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Abstract

Vasileios KATSIANOS

Likelihood-Based Inference and Model Selection for
Discrete-Time Finite State-Space Hidden Markov Models

Hidden Markov Models (HMMs) are one of the most fruitful statistical modelling
concepts that have appeared in the last fifty years. The use of latent states makes
HMDMs generic enough to handle a wide array of complex real-world time series, while
the relatively straightforward dependence structure still allows for the use of efficient
computational procedures. This dissertation concerns itself with the presentation of
frequentist and Bayesian methods for statistical inference and model selection in the
context of HMMs. These methods are, then, applied on real and simulated data in

order to gauge their accuracy and efficiency.

HMDMs belong in a general class of models referred to as missing data problems. In
the context of frequentist statistics, the Expectation-Maximisation (EM) algorithm
approximates the maximum likelihood estimator (MLE) of the parameter vector in
a missing data problem, whereas, in the framework of Bayesian statistics, Markov
Chain Monte Carlo (MCMC) methods, especially the full-conditional Gibbs sampler,
are applicable to approximate the posterior distribution of the parameter vector.
These methods are first applied for parameter estimation in finite mixture models,
which may be regarded as special cases of HMMs, where no dependence is allowed

whatsoever between subsequent observations.

In the case of HMMs some form of forward-backward recursion is additionally re-
quired in order to compute the conditional distribution of the hidden variables, given
the observations. This so called Forward-Backward algorithm may be combined either
with the EM algorithm or some MCMC method for parameter estimation. Lastly,
we examine methods for selecting the number of hidden states in an HMM. The
frequentist approach usually entails the approximation of the generalised likelihood-
ratio (LR) statistics through some bootstrap technique, while the Bayesian approach
relies either on trans-dimensional MCMC methods, which incorporate moves between
different models along with parameter estimation, or on simulation methods to ap-

proximate the marginal likelihoods of the competing models.
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IlepiAnyn

BoaociAeroc KaTzianoxz

Yousrepacuatoldoyia Baciouévn atny Iidavopdveia
kot Estidloyn Movtédov yia Kpovuuéva Mapkofiavad
Movtéda Arakpitov Xpovov kat Ilemrepacuévov Xwpov

Koataoctdoewv

Ta Kevuuéva Magrofiavd Movtéda (KMM) eivar plo aard Tig o KaQItomo-
06 10€eC GTATIGTIKNG UOVTEAOTTOINGNG JToU €xel avagttuydel ta televtalo Ire-
vivta xeovia. H yorion Aavdavoucov katactdoenv kadotd ta KMM apketd
YEVIKOU XOQOKTRQEO VL0 VO SLOYELQLGTOVV €val €VEV @AGUO TTOAVTIAOK®OV TTQOY-
UOTIK®V YQOVOGERMV, EV® N GXETIKA ATTAN Soun €EAQTNONG TOUGS ETLTEETEL TN
XONON QITOTEAEGUATIKMOV VITOAOYLGTIKOV SLAdIKAGLOV. AUTH N SUTAOUATIKA €Q-
yacia acyoleitar ue tnv srapovciacn KAacik®dv kor Mitevgiovaov uedodwv G-
uITEQUOUATOAOYIOG Kol eTTAOYRG woviéAov yioo KMM. Xtn cuvéxelo, autég ol
uédodol eQaEUOTOVTOL GE TIRAYUOTIKA KOL TTQOGOUOLWUEVA dedouéva ue GTdYo va

SrartioTwdel n akEiPela KoL N AITOTEAEGUATIKOTNTA TOUG.

To KMM avikouv Ge wa YeVIKOTEQEN KAAGN UOVTEA®Y TTOU OVAPEQOVTOL ©S
TeopARuaTO EAMTTOV Sedouévmv. LTo TAAGLO TNG KAAGIKAG GTOTIGTIKAG, O OA-
yépuuog Expectation-Maximisation (EM) TtpoceyyiCel tnv eKTWATELOL UEYLGTNG
mdavogdvelag (EMII) tou SiavicGraTtos Tov TUQOUETE®Y, EVK, GTO TTAAIGLO TNG
MTteTLOVAG GTATIGTIKNG, oL uédodor Markov Chain Monte Carlo MCMC) kot Gu-
YKeEKEWEVA 0 TANE®S deauevuévog deryuatoAnartng Gibbs, epapudcovtal yia Tnv
TEOGEYYLON TNG €K TOV VGTERMV KOTOVOUAS TOU SLVUGULOTOS TWV JTOQAUETQWV.
AvuTég ol uédodol e@apUOToVTOL TTEMTA YO TRV EKTINGN TIALQAUETEMV GE LOVTEAQ
TETEQUOUEVOV UIEEMV KATAVOU®Y, TO OTTol0 (ItoQovv va demendov we eldIkeS
meurtwoels KMM, oTtou Sev emmitpémeton kowlo €£4pTnon Uetagy Stadoykmv

TIOLQATNENGEMV.

Ytnv mepimttoon Tov KMM wa pwoeen au@idooung ovadQoutking Staduka-
clog elval ETLTTAEOV ATTAROALTRTN YO TOV VTTOAOYIGUS TNG SEGUEVUEVIG KATAVOUNG
TOV KQUE®V UETOPANTAOV, SeSOUEVOV TwV TTARATNENGE®V. AVTOS 0 aAyoELiuog

Forward-Backward uitopel va cuvdvactel elte ue tov aiyopuo EM eite ue



viii

kdgtowo uédodo MCMC ywa extipnon sopouetpnv. TEAog, egetdiovue uedodoug
yio €TAoyn Tov 0EWUoy TV KEUE®V Katactdoewv ce éva KMM. H kAacikn
TEOGEYYLON GUVAT®G TTEQLAOUPAVEL TNV TIROGEYYLON TMV YEVIKEVUEV®OV AOYWDV TTL-
Yavopaveldv UEGm KAITTOLOC TEXVIKNG bootstrap, eved n Mieigiavii TRoGEyyion
otnplcetan elite oe dra-Sraotatikég uedodovg MCMC, ou omoieg TTeQAAUBAVOUV
KIVAGELS UETOED OLOPORETIKMV WOVTEAWV WOLl Ue EKTIUNGN TTOQAUETQWY, £(TE GE
ueddédovg TTEOGOUOIWONGS Yla TRV TTROGEYYION TV TieQweinv TTdavoeavel®v

TWV GUYKQLWOUEV®OV LOVTEAWDV.
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Chapter 1

Introduction

Statistical inference and decision making hinge on the availability of data from
which valuable information may be extracted. Most scientific conjectures and deduc-
tions are predominately related to the quantity and quality of information available

at the time an experiment is formulated or a research is conducted.

One of the grave problems that presents itself, when considering statistical com-
puting, is that, in reality, a part of the data which should be available to us is missing.
In practice, missing data occur in a wide array of applications and for a wide variety
of reasons. In a clinical study, a subject may drop out during its course or fail to
follow up with the doctor responsible for the study, resulting in missing observations
at subsequent time points for that particular subject. In various experiments, the
data vector may become partially corrupted. In surveys, participants may decline to

provide certain answers.

Obviously, the most straightforward way to handle missing data is to ignore them
completely and base our inference solely on those records which have been fully ob-
served. When there is no discernible pattern in the missing data and it can be safely
assumed that data points are missing completely at random, the above can be viewed
as a valid approach to handling the problem at hand. Nevertheless, in every other
case, simply ignoring the parts of the data which are incomplete is not a viable al-

ternative, as it can lead to systematically biased results in statistical modelling.

This thesis is concerned with presenting several parameter estimation and model
selection methods, in the framework of both classical and Bayesian statistics, espe-
cially designed for handling missing data problems. In particular, we are going to
implement these methods in order to draw inference on a special class of missing
data problems, referred to as Hidden Markov Models (HMMs). For the purposes of
this thesis, we are going to limit ourselves to HMMSs for which the observations are
made in discrete-time and the latent Markov chain has a finite state-space, namely

the discrete-time, finite state-space HMMs.
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The use of an unobservable sequence of states makes the model generic enough to
handle a variety of complex, real-world time series, while the relatively simple Markov
dependence structure still permits the use of efficient computational procedures. Our
goal is to present a reasonably complete picture of statistical inference for discrete-

time, finite state-space HMMs, illustrated with relevant running examples.

In Chapter 2, we present the general idea behind statistical modelling of a missing
data problem. We illustrate this by explicating several known classes of missing
data problems often used in statistical modelling of non-homogeneous data sets. We
start by exploring the class of finite mixture models. Then, we present the basic
structure of a hidden Markov model, which, as will be discussed, can be viewed as
a generalisation of a finite mixture model. Lastly, we add for further consideration

several generalisations of HMMs.

In Chapter 3, we develop the basic algorithm, used within the classical framework,
to make inferences on finite mixture models, that is, the Expectation-Maximisation
(EM) algorithm. On the other hand, in Chapter 4 we analyse the Bayesian counter-
part for parameter estimation of finite mixture models, which is the Gibbs sampling

algorithm with Data Augmentation.

In Chapter 5, we begin by dissecting the various methods required in the context
of HMMs, in order to additionally draw inferences on the latent Markov chain. We
combine these methods, with the methods explained previously in the context of
finite mixture models, so as to formulate several methods for parameter estimation

of HMMs, both in a classical and a Bayesian framework.

In Chapter 6, we confront the more difficult task of selecting the appropriate hid-
den Markov model to fit to a given data set. More precisely, within the framework of
frequentist statistics, we combine the EM algorithm, utilised for parameter estima-
tion of a hidden Markov model, with bootstrapping procedures, in order to implement
the generalised likelihood ratio (LR) tests required for model selection. On the other
hand, from the perspective of Bayesian statistics, we present several methods which
combine model selection with parameter estimation, in order to infer the posterior

probability of each of the predetermined competing models.

Lastly, in Chapter 7, we assess the adequacy of all the methods discussed for
model selection and parameter estimation of HMMs, by implementing them on a
time series of count data analysed originally in Nhu D. Le et al. (1992), as well as on

two simulated data sets.



Chapter 2

Missing Data Problems

2.1 Introduction

In statistical modelling, often the relationship between the parameter 8 and the
observed variables Y is defined in terms of some unobservable variables X. In other
words, the observed data Y is a subset of some partially observable data Z = (X,Y).
Models as such are called missing data problems, latent variable models or, also,
models with incomplete data. In what follows, we assume that the joint distribution
of X and Y, for a given parameter value 8, admits a joint probability density func-
tion f(x,y; @), which is also referred to as the complete-data likelihood L(8|x,y).
Obviously for a given value of y and considered as a function of x only, f is simply

a positive integrable function and not a probability density function.

The actual likelihood of the observations, also referred to as the observed likeli-
hood, is defined as the probability density function of Y and obtained by marginal-

isation as

L(8ly) = /f(X,y; 6)dx. (2.1)

Inference on 8 must obviously be based on the observed-data likelihood, where the
missing variables have been integrated out. In practice, however, this is frequently
difficult, if not impossible to do, owing to the integration involved in the above cal-
culation. In Chapters 3 and 4, we are going to present methods designed to deal with

the above issue, in both the Classical and the Bayesian framework.

2.2 Finite Mixture Models

Finite mixture models are commonly used for modelling densities which exhibit
multi-modality, skewness or excess kurtosis and for making inference about classific-

ation problems. A finite mixture distribution arises in a natural way as described
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below.

We assume that the population under study comprises K subgroups, with relative
group sizes p1,po, ..., px and that interest lies in some random observation Y, which
is heterogeneous across all different subgroups. Thus, Y has a different probability
distribution within each group, usually assumed to originate from the same parametric
family f(y; @), however, with the parameter 0 differing between the groups. The
groups may be labelled through a discrete indicator variable S taking values in the
set {1,2,...,K}.

If we are in a position to record the group indicator S, in addition to the ran-
dom variable Y, when sampling from such a population, then conditional on having
observed from group s, Y is a random variable following the distribution f(y;8s),
with @, being the parameter in group s. The probability of sampling from the group
labelled s is, evidently, equal to ps, therefore the joint density of (y, s) is given by

f(y,s:9) = f(s;p)f(yls;0) = psf(y; 05). (2.2)

However, in many cases it is impossible to record the group indicator S and so,
we arrive at a finite mixture distribution. Indeed, having observed only the random
variable Y, the marginal density is given by the law of total probability, as the

following mixture density
K
Fy;®) = pef(y; 0k). (2.3)
k=1

In statistical terms, the densities f(y;0y) are referred to as the component dens-
ities, K is called the number of components, the parameters p1,po, ..., px are called
the component weights and the vector p = (p1,p2,...,px) is called the weight distri-
bution, which takes values in the unit simplex g, defined by the constraints pi > 0
and p1 +psa+---+pr = 1. The mixture density function is indexed by the parameter

¥ = (61,0,,...,0k,p), taking values in the parameter space Ox = 0% x .

Here, the specification is such that the likelihood of the missing variables S and
the conditional likelihood of y, given s, are both known. Consequently, if the com-
plete data (y,s) were available, then the complete-data likelihood function would be

calculated as follows

N
L(19|Y7 S) = Hp&‘f(yZ'; 081) (2'4)
=1

On the other hand, the mixture likelihood function f(y;) of ¥, given N random

observations y = (y;,¥s,---,yy) from the above mixture density, assuming that the
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data have been sampled independently and, again, that no information concerning

the allocation of y, to a certain component is available, takes the form

N K
L@y) =] [Zpkf(YiQOk)] ; (2.5)

k=1

which is impossible to either maximise to derive the MLE of 1 or to handle in a
conjugate Bayesian setting for K > 2, due to the summation involved over all possible

components.

2.3 Hidden Markov Models (HMMs)

Hidden Markov Models comprise another well-known category of latent variable
models, where the values of a stochastic process, observed at discrete times, depend on
some unobserved mechanism. This mechanism is nothing else but a Markov chain,
denoted by {Xjy}r>0, which is not available to the observer. This hidden Markov
chain governs the distribution of the observable process { Yy }x>0, that is to say, the
distribution of Y is defined through the value of Xj. For instance, Y; may have a

Gaussian distribution, whose mean and variance is determined by X.

More formally, an HMM is a bivariate discrete-time process {X, Y }x>0, where
{Xk}x>0 is a Markov chain, {Y}x>0 is a sequence of independent random variables
conditional on {Xj}x>0 and the conditional distribution of Y, depends solely on Xj.
The underlying Markov chain is sometimes called the regime or state process. It
is clear at this point that all statistical inference on the parameters of the model,
even on the Markov chain itself, must be done in terms of {Y}}x>o only. Figure 2.1

summarises the dependence structure of an HMM.

Hidden

Observed @ e @

F1GURE 2.1: Hidden Markov Model - Graphical Representation of the
Dependence Structure

More precisely, the underlying process obviously has the Markov property. The
distribution of X1 conditional on the past values of the chain, Xq, Xy, ..., Xk, is
determined by Xj only. Likewise, the distribution of Y} conditional on the past
observations Yg, Y1,..., Yir_1 and the history of the chain Xy, Xy, ..., X depends
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solely on the value of X;. However, even though the variables Y}, are conditionally
independent given {Xy}r>0, {Yxr}r>0 is not an independent sequence, due to the

dependence on {Xx }x>o-

The Markov chain is often assumed to be homogeneous and to take values in a
finite set, identified by S = {1,2,...,r}. Hence, {Xk}r>0 comes to be a homogen-
eous, discrete-time Markov chain on a finite state-space, with transition probability
matrix P = [p;;], where p;; = P(Xp41 = j| Xy = i) for i,j = 1,2,...,r, initial
distribution v = (v1,vs,...,1,) and, if also ergodic, unique stationary distribution

™= (771771-27' : '77TT)'

A notable example of this is a Normal HMM, where (Y;| Xy = i) ~ N(u;, 0?).
In this model, the conditional distributions of Y}, given X, all belong to the same
parametric family, with parameters governed, as mentioned above, by X;. One may
remark at this point, that the marginal distribution of Y} is a mixture of r Gaussian
distributions, much like the case of a finite mixture of Normal distributions. Thus,
one way to view HMMs is as an extension of independent mixture models, in which
we allow for dependence between subsequent observations through a latent Markov

chain.

For the sake of conciseness, in what follows, we will utilise the notation Y., to
denote the collection of consecutively indexed variables Y;, Y;11,..., Y. We also
denote by f; the conditional distribution of Y given that X; = ¢, which we assume
to be parametrised by 6;, and by ¥ = (P,v,601,05,...,0,) the vector of all unknown

parameters. Then, the complete-data likelihood of this model is given as

n—1 n
L(9[x0:n, yo.n) = v(z0; P) - H p(Tk, Tpt1) - H f(Yis Oa)- (2.6)
k=0 k=0

However, compared to finite mixture models, where computation of the observed
likelihood through the complete-data likelihood simply involves adding over all pos-
sible components for each observation y,, the dependence structure of HMMs leads
to some additional computational complexity, owing to the fact that {Y}x>o is not
an independent sequence. Using the chain rule and then applying the law of total
probability to condition on every possible state for each observation y;, we obtain the

following expression for the observed likelihood

n n

Ln(9) = H felyor—139) = H ZP(Xk =iyor-1:P. V) f(yr:0:)| . (2.7)

k=0 k=0 Li=1

Calculation of the probabilities P(X}, = i|yq.,_1; P, v), involved in the above expres-

sion, is not straightforward, but requires some form of forward recursion, which will
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be discussed at length in Chapter 5.

Another way to view HMMs is, as an extension of Markov chains, where the ob-
servation Y}, of the state X, which is itself unavailable to the observer, is distorted
through some additional, independent source of randomness. Returning to the pre-
vious example, we can verify this notion, by writing the model as Y}, = ux, +ox, Vi,
where {Vj}r>0 is an ii.d. sequence of ANV(0,1) variables. Moreover, we can easily

obtain a similar functional representation for the Markov chain

j
Xpt1 :min{j:I,Q,...,r:Uk <prkg},
/=1

where {Uj }i>0 is similarly defined as an i.i.d. sequence of Uniform random variables

on the interval (0, 1).

It is noteworthy that the example presented above is not merely a singular case,
but, in great generality, any HMM can be equivalently defined through the following

functional representation, known as a general state-space model
Xi+1 = a(Xg, Up), (2.8)

where {Uj}i>0 and {Vi}r>0 are mutually independent i.i.d. sequences of random
variables, which are independent of Xy, and a, b are measurable functions. The
former is called the state or dynamics equation, while the latter is referred to as the

observation equation.

Hidden Markov Models generally boast a wide array of applications, including
economics, speech recognition, image analysis, biology and genetics. In some applic-
ations, the underlying process has a clear interpretation, while in others it is just a

figment to represent heterogeneity.

Most examples given throughout this thesis are based on HMMs for which the
underlying Markov chain is ergodic, that is to say irreducible with a unique stationary
distribution. Such models can produce an infinitely long sequence of output for
observation and have a typically small number of states. For this reason, inference

on ergodic HMMs is usually based on a single long observed sequence of output.

However, HMMs applied in fields such as speech recognition correspond to a
different class of models, referred to as left-to-right HMMs. The Markov chain in
such models begins in a particular initial state and, when traversing the intermediate

states, may not go backwards, toward the initial state, but only forwards, toward the
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final state. Because they generally have a considerable number of states, compared

to ergodic HMMs, inference on them requires many independent sequences of output.

Example 2.1 (Stochastic Volatility Models) Let Sy be the price of a financial

asset, such as a share price or stock index, at time k. Instead of the prices, it is more

customary to consider the relative returns, S’“;:_Y’“lfl, or the log-returns, Iog< Sk >,

Sk—

which both describe the relative change over time of the price process. -
Data from financial markets clearly indicate that the distribution of returns usu-
ally has tails which are heavier than those of a Normal distribution. In addition, even
though the returns are approximately uncorrelated over times, they are not independ-
ent. Lastly, the variance of returns tends to change over time. Large changes tend to
be followed by large changes and small changes tend to be followed by small changes,

a phenomenon often referred to as volatility clustering.

Most models assume that the process {oy}i>0, where oy represents the volatility
(standard deviation) of the returns at time k, is a function of past values. The simplest
model assumes that o is a function of the squares of previous observations. This
leads to the celebrated Autoregressive Conditional Heteroscedasticity (ARCH) model
developed by Engle (1982).

An alternative to the ARCH/GARCH framework is a model in which the variance
is specified to follow some latent stochastic process. Such models are referred to as
Stochastic Volatility (SV) models. In contrast to GARCH models, there is no direct

dependence on past returns. The canonical SV model for discrete-time data is
Xk+l = (Z)Xk + UUkn Uk ~ N(O7 1)7 (210)

Yi = ﬁexp{);’f}vk, Vi ~ N0, 1), (2.11)

where the observations {Yy} k>0 are the log-returns, { Xy }r>o0 is the log-volatility pro-
cess, which is assumed to follow a stationary AR(1) model, and {Uy}r>0, {Vk x>0 are

i.1.d. sequences. |

2.3.1 Gaussian Linear State-Space Models (GLSSMs)

As a case of Hidden Markov Models with non-finite state-space, we consider the

following general state-space model
Xir1 = AX; + RUy, (2.12)

Y. = BX, + SV, (2.13)
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where

o {Ug}i>0, {Vi}r>0 areii.d. sequences of multivariate Normal random variables.
The former is called the state or process noise, while the latter is referred to as

the measurement noise.

e A is the state transition matrix, B is the measurement transition matrix, R
is the square-root of the state noise covariance and S is the square-root of the

measurement noise covariance.

e Xy is Gaussian with mean vector p, and covariance matrix ¥, and is inde-

pendent of the processes {Ug } x>0, { Vi }r>0-

The above model, is very popular both in engineering and in time series literature.
In addition to its practical importance, this model is a rare example of a non-finite
state-space HMM for which exact and reasonably efficient numerical procedures are

available to compute the distribution of the underlying chain given the observations.

Example 2.2 (Noisy Autoregressive Process) We define a p™ order autore-

gressive process {Zy}x>o through the equation
Zk1 =01 Zk+ -+ dpZi—pi1 + Ug,

where {Uy} k>0 is standard Gaussian white noise, i.e. Uy ~ N(0,1) independent for
k > 0. We also assume that the autoregressive process is observable only through
Y = Zi + SV, where {Vi}r>0 is the measurement noise and S the square-root of the

corresponding covariance.

Define the lag-vector Xy, = (Zy, ..., Zk—p+1)t, R=(1,0,...,0)T € RP*! and the

so-called companion matriz of the autoregressive coefficients ¢ = (¢1, P2, ..., ¢q)
o O
1 0 0 0
A=10 1 0 0
0 0 1 0

Then, the noisy autoregressive process can be equivalently written in state-space form
Xk11 = AXy + RUg, (2.14)

Y, = RTX;, + SV (2.15)
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It is sensible to assume that the state and measurement noises are independent, so
the above noisy auto-regression corresponds to the form of a general Gaussian linear

state-space model. [

2.3.2 Conditionally Gaussian Linear State-Space Models
(CGLSSMs)

In the case of conditionally Gaussian linear state-space models, the state Xy, is
comprised of two components, Ci and Wy, where the former is finite-valued, whereas
the latter is a continuous, possibly vector-valued, variable. We generally refer to the

variables Cy, as the indicator or latent variables and to W, as the state variables.

The term ”conditionally Gaussian linear state-space models” signifies the fact
that, when conditioned on the finite-valued process {Cy}r>0, the CGLSSM reduces
to a GLSSM. It is also common to refer to such models as jump Markov models,
where the term jump refers to the instants k, at which the value of C;, differs from

that of Cy_1.

