X) with

covariance matrix 3 = Iy and component means

o < {(795) . (35)-(55) . (59). (532)- (). (%) G2) ) sam

In what follows, a realization x = (z] --- m%)T of (5.40) will be referred to as synthetic

dataset. For illustration, an example dataset with N = 300 is shown in Figure 5.1.

We emphasize that the true component assignments z1,...,2y € {1,...,8} (cf.(5.40b)) and
the corresponding component means 8} as in (5.41) are used for performance evaluation pur-
poses, but the CAVI algorithm itself is provided with the raw synthetic dataset, see Figure 5.1.

In a post processing step, the cluster (i.e., the non-empty components) assignments and the
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Figure 5.1: Synthetic dataset & with eight clusters generated according to (5.40) for N = 300.
Left: Labeled observations @, = (1 $n72)T for n = 1,...,300, illustrated as colored dots
and cluster means illustrated as large colored dots. Right: Raw synthetic dataset « as seen at
the input of the CAVT algorithm.

corresponding cluster means are estimated according to (5.38) and (5.36). Note that empty

components, i.e., components for which N; = 0, are thrown away.

5.4.2 Simulation Results

We next perform simulations to evaluate the clustering performance and estimation accuracy
of the number of clusters of our CAVI algorithm for static MFGMs, which is summarized in
Algorithm 3. The presented results are averaged over 200 MC runs of the algorithm and the
corresponding post processing step, where in each MC run a new synthetic dataset x is drawn
from (5.40). The maximum number of iterations is set to 50, i.e., {pax = 50 and the algorithm is
terminated according to (5.34) with ¢ = 1071, Regarding the specification of the hyperparam-
eters pg- and g+ of the Gaussian prior pdf f(6;) (cf. (5.12)), we take a data driven approach

inspired by [29]. The mean pg- is set to be the median of the observations, i.e.,
pe- = median(xy, ..., Ty), (5.42)
and the diagonal elements of the covariance matrix g = 03.I5 are chosen according to
03* = max(var(zi,1,...,2Zn1), var(zi e, ..., TN 2)). (5.43)

With ¥ = I, chosen to be the same as in the data generative model, there are only two input
parameters of the CAVI algorithm, which we are in control of, namely the truncation parameter

T and the hyperparameter a.

Influence of the Hyperparemater «

We now investigate the influence of the hyperparameter o on the clustering performance of the

CAVT algorithm using the three initialization types unique, permute, and global described in
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Figure 5.2: Clustering performance of the CAVI algorithm for static MFGMs. Estimated num-
ber of clusters (first column) and accuracy score (second column) for N = 50, 100, 150, . .., 1000
and different choices of the hyperparameter «. Each subfigure corresponds to a different initial-
ization approach of the CAVT algorithm according to Section 5.2.3.

Section 5.2.3. In case of initialization type permute, the number of permutations is set to 10
and the truncation parameter 7' is set to 20 for both, permute and global. For a rough overview
of the performance, the estimated number of clusters L and the accuracy score are shown in

Figure 5.2. With 2, according to (5.38), the accuracy score is given by

1 N
= 1(3, =
N; "
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The accuracy score indicates the number of correctly assigned observations in relation to the total
number of observations. From Figure 5.2¢, it follows that initializing the variational parameters
of the CAVI algorithm according to the global procedure leads to a very poor performance.
Therefore, the initialization type global is not considered further in our discussions.

In general, we observe an increasing estimated number of clusters with increasing hyperparam-
eter . Recall that the prior on the number of components is given by p(K) = Poisson(K —1; ).
Thus, the a priori expected number of components is given by « + 1. Since the ground truth
regarding the number of components is known to be equal to eight, an obvious choice for the
hyperparameter « is given by a = 7. But for both initialization types, unique and permute,
we find the values of « leading to the best overall clustering performance to be larger than 7,
namely o = 30 for initialization type unique and « = 15 for initialization type permute. Al-
though the number of clusters is overestimated for N < 150, the estimated number of clusters
tends towards the true number of clusters as the size of the synthetic dataset grows, i.e., with
increasing number of observations N. The corresponding accuracy scores are no smaller than
0.9, i.e., at least 90 % of the observations are assigned to the correct cluster. For smaller values
of «, the initialization types demonstrate significantly different behaviour from one another.
Whereas the estimated number of clusters grows with an increasing number of observations in

the case of permute, it decreases in the case of unique.