CGLSSMs belong to a class of models, referred to as hierarchical hidden Markov
models. This means that the variable Cj, which is the highest in the hierarchy,
influences not only the value of Y, but also the transition from Wpg_1 to Wy, as

demonstrated in Figure 2.2.

Hidden

Observed

FIGURE 2.2: Conditionally Gaussian Linear State-Space Model -
Graphical Representation of the Dependence Structure

It is often advantageous to treat the intermediate sequence { Wy, }>¢ as a nuisance

parameter, which means integrating out the influence of {Wy}i>0, given {Cy }i>0.

Example 2.3 (Change Point Detection) In a GLSSM, the dynamics of the state
depend on the state transition matriz and on the noise covariance. These quantities
may change over time and, if they do so randomly and at unknown time points, then

the problem that arises is referred to as a change point problem.
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In the simplest change point problems, the state variable represents the level of a
quantity of interest, which is modelled as a step function. To model this situation,
we put C, = 0, if there is no change point at time index k and Cy = 1, if a jump has

occurred at time index k. The resulting state-space model is
Wii1 = Ac,., Wi + Re, ., Uy, (2.16)

Y.=BW,+ SV, (2.17)
where Ag =1, Ry=0, A1 = 0 and R, = R.

The simplest way to visualise this is assuming that {Cy}r>0 is an i.i.d. sequence
of Bernoulli(p) random variables. The time between two subsequent change points is,

thus, distributed as a Geometric random variable with mean value 1/p, while

W, with probability p
Wi = .
U, with probability 1 — p

It is also possible to allow for a more gemeral distribution of the time between

consequent jumps by introducing some form of dependence among the variables Cr.1

Example 2.4 (Observational Outliers and Heavy-Tailed Noise) Another in-
teresting application of CGLSSMs pertains to the field of robust statistics. In the
course of model building, statisticians are often confronted with the presence of out-
liers. Routinely ignoring outlying observations is obviously not statistically sound, as
they may contain valuable information about measurement errors, system character-

istics that have been left out of the model and so forth.
For example, if we confirm the presence of outliers in the data, we can account
for them, by utilising the following model

Wii1 = Aoy Wk + Ry Uk, U ~ N(0,1), (2.18)

Y, = HCy o t+ BCk’QWk + SCk,QVk; Vi ~ N(0,1), (2.19)

where Ci1,Cr2 € {0,1} are indicators of a change point and of the presence of

outliers respectively.

Similarly to the previous example, we set Ag = 1, Ry = 0, A1 = 0 and Ry = oyp.
When there is no outlier, we assume that the level is observed in additive Gaussian
notse, therefore jigp = 0, Bg = 1 and So = ov,o. In the presence of an outlier, however,

the measurement does no longer carry information about the current value of the
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level, that is B = 0, and the measurement noise is assumed to follow a Gaussian

distribution with negative mean 1 = p and large standard deviation S1 = oy 1.

The simplest model for Cy, o2 would be a Bernoulli model, in which we would include

information about the ratio of outliers/non-outliers in the success probability. |

2.4 Markov Switching Models

Perhaps the most significant generalisation of HMMs are the so-called Markov
Switching Models. In these models, the conditional distribution of Y41, given all
past variables, depends not only on X1, but also on Y. Hence, conditional on
the state process {Xy }r>0, the sequence {Yy}x>o forms a non-homogeneous Markov

process. Figure 2.3 summarises the dependence structure of a Markov Switching
Model.

Hidden

Observed @—' —>@—>

F1GURE 2.3: Markov Switching Model - Graphical Representation of
the Dependence Structure

In state space form, a Markov Switching Model may be given as
X1 = a(Xy, Ug), (2.20)
Yk-+1 = b(Xk+17Yk7Vk). (221)

Markov switching models have much in common with basic HMMs and virtually
identical computational machinery may be used for both classes of models. However,
their statistical analysis is much more intricate, owing to the fact that the properties of
the observed process are not fully controlled by the underlying process. Specifically,
{Yx}r>0 is an infinite memory process, whose dependence structure may be even
stronger than that of the hidden Markov chain.

Example 2.5 (Switching Linear Auto-regression) Similarly to the noisy autore-

gressive process, a switching linear auto-regression is a model of the form

d
Y =px, + Zai,Xk(kai —px,_) tox, Vi, k=1, (2.22)
i1
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where { X} k>0 is a finite state-space Markov chain, {Vi}r>o is white noise independ-
ent of { Xy} k>0 and the functions u, a;, o describe the dependence of the parameters

upon the current state Xy,.

Obviously, the conditional distribution of Y does not only depend on X and
Yi_1, but also on other lagged variables. By stacking them in groups of d elements,
we can obtain a process, whose conditional distribution depends on just one lagged

variable at a time. Define the companion matriz A; associated with the autoregressive

coefficients of state 1

Q14 Q24 -+ QAd—1,4 Qdj
1 o - 0 0
A, =10 1 0 0
0 0 1 0

and the vectors

Yi = (Ye, Vi1, Yiar1)”,
X = (Xpy X1y ooy Xpmar1) s
_ T
I'L-Xk: - (/”’kaHXk,U e 7uXk—d+1) y
Vi = (V4,0,...,0)T.

Hence, the stacked observation vector Yy satisfies the equation

Yi=px, + Ax, (Y1 —px, ) +ox, Vi (2.23)

This class of auto-regression models finds many uses in econometrics, as it provides
a formal statistical representation of the idea that expansion and contraction constitute

two distinct economic phases. |
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Chapter 3

Maximum Likelihood Estimation

for Missing Data Problems

3.1 Introduction

As is always the case in statistics, the models described in Chapter 2 cannot
be fully specified beforehand, in most situations, and so, some of their parameters
have to be estimated based on observed data. Except for very simplistic instances,
the structures of these models are sufficiently complex to prevent the use of direct
estimation methods, hence, exact inference is not possible. Instead, we need to resort

to computationally intensive methods to deal with such models.

Specifically, in classical statistics, we cannot rely on estimators provided by mo-
ment or least squares methods, but, instead, need to focus on ways to estimate the
MLE of the parameter under study. For many of these models, the likelihood function
is known or, at least, can be numerically approximated, thus, our main objective is to

optimise a possibly quite complex function utilising numerical optimisation methods.

3.2 The Expectation-Maximisation (EM) Algorithm

Under the prism of classical statistics, the task under consideration for missing
data problems is the maximisation of the observed likelihood with respect to the
parameter 9. The most popular method for solving this optimisation problem is
the Expectation-Maximisation (EM) algorithm, which is a deterministic algorithm
designed to find maximum likelihood estimates in models where there is incomplete
data. In many situations, the EM algorithm is very easy to implement from scratch,
thus making it a more attractive option than gradient-based methods, such as the

Newton-Raphson or Fisher Scoring algorithms.
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A first step towards implementing the EM algorithm is defining the following
probability density function

o fxy;0)  L(0x,y)
Txly:0) = =8y = Liely) -

(3.1)

which, in the case of missing data problems, can be easily identified as the conditional
probability density function of X given Y. In what follows, we will also denote by
£(0) the logarithm of the likelihood function L(#).

Next, we introduce the so-called intermediate quantity of EM as a function indexed

by two separate parameter vectors, @ and @', and defined by
Q(6:6') = [ 161, )1(xly: 0)x = Ea (61X, )]y (32)

In order to realise exactly how the intermediate quantity of EM relates to the
observed likelihood function, which is the target of our optimisation process, we also

need to define the following quantity
H(6:6') =~ Eo llog /(XIy: 6)ly] = ~ [ log J(xly: 0)/ (xlyi0)dx.  (33)

where H(6';8") can be recognised as the entropy of the probability density function
f(x]y; 0"). Now, utilising equation (3.1), one may rewrite the observed log-likelihood
as follows

(8) = U(6ly) = Q(6;6') + H(8; ). (3.4)

Whereas, in most cases, the intermediate quantity of EM can be calculated in
closed form or at least approximated through some form of Monte Carlo simulation,
the function #(0;0’) is generally intractable. The quantity H(6;0’) — H(0';0') can
be recognised as the relative entropy between the probability density function f(x|y),
indexed by 6@ and 6’ respectively. Utilising the fact that the logarithm function is

concave along with Jensen’s inequality yields us the following result

d
—Iogng[ ((X|y’ )) y] (3.5)

“log / f(xly: 0)dx =0,

which is widely known as the Fundamental Inequality of EM.

H(0;0') — H(0';0') = —Ey [log fX ’)’7 ))

The strength of the EM algorithm lies on the fact that the term H(0; ") can be

completely ignored during the optimisation process, while the intermediate quantity
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of EM acts as a surrogate for the observed log-likelihood. Indeed, in view of the
fundamental inequality of EM, if @’ represents the current estimate of the MLE,
then simply choosing any value of 6, such that Q(60;6’) is increased over its baseline

Q(0’;0'), guarantees an increase to the observed log-likelihood £(8).

The EM algorithm takes its name by the iteration of its two main steps: the
E-step, where the conditional expectation of the complete-data log-likelihood given
y is calculated, and the M-step, where its maximisation is performed. It consists of

iteratively building a sequence {B(Z of parameter estimates given an initial guess

'}
>1
0. More precisely, each iteration is performed as follows

E-step: Calculate the intermediate quantity @ (0; 0(@).
M-step: Choose 8+ to be any value of @ € ©, that maximises Q (0; 9(5)).

It is not obvious at this point that the M-step of the algorithm may in practice
be easier to perform than the direct maximisation of the function of interest, which is
the observed log-likelihood. However, it is easy to see the decisive argument behind
the algorithm. By the very definition of the sequence {O(Z)} 1 the correspond-

ing sequence {E (0(5)) is non-decreasing, hence EM is a monotone optimisation

Yoot
algorithm.

Moreover, if the algorithm ever converges and the iterations stop at a point 8%,
then that is with certainty a stationary point of the likelihood function, although
not necessarily a global maximum. To determine whether the algorithm has found
a global, rather than simply a local, maximum it is recommended to use a set of

different starting values scattered around the state-space of 6.

The rate of convergence depends on what is known as the fraction of missing
information. Informally, this fraction measures the amount of information about 6
which is lost by failing to observe X. Thus, if the complete data is much more
informative about 8 than the observed data, then, loosely speaking, the fraction of
missing information is large and the EM algorithm converges slowly. Several methods
have been proposed in order to accelerate the convergence of the algorithm. Many
of them are based on incorporating information about the gradient of the likelihood

function into the algorithm.

EM in Exponential Families

In the context of HMMs, the main limitation of the EM algorithm appears in cases
where the E-step is not feasible, especially in models for which the state-space is not
finite. The basic EM algorithm, as described in the previous section, will generally

only be helpful in situations where the following conditions hold
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E-step: It is possible to calculate the intermediate quantity Q(8;60’) given a value

of @' at a reasonable computational cost.

M-step: Considered as a function of 8, Q(0;80’) is sufficiently simple, to allow for

closed-form maximisation.

A rather general context in which both of these requirements are satisfied is when
the joint probability density function of the observed and the latent variables belongs

to the exponential family of distributions, that is, if it can be expressed in the form

Fx,3:60) = exp {[1:(0))" T(x,¥:0) — (6) | hix.y). (3.6)

where T'(x,y;0) is referred to as the vector of natural sufficient statistics and 1(0)
as the natural parametrisation. In this particular case, the intermediate quantity of

EM reduces to

Q(6;6') = WJ(‘U]T/T(X,Y; 0)f(X!y;0’)dx—0(9)+/10gh(x,Y)f(Xy; 6')dx. (3.7)

Note that the right-most term does not depend on 8 and so, it might as well be
ignored in the maximisation process. Apart from this term, the intermediate quantity
takes an explicit form as long as it is possible to evaluate the conditional expectation

of the vector of sufficient statistics, given y. The EM algorithm, thus, reduces to
E-step: Calculate @ (0; 0(5)) =Eyn[T(X,y; 0)]y].

M-step: Maximise [¢(8)]” Q (6; H(Z)) —c(0) with respect to 8 € O, in order to obtain
the updated estimate @¢+1),

3.3 Application to Finite Mixture Models

With the widespread availability of powerful computers and elaborate numerical
algorithms, maximum likelihood estimation became the preferred approach to para-
meter estimation for finite mixture models for many decades. In early papers, the
maximum likelihood estimator 9 is obtained by maximising the mixture likelihood
function f(y|¥) with respect to 1, using some direct maximisation method such as
the Newton-Rhaphson algorithm. Nowadays, the EM algorithm is the most com-
monly applied method to find the maximum likelihood estimator for a finite mixture

model.

To implement the EM algorithm for the estimation of the parameters of a finite
mixture model, we first need to rewrite the complete-data likelihood function, given

in equation (2.4), in a way that makes it more convenient for us, to calculate the
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intermediate quantity of EM. More precisely, we write

N K
L(®Oly,s) = [ T lpxf (yi: ) 1=+ (3.8)
=1 k=1

Taking the logarithm of the above function and calculating the conditional ex-

pectation given y, yields the following result for the intermediate quantity

Q (9:91) = iip (8 = k|yis9®) logpi +10g f(y;:04)] . (39)
i=1 k=1

As it turns out, in order to carry out the calculation required for the E-step of
the algorithm, we are first required to calculate the conditional allocation probabil-
ity P( = : 19(3)) of each observation y, for all possible components. In what
follows, we are going to utilise the notation D%)

for these probabilities, which are

calculated using Bayes’ theorem and the law of total probability as follows

y,.;ﬁ“)): p;(f)f(yi;eg)) | i=1,2,...,N, (3.10)

DY)

K

(0) (©) k=1,2,... K.
p; flyi;0;
01 (v:6))

=P (si=k

Indirectly, these classification probabilities permit us to make inference on the
hidden allocations of the observations, for example, by assigning each observation to

the component that maximises the respective probability.

For an arbitrary mixture model, it is fairly straightforward to maximise the inter-
mediate quantity with respect to the weight distribution. For example, introducing
the Lagrange multiplier A\, which corresponds to the constraint p;y +ps+---+prx = 1,
and deriving the Lagrangian with respect to the weights, yields the following set of

equations
6 1 N
+1)
AE Zk’ 727"'7li'

Additionally, one may easily calculate the multiplier A as follows

K

) _ L 0
1:Zpk :XZZDH{ =

k=1 i=1 k=1

> =

and so, we obtain the following renewed estimate of the weight distribution

plh = ZD k=1,2,... K. (3.11)
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The EM algorithm for finite mixture models consists of iterating the following
steps, given an initial guess 9 for the model parameters
E-step: Calculate the allocation probabilities DE,? according to equation (3.10).
M-step: Calculate p*1) according to (3.11) and 8¢+ = argmax Q (9 19(5)).

6co

The above procedure is usually repeated while the values of the intermediate
quantity calculated during successive iterations are not sufficiently close. That is,
the algorithm is terminated when /¢ (19(L+1)) -/ (ﬁ(L)) < € holds for a certain index
L, where € is the predetermined precision of the estimation. Afterwards, one may

(L)

compute the maximum a posteriori component allocations as §; = argmax D,;”.
k=12,...K

A disadvantage of the EM algorithm compared to the direct maximisation of the
likelihood function is much slower convergence. Several authors use hybrid algorithms

for mixture estimation, combining the EM algorithm with Newton’s method.

Maximum likelihood estimation may encounter various practical difficulties. First,
it may be difficult to find the global maximum of the likelihood function numerically.
Several studies report convergence failures, particularly when the sample size is small
or the components are not well separated. Recently, more attention has been paid to

choosing starting values which increase the chance of convergence.

In particular, for finite mixture models it is common knowledge that the sample
size has to be very large for the asymptotic theory of maximum likelihood estimation
to apply. The regularity conditions are often violated, including cases of great prac-
tical concern, including small data sets, mixtures with small component weights and

over-fitting mixtures with too many components.

3.3.1 Finite Mixtures of Poisson Distributions

Over-dispersion occurs for a Poisson random variable if the variance is greater than
the mean, since the Poisson distribution is theoretically obligated to have identical
mean and variance. One possible reason for over-dispersion is unobserved heterogen-

eity in the sample, causing the mean to be different among the observed subjects.

A commonly used model in this context is the Poisson mixture model. Applica-
tions of mixtures of Poisson distributions appear, in particular, in biology and medi-
cine. The probability mass function of a mixture of Poisson distributions is given
as
s

e (3.12)

K
fly;9) =D pre?
k=1
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K
where > pr=1, A >0and 0 <pyp <1lfork=1,2,..., K.
k=1

We have already seen how the EM algorithm updates the estimates of the weight
distribution at every iteration, so, now, we formulate the intermediate quantity of
EM specifically for a mixture of Poisson distributions, in order to make inference on

the component parameters ;. We have

N K
Q (9:91) =>°5" D) llogpy — M+ wilog M — log(ui)] . (3.13)
1=1 k=1
As it can be seen, deriving the intermediate quantity with respect to Ax delivers the

following set of equations

N
S DY) (y’—l> —0 k=12 K
=1 Ak

Finally, solving the above K equations with respect to Ax for k =1,2,..., K provides

the following updated estimates of the parameters

N
g 1
+1) - E Dzkyl, =12,...,K, (3.14)
nk i=1

N
where n,(f) => DZ(,?
i=1

One could notice that the above updated estimates bear a striking resemblance to
the MLE we would obtain from direct maximisation of the complete-data likelihood,
in the case where the allocations of each observation to a particular component were
known to us. To be precise, the functions 1{X; = k} in the complete-data maximum
likelihood estimates are, in this case, replaced by their conditional expectations, given

the actual observations and the available parameter estimate 9.

3.3.2 Finite Mixtures of Univariate Normal Distributions

A frequently used model for univariate continuous data displaying some kind of
heterogeneity is to assume that the observations are i.i.d. realisations from a mixture

of K univariate Normal distributions. The density of this distribution is given as

K 2
fly;9) = pr ! exp{—(y’;’“)}. (3.15)

k=1 27ra,3 2ak

where Eszlpk:ka>O, pr € Rand 0 >0 for k=1,2,..., K.
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The intermediate quantity of EM can be easily calculated in the case of a univari-

ate Normal mixture distribution as follows

N K
(,0 9 é)) ZZD [logpk _ 10g(27}') _ logai _ (yl - :U’k)2 ) (316)

2
= 2 2 20},

Deriving with respect to pj and then with respect to O’i produces the following two

sets of equations

N
ZDiﬁ)(yz’—uk)zm k=1,2,...,K,

o po) [ = )
S DY [%2‘“‘3—1} —0, k=1,2,....K
i=1 Tk

Again, solving the above 2K equations with respect to py and a,% respectively provides

the following updated estimates of the parameters

N
0+1 1 ¢

! ):WZD;{)% k=1,2,... K, (3.17)

N =1

@)y 1 e~ 0 (e+1))?
+
(02) :WZDM (yi—uk ) k=1,2,... K. (3.18)
k=1

A certain difficulty with the EM algorithm is that it stops working whenever

(Uz)(é) is numerically close to zero, which happens when DE,? is close to zero for

(4+1)

many observations y;. Then, the computation of D;. " at the next iteration is no
longer possible. Such difficulties arise in particular if the EM algorithm is applied to

a mixture of Normals over-fitting the true number of components.

A further difficulty with ML estimation for univariate mixtures of Normal distri-
butions is that the mixture likelihood function is generally unbounded and has many
spurious local modes. Thus, the ML estimator as a global maximiser of the mixture
likelihood does not exist. Nevertheless, statistical theory guarantees that a particular
local maximiser is consistent, efficient and asymptotically Normal, if the mixture is

not over-fitting the true number of components.

3.3.3 Finite Mixtures of Multivariate Normal Distributions

Mixtures of Normals can be easily extended to deal with multivariate observations,

which consist of d-dimensional vectors. In this case, the various observations typically



3.3. Application to Finite Mixture Models 23

measure d distinct features of a unit ¢. Such a mixture density is given as

K _
fly: ) = Zpk|27r2k!5exp{—(y_“'“)T2;’“l(y_“’“)}. (3.19)
k=1

One has to take into consideration the fact that a multivariate mixture of Nor-
mal distributions with general variance-covariance matrices is highly parametrised in
terms of K [d + @ + 1| — 1 distinct model parameters. Hence, an unconstrained

multivariate mixture may turn out to be too general to handle in various situations.

Other interesting multivariate finite mixture models are obtained by putting cer-
tain constraints on the variance-covariance matrices. For example, in a homoscedastic
mixture, the variance-covariance matrices are restricted to be the same in each com-
ponent, whereas in a spherical mixture, we have X, = azId for all components.
Furthermore, similar issues, as in the univariate case, may present themselves, if the

)

. 0 . . . . .
matrix Eé is singular, or at least nearly singular, at a certain iteration.

Now, we take the intermediate quantity of EM for a mixture of multivariate

Normal distributions in the same way as before

Q (19;19(6)) =

Al ) dlog(2m) log ‘2_1} (y; — ,uk)TE_l(y- — i)

> > "Dy |logpr — st B L2t 2’“ : . (3.20)
i=1 k=1

Derivation with respect to pi and then with respect to E,;l produces the following

two sets of equations

And so, the updated estimates we obtain from the above sets of equations perfectly

mirror the corresponding estimates given in the univariate case, i.e.

N
1
py ™ =S Dy, k=12, K, (3.21)

N
() _ % S pY (yi _ u,(f“)) <Yi _ ugﬂ))T, k=1,2,...,K.  (3.22)
k
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Chapter 4

Bayesian Inference for Missing

Data Problems

4.1 Introduction

The spirit of this chapter is different, in that it covers the fully Bayesian ap-
proaches to missing data problems, which means that, besides the latent variables
and their conditional, parametrised distributions, the model parameters are assigned
probability distributions, called prior distributions. Moreover, inferences on these
parameters are of Bayesian nature, that is, based on the posterior distributions of the

parameters, given the observations.

We remark that the distinction between data and parameters is somewhat blurred
in a Bayesian setting, since both are essentially treated as random variables. For this
reason, inference on the parameters of the model, as well as on the latent variables, as
discussed in the previous section, must be based on the respective marginal posterior

distributions, given the observations y.

In Bayesian problems where there is a single unknown parameter, the notion of
conjugacy allows the effect of the data on our prior beliefs to be summarised in terms
of a simple, well-known and easy to handle distribution. When dealing specifically
with missing data problems in a Bayesian setting, however, three issues have to be

considered.

First, in the presence of missing data, the observed likelihood function is difficult
to handle, or even impossible to calculate analytically, if we want to compute the
posterior distribution of the parameters. One way to solve this problem is to aug-
ment the observed data with the latent variables and work with the complete-data

likelihood instead.

Secondly, in multi-parameter Bayesian problems, it is necessary to estimate the

quantities of interest, such as posterior means or posterior probabilities, using a Monte
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Carlo approach. However, simulating from an arbitrary high dimensional distribu-
tion is usually difficult, if not impossible, to do directly. Instead, Markov Chain
Monte Carlo (MCMC) methods are used to simulate a Markov chain, whose station-
ary or limiting distribution is the posterior distribution of interest. These sampling
algorithms are implemented in Bayesian statistics in order to provide random draws
from the posterior distribution of the parameters, which can then in turn be used to

approximate any quantity of interest.

Lastly, although in many problems with a single unknown parameter it is usually
possible to find useful conjugate priors, in higher dimensional situations, the con-
jugate families end up being highly complex and difficult to summarise. However,
many Bayesian problems, including several missing data problems, exhibit condi-
tional conjugacy. That is, the conditional posterior distributions of the parameters
belong to the same families of distributions as the priors. The concept of conditional
conjugacy is crucial in the construction of one of the most basic forms of MCMC,
the Gibbs sampler, which samples from the conditional posterior distributions of the

parameters.

4.2 Gibbs Sampling with Data Augmentation

Data augmentation is a statistical technique which adds further random variables
to the model. These can be viewed as data or parameters, depending on the context,
but the interpretation is not really relevant for the workings of the method. In
missing data problems, the hidden data x are naturally the additional variables to be
included in the model. So, we move from the likelihood f(y|@), which is intractable,
to f(y,x|0), which is easy to handle. After assigning a prior 7(0) to the original

parameter vector 6, the joint posterior distribution of (8,x) is proportional to
m(0,x|y) o< f(y,x[0)m(0) = f(y|x,0)[(x[0)x(0). (4.1)

The technique proceeds, by carrying out Gibbs sampling, to sample successively
from 0 and x and produce a sample from this joint posterior distribution. The Gibbs
sampler obtains a sample from 7(0,x|y) by successively and iteratively simulating
from the conditional posterior distributions of each parameter, given the others. Un-
der conditional conjugacy, this simulation step is usually straightforward. Given

initial values (0(0), X(O)), the algorithm iterates the following steps
« Simulate 8*+Y from the conditional posterior distribution 7 (0 !x(z),y).

o Simulate x“*1 from the conditional posterior distribution 7 (x ‘9(“1), y).
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Of course, since both 8 and x are generally vector-valued quantities in missing
data problems, the above steps can be broken down so that each parameter 6; of

the vector @ = (61,01, ...,0,) is sampled from its conditional posterior distribution,
T (92 0(Z+1) 0)

i1 @it x() y), and the same applies to the latent variables x.
Under mild regularity conditions, convergence of the Markov chain to the sta-

tionary distribution (0, x|y) is guaranteed. So, after a burn-in period Ly, that is,
a starting number of iterations for which the draws are discarded, the subsequent
draws (0(1),x(1)) , (0(2),x(2)) e (B(L),X(L)) can be regarded as realisations from
this posterior distribution. Furthermore, it is really important to understand at this
point that the it" component of each of the draws 8 constitutes a sample from
the marginal posterior distribution 7(6;|y) and not from the conditional posterior

distribution 7(60;|0_;,x,y).

Once we obtain a sample from 7(6,x|y), we can approximate any feature of the
posterior distribution using its empirical counterpart from the simulated draws. For

example, we can approximately compute

E(g(6)ly) ~ 1 > 9(6") (12)

for any function g(@), whose posterior expectation exists.

4.3 Bayesian Inference for a Finite Mixture Model

For a finite mixture model three kinds of statistical inference problems have to
be taken into consideration. First, modelling of the data by a finite mixture model
requires some specification of the number of components K. Statistical inference for
unspecified number of components is a delicate matter, so, for the time being, we
are going to assume that K is fixed and known. Second, the component parameters
01,05, ...,0K and the weight distribution p should be estimated from the observed
data. Finally, each observation y; needs to be assigned to a certain component, in

order to make inference on the hidden discrete indicators S.

There are various reasons why one might be interested in adopting a Bayesian
approach for finite mixture models. First, the inclusion of a proper prior within a
Bayesian approach will generally introduce a smoothing effect on the mixture likeli-
hood function and reduce the risk of obtaining spurious modes, in cases where the EM
algorithm leads to degenerate solutions. Secondly, as the whole posterior distribution
7(J]y) is available, it is much easier to address the issue of parameter uncertainty.

Finally, Bayesian estimation does not rely on asymptotic Normality and yields valid
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inference even in cases where some regularity conditions are violated, such as small

data sets and mixtures with negligible component weights.

Once again, we begin our analysis by rewriting the complete-data likelihood in a
way that makes it more convenient to combine it with a suitable prior distribution

on the parameter vector 9. That is

f(y.s|9) = f(s|p)f(y]s,0) = IUM@IIwamk (4.3)

k=11:5;,=

where Ni(s) = g: 1{s; = k} is counting the number of observations allocated to
component k. =

When regarded as a function of 1, the complete-data likelihood exhibits a rather
convenient structure that highly facilitates parameter estimation. It reduces to the
product of K + 1 factors, with the first depending only on the weight distribution p,
whereas the last K factors depend on a certain component parameter 8. Hence, if
the weight distribution and the component parameters are assumed to be independent

a priori, then Bayesian estimation can be carried out separately for each of them.

4.3.1 Complete-Data Estimation of the Weight Distribution

For complete-data Bayesian estimation of the weights, the complete-data likeli-
hood f(s|p) is combined with a prior distribution 7(p), to obtain the posterior dis-
tribution of the weights. Due to the constraint p; +p2+- -+ pg = 1, the component

weights are not independent.

The complete-data likelihood f(s|p), when regarded as a function of s, is propor-
tional to the probability mass function of a Multinomial distribution. The conjugate
family for the multinomial likelihood is the Dirichlet family of distributions. We

assume p ~ Dir(aq,as,...,ax), where

anwka (4.4

leading to the following posterior distribution

K
m(pls) oc [T pop ™. (4.5)
k=1
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Of course, equation 4.5 corresponds to the density of a Dirichlet distribution,
i.e. p|s ~ Dir (Nyi(s) + a1, Na(s) + ag, ..., Ng(s) + ax). Simulation from this dis-
tribution can be easily carried out by drawing q1, o, - .., qx independently, with g

K

from a Gamma (Ng(s) + ag, 1) distribution, and setting ¢ = »_ gx. Then, the vector
k=1
(%1, %2, cee %) has a Dir (Ni(s) + a1, Na(s) + ag, ..., Nk (s) + ax) distribution.
Under this Dirichlet prior, the marginal posterior of p;, is easily obtained from the

joint posterior as follows

pk|s ~ Beta Nk(s)—l—ak,N—Nk(s)—i—Zaj , k=1,2... K. (4.6)
J#k
Hence, even if category k is not directly observed and N (s) = 0, the total number

of observations in the other categories is highly informative about py.

Prior distributions which are common for a Bayesian analysis of latent binary

data, where the Dirichlet distribution reduces to a Beta distribution, may be applied,
11

2 5)
or a prior that is uniform in the natural parameter of the exponential family rep-

such as the Uniform prior p; ~ Beta(1,1) = 4(0,1), Jeffreys’ prior p; ~ Beta(

resentation, which corresponds to the improper prior p; ~ Beta(0,0). Dealing with

latent multinomial data, one could equivalently utilise the prior p ~ Dir(1,1,...,1),
which is uniform over the unit Simplex £x, the prior p ~ Dir (%, %, ey %) or the

improper prior p ~ Dir(0,0,...,0).

Generally speaking, reference priors are prior distributions which hold a minimal
effect on the final inference, relative to the data. For a mixture of two known densities,
the reference prior for p; is virtually Jeffreys’ prior, when the two densities are well
separated, whereas the uniform prior would approximate the reference prior, when
the densities are very close. For a mixture of more than two known densities, a
Dirichlet distribution with parameters ranging in the interval [%, 1] is a reasonable

approximation to the reference prior.

4.3.2 Complete-Data Estimation of the Component-Specific

Parameters

The precise prior on the component parameters depends on the distribution family
underlying the mixture distribution. Whereas it is not possible to choose simple
conjugate priors for the mixture likelihood, f(y|?), a conjugate analysis is possible
for the complete-data likelihood, f(y|s, ), if the component densities in the mixture

come from the exponential family.
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To formulate a joint prior for 61,60s,...,0k, the component parameters are as-

sumed a priori independent, given a fixed hyper-parameter 6. We have

K

w(0) = [ ~(6x). (4.7)

k=1

Then, the conditional posterior 7(0|y,s) is given by

m(Okly.s) o w(0) [ f(yil6r), k=1.2,... K. (4.8)

i:5;,=k

In our case studies, we often make use of improper priors as uninformative priors.
Special care has to be given in such cases, in order to ensure that the posterior

obtained is, indeed, a proper distribution.

Results from a Bayesian analysis of finite mixture models are often highly de-
pendent on particular choices of hyper-parameters. In particular for mixtures with
components of small sizes, the posterior distribution of the parameters may be sens-
itive to specific choices of the hyper-parameter §. To reduce prior sensitivity, it is
common practice to use hierarchical priors, which treat d as an unknown quantity

with a prior 7(d) of its own. As a result 81,09, ...,0) are dependent a priori, with

K
7(0,0) = 7(8)7(0]8) = n( H (6]9). (4.9)

Of course, conditional on §, the component parameters are a priori independent, so
Gibbs sampling may be carried out independently for each component parameter. If
we combine the above prior distribution with f(y|s, @), we obtain the same conditional

posterior distribution for the component parameters
m(Okly,s,8) x m(0k]8) [ f(vilbr), k=1,2,... K. (4.10)
i:s;=k

Additionally, the conditional posterior distribution of the hyper-parameter 8, given

0, is calculated as

K
7(80) o ( H (01]0). (4.11)

Partially proper priors are hierarchical priors where the prior 7(d) of the hyper-
parameter is improper. Although, marginally, the prior m(6y) is improper, the pos-

terior distribution is proper.
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4.3.3 Classification for Known Component Parameters

It is common to assume that the allocations, like the data, are independent,
given the component parameters. Thus, the joint posterior classification distribution

7(s|¥,y) is decomposed as

(sly,9) o< f(s|p)f(yls,0) = Hfsz\p (y:10s.)-

As a result, joint allocation of all observations may be carried out independently for

each individual observation.

Classification of a single observation y, aims at deriving the conditional probab-
ility, P(S; = kly;, ), for all possible values of k. According to Bayes’ theorem, this
probability is computed as

S (yil0k) =1,2,...
P(S; = kly;,9) = P&/ YilTk) 105), 4.12
( yi,9) F.19) o prf(y;10k) E—12... K. (4.12)

A common classification rule, also called the naive Bayes’ classifier, assigns each
observation to the component with highest posterior probability, since this minim-
ises the expected misclassification risk. The performance of this classification rule
depends on the difference between the true parameter values in the various mixture

components.

Rearranging the above equation and substituting it into (3.8), allows us to once

again rewrite the complete-data likelihood, as

N K

Ty = Hf i) [T T] P(Si = Hy, 9)1 154,

i=1k=1

Taking the logarithm of both sides yields the following relation between the mixture

likelihood and the complete-data likelihood functions

N K
log f(y|9) = log f(y,s[9) = Y > 1{S; = k}log P(S; = kly;,?
=1 k=1
The second right-hand term is a measure of loss of information in the mixture likeli-
hood, compared to the complete-data likelihood function, which becomes zero, when

the mixture model enables perfect allocation.

A general way of assessing the quality of the classification based on Bayes’ rule,
is to consider the entropy H(Sl|y,®?) of f(Sl|y,?), which is the expectation of the

aforementioned term with respect to the classification distribution f(Sl|y,¥). It is
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defined as

N K
H(Sly,9) = - 3. 3 P(S; = kly;.9) log P(S; = Kly,, 9) > 0. (4.13)
i=1 k=1
For a fixed value of ¥, the entropy is a measure of how well the data are classified
given a mixture distribution defined by 1. The entropy is 0 for a perfect classification,
where for all observations P(S; = k;|y;,?) = 1 for a certain value of k;, otherwise the

entropy may be considerably larger.

4.4 Application to Finite Mixture Models

We have already discussed the factorisation of the complete-data likelihood and,
as seen in the previous section, a similar structure has been assumed for the prior

density (19, 9)
K
7(9,8) = n(p)7w(8)7(0|d) x 7 (é H (05]0)pir ", (4.14)

Under this prior choice, the complete-data posterior m(1, d, s|y) factorises in the same

convenient way

(9,0, sly) < f(s|p)f(yls, 0)m(p)m()7(8]5)
K K (4.15)

H et T |x0us) T] fvil6n)

k=1 k=1 i:s;=k

Sampling from this posterior distribution is most commonly implemented by the
following Gibbs sampling scheme, where the conditional posterior distributions re-
quired are calculated exactly as discussed in the previous section. In other words,
the component parameters ¥ are sampled conditional on knowing the allocations s,
whereas the allocations are sampled conditional on knowing the component paramet-

ers. Starting with some initial values (6(0), s(o)), we iterate the following steps

o Sample the weight distribution p“*1) from the complete-data posterior distri-
bution Dir (N1 (S(Z)) + a1, N (s(g)) +ag,...,Ng (s(f)) + a,K), given by (4.5).

e Sample the component parameters 05“1), 05“1), ey

y, s(f),é(é)), given by (4.10).

O%H) independently from

the conditional posteriors 7 (Ok

(4+1)

¢ Sample the hyper-parameter 6 from the conditional posterior 7 (5 ‘G(K‘H) ),

given by (4.11).



4.4. Application to Finite Mixture Models 33

e Sample the allocations 55“1), ng+1) ...,S%H)

distribution 7 (S; |y;, 19(”1)), given by (4.12).

independently from the discrete

4.4.1 Finite Mixtures of Poisson Distributions

For mixtures of Poisson distributions, Bayesian inference for the complete data
problem leads to the conditionally conjugate prior A\;|B ~ Gamma(b, B), where both
b and B have to be positive to obtain a proper posterior distribution. A hierarchical
prior is obtained by assuming that B is a random parameter with a prior of its own,

that is, B ~ Gamma(g, G).

Each of the conditional posteriors m(\x|y,s, B) can be handled within this con-

jugate setting. From Bayes’ theorem we obtain
Sk (y,8)+b—1 _—(Ny(s)+B)Ax _
T(Akly,s, B) o< A e . k=1,2,...,K, (4.16)

which is a Gamma (S(y,s) + b, Ni(s) + B) distribution. Notice that we have intro-
duced the notation Si(y,s) = > v

i:s;=k
Under this hierarchical prior, B has to be sampled from the conditional posterior

distribution 7w (B|A), also given by Bayes’ theorem as
K
m(B|A) o« BEbH9~1 exp{— <Z )\k—i-G) B} , (4.17)
k=1

K
which is a Gamma <Kb +9, > A+ G) distribution.
k=1

Estimation is rather insensitive to the choice of the parameter g, so it could be
chosen as g = 0.5. Additionally, fixing b around 1, one could choose G = %g. Full-
conditional Gibbs sampling proceeds along the lines indicated by the algorithm for
general mixtures of distributions, where the results of this section are used to sample
the parameter in each group. Hence, MCMC estimation of a mixture of Poisson

distributions, with initial values (B(O), s(o)), consists of iterating the following steps

1) from the complete-data posterior distri-

o Sample the weight distribution p!
bution Dir (Nl (S(é)) + a1, No (S(Z)) +as,...,Ng (S(e)) + CLK).

e Sample the component parameters )\g€+1)’ )\ggﬂ)’ '

the posteriors ()\k ‘y, s, B(Z)), given by (4.16).

.. ,)\%H) independently from

o Sample the hyper-parameter BY*Y from the posterior (B ‘)\(ZH)), given by
(4.17).
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e Sample sgﬂl), sggﬂ), ey s%ﬂ) independently according to the posterior prob-
Yi
abilities P (Si =k ‘yi, 19(”1)) x pgﬂ)e_’\l(fﬂ) <)\l(f+1)) fori=1,2,...,N and
k=1,2,... K.

4.4.2 Finite Mixtures of Univariate Normal Distributions

In mixtures of univariate Normal distributions, when holding the variance a,% fixed,
the complete-data likelihood function, regarded as a function of uy, is the kernel of
a univariate Normal distribution. Under the conjugate prior uglb ~ N(b, B), the

conditional posterior density of uy is

BN, (s) + o2 BS.(y,s) + bo?
7 (pk k() + i 2 K 5 kﬂk}, (4.18)
i

y7S,0']%,b) X exXp § — 2 M v
2Boj, Bo

BS(y, bo? Bo?
for k =1,2,..., K, which corresponds to a N/ ( ky,s) + boj %k ) dis-

BNy(s) + 07 " BNg(s) + o}
tribution.

On the other hand, when holding the mean u; fixed, the complete-data likelihood,
regarded as a function of O']%, is the kernel of an inverse Gamma density. Under the

conjugate prior az‘ C ~ Inv-Gamma(c, C), the posterior density of 0% is

N (s)
7 (o] y.s, 1k C) o< (07) E ~exp {— (Vk(?s) - C> 012}, (4.19)
k

for k = 1,2,..., K which is an Inv-Gamma, (NZ(S) +c, Vk(;” s)

with Vi(y,8) = > (yi — ).

i:8;=k

+ C> distribution

The hyper-parameter C' can be treated as unknown with a prior of its own, that
is, C' ~ Gamma(g,G). For this hierarchical prior, sampling has to be carried out

from the conditional posterior density 7 (C ‘0'2 ), given by Bayes’ theorem as

K
7T(C|0’2) o CKetg-1 exp{— (Z;Q—I—G) C} , (4.20)

k=1 "k
K1
which is obviously the kernel of a Gamma (K ctg, > —+ G) distribution.
k=10

A partly proper prior for the variances arises for ¢ = G = 0, which leads to
the standard improper prior 7(C) oc C~1 for the scale parameter. Even though the
marginal prior distribution of each a,% also ends up with the usual improper reference

prior, m (a,%) x crk_z, the posterior distribution is proven to be proper.
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Similarly, if b is an unknown hyper-parameter with improper prior 7(b) o 1, then

b is sampled from 7(b|u), given by
K
K b
7(b|p) ox exp {—2352 g ;Mk} ) (4.21)

1 X B
which corresponds to a A/ < > ks, ) distribution.
K ="K

For our studies, we select ¢ = 2, ¢ = 0.2, fix B to the square of the range

of the observation interval and set G = %. Starting with some initial values

((0'2)(0) ,CO) pO) S(O)), we iterate the following steps

(¢+1) from the complete-data posterior distri-

e Sample the weight distribution p
bution Dir (N1 (s“)) + a1, No (S(Z)) +ag,..., Nk (S(Z)) + aK).

e Sample the component means u§£+1),ug+1), e M%H) independently from the

posteriors m (Mk ‘y, s, (az)(@ b ), given by (4.18).
e Sample the component variances (0%)(“1) , (U%)(Hl) , (a%()(gﬂ)

y,s©,uT,CO) given by (4.19).

independ-

P

ently from the posteriors 7 (az

(4+1)

e Sample the variance scale hyper-parameter C from the conditional posterior

T (C’ ‘ (0'2)(“1)), given by (4.20).

(4+1)

e Sample the mean position hyper-parameter b from the conditional posterior

7 (b !p(“l)), given by (4.21).

» Sample the allocations 5(1”1)» 3§€+1)7 ceey S%H) independently according to
(¢+1) ( - <f+1>>2 ‘
P(Sl:k ylaﬂ(£+1))o(pk exp 7& 7 Z:]"2’.._7]\f7
O'I(erl) 9 (Ug)(€+1) k=1,2,... K.

4.4.3 Finite Mixtures of Multivariate Normal Distributions

Similarly to the univariate case, the complete-data likelihood function of a mul-
tivariate Normal mixture, regarded as a function of pj, when holding the variance-
covariance matrix X fixed, is the kernel of a multivariate Normal distribution. Under

the conjugate prior pg ~ Ny(b, B), the conditional posterior density of py is

pi, (Ne(s)Z + B p
2

k _ _
ﬂ-(l'l’k"ya S, Ek) ocexp{— +H£ (zklsk(y, S)+B 1b) s

(4.22)
for k=1,2,..., K, which is a Ny (By(s, =) (lelsk(y, s) + Bflb) ,Bi(s, X)) dis-
tribution with By (s, £x) = (Nx(s)S; ' + B 7.
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On the other hand, when holding the mean p, fixed, the complete-data likelihood,
regarded as a function of X, is the kernel of an inverse Wishart density. Under the
conjugate inverse Wishart prior, ¥3|C ~ V\/d_l(C7 ¢), the posterior density of Xy is

Np(s)+c+d+1

_ Np(s)tetdtl 1 _
7 (Zkly, s, uk, C) o | Xy 2 exp {—2‘51" [(Vi(y,s) +C) 3, '] } . (4.23)

for k =1,2,..., K, which is also an inverse Wishart ng (Vi(y,s) + C, Ni(s) + ¢)

distribution with Vi (y,s) = > (y; — pe)(y; — pe)”.

i:si:k

Again, the hyper-parameter C can be treated as unknown with a Wishart prior

K
ctg-d 1
7(C|D) x |C] 5 exp {—2tr [(§ =+ G—1> C } : (4.24)
k=1

which is obviously equal to the kernel of a Wishart W, (G(X), K¢+ g) distribution

K —1
with G(X) = (2 =+ G—1> .
k=1

C ~ Wy(G, g). The conditional posterior density 7(C|X) is given by

We select ¢ = 2.5 + %, g = 0.1 ¢, fix each element of b to the midpoint of the
observation interval of the corresponding component of y, each diagonal element of B
to the square of the range of the observation interval of the corresponding component
of y and set G = 10 - B!, Finally, to implement the Gibbs sampler, we begin with
some initial values (Z(O), C(O)7 s(o)) and iterate the following steps

o Sample the weight distribution p“*Y) from the complete-data posterior distri-
bution Dir (N1 (s(g)) 4+ a1, No (s(g)) +ao,...,Ng (s(f)) + aK).

e Sample the component means u§£+1)’ uyﬂ), e M%H) independently from the

posteriors (Hk )y, s, E,(f) ), given by (4.22).
e Sample the covariance matrices 25“”, Egﬂ), cees E%H)

y,50, p, C(f)), given by (4.23).

independently from

the posteriors 7 (Ek

¢ Sample the hyper-parameter C*Y from the posterior 7 (C ‘Z(ZH) ), given by
(4.24).

e Sample the allocations sggﬂ), sé”l), . ,s%ﬂ) independently according to

P ( i =k ‘yi,ﬂ(”l) s) o

e | | L1 W) (B) )|

2

fori=1,2,...,.Nand k=1,2,... K.
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4.5 Identifiability Issues

Now, we have to broach the more formal issue of identifiability of a mixture dis-
tribution, which is essential for parameter estimation. For mixtures of probability
distributions, one has to distinguish among three types of non-identifiability. Non-
identifiability due to invariance to relabelling the components of the mixture distribu-
tion and due to potential over-fitting may be ruled out through formal identifiability
constraints. The last type of non-identifiability is a generic property of certain classes

of mixture distributions.

4.5.1 Label Switching

|
Il ssd s

Ml
\aansibosd Ao
00

%000

FI1GURE 4.1: MCMC Draws Displaying Label Switching

The term label switching refers to the invariance of the mixture distribution to re-
labelling the components of the mixture. For a general finite mixture distribution with
K components, there exist K! equivalent ways of arranging these components. Each
of them may be described in terms of a permutation o : {1,2,..., K} — {1,2,..., K},
where the value o(k) is assigned to each value k € {1,2,..., K}.

Let ¥ = (01,...,0k,p1,...,p,) be an arbitrary point in the parameter space
O = 0K x Ex. Any point 9* = (00(1),...,GU(K),po(l),...,pU(K)) generates the
same mixture density as 1, which is easily seen by rearranging the components of the

mixture density according to the permutation o

flY9) =p1f(yl01) + -+ pr f(y|Ok)
=po)f (W0s)) + -+ Doy f (W|Oo(x)) = f(y]O").
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There exist K! such different parameters 9¥*, if and only if all K component
parameters 61,...,0 are distinct points in ©. The set contains only % distinct
parameters 9%, if L among the K component parameters 61, ..., 0 of 1 are identical.
Thus, for each ¥ with at east two distinct component parameters 85 and 0, the

corresponding mixture distribution is non-identifiable.

Because the components in a mixture density may be arbitrarily arranged, it
is usual to choose priors which reflect this attribute by being themselves invariant
to relabelling the components. A prior density m(1) is invariant to relabelling the
components of the mixture model if the identity 7(9*) = 7(19) holds for all ¥ and for
any of the K! permutations o of {1,2,..., K}.