Comparison of Initialization Types Unique and Permute

Figure 5.3 shows a comparison of initialization type unique with o = 30 and permute with a =
15, i.e., the hyperparameter for which the CAVTI algorithm performs best for each initialization
type. Again, the estimated number of clusters and the accuracy score are used to quantify the
clustering performance. For a lower number of observations N, permute outperforms unique,
which is indicated by a slightly lower estimated number of clusters and a slightly higher accuracy
score. As soon as N reaches 200, the performance difference is negligible. Note that in both
cases, the 95% confidence interval decreases with increasing N, suggesting an increasing level
of information content in the observations.

The average computation times of a CAVI run and the corresponding post processing step
for a Python implementation (single core) executed on a system with an Intel Core 19-13900H
CPU and 16 GB RAM are shown in Table 5.1. Recall that the truncation parameter T is set
to be equal to the number of observations N in case of initialization type unique and thus, the
number of variational parameter vectors 7, and 77 to be computed and the dimension of the

variational parameter vectors ¢, € R”, forn =1,..., N, grow linearly with N. For permute on
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Figure 5.3: Estimated number of clusters and accuracy score with 95 % confidence interval for
initialization type unique with o = 30 and initialization type permute with a = 15.

N 50 150 200 350 500 1000

Unique 13.68 40.23 64.45 150.50 357.11 1226.15
Permute 77.80 98.61 102.29 173.62 200.37 300.80

Table 5.1: Joint computation time of the CAVI algorithm and the post processing step (in
ms) for initialization type permute with 7' = 20, o = 15, and 10 permutations per MC run and
initialization type unique with a = 30 averaged over 200 MC runs.

the other hand, the truncation parameter 7' is fixed at some predefined number but the CAVI
algorithm is repeated several times (number of permutations) in each MC run. This results in
a larger computation time for a small to moderate number of observations N compared with
unique. As soon as N gets large, the computational complexity using initialization type unique
grows significantly and we observe smaller overall runtimes of permute compared with unique.
Finally, some specific clustering results for N = 50 and N = 300 using the CAVI algorithm
for static MFGMs with initialization type permute are shown in Figure 5.4. Here, the presented
results arise from a single MC run, i.e., from a specific synthetic dataset depicted as ground truth.
For N = 50, the level of information in the observations tends to be low, since the population
of each cluster in the corresponding artificial dataset is rather sparse. This may lead to the
number of clusters being estimated incorrectly. As an example, let us consider the artificial
dataset shown in Figure 5.4a. The upper lightblue observation and the most right orange
observation are located far from their corresponding cluster means. Furthermore, the distances
to observations assigned to different clusters are large as well. In consequence, the estimator
assigns each observation to a new cluster and therefore the number of clusters is overestimated.
The opposite behaviour can be observed in Figure 5.4b. Consisting of a single observation
located far from the corresponding cluster mean but nearby the red cluster, the orange cluster

is not present in the estimation result. Figure 5.4c shows a specific case with higher information
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72 5. Variational Inference for Static Mixtures of Finite Gaussian Mixtures

content in the observations in the sense that the number of clusters is estimated correctly. For
datasets with a larger number of observations and thus a higher level of information content,
we over all observe a higher estimation accuracy. A specific example for N = 300 is presented

in Figure 5.4d.

Influence of the Truncation Parameter T

We now investigate the influence of the truncation parameter 7' on the clustering performance
of the CAVI algorithm for static MFGMs with initialization type permute. Recall that the
truncation parameter 17" depicts the number of components in the approximating model given in
(4.16). Since our data generative model given in (5.40) consists of K = 8 components with equal
mixture weights m, = %, for k=1,...,8, it is very likely that, for NV > 50, each synthetic dataset
drawn from (5.40) has eight clusters. Therefore, we do not consider the truncation parameter
to be smaller than eight in our discussion.