Label switching is of no concern for maximum likelihood estimation, where the
goal is to find one of the equivalent modes of the likelihood function. In the context
of Bayesian estimation, however, label switching has to be addressed explicitly, as, in
the course of sampling from the mixture posterior distribution, the labelling of the

unobserved categories may potentially change.

Invariance of the Mixture Posterior Distribution

The mixture posterior density m(9¥|y) is, to a large extent, dominated by the
mixture likelihood function f(y|¢). Under an invariant prior distribution, the mixture
posterior distribution inherits the invariance of the mixture likelihood and it holds
that 7(9*|y) = n(9y).

The invariance property of the mixture posterior density causes state independ-
ence of many functionals derived from the posterior distribution, which at first sight
appear to be component-specific. Consider, as an example, the marginal distribution

of the component parameter 8, which is defined as

T(Orly) = / 7(9y)dpdO; - - - dO),_1dOy 1 - - dOk
@K_ngK

= / (9" |y)dpdOy (1) - - - A0y (1-1)AOu (1 11) - - AOp(iy = T(Op(i) [y )-
@KﬁngK

Because this applies for all permutations o of {1,2,..., K}, the marginal posterior
densities 7(0|y) are actually state-independent and the identity 7(0x|y) = 7(0,y)
holds for all k,5 € {1,2,...,K}. It could be proven, in a similar way, that the
marginal posterior density of the component weight p;. is state-independent and that

the identity 7(pi|y) = m(p;|y) is valid for all k,j € {1,2,...,K}.

The posterior mean is a commonly used point estimator, which is optimal with

respect to a quadratic loss function. It follows, from the previous discussion, that the
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seemingly component-specific means of 8, and py, are also actually state-independent,
ie. E(0rly) = E(0;ly) and E(prly) = E(p;ly) for any k,j € {1,2,...,K}. As a
result, the mean E(J|y) of the mixture posterior is not a sensible point estimator for

the component parameters and the weight distribution.

State invariance occurs also for the seemingly component-dependent allocations

S. The marginal posterior distribution m(s|y) is defined as
w(sly) = [ rls o) = [ wls" 9y)a0" = n(s'ly)
@K @K

where s* = (0(s1),0(s2),...,0(sk)). Consequently, it turns out that the marginal
posterior probability P(S; = k|y) is state-independent and equal to % regardless of
the data.

Model Identification

Inference on functionals of 9 which are not invariant to relabelling the components
of the finite mixture is sensible only if the posterior draws come from a unique labelling
subspace of the unconstrained parameter space. Gibbs sampling may lead to implicit
model identification if the K! modal regions of the mixture posterior density are well-
separated and the sampler is trapped in one of them. Nevertheless, this is not always

the case.

To achieve model identification, one strategy is to relabel the posterior draws 9 in
such a way that draws from a unique labelling subspace result. A common reaction to
the label switching problem is to impose some formal identifiability constraint within

sampling-based Bayesian estimation.

An inequality constraint on the component parameters forces a unique labelling.
For mixtures with a univariate component parameter 6, this condition evidently
reads 01 < 03 < --- < k. For mixtures with a multivariate component parameter,
one could require only that any two parameters 8, and 6; differ in at least one element,
which does not need be the same for all components. Naturally, the identification of

a valid constraint in higher dimensions may be somewhat of a challenge.

A straightforward method to impose a constraint on the posterior draws is to
post-process the MCMC draws which were generated from the mixture posterior.
Whenever a draw does not satisfy the constraint, one permutes the labelling of the
components in such a way that the constraint is fulfilled. It can be proven that this

method actually delivers a sample from the constrained posterior.
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As a more automatic procedure, it is suggested to permute the MCMC draws ob-
tained from unconstrained sampling by utilising a clustering procedure. For example,
a k-means clustering algorithm with K! clusters, which is initialised from the first
100 draws, after reaching burn-in, by defining K'! reference centres from these draws,
could be used. For each MCMC draw 6%, the distance to each of the K! centres is

computed, which is then used to permute the labels.

4.5.2 Potential Over-Fitting

A further identifiability problem is non-identifiability due to potential over-fitting.
Any mixture with K — 1 components defines a non-identifiability subset in the larger
parameter space O, where either one component is empty or two components are

equal.

Indeed, any mixture of K — 1 distributions may be written as a mixture of K

distributions by adding another component with weight px = 0 as evidenced below

fyl9) =p1f(yl61) + - +px-1f(yl0x 1)
=p1f(yl6r) + - +px-1f(ylOx-1)+0- f(y|Ox).

In the parameter space O, the parameter ¥ corresponding to this mixture lies in a

non-identifiability set, as the density f(y|19) is the same for arbitrary values of 0.

The same non-identifiability set results if a mixture of K distributions is generated

by splitting one component of a mixture of K — 1 distributions into two as follows

fW9) =p1f(ylO1) +- - +pr—1f(YOKx-1)
=p1f(yl6r) + -+ (o —pr)f(YlOk) + - + Pr-1f(Y|OK-1) + PK f(y|Ok).

Again, the parameter vector ¥ lies in a non-identifiability set, as the density f(y|?) is
the same for arbitrary values of px with 0 < px < pi. Furthermore, this is the same
non-identifiability set as the above. A positivity constraint on the weights avoids
non-identifiability due to empty components, whereas an inequality condition on the

component parameters avoids non-identifiability due to equal components.

Unfortunately, label switching is unavoidable for a model which is over-fitting the
number of components. Consequently, it is not sensible to try model identification
for such a mixture. Rather, it may be desirable to apply a prior which is informative

enough to bound the posterior away from the non-identifiability sets.

To avoid sampling mixtures with empty components, it is sensible to select a

Dir(ay, a9, ...,ax) prior for the weight distribution with a; > 1 for &k = 1,2,..., K.
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Consequently, two of the component parameters will be pulled together to capture
over-fitting and observations are then allocated more or less randomly between these
components. Therefore, sampling of component parameters from the prior is avoided,

which increases the stability of the sampler.

To avoid sampling mixtures with two identical components, it often helps to
modify the prior on the component parameters, by increasing prior shrinkage for
elements of the component parameter 85 which are not extremely distinctive between
the components. Simultaneously, too strong a shrinkage for elements of the compon-

ent parameter 0, which differ between the components should be avoided.

4.5.3 Generic Identifiability

Generic identifiability of a certain family of finite mixture distributions is a class
property, which does not respond to formal identifiability constraints. It has been
shown that a family of mixture distributions is generically identifiable if and only if the
members of the underlying distribution are linearly independent over the field of real
numbers. However, it is often easier to verify identifiability through some transform
of the underlying distribution, such as the characteristic or the moment-generating

function.

As an example, for a mixture of Normal distributions with common variance, the

identity

K

; 52,2
§ :pkez,ukze 04z%/2 =0,
k=1

pertaining to the characteristic function of the component densities, is possible for

all ze Rifand only if py =pa=---=pr =0.

Many mixtures of univariate continuous densities, such as mixtures of Normal
or Gamma distributions, are generically identifiable. These results may be extended
to multivariate families, such as multivariate mixtures of Normal distributions. On
the other hand, not all mixtures of discrete distributions are identifiable, as can be
demonstrated for a mixture of Bin(n,p) distributions with n < 2K — 1. Mixtures of

Poisson or Negative Binomial distributions though are, indeed, identifiable.
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Chapter 5

Applications to Hidden Markov
Models

5.1 Introduction

We now turn to the application of the algorithms discussed in Chapters 3 and
4 on the class of discrete-time, finite state-space hidden Markov models. A funda-
mental issue in hidden Markov modelling, is drawing inference on the unobserved
state sequence X. As already glimpsed in Chapter 2, calculation of the conditional
distribution of a state X given the observations y, which is generally referred to as

a smoothing distribution, may prove to be a considerable task.

There exist a variety of smoothing approaches with computational cost that only
increases linearly with the number of observations. This is only made possible by
the fact that, conditional on the observations y, the state sequence still constitutes a

Markov chain, albeit a non-homogeneous one.

Of course exact numerical evaluation of the quantities involved in the smoothing
recursions discussed in this chapter is only feasible in particular classes of HMMS, like
the class of finite state-space HMMs and the Gaussian linear state-space models. In
all other cases, one must consider approximate smoothing methods based on Monte

Carlo simulations.

Smoothing is crucial in the implementation of all the algorithms discussed in the
previous chapters to make inferences on HMMs. Having calculated and stored the
aforementioned conditional distributions of each state Xy, one may then utilise them
to calculate the intermediate quantity of EM for implementation of the EM algorithm
or propose a sampling scheme for the realisations of the underlying Markov chain

within a Gibbs sampler.
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5.2 State Inference

In what follows, we denote by ¢.g, the conditional distribution of Xj., given
Yo.m for any positive indices k, ¢ and m with ¢ > k. Specific choices of k, ¢ and m

give rise to particular quantities of interest, such as
+ Joint Smoothing: ¢, for n > 0.
¢ Marginal Smoothing: ¢y, forn >k > 0.

o Prediction: ¢y, for £ > 1. Tt is convenient to extend this notation, to use

¢o|—1 as a synonym for the initial distribution v.

o Filtering: ¢y, for £ > 0. Because the use of filtering will be prominent in the

following, this notation will be abbreviated to ¢y.

Now, for example, the conditional probabilities involved in equation (2.7) for
the calculation of the observed likelihood of an HMM can easily be recognised as

predictive probabilities.

5.2.1 The Forward-Backward Algorithm

The structure of an HMM is straightforward enough in its design that efficient
instances of this smoothing approach can all be decomposed into two systematic
phases: one in which the graph of the HMM is scanned systematically from left to
right, referred to as the forward pass, and one in which the graph is scanned in reverse

order, called the backward pass.

Forward Filtering

The objective of the forward pass is to calculate the forward filtering probabilities,
¢r(i) = P(Xk = ilyg.), for k = 0,1,...,n, through the use of a recursive scheme.
These probabilities can be expressed through Bayes’ theorem in the following way
P(Xk = Z‘y0k_1)f(y1g|Xk = Z) _ ¢k|k—1<z)f2(yk> k= Oa 17 RN

, 5.1
FYelyox—1) Ck i=1,2,...,m (5.1)

o (i) =

where ¢ = f(yg|yor—1) = ZT: Pre—1(7) S5 (1)
j=i

As it can be seen, in order to actually calculate the forward filtering probabilities,
we first need to calculate the predictive probabilities, ¢p,—1(7) = P(Xi = ilyg.5_1),
for k = 1,2,...,n, always keeping in mind that ¢g_;(i) = v;. This is achieved
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through the law of total probability

Srn-1(0) = > P(Xi-1 = jlyou— ) P(Xe = ilXpo1 =5) = Y bp1(ipji,  (5.2)
j=1 j=1

fork=1,2,...,nandi=1,2,...,r.

Hence, by utilising the initial distribution v, one may first initialise the filtering
probabilities, ¢g(i), for i = 1,2,...,r. Afterwards, for k = 1,2,...,n, one can calcu-
late the predictive probabilities, based on the filtering probabilities stored from the
previous iteration, and, then, calculate and store the next set of filtering probabilities,
using the newly calculated predictive probabilities. This is the essence of the so-called

forward filtering algorithm, described in detail below

o Initialisation: Calculate

T
— The normalisation constant c¢o = Y v; fj(¥o);

j=i

— The filtering probabilities ¢g(i) = vifilyo) for j = 1,2,...,7.

<o
e Forward Recursion: For k£ =1,2,...,n, calculate

— The predictive probabilities ¢y, (i) for i = 1,2,...,r according to (5.2);

'
— The normalisation constant ¢ = > ¢pp—1(7)f5(¥r);
j=i

— The filtering probabilities ¢y (i) for i =1,2,...,r according to (5.1).

The computational cost of this filtering method is thus proportional to the num-
ber of observations n, and scales like 72, because of the r vector-matrix products

corresponding to equation (5.1).

Of course, having calculated and stored the aforementioned normalisation con-
stants, ¢, for K =0,1,...,n, one may immediately evaluate the observed likelihood,
by rewriting equation (2.7) as L, = L(9|yy.,) = ﬁ ck. However, one should sys-
tematically opt to calculate the observed likelihookg 0on the log scale, according to
b, = loglL, = Xn: log ¢, rather than on a linear scale, as this form is robust to

k=0
numerical under or over-flow.

Markovian Backward Smoothing

On the other hand, the backward pass aims at calculating the marginal smooth-
ing probabilities ¢y, (i) = P(X) = ilyq,,) and bivariate smoothing probabilities
Prker1n (i, ) = P(Xy = i, Xp11 = jlyo.,) by relying exclusively on the filtering prob-

abilities calculated from the forward pass. More precisely, the bivariate smoothing
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distribution can easily be obtained using of the chain rule

Prerin (i, 7) = P(Xir1 = jlyou) P(Xk = i| Xbr1 = 5, You) = Pr1n(9) Br(J, 9),
(5.3)
fork=0,1,...,n—1,i=1,2,...,rand j = 1,2,...,r, with the probabilities denoted
by By (j,i) = P(Xk = i|Xk4+1 = J,¥o.;) constituting the backward transition kernel
of the underlying Markov chain.

From there, it is straightforward to compute the marginal smoothing probabilities

through the law of total probability as follows

k=0,1,...,n,

1=1,2,...,7.

Drjn (i) = Z¢k:k+1|n(i7j)7 (5.4)
=1

The backward transition probabilities By(j,7) can also be proven to depend solely
on the filtering distributions themselves and not on the actual data. Specifically,
applying Bayes’ theorem one may obtain

P(Xy = ilyop) P(Xpr = j1 Xk =14) _ on(i)py

Br(s,i) = P(Xk41 = Jlyor) N i ¢k(5)pej’ (5:5)
=1

fork=0,1,...,n—1and 4,5 =1,2,...,7.

In particular cases where the above denominator happens to be equal to zero for
a certain index j, then, it can be shown that the smoothing probability ¢y 1, (j)
will also be equal to zero, so, for the purposes of this algorithm, the corresponding
probabilities By(j,7) can be set to arbitrary values for this particular value of j. The

Markovian backward smoothing algorithm generally proceeds as follows
e Initialisation: For i =1,2,...,7, set ¢, (i) = ¢n(i).
¢ Backward Recursion: For k=n—1,n—2,...,0, calculate

— The backward transition probabilities By(j,1) for i,7 = 1,2,...,r accord-
ing to equation (5.5);

— The bivariate smoothing probabilities ¢p.11),,(4,7) for 4,7 = 1,2,...,7
according to equation (5.3);

— The marginal smoothing probabilities ¢y, (i) for i = 1,2,...,r according

to equation (5.4).

Of course the Forward-Backward algorithm may easily be replaced by an equival-

ent Backward-Forward algorithm, where the filtering distributions are first computed
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via a backward recursion and, then, a forward Markovian decomposition is utilised

to compute the forward transition kernel.

Finally, according to the Markov property, the joint smoothing distribution can

be written as a product of the form

n—1

¢0:n\n(X0:n) = P(Xy = znlyo.) H P(Xy = o[ Xi41 = Tr+1, Your)

k=0 (5.6)

n—1

= ¢n(wn) [ [ Br(werr, zn).

k=0
5.2.2 The Viterbi Algorithm

In the case of finite state-space HMMs, it turns out that one may possibly achieve
a different kind of inference concerning the underlying sequence of states. This kind
of inference is non-probabilistic, in the sense that it does not provide a distributional
statement concerning the unobservable states. The result obtained is, rather, the
jointly optimal, in terms of maximal conditional probability, sequence of unknown
states, given the corresponding observations, which, in some sense, is much stronger
a result than just the marginally optimal sequence of states, given by the Forward-
Backward algorithm. It may even be that a transition xy — x4 of the marginally

optimal sequence is disallowed, in the sense that p(zk, zx11) = 0.

The algorithm that makes it possible to efficiently compute the a posteriori most
likely sequence of states is known as the Viterbi algorithm. It is based on the widely
known dynamic programming principle. The key observation is the following recursive
equation for the complete-data likelihood of an HMM, which we immediately present

in log form

(91%0:k+1> Yout1) = £(F]X0:k, Yo) + logp(wp, Tp + 1) +10g fo, 1 (Yii1)-

Making use of the observed likelihood, £k, and the joint smoothing distribution, ¢q.y/x,

discussed beforehand, we receive the following equation

Cr+1+108 Go:pp1 k41 X0kt 1) = Lr 4108 Gk (X0:k) +1og p(wk, 2 +1) +10g far ) (Yit1)-

The pre-eminent feature of this recursive equation is that, ignoring the observed
log-likelihoods, since they do not depend on the state sequence, the posterior log-

probability of the subsequence xg.; 11 is equal to that of xg.; up to terms that solely
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involve the pair (zy, zg41). Hence, one may define

Ti(i) = L+ max_ log do.k(T0, T1, - -, Th—1,1),

X051 EXF
that is, up to a number independent of the state sequence, the maximal conditional
log-probability of a sequence up to time k and ending with state . We also define

By(i) = argmax Ty(i), that is, the second final state in an optimal state sequence of
Tp-1€X
length k& + 1 and ending with state i. Substituting T} (i) into the previous equation,

results in the simple recursive equation

. . k=0,1,...,n—1,
Try1(j) =  max [T(d) + log pij| +log fi(¥ri1), , (5.7)
i=1,2,...r jg=12...m

where Byy1(j) is the index ¢ for which the maximum T} (7) + log p;; is achieved.

The above observations immediately lead us to formulate the Viterbi algorithm

for the computation of the a posteriori most likely sequence of states as follows
e Forward Recursion: Computation of the optimal conditional probabilities.
— Fori=1,2,...,r, let Ty(i) = logv; + log fi(yo)-

— For k=0,1,...,n—1, compute Tj1(j) for all possible states j according

to equation (5.7).
e Backward Recursion: Computation of the optimal sequence of states.
— Let &, be the state j for which 7, (j) is maximised.
— Fork=n—1,n-2,...,0, let & = Bp+1(Xg11)-

In other words, the backward recursion first identifies the final state of the optimal
state sequence. Then, the next to final one can be determined as the state that
maximises the probability of sequences ending with the the now known final state,
and so forth. Hence, the algorithm requires storage of all the Ty (j) computed during

the forward recursion.

In cases where there is no unique optimal state ¢, there may be no unique optimal
state sequence either and Byi1(%r+1) can, then, be taken arbitrarily within the set

of maximising indices i.
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5.3 Maximum Likelihood Estimation

Estimation of the weight distribution, as discussed for finite mixture models, is
substituted in HMMs by estimation of the transition probability matrix and the
initial distribution of the underlying Markov chain. While inference on the transition
probabilities p;; presents no challenge, there are several choices to be considered
concerning the estimation of the initial distribution, in particular. The first option is

to simply consider that v is fixed and known with no need to be estimated whatsoever.

A second choice would be to consider that v is fully determined by the para-
meter ¥ = (P,0). A typical example of this is assuming that v is the stationary
distribution associated with the transition matrix P, if it exists. Obviously, this is a
particularly attractive alternative in the case of ergodic HMMs, in which the Markov
chain generally admits a unique stationary distribution. However, this option is gen-
erally practicable only in the simplest of models, because of the lack of analytical
expressions relating the stationary distribution to the transition matrix for general

parametrised underlying Markov chains.

The last alternative would be to consider v as an independent parameter inside
the vector 19 and aim to estimate it separately from the other parameters of the model.
However, because we mainly consider estimation of the HMM parameter vector from
a single long sequence of observations, there is no hope to estimate v consistently,
since there is only one random variable Xy drawn from this density and it is not even
observed. As a result, this option is much more appealing in left-to-right HMMs,
where the model is estimated from several independent sequences of observations and
the initial distribution is often a key parameter. Furthermore, handling the case of
multiple observational sequences is straightforward, since the quantities corresponding
to different sequences simply need to be added together, thanks to the independence

assumption.

5.3.1 The Baum-Welch Algorithm

In the following, we are going to assume the last alternative and consider the initial
distribution as an independent parameter to be estimated. For the finite state-space

HMM under consideration, the complete-data likelihood in (2.6) may be rewritten as

19|y’ Hyﬂ{zo i} Hﬁn It{zk =i,2p41=7} HHf Yk ll{ac,€ z}

1=1j7=1 k=0 =1 k=0

Evaluation of the intermediate quantity of EM demonstrates that, in great gen-

erality, the only quantities required for the algorithm are the marginal and bivariate
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smoothing distributions, given the parameter vector 99, which may be computed
using the Forward-Backward approach presented in the previous section. Moreover,
estimation of the initial distribution, the transition probabilities and the state-specific
parameters 6 can all be carried out separately within the M-step. Indeed, the inter-

mediate quantity of EM assumes the following additive structure

r r n—1

<19 ] €)> Z¢o|n (l o ) logv; + Zzz¢k:k+l\n (Z}j;’l?(é)) log pi;

i=1 j—l k=0 (5.8)

£33 by (59 log (3,500,

=1 k=0

In order to maximise the intermediate quantity with respect to v, we have to take
into consideration the constraint 11 + v2 4+ --- + 1, = 1 and introduce the Lagrange

multiplier A\. Then, we derive the Lagrangian to obtain

Jen) _ Son (i599)

5 . i=1,2,...,7n

Normalisation of these probabilities leads to A = 1 and so the updated estimates for

the initial distribution are

v = 6o <z G >) i=1,2,...,m (5.9)

Quite similarly, we introduce the Lagrange multipliers A1, Ao, ..., A, which cor-
respond to the equality constraints pj1 + pi2 + -+ py = 1 for ¢ = 1,2,...,r. This

time, derivation of the Lagrangian yields

£41) o
pz(j+ Z¢kk+1|n (lj 19(@), t,7=12,...,r

Summation over all possible states j leads to the computation of the Lagrange mul-

tipliers in the following way

r n—1 r
122 zf+l N Zz¢kk+1|n<lj i ) Z¢k|n(lt9 ),i=1,2,...,r,
Jj=1 k=0 j=1

which in turn lead to the updated estimates for the transition probabilities

Z Grsk+1n (65 J; 9)
(+1) _

l] ?

Z Prfn (1;90)
k=0

ij=1,2,...,m (5.10)
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These equations are emblematic of the intuitive form taken by the parameter
update formulas derived through the EM strategy. These equations are indeed the
maximum likelihood equations for the complete model, except that the functions
1{X; =i} and 1{X} = i, X471 = j} are replaced by their conditional expectations,
given the actual observations and the available parameter estimate 9O, Of course,
this behaviour fundamentally displays itself in cases where the probability density

functions associated with the complete model form an exponential family.

The Baum-Welch algorithm essenitally consists of iterating the following steps,

given an initial guess 9(©) for the model parameters

E-step: Run a Forward-Backward algorithm to calculate the marginal, ¢y, (z’; 19(8)),
and bivariate, @p.p41jn (i, j ;19(3)), smoothing distributions for all possible

values of 1, j, k.

M-step: Calculate v+ according to equation (5.9), p 1)

(5.10) and 8¢+ = argmax Q (9;9).
6co

according to equation

The algorithm is terminated, when / (0(L+1)) —/ (G(L)) < € for a certain index
L, where € is the predetermined precision of the estimation. After the termination of
the algorithm, one may implement the Viterbi algorithm to calculate the maximum

a posteriori state sequence X, given parameter vector 9L+,

Example 5.1 (Baum-Welch for Normal Hidden Markov Models) In the Nor-
mal HMM, the additive term of the intermediate quantity which corresponds to the

probability density function of each observation takes the form

2 N2
_ZZ%n (Z 19@) [log( m™ 10g20¢ N (yk2afz)

i=1 k=0 i

Derivation with respect to pu; and o; leads to the following update formulas for the

means and the variances

pl Zgbk‘n (z o )yk i=1,2,...7 (5.11)

(02)FY = N@ Zqﬁkm (z PG ) ( “*”)2, i=1,2,....m (5.12)

7

where N Z Pkjn (z 90 ) [ |
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5.3.2 The Viterbi Training Algorithm

Viterbi training constitutes a fairly popular HMM method, which provides al-
gorithms for parameter estimation. This is primarily due to the fact that Viterbi
training is readily implemented if the Viterbi algorithm is used to generate predic-
tions. Similar to the Baum-Welch algorithm, Viterbi training is an iterative estima-
tion procedure. Unlike the Baum-Welch algorithm, however, which weighs all possible
state paths for a given observational sequence in each iteration, Viterbi training only
considers a single state path, namely the maximum a posteriori state sequence, when
deriving new sets of parameters. In each iteration, a new set of parameter values
is derived from the counts of allocations and transitions of the observations in the
Viterbi path.

Given the current predicted Viterbi path X, we revert to complete-data estimation
of the model parameters, by maximising the complete-data log-likelihood ¢ (y, x; )
given by

r r n—1

L(d)y, %) le {Zp =1i}logy; + ZZZ]I {Zr =1, 241 = j}logpij

11J1k0

+ ZZ]I {dx = i}log f(yy; 6:)-

i=1 k=0

(5.13)

As stated beforehand, this complete-data estimation leads to the exact same up-
date formulas as the Baum-Welch algorithm, with the marginal and bivariate smooth-

ing distributions giving place to the corresponding indicator variables. Indeed,
D = 11{ ()_i}, i=1,2,...,1 (5.14)

n—1
(0) 0) ‘
E]l{k 72xl(€+1_~7}
pit = =0 i i=1,2,...,m (5.15)

:g]l {55,(? :i}

The Viterbi training algorithm begins with an initial guess 9 for the model

parameters and iterates the following steps

o Run the Viterbi algorithm, given the parameter vector 9, to calculate the

maximum a posteriori state sequence, %,

o Calculate v according to equation (5.14), p+D) according to equation

(5.15) and 8¢+ = argmax ¢ (ﬁ\y,}i(@).
0co
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The iterations are terminated as soon as the Viterbi paths of successive estimations
no longer change. The Viterbi training algorithm sacrifices some of Baum-Welch’s
generality for computational efficiency and so, leads to much faster computation
times. In general, the Baum-Welch algorithm will give parameters that lead to better

performance, although there are examples where this is not the case.

Example 5.2 (Viterbi Training for Normal Hidden Markov Models) The
complete-data estimation of the parameters of the Normal HMM, entailed in the
Viterbi training algorithm, leads to the usual mazimum likelihood estimators for the

Normal distribution

1 n
M§Z+1) - W Z yku Z: 1727"'7T7 (516)
N; ki =i
041 1 " 2 .
(Uz’z)(+ ) = W Z (yk—ﬂl('ul)) ) ’621,2,...,7", (517)

5.4 Fully Bayesian Approaches

This section covers the fully Bayesian processing of HMMs, which means that,
besides the hidden states and their conditional distributions, the model parameters

are also assigned prior distributions.

We begin by rewriting, the complete-data likelihood in a way that makes it more

convenient to combine it with a suitable prior distribution on parameter vector 1, as

Flyox19) = [Tvm e - TI T 25 - T1 11 £ 02, (5.18)

i=1 i=1j=1 i=1 kixj=i

follows

where n;(z9) = 1{xg = i} is counting the number of initial observations allocated to

state i and N;;(x) = nz_: 1{xp = i,2541 = j} the number of transitions from state i
to state j. =

In the specific set-up of HMMSs, there are typically three separate entities within
the parameter vector 1. That is, it can be decomposed as ¥ = (P,v,0), where P
parametrises the transition distribution, v parametrises the initial distribution and
0 parametrises the conditional distribution of Y given X. When conditioned on the

latent chain, the parameter vector 6 is estimated as in a regular, non-latent model,
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whereas the parameters P, v only depend on the chain X. Furthermore, given x and

y, P and @ are conditionally independent.

For the time being, we are going to entertain the possibility that Xg is random,
unknown and v is parametrised by a separate parameter from P. As a result, Bayesian
inference about P, v and 6 can be conducted separately, conditional on the latent

chain, leading to the formulation of a Gibbs sampler for this model.

In the case where the latent variables are finite-valued, the Dirichlet distribution
is a conjugate prior for the rows of the transition probability matrix P of the latent
Markov chain in the following sense. Assuming that each row of P has a prior
distribution that is Dirichlet, i.e. (pi1,pi2,-..,pir) ~ Dir(ay,ag,...,a,), with the rows

being a priori independent, then, given x, the rows are conditionally independent and

.
Nij -1
T(pi1, Pi2, - - - Dir|X) X 1_[17)1.]»](")+aJ , i=1,2,...,m (5.19)
j=1

Furthermore, the unknown initial distribution v may also be equipped with a
Dir(ey, eg, ..., e,) prior, usually with all e; equal. Conditional on the initial value z

of the Markov chain, the conditional posterior distribution of v is given by

m(vlzo) o [T w0 re (5.20)
i=1

Of course, the state-specific parameter vector 0 is updated by a Gibbs sampler
conditional on the underlying Markov chain and the observations. Consequently,
Bayesian estimation of these state-specific parameters is identical to the case of finite
mixture models, where the hidden allocations are replaced by the hidden states of the
Markov chain. Indeed, we may fit the following hierarchical prior on the parameter

vector 0

m(0,8) = m(8) [ [ x(6:]9), (5.21)
=1

which, upon combination with the complete-data likelihood, f(y,x|?), leads to the
following conditional posterior distributions for the parameters 6; and the hyper-

parameter &

©(0ily, x,8) o m(6i16) [[ flyxl6:), i=1.2,....m, (5.22)
k:ixp=i
7(810) o 7(8) [ [ 7(6:l6). (5.23)

=1
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Combining all the previously formulated priors on the separate entities of the

parameter vector 1, leads to the formulation of the joint prior of (19, 6) as

r

7(9,68) x 7(9) - Hl/f"_l . H Hp?jj_l . Hﬂ(0i|5). (5.24)
i=1 =1

i=1 | j=1

Under this prior choice, the complete-data posterior m (1, d,x|y) factorises in the

same convenient way as the complete-data likelihood function, i.e.

T T s

(9,8, xly) o w(8) - [[ v T Hpgiﬂx)m—l
=1 i=1 | j=1
3 (5.25)

r

1 |=i6) TI f(vxl6s)

=1 k:xp=i

5.4.1 The Gibbs Sampler with Local Updating

An earlier and more rudimentary version of the Gibbs sampler entails the update
of only one hidden variable X at a time. This is referred to as local updating of the
hidden chain, because each state xj is updated conditional upon its neighbours only.

The conditional posterior distribution 7 (zx|y, ¥, x_) reduces to

7 (xolyo, D, 21) o< v(zo)p(x0, 1) f (Y0; Oa),
T(xk|yr, ?, Th—1, Trt1) X p(xp—1, 2k)D(Tk, Thg1) f (Y11 O02), E=1,2,...,n—1,
(@Y, ¥, 2n-1) < P(Tn—1, 20 ) f (¥} Oa,,)-
(5.26)
The Bayesian analysis conducted in this section, in conjunction with this local
updating of the hidden chain, leads to the formulation of the following Gibbs sampler,

which starts with some initial values (X(O), 5(0)) and repeats the following

e Sample the rows of PUHD from the complete-data conditional posterior distribu-
tions Dir (Nz-l (x(e)) + a1, Nj (X(E)) +asg, ..., Ny (x(e)) + aT), given by (5.19).

« Sample the initial distribution ©“*1) from the conditional posterior distribution

Dir (nl(:c(()e)) + eq, ng(x(()e)) +eo,... ,nT(x(()e)) + er), given by (5.20).

l+1 {+1 41
o\ otV . ot

e Sample the parameters independently from the condi-

tional posterior distributions 7 (91- |y, x(0) 5(5)), given by (5.22).
o Sample the hyper-parameter 81 from = ((5 ‘0(“‘1) ), given by (5.23).
e Sample the states xé”l),xg”l)
butions 7 (mk ‘y, ICON x(()li;l)l, x\9) ), given by (5.26).

yenn ,azg *1 from the conditional posterior distri-

k+1n
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5.4.2 The Gibbs Sampler with Global Updating

The simplest version of the Gibbs sampler, which will be referred to as global
updating of the hidden chain, replaces the last step of the previous algorithm with one
that updates the trajectory of the hidden chain as a whole from its joint conditional
distribution, given by equation (5.6). Obviously, sampling from this distribution
requires a Forward-Backward recursive scheme similar to the one implemented in the

Baum-Welch algorithm.

To be precise, the Forward Filtering remains as it is, whereas the Markovian

Backward Smoothing is replaced by a Backward sampling scheme, as follows

e Forward Recursion: Compute and store the forward filtering distributions

b0, ¢1, - . ., @p, according to the Forward Filtering algorithm.
e Backward Simulation: Sample
— The final state x,, from ¢,;

— The rest of the states xy, for k =n—1,n —2,...,0, from the backward
transition distribution By (z1,17), given by (5.5).

The backward simulation pass in this algorithm is much simpler than its smooth-
ing counterpart in the Markovian Backward Smoothing algorithm, as one is not re-
quired to either evaluate By(j,7) for all possible states j or compute the marginal and

bivariate smoothing distributions.

The local updating of the Markov chain is simpler and less time-consuming to im-
plement than the Backward Simulation described in this section, due to the necessity
of computing all the filtering distributions. Especially in models where the number of
states is very large, it may be the case that implementing the Backward Simulation

is overwhelming, whereas the local updating of the underlying chain is still feasible.

On the other hand, the Monte Carlo simulations obtained by this algorithm are
independent, which is not the case for those produced by the Gibbs sampler with local
updating. As a result, the Gibbs sampler with local updating should mix and explore
the posterior surface much more slowly than when global updating is implemented.

It is thus difficult to make a firm recommendation on which updating scheme to use.

5.4.3 A Metropolis-Hastings Step for Stationary Markov Chains

For a stationary latent Markov chain, the initial distribution usually is equal to the
stationary distribution and, thus, depends directly on the transition matrix. Gibbs

sampling from the conditional posteriors 7(p;1, pi2, . .., Pir|X) is no longer feasible,
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since the rows of P are no longer independent a posteriori, due to the joint dependence

on v. The joint conditional posterior 7w(P|x) takes the form

T T
7(P]x) o v(xg) H HpZij(xHaj_l , i=1,2,...,7 (5.27)
i=1 | j=1

To sample P, one could replace the first step of the Gibbs sampler by a Metropolis-
Hastings step with Dir (Nl-l (x(z)) + a1, Njo (X(Z)) 4+ ao, ..., Nj (X(Z)> + ar) being the
proposal density for the i*" row. Starting from the current transition matrix P(E),
a new transition matrix P"V is proposed, by drawing all rows from the aforemen-
tioned Dirichlet proposal density, denoted by ¢(P|x). The acceptance rate for this
Metropolis-Hastings step is equal to min{1, A}, where

(P [xO)g(POx®) v (afl))

A= = .
m(PO)g(P™[x()) — 1O(a{f))

(5.28)

Drawing U ~ U(0,1), if U < min{1, A}, we accept P™" and set P*1) = prev,

Otherwise, we reject P*V and set PHD = p),

Of course, sampling from the initial distribution, in the second step of the Gibbs
sampler, is, then, also replaced by an analytic computation of the stationary dis-

P€+1

tribution of the transition matrix , as the sole normalised eigenvector which

corresponds to the eigenvalue 1.

5.5 Maximum a Posteriori Estimation

Rather than simulating from the posterior distribution of the parameters, we now
consider maximising it to determine the so-called maximum a posteriori point es-
timate. In contrast to the Baum-Welch and Viterbi Training methods, which could
also be used in this context, the techniques to be discussed explicitly use parameter
simulation, in addition to hidden state simulation. The primary objective of these
techniques is not only to compensate for the lack of exact smoothing computations
in many models of interest, but also to perform some form of random search optim-

isation, which is hopefully more robust to the presence of local maxima.

Simulated annealing is a non-homogeneous variant of MCMC algorithms used
to perform global optimisation, that is, convergence to the global maxima of the
function of interest. It is a random search technique, which explores the parameter

space, using a non-homogeneous Markov chain, whose transition kernels are tailored
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to have invariant probability density functions s, (9]y) o< [ (9)y)]M¢, with {M;} s

being a positive increasing sequence tending to infinity.

The intuition behind this technique is that, as M, tends to infinity, [x(9]y)]**
concentrates itself upon the set of global modes of the posterior distribution. It has
been shown, under various assumptions, that convergence to the set of global maxima
is, indeed, ensured for sequences { My}~ growing at a logarithmic rate. The sequence

{My}s1 is often called a cooling schedule.

For HMMs, the invariant density is only available in closed form in models where
exact smoothing is feasible, such as HMMs with finite state-space. To overcome this
difficulty, a novel approach named State Augmentation for Marginal Estimation has

been developed as a multiple-imputation Metropolis version of the EM algorithm.

5.5.1 The State Augmentation for Marginal Estimation (SAME)
Algorithm

The key argument behind SAME is that, upon restricting M, to be integers, the
probability density function 77, may be viewed as the marginal posterior in an artifi-
cially augmented probability model. Hence, one may use standard MCMC techniques
to draw from this augmented probability model and implement the simulated anneal-
ing strategy for general missing data models. The concentrated distribution myy, is

obtained by artificially replicating the latent variables in the model.

To be precise, consider M artificial copies of the hidden state sequence, denoted
by x(1),%(2),...,x(M). The model postulates that these sequences are independent

with common parameter vector ¥ and observed sequence y, leading to the posterior

M
mar (9,x(1),%(2),...,x(M)]y) o< [] 7 (9, x(m)]y). (5.29)
m=1

This distribution does not correspond to a real phenomenon, but is a properly defined
density, in that it is positive and the right-hand side can be normalised, so that it
integrates to unity. Now, the marginal posterior distribution of 9 is obtained by

integration over all replications of x, as
M
mn(@ly) o [ [ 7 (9x(m) ) dxom) = (n(@ly) (5.30)
m=1

As a result, an MCMC algorithm in the augmented space with invariant distri-
bution 7wz, (9,%(1),%x(2),...,x(M)|y) is such that the simulated sequence of para-

meters {9 marginally admits 7y, (¥]y) as invariant distribution.

Yot
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An important point here is that, when an MCMC sampler is available for the
density 7 (1, x|y), it is easy to also construct an MCMC sampler with target density

(5.29), as the replications of x are independent, given 9. Indeed,

m (x(1), ..., x(M)|y,9) H ™ (x(m)|y,9), (5.31)
M M
v (O ly,x(1),...,x(M)) o< [] 7 @ ly,x(m)) o< [z ] f (v,x(m)|9).
" " (5.32)

According to (5.31), the sampling step for x(m) is identical to its counterpart in a
standard data augmentation sampler with target distribution m(x|y, ). Additionally,
if m(¥|y,x) belongs to an exponential family of distributions, then (5.32) is also a
member of this exponential family, so sampling from it is straightforward. In other

cases, the vector ¥ can be simulated using a Metropolis-Hastings step.

Assuming the same conjugate Dirichlet priors on the rows of the transition matrix,
as in the previous section, we find that the full-conditional distribution of P is such

that the rows are conditionally independent for i = 1,2,...,r, with

(pi1, pi2y - - > pir) |x(1),%(2), ..., x(M) ~
M
(Z Nit(x(m)) + M(a1 — 1) +1,..., > Nip(x(m)) + M(a, — 1) + 1> .
m=1
(5.33)

For a stationary Markov chain, we could use a Metropolis-Hastings step, with (5.33)

as the proposal density for the i*® row and acceptance rate min{1, A}, where

0 (2 (m)

A= .
w1 VO (2 (m))

(5.34)

Example 5.3 (SAME for Normal Hidden Markov Models) Assuming the

same conjugate priors, we find that the full-conditional posterior distributions are

1

BNZ'-I-MO'? ’ BNZ'+M0'12

(5.35)

BS; + Mbo? Bo? >
Hi

y,02,b,2(1),...,x(M) NN(

M n M
with N; = > > 1{zx(m) =i} and S; = >, >  yi, whereas
m=1k=0 m=1 k:xy (m)=i

N; i
01-2‘ y, i, C,x(1), ..., &(M) ~ Inv-Gamma (2 +M(c+1) -1, % + MC’) ,
(5.36)
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M

with V; = Y. S0 (yp — pi)? for i = 1,2,...,r. Furthermore, the conditional
m=1 k:zy(m)=1i

posterior distributions of the hyper-parameters are given by

0}0-2NGamma(M(rc+g—1)+1,ZM02—{—MG), (5.37)

i—1 i
1 — B

bl ~ N (=3 i ). .

| N(Tilu 7“> (5.38)

We initialise the algorithm with (P(O),I/(O),u(o), (0'2)(0) ,C(O),b(0)> and select a
cooling schedule {My}e=1. Then we iterate the following steps

e Sample the My, 1 chain replications TV (1), 241 (2), ..., 2D (M) inde-

pendently using the Forward Filtering-Backward Sampling recursion.

o Sample the rows of plty independently according to (5.33).

e Sample the means uggﬂ),ugﬂ), ey ugﬂ) according to (5.35).
e Sample the variances (0%)(“_1) ) (U%)(Hl) ey (03)(“1) according to (5.30).

e Sample the hyper-parameters C*V) and bV according to (5.57) and (5.38)

respectively.

It is of great interest that the above conditional posterior distributions, from which
stmulation is carried out in the SAME approach, all have variances that decrease
proportionally to M~'. Hence, the distributions get more and more concentrated

around their modes, as the number of replications increases. |

5.6 Identifiability Issues

For a hidden Markov model, there exists non-identifiability due to invariance to
relabelling the states of the underlying Markov chain, as well as generic identifiabil-
ity. An inequality constraint similar to the one discussed for finite mixture models,
requiring that the state-specific parameters 6; and 6; differ in at least one element,

will rule out the first identifiability issue.

One necessary condition for generic identifiability of a hidden Markov model con-
sisting of the distributions g¢;(@) is that the corresponding finite mixture of g;(8)
distributions is generically identifiable. A second necessary condition is that the lat-
ent Markov chain is irreducible and aperiodic. It is, however, not necessary to assume

that X was drawn from the stationary distribution of the latent chain.
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Chapter 6

Statistical Inference Under

Model Specification Uncertainty

6.1 Introduction

The decision to fit a hidden Markov model to data will often result from careful
consideration. Sometimes, however, alternatives to hidden Markov models will be
available, which then should be compared with each other. Even if we stay within a
certain family of models, we may face model specification problems, the most import-
ant being the choice of the number of states, r. If it is impossible to assign a value
to r a priori with complete certainty, we are faced with the problem of estimating r

from the data.

In many applications, it is of substantial interest to test hypotheses about r, most
importantly, to test homogeneity (r = 1) against heterogeneity (r > 1). Testing for
the number of states in a hidden Markov model is known to be a difficult problem,
as it involves inference for an over-fitting model, where the true number of states is

less than the number of states in the fitted hidden Markov model.

Many approaches have been proposed to deal with model specification uncer-
tainty. Several informal methods for diagnosing HMMs have been explored, such as
mode hunting in the sample histogram or diagnosing goodness-of-fit through implied
moments or the predictive performance of the model. As far as formal model com-
parison is concerned, likelihood-based methods include, in particular, the likelihood

ratio statistic, as well as the AIC and BIC information criteria.

On the other hand, there are basically two Bayesian approaches to deal with model
specification uncertainty. One approach is to apply trans-dimensional Markov Chain
Monte Carlo methods to obtain draws from the joint posterior density of the model

indicator and the model parameters of all possible models. The second approach is
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to compute the marginal likelihoods of all possible models and to apply Bayes’ rule

to quantify the posterior evidence in favour of each model.

6.2 Likelihood-Based Methods

This section provides a short review of various likelihood-based methods that have
been used to deal with model uncertainty in HMMs. These methods play a central
role in testing parametric models and, among these, likelihood ratio tests are usually
the preferred ones. Calculation of the observed likelihood function, required for all

these methods, is attained through the Forward Filtering algorithm.

6.2.1 The Generalised Likelihood Ratio (LR) Test

Application of the likelihood ratio tests to hidden Markov models creates some
difficulty. Consider two nested hidden Markov model My and M3, with Mg being
the simpler one. A standard approach for testing between nested models is to apply
a generalised likelihood ratio test. First, the maximum likelihood estimators 9o and
1§1, as well as the corresponding likelihood functions are determined for both models.

Then, the generalised likelihood ratio test statistic is defined as
LR=-2 <logf (y; 1%) —log f (y; 191)> . (6.1)

Under regularity conditions, the generalised likelihood ratio test statistic asymp-
totically follows a 2 distribution, under the assumption that model My is correct,
with v being equal to the number of constraints imposed on Mj to obtain Mj. If the
two hidden Markov models differ only in the parameter structure, but both assume
the correct number of states, these regularity conditions typically hold and the LR

statistic may be applied in a straightforward manner.

However, if My and M are stationary hidden Markov models with r and r + 1
states respectively, then implementing the LR test immediately leads to ambiguity,
because model My may be obtained from model M; in more than one ways. The
number of constraints is equal to 2r + 1, when imposing the constraints p; 11 = 0 for
i=1,2,...,r+1and p,11; =0for j =1,2,...,7+ 1 on My, whereas it is equal to

dim(@), when imposing the constraints 6, = 0,1 on Mj.

Asymptotic theory has not lent itself to any practically useful numerical approx-
imations to critical levels or p-values. Instead, the approach usually taken in the liter-
ature is bootstrapping the LR test. This bootstrapping can be either non-parametric

or parametric.
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6.2.2 Information Criteria

Using heuristic arguments on how to account for model complexity, Akaike pro-
posed a general criterion for model selection, which is equivalent to choosing the
model that minimises

AIC, = —2log f <y; fér) +2d,, (6.2)

where d, = rdim(0) + r(r — 1) is equal to the dimension of the stationary hidden
Markov model and acts as a correction term without which, one would simply choose
the model that maximises the likelihood function. This correction term, introduces
a severe penalty for high-dimensional models, which provide little additional fit, in

terms of increasing the likelihood function in comparison to simpler models.

Using asymptotic expansions, rather than heuristics, Schwarz arrived at the con-

clusion to select the model for which
BIC, = —2log f (y; 1§r> + d, log(n + 1) (6.3)

is minimised. Quantitatively, AIC and BIC differ only in the factor by which d, is
multiplied. Qualitatively, both criteria provide a mathematical formulation of the
principle of parsimony in model building, although for large data sets their behaviour

is rather different.

As the first term in both AIC and BIC measures the goodness-of-fit, whereas the
second term penalises model complexity, one selects the model that minimises either
AIC or BIC. For n > e? — 1, Akaike’s criterion favours more complex models than
Schwarz’s criterion and has been shown to be inconsistent, choosing too complex

models, even asymptotically.

6.3 Trans-Dimensional Markov Chain Monte Carlo

In general, a variable dimension model is, to quote Peter Green, “a model where
one of the things you do not know is the number of things you do not know”. In other
words, it pertains to a statistical model where the dimension of the parameter space

is unknown and must be estimated from the data.