Figure 5.5 shows the estimated number of clusters and the accuracy score averaged over 200
MC runs of the CAVT algorithm and the corresponding post processing step using initialization
type permute with 10 permutations. In general, we observe an increasing estimated number of
clusters with increasing truncation parameter 7. If the number of observations is small, the
number of clusters is overestimated for T' = 15 and T = 20. Interestingly, this is not the case
for T'= 50. However, if large enough, the particular choice of T' does not change the estimated
number of clusters for N > 200. In other words, the influence of 1" is suppressed for a higher
level of information content in the observations. Qualitatively, the same statement holds for the
accuracy score.

We emphasize that choosing appropriate values for o and 7" when using initialization type
permute should be viewed as a joint problem. Since the computational complexity increases with
increasing truncation parameter T', keeping T as small as possible is desirable. The associated
decrease in clustering performance can — at least partly — be compensated for by increasing
the hyperparameter «. For illustration, we consider the cases where 7" = 9 and T = 20 for
« = 15, which have already been shown in Figure 5.5. By increasing « from 15 to 27 for T'=9,

the clustering performance can be raised close to the level of T" = 20, see Figure 5.6.

Evidence Lower Bound

Figure 5.7 shows the ELBO computed at each iteration of the CAVI algorithm using initialization
types unique and permute for N = 50 and N = 500 observations. The specific iteration at which
the algorithm is terminated, i.e., the condition (5.34) is fulfilled, is indicated by vertical dashed

lines. In order to enable a fair comparison, the hyperparameter « is set to 30 in both cases,
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Figure 5.4: Clustering performance using initialization type permute, T = 20, a = 15, and
10 permutations. Left: Synthetic datasets for N = 50 and N = 300 generated according to
(5.40) and labeled according to the ground truth. Right: MMSE estimated cluster means él*,
forl=1,... ,ﬁ and observations @, = (21 Qj‘ng)T labeled using the MAP estimated indicator

variables Z,.

(d) N =300, L =38
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Figure 5.5: Clustering performance of the CAVI algorithm for static MFGMs with initialization
type permute and a = 15. Estimated number of clusters (left) and accuracy score (right) for
N = 50,100, 150,...,1000 and different choices of the truncation parameter 7.
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Figure 5.6: Improvement of the clustering performance for the specific choice of T = 9 by
increasing the hyperparameter .
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Figure 5.7: Evolution of the ELBO for initialization type permute with 7' = 20 and 10 permu-
tations and initialization type unique. Dashed lines indicate the termination of the algorithm
according to (5.34) with e = 10710,
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Figure 5.8: Evolution of the ELBO for initialization type permute with 7" = 20 and 10
permutations for different choices of the hyperparameter a.

N =50 N =500
number of clusters accuracy score number of clusters accuracy score
a=15 8.34 0.909 8.00 0.958
a =30 8.93 0.892 8.01 0.958
a =40 9.13 0.883 8.07 0.956

Table 5.2: Estimated number of clusters and accuracy score for initialization type permute
with T = 20 and 10 permutations for different choices of the hyperparameter .

unique and permute. For both initialization types, the CAVI algorithm converges faster for
N = 500, which is again related to the higher level of information content in the observations.
Furthermore, the ELBO using initialization type permute is larger for both cases, N = 50 and
N = 500. Especially for N = 500, a significant gap between unique and permute is evident, even
though the clustering performance is basically the same. Thus, it can not be inferred from the
ELBO which initialization type is most suitable.

In Figure 5.8, we present ELBO curves for N = 50 and N = 500 using initialization type
permute only, but with different choices of the hyperparameter a. The corresponding clustering
results, i.e., the evaluated performance metrics, are given in Table 5.2. Note that these results
are part of those already presented in Figure 5.2b. We observe that the particular choice of
a = 15 leads to the best clustering performance in both cases, N = 50 and N = 500, whereas
a = 40 performs worst. Since, for N = 50, the choice of & = 15 results in the largest ELBO as
well, one might tend to use the ELBO as decision basis for hyperparameter tuning. However,
for N = 500, it is evident from Figure 5.8 that o = 15 has the smallest ELBO. From this,
we conclude that the ELBO, in general, cannot be used as a sole basis for hyperparameter
tuning. This statement becomes even more evident by investigating the ELBO curves shown
in Figure 5.9 and the corresponding clustering results given in Table 5.3 for initialization type

unique. Here, for N = 50, the choice of the hyperparameter o« = 15 for the best clustering
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Figure 5.9: Evolution of the ELBO for initialization type unique for different choices of the
hyperparameter «.