More formally, a variable dimension model is defined as a collection of models
M., or equivalently parameter spaces ©,, for » = 1,2,..., R, associated with a
collection of priors ,(1,) on these spaces and a prior distribution 7(r) on the indices

of these spaces. In the following, we shall consider that a variable dimension model
R
is associated with a probability distribution on the space © = |J ({r} x ©,). An

r=1
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element ¥ of © may thus always be written as ¢ = (r, 9, ), where ¥, is an element of
O,. The prior on © will be denoted by n(9¥) = w(r,9¥,) = 7(r)m,(9,).

For HMMs, the space ©, is, in general, that of the parameters of HMMs with r
states for the latent Markov chain. In the Bayesian framework, the dimension r of
the model is treated as a usual parameter. The aim is to address the two problems
of deciding which model is best and determining the parameters of the best fitting
model simultaneously. This is achieved by deriving the posterior density m(r,d,|y),

using Bayes’ theorem
m(r, Orly) oc 7 (r)me (9:) f (y|97). (6.4)

Interestingly, by integrating out the index part of the model, we simply arrive at

a mixture representation of the observed likelihood and the predictive distribution

f(y!191, D, ... 719R) = ZT['(T’)f(y’ﬁr),

r=1

R

el = 3 [wmy) [ 1l 9113000,

r=1
This mixture representation, referred to as model averaging in the Bayesian literature,
is interesting, because it suggests the use of predictors that are not obtained by
selecting a particular model from the R possible ones, but rather consists of taking
all possible options into account simultaneously, weighting them by their posterior

odds. The variability due to the selection of the model is thus accounted for.

Given a variable dimension model, there is an additional computational difficulty
in simulating the posterior distribution, in that the sampler must move both within
and between models M,.. Although the former pertains to previous developments,

the latter requires a sound measure-theoretic basis to lead to correct MCMC moves.

6.3.1 Reversible Jump Markov Chain Monte Carlo

The reversible jump technique is basically of Metropolis-Hastings type with spe-
cific trans-dimensional proposals, carefully designed to move between different mod-
els in a way that is consistent with the desired stationary distribution of the MCMC
algorithm. The sampler jumps between different models by making moves from a cur-
rent model M, to a new model M, while retaining detailed balance which ensures

the correct limiting distribution, provided that the chain is irreducible and aperiodic.

To capture potential relations between 9, and 9¥,, with r < s, the Metropolis-

Hastings algorithm proposes values for ¥4 via a mapping 95 = g(9,,u), that also
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depends on some auxiliary random vector u. The only requirement is that g is

1

differentiable with an inverse mapping g~ which is also differentiable.

As a general rule, when moving to the higher dimension model M, the auxiliary
random vector needs to be drawn from a non-degenerate proposal density ¢(u) with
dim(u) = dim(¥,) — dim(¢,). This random vector is, then, used to construct ¥, from
1, through the mapping g. The reverse move, from M; to M,., is deterministic and
simply consists of jumping back to (9,,u) = g~!(Js). We shall assume that, when
in model M., the move to M is attempted with probability P, ,.

For reasons of simplicity, in what follows, we are going to assume that the initial
distribution of the underlying Markov chain is fixed and known. In the case of the
probability transition matrix P, the moves may prove to be quite complex, due to
it being a stochastic matrix. One way to overcome this difficulty would be to re-
parametrise each row (p;1, 2, .., Pir) as (i1, ¢i2, - - -, Gir) With

_ Qi —
Pij =, L,Jj=12,...,m1, (6.5)
> it
/=1

so that the summation constraints on the rows of P do not hinder the move from one
model to another. Obviously, the g;; are not identifiable, but, as we are only inter-
ested in the p;;, this poses no hindrance. On the opposite, using over-parametrised
representations often helps with the mixing properties of the corresponding MCMC

algorithm, since they are less constrained by the data set.

This re-parametrisation of the model forces us to select a prior distribution on
the ¢;;, rather than on the p;;. The choice ¢;; ~ Gamma(a, 1) is natural, in that
it leads to a Dir(a, a,...,a) distribution on the corresponding rows (pi1, pi2, - - -, Dir)-
It is also noteworthy that, given x, (pi1,pio,-..,pir) and Zr: g;¢ are conditionally
independent, which means that the re-parametrisation doese?li)thing, but introduce
a new parameter for each row, which is independent of everything else and, hence,

totally irrelevant for inference.

To implement the reversible jump algorithm, a first step is to design a strategy
for moving between models with different number of states. If the current model is
comprised of r € {2,3,..., R — 1} states, then it is usual to reduce the searching
strategy to moves that either preserve the number of states or lead to a model with
r — 1 or r + 1 states. Jumps are achieved by adding new states, deleting existing
states and splitting or combining existing states. The various moves could be scanned
systematically or could be selected randomly. Ideally, the dimension-changing moves
are designed to have high probability of acceptance, so that the sampler explores the

different models adequately.
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For practical implementation in the context of HMMs, it is sufficient to choose a
mapping function 9,11 = g(9¥,,u) together with a proposal density ¢(u) to perform
the move from M, to M1 and the reverse move (9, u) = g=(9,41) from M, 41 to
M,.. Such moves form a reversible pair with acceptance probabilities min {1, A, ,1}

and min {1, A; Tl +1} respectively, where

fy|9ri1) (r+Dn(r + Dy (9r41) Pry1r ) ‘ 9g(d, u) (6.6)

rr+l = f(y"ﬁr) ' T!Tr(T')?Tr(’gr) . Pr,r+1Q(u> 8(197“711)

Here, the first term constitutes the likelihood ratio, the second term constitutes the
prior ratio, the third term represents the proposal ratio and the last term constitutes
the absolute value of the determinant of the Jacobian matrix associated with the
mapping g. The observed likelihood of the two models may be computed on the log

scale via the Forward Filtering algorithm.

The factorials arise from the fact that, as the prior is invariant under permutation
of states, we cannot distinguish between parameters which are identical up to such
permutations. Thus, our effective parameter space of r-state HMMSs is that of equival-
ence classes of parameters which are identical up to permutations. The prior of such
an equivalence class is r! times the original prior of one of its representations. This
distinction between a parameter and its equivalence class becomes essential, when r

is allowed to vary, as ignoring it would lead to incorrect acceptance ratios.

Designing Birth and Death Moves

In a birth move, the order of the Markov chain is increased by one, by adding
a new state, and the death move works in the reverse way, by deleting an existing
state. Suppose that the current model is M, and that we attempt to add a new state,

denoted by ig, to the HMM. We first draw the random variables

¢iio ~ Gamma(a,1), i=1,2,...,r+1, (6.7)
Gig,j ~ Gamma(a, 1), j=1,2,...,7+1, (6.8)
eio ~ W(O)a

all independently. In other words, all the parameters of the new state are drawn
from their respective prior distributions. These parameters constitute the auxiliary
random vector up;yn for the birth move. The remaining parameters are simply copied
to the proposed new model M, ;. Therefore, the corresponding mapping g}, is

simply the identity mapping.



6.3. Trans-Dimensional Markov Chain Monte Carlo 67

In the death move, the auxiliary random vector of the associated birth move is
trivially recovered, since it just consists of the components of the state iy, which is

proposed to be deleted.

The probability of proposing a birth move, when the current number of states is

r, is denoted by Py(r), whereas by Py(r+ 1) we denote the probability of proposing a

Pd(T+1)
r+1

of proposing to kill the specific state ig out of the r + 1 possible states.

death move, when the current number of states is r+ 1. So, is the probability

Because the mapping g« is the identity mapping, its Jacobian is the identity
matrix, with determinant Jpitn, = 1. The remaining factors of the acceptance ratio

of the birth move become

Apisth, = f(y|’l9r+1) . (T + 1)7T(T + 1)77r+1(19r+1) . Pd(r + 1)
T E (19, () (9,) CF DR g
_ P+ Dl + D f(y19,41)
By(r)m(r) f(y|9r)

Since the proposal densities are identical to the prior distributions of the corres-
ponding new parameters and the rest of the parameters remain unchanged in model
M., 41, there were cancellations in the acceptance ratio of the birth move, leading to

the above simplified expression.

Obviously, the acceptance ratio of the death move is the inverse of the above,

which completes the description of the birth-death move.

Designing Split and Combine Moves

The split move takes an existing state and splits it in two, whereas the combine
move takes a pair of states and merges them into one. Starting with the split move,
suppose that the current model is M, and that we attempt to split a random state ig
into two new states ¢; and i2. The parameters corresponding to state ¢g must, then,

be split. This can be done as follows

e Split column 7 as

Qi = Wi,

(6.10)
Gisiy = (1 — i) Gi i,
where u; ~ Beta(a,a) for i = 1,2,...,r with ¢ # .
e Split row 7y as
Ging = 20 (6.11)

Qin,j = 2(1 = v5) i 55

where v; ~ Beta(a,a) for j =1,2,...,r with j # io.
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. Split Qig,ig &S
Qih’il == 2w1w2qi0,i07
qil,iQ = 2(1 - wl)w3qi0,i07 (612)
Qinyin — 211)1(1 - wQ)qio,im
q7«'27i2 = 2(]‘ - wl)(]- - w3)qi0,i07

where w; ~ Beta(2a,2a) and wa, w3 ~ Beta(a, a).

¢ To satisfy the remaining degrees of freedom, a random vector z of dimension
dim(@) with non-degenerate proposal density ¢(z) is chosen. It is then used to

construct 8;, and 6;, from 6;, through 6;, = g,(0,,,z) and 0;, = g,(0;,,2).

The auxiliary random vector upip is comprised of u = (u;)iio, Vv = (Vi)iztigs
w = (wy,we,w3) and z. Now, we describe the combine move, which reverses the
above operations. Two distinct states ¢; and i9 are selected at random and we attempt

to combine them into a single state ig as follows

Qiio = iy +Qi,i27 i = 1727"'5T7 i#i07
Qiv,j t Qio,j

Qio,j:fa 3=12...7 j#io, (6.13)
in,l‘g = qil’il ;qi27i1 + qil,iZ _;_ qi27i2 )

To compute the acceptance rate of the combine move, the auxiliary random vector
of the associated split move has to be reconstructed. We may obtain 6;, and z by
inverting the mapping functions ¢g; and g» defined above, while the remaining auxiliary

variables are given by

wp= —2 19 e i,
Qiiy + iy
qi1,j . . .
v =——>—  §=12,...,1, jFig
! diy,j + Qig,j’ o Y ’
q. ,4 _’_q 7A
wy = L , (6.14)
Qiviy T Qivin T Qinyin T Qinyio
wy = diy iy ’
iy iy =+ Qiy iy
w3 = i ,io

Giy i T+ Gig o

Finally, we denote by Ps(r) the probability of proposing a split move, when the

current number of states is 7 and by P.(r 4 1) the probability of proposing a combine

Py(r) 2P (r+1)
T r(r+1)

probabilities to propose to split a specific state out of r and to propose to combine a
£ r(r+1)
2

move, when the current number of states is r + 1. Then, and are the

specific pair of states out o possible ones respectively.
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Example 6.1 (Reversible Jump for Poisson Hidden Markov Models) For
a Poisson HMM, a single additional auzxiliary random variable z is needed to split
Xig- The choice of z, however, is not totally free, as the new parameters \;; and A,
are subject to mon-negativity constraints. One way to overcome this difficulty is to

propose the same split move as for the rows of the probability transition matrix

)\il = 22}‘@'07
Niy = 2(1 = 2) Ny,

(6.15)

where z ~ Beta(b,b). On the other hand, the combine move, which reverses the above

operations, yields

Ny = %

s (6.16)
z=—2
Ail + )\iz

In this transformation, most states, namely all that are not associated with state ig
which is split, remain unaffected and do not affect, in turn, any of the other states of
the new model. In effect, this means that the Jacobian determinant equals the Jacobian
determinant associated with the states actually involved in the split. Analysing this
part, we notice that the Jacobian takes the form of a block-diagonal matriz, since the
sets of parameters and auziliary variables involved in each of the steps comprising the
split move are disjoint. The determinant of the Jacobian will be the product of the

determinants given below

e The Jacobian is further block-diagonal with respect to each i # ig. For each

such i, the transformation takes (g, wi) into (i, Qi) with Jacobian

Us Qi i
L—ui —dgii

and determinant q;;, in absolute value. The overall absolute value of the Jac-
T

obian determinant of this step is [] gii,-
i
e The Jacobian is also further block-diagonal with respect to each j # ig. For each

such j, the transformation takes (giy j,vj) into (Gi, j, Qis,j) with Jacobian

5. [ vj Gio.j ]

and determinant 4q;, ; in absolute value. The overall absolute value of the

-
Jacobian determinant of this step is 471 ] Qio,j -

Jj=1
J#i0
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o This step takes (qiy iy, W2, W2, W3) ML0 (Giy iy, iy ins Qioivs Tinyia) With Jacobian

wyws Wi i W1dig,ig 0
). (1 —wy)ws —W3Gi.io 0 (1 — w1) i i
wi(1 — wy) (1 —w2)Gipio  —W1Gi,io 0
(1 —wi)(1—ws) —(1—ws)gip,iq 0 —(1 = w01)dio.io |

and determinant 16wy (1 — wl)qf’ojo in absolute value.

e Lastly, this step takes (N\iy, z) into (Niy, \i,) with Jacobian

2[ z )\Z'O]
1—2z _Aio

and determinant 4, in absolute value.

Finally, we arrive at the absolute value of the overall Jacobian determinant of the

split mowve

T '
‘]Split = 4r+2)‘i0w1(1 - wl)‘]io,io H Qiig H Qip,j5 (6'17)
i=1 =1

while the acceptance ratio of the split move is not as easily computed as for the birth

move, since the components of the new state are not drawn from their respective priors

. m(r+ 1) f(ydrs1) (r+Dm1(Gry1)  2rP(r+1) 1 g
P () f(y]9)) 0 (9r) r(r+ DP(r)  2q(ugpu) "
_ qalr+1)+b Pe(r+ Dm(r + 1) f(y[¥r41) [F(a))*
Py(r)m(r) f(y|9y) I'(4a) [['(2a))?—Y
Qi io HQMO H Qio,j | ~€xXpq — Z Qioj (- 1}1((2(2) - (BAg,)? - e B,
i=1 j=1 j=1

(6.18)

Here, the proposal density is initially multiplied by 2, since there are two different
combinations of auxiliary random variables which have equal density and result in
identical parameters after the split. Of course, the acceptance rate for the combine

move is the inverse of the above. |

Example 6.2 (Reversible Jump for Normal Hidden Markov Models) For a
Normal HMM, two additional auxiliary random variables z1 and zo are needed to split
(,uio,ogo). One possible way to simulate the parameters of the new states is through

stmple random walk proposals

e Split p;, as

[hiy = Mg — 21,
o (6.19)
His = g + 21,
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where zy ~ N (0,7,) and 7, is a parameter which may be adjusted to optimise
the performance of the split move.

o Split 0'7;20 through a multiplicative random walk proposal as

2 _ 2
o5 = 05,722,

" (6.20)
2 2 _-1
Oy = 0ip%2

where zo ~ Lognormal(0,7,) and 7, is a parameter which may also be adjusted.

On the other hand, the move which reverses the above operations, that is, the
combine move, goes as follows

S Hiq + iy

0 — 2 )

Hig — Miq
2 )

2 _ 5o
Ojy = 0iy Oy,

z1 =

(6.21)

-1
zZ9 = (71‘10'1-2 .

As far as the Jacobian of the transformation is concerned, the only part that differs

is the diagonal block which takes (um, z21,0 120, 22) into (,u“,,um,afl, 32) with Jacobian

-1

1
1
0 0 2 o?
2
1 4
0 o0 2L —[220]_
2

. do7 .
and determinant T;O in absolute value.

The absolute value of the overall Jacobian determinant of the split move is

r+2 2
4 giowl(l

_ wl)q i r r
. =2 a0 [ oo (6.22)
i=1 j=1

Jsplit =

while the acceptance ratio Agpyy is given below

Ay — ASrFDAL Pc(r‘f'l) (r+ 1) f(yldr1) C° '0_'—20 [F(@)]Qr_l
o (r)m(r) f(y|Y,) I(e) ™ [[(2a)]2Y

a

(Hig — + 222
iy ,io H qiig H Qig,j - exp Z Qioj ¢ { 0 1 }
2
A1
2

M7, Ty [log 2]
-expq — ,22—1+ —2 : - exp - exp .
z2| o B 2T,

(6.23)
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Of course, the acceptance rate for the combine move of two states is the inverse

of the above. [ |

Just as for MCMC algorithms with fixed r, several types of moves are typically
combined into a sweep of the Reversible Jump algorithm. We begin with some initial
values for all possible model-specific parameter vectors 1,99, ..., and a specific

value for the model index r. For the current algorithm, a sweep may look as follows

o Propose a birth move or a death move, with probabilities Py(r) and Py(r)

respectively.

o Propose a split move or a combine move, with probabilities Ps(r) and P.(r)

respectively.
o Update the current hidden states X through the global updating algorithm.

e Update the model-specific parameter vector 9, through the Gibbs sampling

algorithm.

Obviously Py(r) + Py(r) = 1 and Ps(r) 4+ P.(r) = 1 must hold for all ». Typically,
all these probabilities are set to 0.5, except for Py(1) = Ps(1) = Py(R) = P.(R) =1
and Py(R) = Ps(R) = P4(1) = P.(1) = 0. The posterior probability 7 (r|y) of model

M, may be estimated from the draws r) 72 . #E) of the model indices as
1 L
7 = = ) —
mry(rly) = 7 ;_1 1 {r = r} . (6.24)

Based on these posterior probabilities, the framework of Bayesian decision theory
is used for model selection. In the absence of specific information about the actual loss
incurred by a wrong decision, it is customary to consider the 0—1 loss function, which

leads to selecting the model M, with the highest posterior probability ars(r|y).

As a last remark, we note that combining a reference prior, such as the uniform
Dir(1,1,...,1) prior, on the rows of the transition matrix with a uniform prior on the
number of states, leads to a high risk of selecting too many states, even for quite large
data sets. On the other hand, a truncated Poisson(1) prior, which is proportional to
%, in combination with a Dir(4,4,...,4) prior on the rows of the transition matrix

seems to be optimal, if the major objective is to avoid over-fitting.

Of course, the reverse is also true. For small data sets, this prior carries some
risk of under-fitting, as opposed to the combination of the uniform priors, which
minimises this risk. Quite generally, prior distributions which appear only weakly
informative for the state-specific parameters of the hidden Markov model may be

highly informative about the number of states of the mixture.
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6.3.2 Birth-Death Markov Chain Monte Carlo

A hidden Markov model may be viewed, in an abstract sense, as a marked point
process in a general space. To sample from the posterior distribution of a hidden
Markov model with an unknown number of states, modified simulation methods,
which regard a spatial point-process as the invariant distribution of a continuous-

time spatial birth and death Markov process, have been developed.

In a birth and death Markov process, births and deaths occur in continuous time.
A birth occurs at a constant rate ;. On the other hand, for each state: =1,2,...,r,
a death occurs at a rate d;, which is low for states that are important for explaining
the data, but high for states that do not help to explain the data. This relevance
is mainly measured in terms of the observed likelihood f(y|®?) of the current hidden
Markov model, in relation to the observed likelihood f(y|9_;) of a hidden Markov

model without state 3.

For the Birth-Death MCMC, a sweep of the algorithm may look as follows. Select
a Poisson(\,) prior for the number of states r, as well as a fixed time ¢y for running
the birth and death process. Begin with a specific value for the model index r and
some initial values for the model-specific parameter vector 9 of model M,. Then,

iterate the following steps

o Simulate (r,4) by running a birth and death process for fixed time ¢g. In other
words, set t = 0 and repeat the following steps while ¢ < tg

— If r > 1, determine the actual death rate d; for each possible state as

g = N = DI0-) NS (y10-) (6.25)

rr(r) f(y|9) Arf(yl9)

by utilising the Forward Filtering algorithm, in order to determine the
observed log-likelihood of each model. Also determine the overall death
T

rate \g = Z d;.
i=1

— Simulate the arrival time t"*" =t 4+ Exp(Ay + Ag) to the next jump.
— If t"¢VY < tg, simulate the type of jump with the appropriate probabilities

P(birth) = )\bj-b&l’ P(death of state i) = N :l_l e (6.26)

— If "V < 19, also adjust the hidden Markov model to reflect either the
birth of a new state or the death of state i, in the same way as for the

birth-death move in the Reversible Jump algorithm.

— Set t = "W,
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e Run several steps of full-conditional Gibbs sampling for the current number of

states r.

— Update the hidden states X via the global updating algorithm and the

hyper-parameter § of the state-specific prior distributions.

— Update the transition probability matrix P and the state-specific para-

meters 61,0, ...,0,.

Doubling the birth rate A, is equivalent to doubling ¢, thus one is free to choose
to = 1. Larger values of A\, will result in better mixing properties, but will require
more computation time. To a certain degree, birth and death methods appear to be
more natural and elegant than reversible jump methods, since they avoid calculating

the Jacobian of the transformation.

6.4 Marginal Likelihoods for Hidden Markov Models

The marginal posterior distribution 7(r|y), which provides the posterior prob-
ability of the various models M, given the data, may, alternatively, be calculated

through Bayes’ theorem as

m(rly) o< m(r) f(y| M), (6.27)

where the so-called marginal likelihood f(y|M.,) is given by

FyIM,) = / 7 (9,) (¥ |9,) 5, (6.25)

Or

For hidden Markov models, the marginal likelihood f(y|M,) is not available in
closed form and obtaining a good numerical approximation to it is quite a challenging
integration problem. Marginal likelihoods have been approximated using a multitude
of simulation-based methods, such as importance sampling, reciprocal importance
sampling and bridge sampling. Although these methods prove to be useful for a wide
range of statistical models, most of them are apt to fail in the case of hidden Markov

models.

If a sampling-based estimator relies on MCMC draws, it is essential to use an
MCMC technique which explores all the modes of the unconstrained posterior, since
the behaviour of the Gibbs sampler is somewhat unpredictable. It may get trapped at
one modal region or otherwise fail to explore the whole posterior distribution, if label

switching took place only from time to time, in an unbalanced manner. Estimating
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the marginal density from the MCMC draws may lead to a poor estimate, when

unbalanced label switching takes place.

A simple but efficient solution to obtain a sampler which explores the full posterior
distribution is to force balanced label switching, by concluding each MCMC draw by
a randomly selected permutation of the labelling. This method is called random

permutation MCMC sampling and is described below
e Run a sweep of the Gibbs sampler with global updating to obtain (19(6), x(z)).

e Select randomly one of the r! possible permutations ¢ of the current labelling.
— Each element pg)

l ..
pg()i)’a(j) fori,j=1,2,...,7.

of the simulated transition matrix is substituted by

— The state-specific parameter 01@) is substituted by Og()i) fori=1,2,....r
— The hidden states l'gf) are substituted by U(.I‘;f)) for k=0,1,...,n

For all of these sampling-based techniques, one has to select an importance density
q(9,), from which it is easy to sample and which provides a rough approximation to
the marginal posterior density m,(9,|y). As manual tuning of the importance density
for each model under consideration is rather tedious, a method for selecting sensible

importance densities in an unsupervised manner is required.