N =50 N =500
number of clusters accuracy score number of clusters accuracy score
a=15 8.03 0.912 7.88 0.944
a =30 8.72 0.903 8.00 0.957
a =40 8.92 0.898 8.00 0.957

Table 5.3: Estimated number of clusters and accuracy score for initialization type unique for
different choices of the hyperparameter a.

performance does not coincide with that for the largest ELBO, i.e., a = 30.

Comparison with the CAVI Algorithm for DPMs

We now compare the clustering performance of our CAVI algorithm for static MFGMs with the
CAVT algorithm for DPMs from [16] specialized to the case of Gaussian component distributions
with unknown means. Recall that, for a DPM model, the expected number of clusters grows

logarithmically with the number of observations. More specifically, it is given by [17]

Lzmln(l—i—N).
K

Thus, we expect the estimated number of clusters to grow with the number of observations when
the CAVI algorithm for DPMs is applied to synthetic data from the finite Gaussian mixture
model in (5.40). For simulation, the value of the concentration parameter x is chosen such that
L =8 for N = 300, i.e., k = 1.51. For our CAVI algorithm, we use initialization type permute
with 10 permutations, « = 15 and T = 20. From Figure 5.10 it is demonstrated that the
number of clusters in the observations is not reliably inferred by the CAVI algorithm for DPMs
since, as expected, L grows with an increasing number of observations N. Correspondingly, the
accuracy score goes down. More generally, the DPM model is not able to exploit the increasing
information content in the data as the number of observations grows which can be inferred from

the growing confidence intervals. On the other hand, we observe decreasing and even vanishing
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Figure 5.10: Comparison of the clustering performance of the CAVI algorithm for the DPM
of Gaussians and the CAVT algorithm for the static MFGM. Estimated number of clusters (left)
and accuracy score (right) with 95 % confidence intervals.

confidence intervals when our CAVI algorithm for static MFGMs is applied. We can conclude
that, at least within the specified finite Gaussian mixture scenario, our novel CAVI algorithm
for static MFGMs effectively resolves the inconsistency issue related to the inferred number of

clusters associated with DPMs.

5.4.3 Old Faithful Geyser Dataset

Finally, we apply our CAVI algorithm for static MFGMs to the Old Faithful geyser dataset®. It
consists of N = 272 observations 1, ..., xy, where each observation x,, = (2,1 xn,g)T € R?
contains the duration of a single eruption and the waiting time until the next eruption of the
Old Faithful geyser, which is located in Yellowstone National Park, Wyoming, USA.

Note that the waiting times are roughly an order of magnitudes larger than the eruption
durations. To avoid bias towards the waiting times in the estimation result, the CAVI algorithm
is fed with standardized data. Standardization means that both, the eruption durations and the

waiting times have zero mean and a standard deviation of one, i.e.,

1 N 1 N 2
Mlzﬁgmnl—oa o1 = an::l(xnyl_ul) =1
N 1 & 2
H2 = N nz::lxn,z =0, 02 = N ;(%2 - /‘2) =1

The raw Old Faithful geyser dataset and the corresponding standardized version are shown in
Figure 5.11.
Figure 5.12 presents the clustering result for the Old Faithful geyser dataset using the CAVI

!Source: https://www.stat.cmu.edu/~larry/all-of-statistics/=data/faithful.dat


https://www.stat.cmu.edu/~larry/all-of-statistics/=data/faithful.dat
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Figure 5.11: Raw Old Faithful geyser dataset (left) with eruption duration and waiting time
until the next eruption in minutes and standardized Old Faithful geyser dataset (right).
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Figure 5.12: Clustered data from Old Faithful geyser using the CAVI algorithm for static
MFGMs (left) and the K-means algorithm (right). Cluster means are indicated by black crosses.

algorithm for static MFGMs with initialization type permute, a = 8, T" = 10, and 10 permuta-

tions. The hyperparameters pg- and Xy« are chosen according to (5.42) and (5.43). In addition,

a clustering result using the K-means algorithm kmeans2? with & = 2 and random initialization

of the centroids is shown for comparison. We see that the clustering results of both algorithms

are the same, except the assignment of a single observation.

We note that the CAVI algorithm for static MFGMs forms two clusters regardless of the

particular choice of «, as soon as a > 2. Each of the clusters can be interpreted as a separate

series of eruptions. The red cluster contains short eruptions lasting no longer than three minutes

and is associated with shorter waiting times between these eruptions. The green cluster contains

long lasting eruptions associated with longer waiting times. Both, the eruption duration and

the time interval between eruptions have bimodal distributions. For example, the mean waiting

times are given by 55 minutes following a short eruption and 80 minutes following a long eruption.

“https://docs.scipy.org/doc/scipy/reference/generated/scipy.cluster.vq.kmeans2.html


https://docs.scipy.org/doc/scipy/reference/generated/scipy.cluster.vq.kmeans2.html
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Chapter 6

Conclusion

In this work, we investigated the mixture of finite mixtures (MFM) model based on [19] and [20].
The MFM model is a Bayesian mixture model in which the number of components is modeled as
a random parameter with a specified prior. This model is therefore particularly useful in mixture
scenarios with an unknown but finite number of components. We presented a generalized MFM
model together with two special cases, the static and dynamic MFM models. For both cases, we
derived relevant probability distributions such as the exchangeable partition probability function
(EPPF), the distribution of the cluster sizes, and the prior distribution of the number of clusters.
These distributions were used to compare the clustering behavior between the static and the
dynamic MFM models as well as the Dirichlet process mixture (DPM) model. We furthermore
discussed equivalent representations for the static MFM model, including the representation
using the EPPF and the stick-breaking representation.

Next, we proposed a novel coordinate-ascent variational inference (CAVI) algorithm for es-
timating the parameters of the static MEM model using the stick-breaking representation. Our
CAVT algorithm is suited to component distributions belonging to the exponential family of
distributions and the corresponding conjugate prior distribution of the component parameters.
Subsequently, we restricted the component distributions to be Gaussians with unknown means
and known covariance matrices, resulting in a novel CAVI algorithm for the static mixture of
finite Gaussian mixtures (MFGM) model. Finally, we evaluated the clustering performance of
our CAVI algorithm using various hyperparameters and initializations for synthetic data cor-
responding to a mixture of eight equally weighted Gaussian components. We observed that,
for suitable choices of the hyperparameter o and the truncation parameter T, at least 90 % of
the observations are assigned to the correct cluster. Furthermore, the number of clusters in the
observed data is correctly inferred if the number of observations is sufficiently large. In addition,
to compare the clustering performance of our proposed MFGM-based CAVT algorithm with that

of an established baseline method, we also performed simulations using the CAVI algorithm for
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80 6. Conclusion

DPM models from [16] specialized to Gaussian components. This comparison revealed that our
MFGM-based CAVI algorithm estimates the number of clusters and the cluster assignments
more accurately than the DPM-based CAVI algorithm when applied to our synthetic dataset.

The clustering results for static MFGM models summarized above are based on the assump-
tion that the component distributions are perfectly specified, i.e., the component distributions in
the MFM model match the component distributions that generated the data. In many practical
applications, this assumption does not hold since the component distributions for real-world
data do not conform to a convenient parametric form. In such cases, it seems that, at least for
static MFMSs, the posterior distribution of the number of components does not concentrate at
the true number of components. In particular, it was shown in [42] that the posterior distri-
bution of the number of components converges to zero, i.e., p(K|x) — 0, for any finite number
of components K € N, as the number of observations N approaches infinity. This result was
also demonstrated in [42] by simulations using the split-merge sampler for static MFM models
from [19]. This issue does not seem to be of practical relevance in clustering tasks since the
number of components K is typically not of interest and thus not inferred. For example, the
application of our CAVT algorithm for static MFGMs to the Old Faithful geyser dataset resulted
in an estimated number of clusters [ = 2, which is a reasonable result. However, in future
work, it could still be interesting to investigate whether our CAVTI algorithm for static MFGMs
exhibits a similar behavior regarding the posterior distribution of the number of components as
that described in [42].