For hidden Markov models, where the posterior 7,(9,|y) is multi-modal, a sim-
ilarly multi-modal importance density arises in quite a natural way within the data
augmentation framework. Evidently, this posterior density may be expressed in the

following way

r

o (rly) = Z [W(Xb’v 9y)mr(Px) Hﬂr(oib’ax)] : (6.29)

xeX i=1

Thus, a random subsequence x® ¢t =1,2,...,T of the MCMC draws of the state

vector x could be used to construct the following importance density

1 X
:TZ
t=1

- <P|x(t)) ﬁm <Oi|y,x(t)>] . (6.30)

i=1
6.4.1 Importance Sampling

A simple Monte Carlo approximation of the marginal likelihood given in (6.28)
may be obtained by

MH

L
fuoyiMe) = 2371 (vi9l), (6.31)
/=1
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where 197(«1), 199, .. ,19,(~L) is a sample from the prior 7, (9¥,). The resulting estimator
is rather inefficient, if the likelihood is more informative compared to the prior. Im-
portance sampling may be used to obtain a better approximation to the marginal

likelihood by rewriting the marginal likelihood as

iy = [T g9, )a0, (6.32)

where ¢(9,) is a suitably chosen importance density, such as the one described above.

50,50, 5

If a sample 9 from ¢(19,) is available, then the marginal likelihood

is estimated by

v
fis(yI M) = — ZWT " (y>|19 ). (6.33)
=1

A sufficient but not necessary condition for this estimator to have finite variance,
is that the ratio % is bounded, which implies that the tails of ¢(19,) should
be fat, when compared to the tails of the posterior density m,(¢,|y).

6.4.2 Reciprocal Importance Sampling

The marginal likelihood is not directly available as an expectation with respect to
the posterior density, thus straightforward approximations to the marginal likelihood
from the MCMC output are not available. A tricky method which expresses the

marginal likelihood with respect to the posterior is given by

1 _ (9 |y)
fy|My) e (9:) f(y|9r)

By multiplying both sides with the arbitrary density ¢(,) and integrating with re-

spect to ¥, one obtains the following identity

LI a()
71507 = | 7 ™ 19

Therefore, the inverse of the marginal likelihood is equal to the posterior expect-
ation of the ratio of an arbitrary importance density ¢(1,) and the non-normalised

posterior density. This yields the following estimator of the marginal likelihood

L (0)
¢ 1 Q('gr )
fris(yMy) = [ > 7 7 (6.34)
L w0 1 v197”)
where 19&1), 19512), . ,197(}) are draws from the posterior 7,(9,|y). Note that the im-

portance density is only evaluated at the MCMC draws, but no draws from the
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importance density are required. A sufficient but not necessary condition for this
estimator to have finite variance, is that the ratio % is bounded, which
implies that the tails of ¢(¥,) should be thin, when compared to the tails of the

posterior m,(9,|y).

6.4.3 Bridge Sampling

Bridge sampling was introduced into statistics as a simulation-based technique for
computing ratios of normalising constants. It generalises the method of importance
sampling and, similarly to importance sampling, it is based on an i.i.d. sample from
an importance density. However, this sample is combined with the MCMC draws
from the posterior density, in an appropriate way. An important advantage of bridge
sampling is that the variance of the resulting estimator depends on a ratio which is
bounded regardless of the tail behaviour of the underlying importance density. This

allows for more flexibility in the construction of the importance density.

Let ¢(9,) be the importance density, as for the simulation-based methods dis-

cussed earlier, and a(1,) be an arbitrary function such that

/a(ﬂr)q(ﬁr)ﬁr(ﬂr|y)di9r > 0.

Bridge sampling is based on the following result
[ a@m @,1)a(@,1a0, = [ a(8,)a(9)m,(9,15)a9,.

7 (9r) f(y]0r)

Substituting 7, (9, |y) = FoyIM)
yi/My

into the left-hand term yields the key identity
for bridge sampling

[ a(®)m(9,) f (y[9:)q(8,)dD,
[ a(®,)q(9,)7 (0, ]y)dD,

fyIMr) = (6.35)

To estimate the marginal likelihood for a given function a(¥,), the integrals at the

right-hand side are substituted by sample averages. The numerator is approximated

using i.i.d. draws 19,(}), 197@2), e 1§£M) from ¢(9,), whereas the denominator is approx-
imated using Markov chain Monte Carlo draws 195«1) , 195«2), ce 19§«L) from 7, (9,]y). The

resulting estimator f (y|M,) is called the general bridge sampling estimator

fylM,) = m=l : (6.36)
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The simulation-based methods discussed earlier result as special cases for appro-

priate choices of a(1,), namely the importance sampling estimator for a(¥,) = q(ér)

and the reciprocal importance sampling estimator for a(¥,) = W. An
asymptotically optimal choice for a(1,), which minimises the expected relative mean

squared error of the estimator f (y|M;) would be

1
X .
MQ('ﬁr) + Lﬂr('&rb’)

a(9;)

We refer to the corresponding estimator st(y|Mr) as the bridge sampling estim-
ator. As it turns out, this optimal choice of a(1,) depends on the normalised posterior
7 (9, |y), which, in turn, depends on the marginal likelihood f(y|M,). Thus, to es-

timate the marginal likelihood, we first need to know the marginal likelihood.

In order to solve this issue, we may apply an iterative procedure and obtain
fBS(y|MT) as the limit of a sequence féts) for ¢t — oco. Based on the most recent
)

estimate f](gts_ Y of the marginal likelihood, the posterior mr(9r]y) is normalised and a

new estimate f}(3t9)> is obtained from (6.36). This leads to the recursion given below

o Simulation Step: Select the importance density ¢(9,).

— Run a permutation MCMC sampler to obtain draws 199),19542), e ,195/3)
from the posterior 7, (9,|y).
— Obtain independent 1%1), '59), .. ,1§q(nM) draws from the importance dens-

ity q(9r).

o Evaluation Step: Evaluate both the non-normalised posterior 7, (4¢;)f(y|d;)
and the importance density ¢(19,) at all draws from the posterior, as well as at

all draws from the importance density.

o Iteration Step: Use the computed values to determine a starting value f](BOS)

and run the following recursion until convergence

R i (987)  (y10™)
© m=1 Mq(d"™) + . (D) f(y D™/ fis
fs = B © ' (6.37)
-1 Z Q(ﬁr )
= Mg0O) + L, (0) £ (y100) / £

This iteration is typically very fast in practice. Either the importance sampling estim-
ator or the reciprocal importance sampling estimator may be used as starting values
f](gos). Since both estimators use the same values as the bridge sampling estimator,

their calculation is possible with practically no additional computational effort.
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Chapter 7

Numerical Results

7.1 Lamb Data

We consider the Lamb Data, a time series of count data analysed originally in
Nhu D. Le et al. (1992) and re-analysed by Friiwirth-Schnatter (2004). The data
plotted in Figure 7.1 are the number of movements by a fetal lamb in 240 consecutive

five-second intervals.
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FIGURE 7.1: Time Series Plot of Lamb Data

Assuming that the counts are i.i.d. realisations from a Poisson distribution im-
plies that the mean is equal to the variance. This assumption, however, is violated,
since the sample variance, s> = 0.6577, is nearly twice the sample mean, i = 0.3583.
To capture over-dispersion, a finite mixture of Poisson distributions could be ap-
plied. However, the plots of the empirical autocorrelation and partial autocorrelation
functions in Figure 7.2 also indicate stochastic dependence between subsequent ob-
servations. In order to capture both over-dispersion and autocorrelation, a Poisson

hidden Markov model, with an unknown number of states, is applied to the data.
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Sample Parti

Sample

FIGURE 7.2: Lamb Data - Autocorrelation and Partial Autocorrela-
tion Plots

7.1.1 Model Selection
Classical Inference

As far as likelihood ratio testing is concerned, we employed parametric bootstrap
for testing r vs. r + 1 hidden states. In other words, we computed the MLEs 9,
and 1§T+1 for the models with r and r + 1 states, respectively, and the corresponding
observed LR statistic, LRops. Furthermore, we simulated B bootstrapped samples
of size equal to the original data from the model with parameter vector 1§T. For
each of those, a bootstrapped LR statistic LR](;;)0t7 b=1,2,...,B, was computed
by proceeding exactly as above for the original data. An estimated p-value of the
generalised LR test for r vs. r 4 1 hidden states is given by g—ﬁ, where N is the
number of bootstrapped samples for which LR® ¢ > LRobs-

boo

We performed this bootstrapping procedure for testing r =1 vs. r =2, r = 2 vs.
r =3 and r = 3 vs. 7 = 4 hidden states, using B = 200 bootstrapped samples for
each test. For the first two tests, the largest bootstrapped LR statistics were smaller
than the observed ones, thus N = 0 and the estimated p-values were 0.005. In the
last test, the estimated p-value was 0.3632, hence LR testing seems to conclude that
a Poisson HMM with r = 3 hidden states would be suitable to describe the Lamb
Data. It should be noted that we did not attempt to test for r = 4 vs. r = 5 hidden

states.

‘ ‘T’ZlVS.T‘ZQ‘T’ZQVS.T’:3‘T:3VS.T‘:4‘

| p-value | 0.0050 | 00050 | 03632 |

TABLE 7.1: Lamb Data - p-values of LR Tests for r vs. r + 1 Hidden
States
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By utilising the log-likelihoods which were estimated in the course of the above
procedure, we additionally calculated the AIC and BIC of each of the competing
models. The AIC is minimised for the model with » = 3 hidden states, a result which
is in accordance with the results obtained from LR testing. On the other hand, the
BIC, which favours less complex models, is minimised for the model with just r = 2

hidden states.

‘ ‘ r=1 r=2 r=3 r=4 ‘

AIC | 404.0873 364.3148 351.7248 362.3793
BIC | 407.5679 378.2374 383.0505 418.0695

TABLE 7.2: Lamb Data - AIC and BIC for r = 1 to » = 4 Hidden
States

The main point we want to make here, however, is that the above computations
were slow. As a whole, the above procedure took 5,874 seconds of CPU time to
run using Matlab on a machine with a quad-core processor, running on 3.50 GHz.
Obviously, these computations would have been must faster if implemented in another

programming language, e.g. C++.

Bayesian Inference

For the Bayesian analysis we employed a reversible jump MCMC sampler. A
uniform prior over {1,2,..., R} with R = 4 was put on r. The transition probab-
ilities were parametrised by ¢;; for 4,7 = 1,2,...,r, where each ¢;; was given an
independent Exponential prior with unit mean. This implies an independent uniform

Dir(1,1,...,1) prior over each row of P.

We ran this reversible jump sampler for 100, 000 total sweeps with a burn-in period
of 50,000 sweeps. Using a Matlab implementation, the total computation time was
554 seconds on the same machine as above, which is not even comparable to the

computation times required for the previous bootstrap analysis.

The mean acceptance probability was 51% for the birth-death move and 40% for
the split-combine move. We remark that obtaining satisfying acceptance rates for
dimension-changing moves in HMMs is generally difficult. The estimated posterior
probabilities are given in Table 7.3. The degree of belief in r = 3 vs. r = 4 is
comparable to what was obtained with the bootstrap analysis, whereas the result for
r = 2 vs. r = 3 is entirely different. Here, r = 2 appears to be a plausible model,

though it was firmly rejected by the generalised LR test.

Next, we ran the birth-death sampler with the same specifications as above, but

with a truncated Poisson(1) prior over {1,2,3,4}, in order to avoid sampling from
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models with too many states. We also selected the birth rate, A, = 1. Again,
using a Matlab implementation, the total computation time was 1,589 seconds on
the same machine as above, which is three times the computation time required for

the reversible jump approach, but still much faster than the bootstrap analysis.

The estimated posterior probabilities given by the birth-death sampler are also
shown in Table 7.3. We remark that the results obtained by the two different trans-
dimensional MCMC samplers are markedly different. The posterior probabilities
estimated via the birth-death MCMC sampler seem to concur with the results of the
bootstrap analysis. Namely the model with r = 3 is greatly favoured against the
model with r = 2 states, whereas it is slightly favoured against the model with r = 4,

which seems as a viable alternative.

r=1 r=2 r=3 r=4

Reversible Jump 0.1165 0.3155 0.3792 0.1889
Birth-Death 0.0000 0.0729 0.5845 0.3426
Importance Sampling | 0.0000 0.4784 0.5209 0.0007

Reciprocal Importance
Sampling

Bridge Sampling 0.0000 0.4394 0.5562 0.0044

0.0000 0.7732 0.2268 0.0000

TABLE 7.3: Lamb Data - Posterior Probabilities for » = 1 to r = 4
Hidden States

Lastly, we approximated the marginal likelihoods of models with » =1 to r =4
hidden states. A uniform prior over {1,2,3,4} was chosen for r. The posterior
distribution of 1, was estimated through the permutation sampling algorithm based
on the priors (p;1,...,pir) ~Dir(1,...,1) and \; ~ Gamma(b, B) for i =1,2,...,r,
82‘7!_2@2 and B = ?I;

Naturally, the marginal likelihood of the model with r = 1 was computed analyt-

where b =

ically, leading to the following expression

Bb L(S(y) +b) H 1

FylMu) = U(b) (B+n+ 1)+ .k:oi' (7.1)

where S(y) = > vk
k=0

The rest of the marginal likelihoods were estimated given M = L = 10,000 draws
from the posterior and the importance densities of 1, respectively. A burn-in of
1,000 draws was allowed for the permutation sampling algorithm, whereas 7' = 100

randomly selected MCMC draws of the state sequence x were used to approximate
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the proposal density. The importance sampling estimator was chosen as the starting

value of the bridge sampling algorithm.

Once again, the results are summarised in Table 7.3 and there is clear evidence
against the hypothesis of homogeneity (r = 1). The total computation time for the
estimation of all the marginal likelihoods was just 296 seconds of CPU time, using
the same machine, which is in line with the rest of the Bayesian methods applied for
model selection. Nevertheless, the estimated marginal likelihoods appear to be highly
sensitive to the estimation method and, more importantly, to the choice of a prior

distribution over 9J,.

7.1.2 Parameter Estimation

The EM algorithm was run for the model with » = 3 hidden states. The initial

values of the means were computed as \; = miny, + RQ(g) + (i_lle(Y) for i = 1,2,3,
where R(y) = maxy — miny. Afterwards, we employed parametric bootstrap to
compute 95% confidence intervals for the MLEs, via the percentiles defined by the
empirical distribution of the parameters estimated from B = 1,000 bootstrapped
samples. The total computation time required for this estimation procedure was

4,390 seconds on the same machine. The results are available in Table 7.4.

MLE Confidence MAP Posterior Credibility
Interval Mean Interval
A1 | 0.0398 [0.0000, 0.2514] 0.0357 0.0741 [0.0037,0.2159]
Ay | 0.4937 [0.0315, 2.4582] 0.4919 0.4537 [0.1813,0.8056]
A3 | 3.4106 [0.4426, 6.4501] 3.0057 2.4549 [1.0890, 4.2023]
p11 | 0.9487 [0.0000, 0.9909] 0.9479 0.8366 [0.1334,0.9757]
p1,2 | 0.0409 [0.0000, 0.8479] 0.0422 0.1265 [0.0045, 0.7547]
p1,3 | 0.0104 [0.0000, 0.5641] 0.0100 0.0369 [0.0016, 0.1477]
p2,1 | 0.0400 [0.0000, 1.0000] 0.0427 0.1357 [0.0069, 0.6753]
p22 | 0.9600 [0.0000, 0.9931] 0.9573 0.8204 [0.1789,0.9765]
p2,3 | 0.0000 [0.0000, 0.9428] 0.0000 0.0439 [0.0010, 0.2126]
p31 | 0.1848 [0.0000, 1.0000] 0.1826 0.2157 [0.0101, 0.5585]
p32 | 0.0000 [0.0000, 1.0000] 0.0012 0.2171 [0.0077,0.5865]
p3,3 | 0.8152 [0.0000, 0.9824] 0.8162 0.5673 [0.2323,0.8597]

TABLE 7.4: Lamb Data - Parameter Estimation for » = 3 Hidden
States

For the Gibbs sampler, the parameters were initialised as described in Chapters

4 and 5 and the sampler was run for 11,000 total sweeps, of which the first 1,000
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were discarded as a burn-in period. Even though the EM algorithm required to
be coupled with a bootstrapping procedure in order to provide confidence intervals
for the estimates, Gibbs sampling naturally gives 95% credibility intervals through
the draws of the posterior distribution. Hence, the computation times were just 26
seconds for the Gibbs sampler with local updating and 37 seconds for the Gibbs
sampler with global updating. A summary of the results obtained from the global
updating algorithm is also available in Table 7.4.
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F1GURE 7.3: Lamb Data - Draws of A from the Gibbs Sampler

Lastly, we ran the SAME algorithm for L = 10, 000 iterations with a linear cooling
schedule M, =[0.01-£+1] for £ =1,2,..., L. The computation time required for this
method was 1,014 seconds and the resulting maximum a posteriori (MAP) estimates

are available in Table 7.4.

7.2 Simulated Data from a Normal HMM

To further compare the various methods of model selection and parameter estim-
ation developed in previous chapters, we performed the following simulation experi-
ment. We simulated a set of data consisting of 300 observations from a Normal HMM

with r = 3 states and true parameter values pu = (—2,0,2), o = (0.25,2.25,1) and

0.1 0.6 0.3
P=1(03 02 05
0.5 04 0.1

The chain is assumed to be stationary. Nevertheless, it is convenient to also include
the initial probabilities as separate parameters in the model and we do so even if these

are implicitly given by the stationarity assumption. Figure 7.4 displays the densities
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of the Normal components, weighted by their stationary probabilities, (dashed lines)

and the marginal density of a single observation from this Normal HMM (solid lines).

F1GURE 7.4: Weighted Component and Marginal Densities of Normal
HMM

7.2.1 Model Selection

Classical Inference

We performed the same bootstrapping procedure for testing r = 1 vs. r = 2,
r=2vs. r =3 and r =3 vs. r = 4 hidden states, using B = 200 bootstrapped
samples for each test. This procedure took 4,732 seconds to run using Matlab. In the
last test, the estimated p-value was 0.8806, hence LR testing strongly suggests that a
Normal HMM with r» = 3 hidden states would be suitable to describe the simulated

data.

‘ ‘rzlvs.er‘r:2vs.r:3‘r:3vs.r:4‘

‘ p-value ‘ 0.0050 0.0100 0.8806

TABLE 7.5: Normal Data - p-values of LR Tests for r vs. 7+ 1 Hidden
States

1 r=2 r=3 7’:4‘

.
1,249 1,176 1,157 1,167
1,257 1,198 1,202 1,241

|
AIC
BIC

TABLE 7.6: Normal Data - AIC and BIC for r = 1 to r = 4 Hidden
States

We also calculated the AIC and BIC of each of the competing models. The AIC

is minimised for the model with r = 3 hidden states, a result which is in accordance
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with the results obtained from LR testing. On the other hand, the BIC, which favours

less complex models, is minimised for the model with just » = 2 hidden states.

Bayesian Inference

For the Bayesian analysis we employed a reversible jump MCMC sampler with
the exact same specifications as for the Lamb Data. Using a Matlab implementation,
the total computation time was 414 seconds on the same machine as above. The
mean acceptance probability was 25% for the birth-death move and 24% for the
split-combine move. The estimated posterior probabilities are given in Table 7.3. The
results of the reversible jump algorithm are rather inconclusive, since the models with

r = 2 and r = 3 hidden states are both assigned almost equal posterior probabilities.

Next, we ran the birth-death sampler, again, with the same specifications as
beforehand. Using Matlab, the total computation time was 1,956 seconds. The
estimated posterior probabilities given by the birth-death sampler are shown in Table
7.7. They seem to concur with the results of the bootstrap analysis. Namely, the

model with r = 3 is greatly favoured against the models with » = 2 and r = 4 states.

Reversible Jump 0.0010 0.4275 0.4340 0.1375
Birth-Death 0.0000 0.0112 0.7366 0.2522
Importance Sampling | 0.0000 0.0467 0.9532 0.0001

Reciprocal Importance
Sampling

Bridge Sampling 0.0000 0.0601 0.9397 0.0002

0.0000 0.3124 0.6876 0.0000

TABLE 7.7: Normal Data - Posterior Probabilities for r =1 tor =4
Hidden States

Lastly, we estimated the marginal likelihoods of models with r = 1 to r = 4
hidden states. The posterior distribution of 1}, was estimated based on the priors
(pit,---,pir) ~ Dir(1,...,1), 67 ~ Inv-Gamma(c, C) and p;|o? ~ N(b, N~1o?) for
i=1,2,...,r, where c=2.5,C =055, b=7yand N = 1.

For this prior specification, the conditional posterior distributions of u; and a?

fori=1,2,...,r are given by

S Vi Nb? (S Nb)2
(07,30 o (01) 5 exp o s MOLENE (B LNV 1Y

N;(x)+ N Si(y) + Nb
i 7

y,x,a?) o<exp{—
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where N;(x) = > 1{zy =i}, Si(y) = > wr and Vi(y) = Y. y2, which corres-
k=0

k:xj=i kg =1
Ni(x) Vily) + Nb* _ (Sily) + Nb)?
2 ~ Inv- 5 N
pond to 02|y, x ~ Inv-Gamma 5 TG C+ 2 2N, (%) - N) and

A(y) + Nb ?
wi |y, x, o7 ~N<S<y>+ %

, fori=1,2,...,r
Naturally, the marginal likelihood of the model with » = 1 was computed analyt-

ically, leading to the following expression

i) = n) [ (e M) ew

V(y)+ Nb2  (S(y) + Nb)? o o
2 _2(N+n+1)75(y)_k:§0yk and V(y)_kgoy%

The reciprocal importance sampling estimator was chosen as the starting value of

where C(y) = C +

the bridge sampling algorithm. The total computation time for the estimation of all
the marginal likelihoods was just 366 seconds of CPU time, using the same machine.
Once again, the results are summarised in Table 7.7. All methods for approximating
the marginal likelihoods concur that the best fitting model to describe our simulated

data is the correct one, namely the one with r = 3 hidden states.

7.2.2 Parameter Estimation

We ran the Gibbs sampler for inferring the model with » = 3 hidden states. The
parameters were initialised as described in Chapters 4 and 5 and the sampler was
run for 11,000 total sweeps, of which the first 1,000 were discarded as burn-in. The
computation times were just 32 seconds for the Gibbs sampler with local updating and
47 seconds for the Gibbs sampler with global updating. A summary of the obtained
results through the global updating algorithm is also available in Table 7.8.
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FIGURE 7.5: Normal Data - Draws of p from the Gibbs Sampler
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FIGURE 7.6: Normal Data - Draws of a2 from the Gibbs Sampler
MLE Confidence MAP Posterior Credibility
Interval Mean Interval

1 | —2.0498 [-2.2053,—1.9067] || —2.0574  —2.0489 [—2.1918, —1.9064]
po | —0.4799  [—1.2849,0.6544] —0.5847  —0.2963 [—0.9656, 0.4315]
3 1.6546 [1.3983,2.1846] 1.6600 1.7798 [1.4239,2.2160]
o? 0.2561 [0.1399,0.4170] 0.2624 0.3037 [0.1939, 0.4656]
o3 2.1908 [0.6515, 3.2395] 1.9319 2.2009 [1.3260, 3.2255]
ag 1.3470 [0.6403,1.7718] 1.2894 1.2099 [0.7055, 1.7649]
p1,1 | 0.1202 [0.0000, 0.2899] 0.1159 0.1302 [0.0145, 0.2728]
pi2 | 0.5954 [0.3104, 0.8880] 0.6067 0.6071 [0.3438, 0.8496]
p1,3 | 0.2845 [0.0401, 0.4697] 0.2774 0.2626 [0.0778,0.4724]
p21 | 0.1176 [0.0000, 0.3140] 0.1327 0.1486 [0.0136,0.3161]
p22 | 0.0084 [0.0000, 0.4578] 0.0001 0.1775 [0.0085, 0.4626]
p2,3 | 0.8739 [0.3105, 1.0000] 0.8672 0.6739 [0.3369,0.9123]
p31 | 0.5413 [0.3706, 0.8284] 0.5217 0.5626 [0.3937,0.7527]
p32 | 0.2571 [0.0000, 0.4700] 0.2510 0.2699 [0.0938, 0.4603]
p33 | 0.2015 [0.0000, 0.4029] 0.2273 0.1675 [0.0192, 0.3605]

TABLE 7.8: Normal Data - Parameter Estimation for » = 3 Hidden

States
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The EM algorithm was also run for the model with » = 3 hidden states. The initial
values were computed as p; = min yk—l—%jtw and o; = s? fori = 1,2, 3, where
R(y) = maxy; — min yi. Afterwards, we employed parametric bootstrap to compute
95% confidence intervals for the MLEs, using B = 1,000 bootstrapped samples. The
total computation time required for this estimation procedure was 3,685 seconds on

the same machine. The results are available in Table 7.8.