The proposed CAVI algorithm is based on the assumption that the variational distribution
is a member of the truncated mean-field family of distributions. The truncation parameter T'
is a hyperparameter that restricts the underlying static MFM model to at most 7' components.
Our CAVI algorithm could be improved by removing the truncation assumption. In [43], a
truncation-free stochastic variational inference (VI) algorithm for Bayesian nonparametric mod-
els was proposed, which, slightly adapted, might be applicable to static MFM models as well.

Finally, to exploit the full flexibility of the MFM model, advanced VI methods [44] could
be used in future work. This involves developing VI algorithms that do not rely on the stick-
breaking representation of the static MFM. More generally, such VI algorithms could serve as a

basis for developing efficient inference methods for dynamic MFMs.
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Appendix

Proof of Proposition 3.6: Derivations and verifications in this proof are based on [45, Chapter 5].
Let us consider a time dependent counting process, where the random number N(¢) counts the
total number of arrivals up to the time ¢ € [0,00). In the context of the stick-breaking analogy,
N(t) counts the number of pieces broken off from the stick and thus, breaking off a stick is
referred to as arrival. Instead of time, t indicates the location on the stick. We denote the
interarrival time, i.e., the time elapsed between two consecutive arrivals indexed by k — 1 and

k, k € N, by the i.i.d. exponential random variable Y} with rate parameter o« > 0, i.e.,
fr,(t) =ae™™ for k=12,... (A1)
The corresponding cdf is given by

1—e @ t>0,
P{Yi < 1) = Fy, (1) = (A2)

0 else.
As it can be seen from Figure A.1, it follows that the arrival times Ty, for k =1,2,..., i.e., the

locations of the breakpoints on the stick, are given by
k
Ty = Y (A.3)
i=1

More specifically, T) is a sum of k random variables Y7, ..., Y} i.i.d. according to (A.1). Thus,
Ty, is distributed according to a gamma distribution with shape parameter k and rate parameter

a, i.e.,

1 kpk—1_—
i A
(k—1)! '

where (k —1)! = I'(k) since k € N. We next verify (A.4) by using mathematical induction. For

ka (t) = (A4)

the case where k = 1 it is trivial to show that (A.1) and (A.4) are the same and, thus, 77 = Y.
According to (A.3), the time of the next arrival Ty is given by Ty+1 = Tk + Yi41. Since T
and Y41 are statistically independent, the density fr,,,(t) can be calculated by convolving the

products of the respective pdfs fr, (¢) and fy,,, (¢):
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N(t)
3 v, —
2] Y
1 ‘ v
! Ty 1:2 7:3 t

Figure A.1: A graphical depiction of the counting process N(¢) with arrival times T} and
interarrival times Y}, for three arrivals.

ka+1 (t) = /OOO fYk+1 (t — S)ka (S) ds.
Inserting (A.1) and (A.4) yields

t 1 1 t 1
t —a(t—s) k k—1_—as d k+1 7o¢t/ k—1 d k+1tk —at
kaH()—/O ae 0 1)!045 e 8_(k 1)!04 e : s 5= —a« e

k!
(A.5)
Now by replacing k + 1 with & in (A.5), the resulting expression is the same as (A.4) which
proves that T = Zle Y; has a gamma distribution.
We next derive the probability that the total number of arrivals up to time ¢ is equal to k&,
i.e., P{N(t) = k}. A convenient way to compute P{N(t) = k} is to condition on the time of the
kth arrival Tj. As shown previously, T; has a gamma distribution and therefore is a continuous

random variable. Applying the law of total probability to our problem yields
00 t
PIN() = k} = [ PIN() = KT = s} (s)ds = [ PIN@) = KT = s} (s)ds, (A.6)

where the second step is due to P{N(t) = k|1, = s} = 0 for s > t. An example of this particular
case is illustrated in Figure A.2a. Let us now focus on P{N(t) = k|T} = s} for 0 < s < t: a total
number of k arrivals up to time ¢ given that the time of the kth arrival equals s implies that
there is no arrival observed in the interval ¢ — s. In other words, the next interarrival time Yy

has to be larger than ¢t — s (an example of such case is shown in Figure A.2b). Thus, we have
P{N(t) = k|T}, = s} = P{Vjpq >t — s|T} = s}.

Since Ty and Y1 are statistically independent, the events Yi 11 > ¢t — s and T}, = s are inde-

pendent as well. Hence,

P{N(t) = k|Ty = s} = P{Yis1 >t —s} =1 — Fy, ,(t — s) = e (=9, (A7)
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N(t)
3 Y, _
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Figure A.2: A graphical depiction of the event {N(t') = 2|75 = s}. (a) The case where s > .
The probability P{N(t') = 2|T» = s} is zero since the time of the second arrival Ty is always
larger than ¢'. (b) The case where s < ¢/. The event {N(t') = 2|T, = s} is the same as the event
{Y3 >t — s|Ty = s}.

where (A.2) is used. Inserting (A.7) and (A.4) into (A.6) yields

k
1 ake—at /t Sk:—l ds = (at) e—at.
0

Kl
(A.8)

t

P{N(t) =k} = /0 e_a(t_s)(k_ll)!aksk_le_as ds = =
We conclude that N(t) is a Poisson random variable with rate at. The underlying counting
process is a Poisson process with rate a.

Recall the stick-breaking representation of the static MEM model given in (3.62). It follows
from (3.62a)(3.62d), that we break off K — 1 i.i.d. exponential pieces from a unit-length stick,
e, Nt=1)= K- 1, while the remaining portion of the original unit-length stick is considered
the Kth piece. An example for K=4 pieces is shown in Figure A.3.

According to (A.8), the probability of breaking off K —1iid exponential pieces from the
stick up to length ¢t = 1 is given by

K-1

P{N(t_l)_f(—l}_(;_l)!

e, (A.9)

Therefore, the stick-breaking representation (3.62) induces through (A.9) the translated (cf.
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t=0 t=1T t="1Ts t="13 t=1
'U1:Y1 UQZYQ 1]3:Y3 ’1)4:].—Y1—}/2—Y3
k=1 k=2 k=3

Figure A.3: Breaking a unit-length stick into K =4 pieces. From the perspective of the
counting process, we have N(t = 1) = K — 1 = 3, since the length of the last piece v4 occurs
outside of the counting process and is deterministically set according to vi, vo and vs.

00 Monte Carlo experiment 00 Monte Carlo experiment
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Figure A.4: Illustration of the translated Poisson prior on the number of components induced
by the stick-breaking representation of the static MFM for rate parameters a = 1 in (a) and
a = 41in (b). The histogram in blue is based on realizations of K —1 according to (3.62a)—(3.62b).
The corresponding Poisson pmf (A.10) is shown in red.

Section 3.1) Poisson prior K — 1 ~ p,(-) = Poisson(-; ) on the number of components K in the
static MFM model given in (3.58). The prior pmf p(K) is obtained by evaluating the translated
prior pmf at K — 1, i.e.,

p(K) = p(K — 1) = Poisson(K — 1; ). (A.10)

In addition, we provide experimental evidence using Monte Carlo approximation, which is illus-
trated in Figure A.4. The histogram in blue is based on 10000 realizations of K-—1 according
to (3.62a)—(3.62b). It can be observed, that the histogram matches the corresponding Poisson
distribution pretty well.

It remains to show that the stick-breaking representation of the static MFM model induces
a symmetric Dirichlet prior with hyperparameter 3 = 1k on the mixture weights 7 in the
"original” representation of the static MFM model given in (3.58). Based on [46], we start
by deriving the Dirichlet distribution from scratch. Let zy, for £k = 1,..., K and K > 2, be
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independent random variables each distributed according to the gamma distribution G(xg; Sk, @)

with shape and rate parameters (), and «a, respectively. Thus, the joint pdf f(x1,...,xk) is given
by
K K
floy,ok) =[] flae) =] aPr gt emamn (A.11)
k=1 imi L' (Br)
where we inserted the expression for the gamma distribution for f(zy). We next perform a mul-
tivariate variable transformation and compute the resulting joint pdf f(y1,...,yx—1). Therefore,
let
Tk
Yr = fork=1,...,K —1, (A.12)

1+ T2+ + 2K
Yk =T1+r2+ -+ Ik (A.13)

The inverse transformation is given by

T =yryx fork=1,... K —1, (A.14)
K—1
TK = YK (1 -> yk> , (A.15)
k=1
and for the corresponding Jacobian we obtain
YK o ... 0 Y1
le/ayl axl/ayK 0 YK 0 Y2
J pu— pum— . :
Org /Oy ... Ovk/Oyk 0 0 ... 9k YK-1
—Yk —Yk -~ —Yxk l—up1— =Yk

Inserting (A.14) and (A.15) into (A.11) and multiplying with det(J) = y% ', we obtain the joint
pdf f(yla' . 7yK)

K
Flyrs- o y) = det(J) I]

g ﬁk) ’
_ K1 T oo Br—1,—ayryx
Yk (kl F(ﬁk)(yk@/K) € )
o’ T e  w)
Tl (1-Zw)) T
1 = A=11[1 = e b, b—1 —ayx A1l
Hklrwk)(Hy ><_Zy'“> ceeT
C
where «
b:Zﬁk. (A.17)
k=1
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Marginalizing out yx from (A.16) yields

(o] o0 1
flyt, o yk—1) = C/O abylf’gle_a“ dyx = CF(b)/O Tabyl}( Lemaur dyp. (A.18)

A(yr;b,a)

where we multiplied by I'(b) /T'(b) in the second step. We note that A(yx;b, ) is again a gamma
distribution. Hence, [5° A(yk;b,a)dyx =1 and (A.18) becomes

fyr, - yx—1) = CT(b). (A.19)

Substituting back for b (see (A.17)) and C (see (A.16)) into (A.19), we obtain

DS o) (5o )( = )ﬁ
yee s YK — . 1- ) A20
fn YK-1) = Hk T(5) (I}_[ly kz::lyk ( )

which is a Dirichlet distribution with parameter vector 3 = (5 --- BK)T € RE, where 3 > 0,

yr > 0 and ZkK:_ll yr < 1. Alternatively, the Dirichlet pdf is commonly defined as

I(ZH ) e o)

D .
W)= T T AL

where [ > 0, yr > 0 and Ele yr = 1. This implies that yx = 1 — ZkK;ll yr and therefore,
(A.20) and (A.21) can be used interchangeably. We emphasize that, although each individual
yi, for k=1,..., K —1, clearly depends on yx (cf. (A.12)—(A.13)), the joint pdf f(y1,...,yx—1)
given by (A.20) is independent of yx. In other words, a Dirichlet distribution can be constructed
using K — 1 properly normalized random variables y1, ..., yx_1 such that 25:_11 yr < 1 and the
shape parameters (1, ..., Ok of the K underlying independent gamma distributions.

It follows from (3.62b)—(3.62d) that 25:—11 T <land 7z =1— Zkf(:_ll Tk Since the exponen-
tial distribution is a special case of the gamma distribution, i.e., £(-;a) = G(+; 1, @), it follows
from (3.62a) and (3.62b) that the construction of the mixture weights 7 is based on i.i.d. gamma
variables vy, g (vk:1,@), for k = 1,..., K. Therefore, the joint distribution of the mixture

weights f (7, ... ) is given by (A.20) with S = 1 for k = 1,...,K,yp =7 and K = K.

Fo
K1
We conclude that the stick-breaking representation of the static MFM model (3.62) induces a
symmetric Dirichlet prior with hyperparameter 3 = 1 on the mixture weights in the ”original”

static MFM model given in (3.58).
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