Lastly, we ran the SAME algorithm for L = 10, 000 iterations with a linear cooling
schedule My = [0.01-¢+1] for ¢ =1,2,..., L. The computation time required for this
method was 1,270 seconds and the resulting maximum a posteriori (MAP) estimates

are available in Table 7.4.

7.3 Simulated Data from a Multivariate Normal HMM

Lastly, we simulated a set of data consisting of 300 observations from a Multivari-

ate Normal HMM with d = 2 dimensions, » = 2 hidden states and true parameter

values M1 = (_]-a 1)7 H2 = (1’ _1)a

2 1 4 -1
, o = and P =
1 5 -1 3

The chain is assumed to be stationary. Nevertheless, it is convenient to also include

3 =
0.8 0.2

0.3 0.7]

the initial probabilities as separate parameters in the model and we do so even if these
are implicitly given by the stationarity assumption. Figure 7.7 shows the marginal
density of the Multivariate Normal HMM, whereas Figure 7.8 illustrates the contours

of its surface.
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FIGURE 7.7: Marginal Density of Multivariate Normal HMM
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F1GURE 7.8: Contours of the Marginal Distribution of Multivariate
Normal HMM

7.3.1 Model Selection

Classical Inference

We performed the same bootstrapping procedure for testing » = 1 vs. r = 2
and r = 2 vs. r = 3 hidden states, using B = 200 bootstrapped samples for each
test. This procedure took 7,895 seconds to run using Matlab. In the last test, the
estimated p-value was 0.4726, hence LR testing seems to conclude that a Normal

HMM with » = 3 hidden states would be suitable to describe the simulated data.

‘ ‘rzlvs.rz?‘ervs.rzB‘

| p-value | 0.0050 | 04726 |

TABLE 7.9: Multivariate Normal Data - p-values of LR Tests for r vs.
r + 1 Hidden States

We note that several complications arose in the bootstrap analysis to estimate
the p-value of the LR test for r = 2 vs. r = 3 hidden states. Since the boot-
strapped samples for this test were drawn from a hidden Markov model with r» = 2
hidden states and parameter vector 192, estimated from the original data, the EM
algorithm was sometimes unable to estimate the over-parametrised model with r = 3
hidden states, based on these samples. The cause for that was that the smoothing
probabilities ¢y, (3) were close to zero for the majority of observations, leading to the
estimated covariance matrix X3 being close to singular. Hence, the EM algorithm was
terminated in those instances, having been unable to properly estimate the required

parameter vector.

By utilising the log-likelihoods which were estimated in the course of the above

parametric procedure, we additionally calculated the AIC and BIC of each of the
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competing models. Both the AIC and the BIC are minimised for the model with r» = 3
hidden states, results that both contradict the consensus of the previous bootstrap
analysis. We note, however, that the values of the AIC and the BIC corresponding to
each of the competing models are very close to each other, so no reliable conclusion

can be drawn.

‘ ‘ r=1 r=2 r=3 ‘
AIC | 2,578 2,525 2,511
BIC 596 2,570 2,556

TABLE 7.10: Multivariate Normal Data - AIC and BIC for » = 1 to
r = 3 Hidden States

Bayesian Inference

We ran the birth-death sampler with the exact same specifications as for the Lamb
Data. Again, using a Matlab implementation, the total computation time was 10, 086
seconds. The estimated posterior probabilities given by the birth-death sampler are
shown in Table 7.11. They seem to concur with the results of the bootstrap analysis.
Namely the model with r» = 2 is greatly favoured against the model with » = 1 states,

whereas it is slightly less favoured against the model with r = 3.

‘ ‘ r=1 r=2 r=3 ‘
| Birth-Death | 0.0000 0.8110 0.1890 |

TABLE 7.11: Multivariate Normal Data - Posterior Probabilities for
r =1 to r = 3 Hidden States

7.3.2 Parameter Estimation

The EM algorithm was run for the model with » = 2 hidden states. The initial

values were computed as p; ¢ = Oggg Yo + R%‘v’) + (i_l)f(yf) and ; = Cov(y),
X \n
h = — i for s = 1,2 = 1,2. Af
where R(y,) Orél&)(n Yo ke og}ignyf”“’ or i ,2 and ¢ , terwards, we

employed parametric bootstrap to compute 95% confidence intervals for the MLEs,
using B = 1,000 bootstrapped samples. The total computation time required for this
estimation procedure was 4,536 seconds on the same machine. The results obtained

are available in Table 7.12.

For the Gibbs sampler, the parameters were initialised as described in Chapters 4
and 5 and the sampler was run for 11, 000 total sweeps, of which the first 1,000 were
discarded as a burn-in period. A summary of the obtained results through the global

updating algorithm is also available in Table 7.12.
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MLE Confidence Posterior Credibility
Interval Mean Interval

p11 | —0.8036  [—1.1508,—0.4871] —0.8068  [—1.0933, —0.5222]
H1,2 1.1973 [—0.2075, 1.6520] 1.2049 [0.7924, 1.6380]
2,1 1.2465 [0.6179,2.1791] 1.1713 [0.6019, 1.8176]
po2 | —1.1709  [—1.7486,0.8273] —1.0909  [-1.7300, —0.4367]
Uil 1.9337 [1.3837,2.5515] 1.9334 [1.4598,2.4916]
0%72 4.3639 [2.6003, 5.4314] 4.4365 [3.4150,5.7621]
Covy | 0.8710 [—0.6151, 1.4502] 0.9061 [0.3150, 1.5805]
0571 3.8696 [2.1820, 5.2536] 3.9646 [2.8822,5.4041]
0—572 2.7126 [1.7000, 7.4875] 2.8889 [1.7614, 4.3581]
Covy | —0.8384  [—3.0423,0.1434] —0.9144 [—1.9005, 0.0280]
D11 0.3925 [0.1150, 0.7504] 0.3556 [0.0501, 0.5995]
D12 0.6075 [0.2453, 0.8802] 0.6444 [0.4004, 0.9497]
D21 0.8843 [0.4236, 1.0000] 0.8415 [0.6472,0.9781]
D2,2 0.1157 [0.0000, 0.5755] 0.1585 [0.0219, 0.3525]

TABLE 7.12: Multivariate Normal Data - Parameter Estimation for

r = 2 Hidden States
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Chapter 8

Conclusion

We have, thus, compared inference for hidden Markov models primarily based
on the EM algorithm and parametric bootstrap, on one hand, and on the Gibbs
sampler and other MCMC algorithms, on the other hand. In situations where one
requires only a point estimate of the parameter vector or where it suffices to compare
models only through some information criterion, then the EM algorithm is typically
the quickest and most straightforward way to achieve this. Nevertheless, in the case
where a point estimate is not sufficient, the comparison between the two approaches

is not an elementary task.

In the examples presented in Chapter 7, we saw that the dependent posterior
samples provided by the Gibbs sampling algorithm boast very swift computation
times. On the other hand, while the i.i.d. replicates provided by parametric bootstrap
require much longer run times, no further analyses of autocorrelations are required
in order to assess the precision of the results. The results obtained from all of the
proposed algorithms are very promising so the choice between them is left to the

reader’s taste.

Having said that, it is important to be aware that inference in HMMs, whether
frequentist or Bayesian, is usually a complex and far from automated task. Even
in simple models the multi-modality of the observed likelihood may potentially be
causing the EM algorithm to converge to local, rather than global, maxima and
the MCMC algorithms to have poor mixing properties. A further problem is slow
convergence of the EM algorithm and slow mixing of the Gibbs sampler occurring
when the amount of information carried by the complete data is much greater than

the amount carried by the observed data alone.

Although a Bayesian approach to HMMs may be appealing from several per-
spectives, it is the author’s experience that users of HMMSs often consider writing
the computer code necessary to implement such procedures a prohibitive exercise. In

particular reversible jump MCMC algorithms have a somewhat unjustified reputation
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for being difficult to derive and implement. Hence, it is clear that readily available
software packages would be extremely beneficial for making such methods available
to a wider audience of researchers in statistics and other scientific fields. Future
work certainly includes the development of such packages for various programming

languages, including Matlab, R, Python, C and Java.
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Appendix A

Markov Chain Monte Carlo
Methods

A.1 The Metropolis-Hastings Algorithm

Suppose that we want to simulate a sequence of random variables with probabil-
m

ity mass function m; = B~!b; for i = 1,2,...,m, where B = Z b; is the normalising
constant of the distribution. Suppose, also, that m is larzg:e1 and that the norm-
alising constant B is difficult to calculate. Omne way of simulating a sequence of
identically distributed random variables whose common distribution converges to 7,
1=1,2,...,m, is to construct a Markov chain whose limiting distribution coincides

with the distribution we desire to simulate from.

Let P = [p;;] be an irreducible Markov transition probability matrix over the
integers {1,2,...,m}. The Metropolis-Hastings algorithm defines a discrete-time
stochastic process { X, }n>0 in the following manner. Given that X,, = i, a random
variable X is generated according to the probability distribution given by the i*" row
of P,ie. P(X =j)=mpj;for j=1,2,...,m. If X =7, then

X  with probability a;;
Xnt1 = :
X, with probability 1 — a;;

It is, thus, easy to verify that { X, },>0 constitutes a discrete-time Markov chain with

transition probabilities P;; given by

DijQijs JF

pi + > pi(l—aw), j=1i
i

W)
|

iy —
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Now, we demand that {X,,},>0 be time-reversible with unique stationary distri-
bution m;, i = 1,2,...,m, given by the detailed balance equations m; P;; = m;P}; for

j #i. It is easy to verify that the detailed balance equations hold if we take

aij:min{ﬂjpﬂ,l} :min{ ]pﬂ,l}.
TiPij bipi;

Hence, we note that knowledge of B is not required to define the Markov chain, since

the values of b; for i = 1,2,..., m suffice. Lastly, in order for the limiting distribution
of {Xp}n>0 to coincide with its stationary distribution, m; for ¢ = 1,2,...,m, we
require that {X,},>0 be aperiodic. A sufficient condition is that P; > 0 for some
ie{l,2,...,m}.

The following steps sum up the Metropolis-Hastings algorithm for generating a
sequence of identically distributed random variables from a given distribution with

an intractable normalising constant

1. Choose an irreducible Markov transition probability matrix P = [p;;] over the

integers {1,2,...,m}.
2. Set Xy = k for some integer k € {1,2,...,m} and n = 0.
3. Given that X,, =14, generate a random variable X such that P(X = j) = g;;.

4. Generate a random variable U ~ U(0,1). Given that X = j, then

X, iU < 2P
Xpi1 = bipij

X,, otherwise

5. Set n =n + 1 and go to step 3.

A.2 The Gibbs Sampler

Suppose that we want to generate a sequence of identically distributed random
vectors {X,, }n>0 with common probability mass function ¢(x) = Cg(x), where C
is an unknown multiplicative constant and x = (x1,x2,...,2;,). Utilisation of the
Gibbs sampler presupposes that we can generate a random variable X from the
conditional probability distribution P(X = z) = P(X; = z|X; = xj,j # i) for
some i € {1,2,...,m}. It operates by using the Metropolis-Hastings algorithm on a
Markov chain with states x = (z1, z9, ..., ;) and transition probabilities defined as

below.
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Given a present state x, a coordinate i is chosen out of {1,2,...,m} and a
random variable X is generated as previously described. Given that X = z, then
y=(21,...,%i-1,Z,Tit1,...,Tm) is considered as the next candidate state. In other

words, the transition probabilities of the Markov chain are given by

a(y)
m-P(Xj=wj,j #1)

1 . .
p(x,y) = E'P(Xi =X =x;,] #1) =

Since we desire the limiting distribution of the Markov chain to coincide with

q(x), the vector y is accepted as the new state of the Markov chain with probability

Hence, when utilising the Gibbs sampler, the candidate state is always accepted as

the new state of the Markov chain.

The following steps sum up the Gibbs sampling algorithm for generating a se-

quence of identically distributed random vectors from a given probability distribution

1. Select a starting vector Xg and set n = 0.

2. Given that X,, = x = (z1,x2,...,2Zn), generate the next candidate state y =
(y1,%2,-..,Ym) by sampling the components in order, starting from the first
component. Fori =1,2,...,m, sample y; according to the distribution specified

by P(X; =2[X1 =y1,..., Xic1 = ¥i—1, Xit1 = Tig1, ..., Xon = ).

3. Set X,,41 =y, n=n+1and go to step 2.

A.3 Simulated Annealing

Let A be a finite set of vectors and V' : A — [0, 00). Suppose that we are interested

in specifying its maximal value V* = majc V(x), as well as at least one vector at which
XE

the maximal value is attained, that is, an element in M = {x € A: V(x) = V*}.

Let A > 0 and consider the following probability mass function on the set of

vectors A
e)\V(x)
pA(x) = W-
yeA

AV

By multiplying both the numerator and the denominator by e V", we see that

AV (x)=V™) AV (x)=V7)

e (&
pa(x) = S ATV T M S AMVHV)
yeA yEM
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where |M)| denotes the cardinality of M. Since V(x) — V* < 0 for x ¢ M, then, as
A — 00, we obtain
Jim pa(x) = R{T;r\/l}~

Hence, if A is large enough and we generate a Markov chain whose limiting distri-
bution is py(x), then most of the mass of the limiting distribution will be concentrated
on M. An approach that is often useful is to introduce the notion of neighbouring
vectors and utilise a Metropolis-Hastings algorithm to define such a chain. For in-
stance, we could say that two vectors are neighbouring if they differ in only a single
coordinate or if the one can be obtained from the other by interchanging two of its
components. Given that the current state is x, we could designate that the next
state is randomly chosen out of all the neighbouring vectors of x. If the neighbouring

vector y is selected, then that vector becomes the next state with probability
N
NV Ny

where N(x) denotes the set of neighbouring vectors of x.

One weakness of the preceding algorithm is that, since A was chosen to be suffi-
ciently large, when the chain enters a state x with V(x) > V(y), Vy € N (x), then it
might take a long time for the chain to move to a different state. Hence, it has been
proven useful to permit the value of A to vary with time. A popular variation of the
preceding algorithm, referred to as Simulated Annealing, operates in the following

way. If X,, = x and the vector y is chosen out of N(x), then X,, 11 is chosen to be y

AV (y)
min{e ! |N(X)|,1}7

with probability

AV N (y)

where {\,},>0 is a predetermined sequence of values, commonly referred to as a
cooling schedule, which start out small, thus initially attaining a large number of
transitions, and gradually grow, thus achieving convergence to the set of global max-

ima.

A computationally useful choice of cooling schedule is to let A\, = C'log(n + 2)
for n > 0, where C is any fixed positive constant. If we generate IV successive states

X1, Xs,..., Xy, then we can estimate V* by max V(X;) and an element in M by
X
X+, where i* = argmax V (X,).
1<i<N
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Appendix B

Common Probability

Distributions

B.1 Discrete Distributions

B.1.1 Poisson Distribution

The Poisson distribution is a discrete probability distribution that expresses the
probability of a given number of events occurring in a fixed interval of time if these

events occur with a constant rate and independently of the time since the last event.

A discrete random variable X is said to have a Poisson distribution with parameter

A > 0 if the probability mass function of X is given by

fBsAN) =P X =k =e"—, k=0,1,2,....

fffffffffff

T
R
I
NN A WN -

FiGure B.1: Poisson Distribution - Probability Mass Function
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The positive real number A is equal to the expected value of X, as well as the
variance of X, i.e. E(X) = Var(X) = A.

B.2 Continuous Distributions

B.2.1 Beta Distribution

The Beta distribution is a family of continuous probability distributions defined
on the interval [0, 1] and parametrised by two positive shape parameters, denoted
by a and 5. In Bayesian inference, it is the conjugate prior probability distribution
for the Bernoulli, Binomial, Negative Binomial and Geometric distributions. For
example, it can be used in Bayesian analysis to describe initial knowledge concerning
probability of success. It is a suitable model for the random behaviour of percentages

and proportions.

The probability density function (pdf) of the Beta distribution is a power function

of the variable x and of its reflection 1—z as follows

) _T@+8) 4 B-1

f(:v,a,ﬂ)—r(a)r(ﬁ)-x (1—-x)7, 0<z< L
\ —a=p=1
|\ —a=p=2

\ a=p=05

\ —a=1,p=2

\ —a=05,p=1
S \\ — a=2,p=3

FIGURE B.2: Beta Distribution - Probability Density Function
The mode of a Beta distributed random variable X with a, 5 > 1 is given by

a—1

Mode = ———.
ode ot B2

When «, 8 < 1, this is the anti-mode, i.e. the lowest point of the probability density

curve. Letting oo = 3, the expression for the mode simplifies to 0.5, showing that for
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a = > 1 the mode is at the center of the distribution, which is to be expected,

since, in that case, it is symmetric around the point x = 0.5.

The expected value of a Beta distributed random variable X is a function of only

the ratio 5/a of the two parameters

1 «

:1—|—B/oz_oz+ﬁ'

E(X)

Letting o = (3 in the above expression, one obtains F(X) = 0.5.

The variance of a Beta distributed random variable X is

af
(a+8)?2 - (a+B8+1)

Var(X) =

Letting o = § in the above expression one obtains Var(X) = m

variance decreases monotonically as « increases. Approaching the limit at « = 8 = 0,

, showing that the

one finds the maximum variance, Var(X) = 0.25.

B.2.2 Gamma Distribution

The Gamma distribution is a two-parameter family of continuous probability dis-
tributions. One common parametrisation is with a shape parameter o and an inverse
scale parameter 3, called a rate parameter. The corresponding pdf in the shape-rate

parametrisation is

f;0,8) = pff; e 2> 0,

FicUure B.3: Gamma Distribution - Probability Density Function
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We summarise some of the properties of the Gamma distribution with a, 3 > 0

a—1
Mode = ——, a>1,
B

«
EX)=—,
(X) 5

«

Var(X):@

B.2.3 Inverse Gamma Distribution

The Inverse Gamma distribution is the continuous probability distribution which
acts as the distribution of the reciprocal of a variable distributed according to the
Gamma distribution, i.e. X ~ Gamma(a,3) = X! ~ Inv-Gamma(a, 3). Per-
haps the chief use of the Inverse Gamma distribution is in Bayesian statistics, where
the distribution arises as the conjugate prior for the unknown variance of a Normal

distribution. The Inverse Gamma distribution’s pdf is defined as

{—B}, x>0,
T

with shape parameter o > 0 and scale parameter 5 > 0.

R
I(e)

1

cxT YT sexp

flz;a,B) =

K

K

Probabilty Density

wprr—r—

=3

=]

=)

=)

- -

- -

T

)

o
[ el S e S

FI1GURE B.4: Inverse Gamma Distribution - Probability Density Func-

tion

We summarise some of the properties of the Inverse Gamma distribution

p

Mode = ,
a—+1
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52

Var(X) = @-12 (a—2)’

a > 2.

B.2.4 Log-Normal Distribution

The Log-Normal distribution is the continuous probability distribution of a ran-
dom variable whose logarithm is Normally distributed, i.e. X ~ Lognormal(u, 0?) <
log X ~ N (p,0?%). We have

202

1 (logz — u)?
f(a;p,0%) = 'exp{— , x>0
x - V2mo?

—n=-1,0=1
n=0,6=1
pn=16=1
—n=-1,6=2
n=0,6=2
p=1,6=2

Ficure B.5: Log-Normal Distribution - Probability Density Function

We summarise some of the properties of the Log-Normal distribution

Median = e*, Mode = exp {,u - 02} ,
2

E(X) =exp {,u+ 02}, Var(X) = [exp {o?} — 1] - exp {2n+ 0*} .

B.2.5 Normal Distribution

The Normal (Gaussian) distribution is a very common continuous probability

distribution. The pdf of the Normal distribution is

.exp{w}, v €eR.

R N
f(:'U?/‘IWO.) 20_2

1
V2mo?

It is uni-modal and symmetric around the point * = u, which is at the same time

the mode, the median and the mean of the distribution.
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L n=-1,6=1
-n=0,6=1

pn=1o6=1

-n=-1,6=2

n=0,06=2

p=1,06=2

FiGure B.6: Normal Distribution - Probability Density Function

B.3 Joint Distributions

B.3.1 Dirichlet Distribution

The Dirichlet distribution is a family of continuous multivariate probability dis-
tributions parametrised by a vector &« = (aq,...,a,) of positive real numbers. It is a
multivariate generalisation of the Beta distribution. In Bayesian statistics, it is the
conjugate prior of the Categorical distribution and Multinomial distributions. The

Dirichlet distribution of order r > 2 has a pdf given by

T

1 T
f(x;a) = N B x=1, x>0, i=12...,r
pa L gt

where x = (z1,...,2,) and B,(a) is the multivariate Beta function.

The marginal distributions of X = (X7, X, ..., X,.) are Beta distributions. To be
T

precise, X; ~ Beta(a;,ap — a;) for i =1,2,... 7, where ag = )_ a;.
i=1

The mode of the distribution is the vector
a1 —1 as—1 ar — 1
ap—1r ag—r" " Tayg—r1r)"

B.3.2 Mutlinomial Distribution

The Multinomial distribution is a generalisation of the Binomial distribution. For
n independent trials, each of which leads to a success for exactly one of r categories,
with each category having a given fixed success probability, the Multinomial distri-
bution gives the probability of any particular combination of numbers of successes

for the various categories.
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When r = 2 and n = 1, the Multinomial distribution is the Bernoulli distribution.
When r = 2 and n > 1, it is the Binomial distribution. When r > 2 and n = 1, it is
the Categorical distribution.

Denote the variable which is the number of successes of category ¢ as X; and
denote as p; the probability of success for category i. The probability mass function

of this Multinomial distribution is

n!
P(X:x;n,p):m ey Zl’z—n
where x = (x1,...,2,) and p = (p1,...,pr). Each of the r components has a Binomial
distribution with parameters n and p;, i.e. X; ~ Bin(n,p;) for i =1,2,...,r.

B.3.3 Multivariate Normal Distribution

The Multivariate Normal distribution is a generalisation of the one-dimensional
Normal distribution. A random vector is said to have a d-dimensional Normal dis-
tribution if every linear combination of its d components has a univariate Normal

distribution.

b

The Multivariate Normal distribution is said to be ”"non-degenerate” when the

symmetric covariance matrix X is positive definite. In this case, it has pdf

— T- _1- —_
R s e

where x = (x1,...,24) and o = (u1,. .., pq) is the d-dimensional mean vector.

B.3.4 Wishart Distribution

The Wishart distribution is a generalisation of the Gamma distribution. It is a
probability distribution defined over symmetric, non-negative definite, matrix-valued
random variables. In Bayesian statistics, the Wishart distribution is the conjugate
prior of the inverse covariance matrix (precision matrix) of a Multivariate Normal

random vector.

Let X be a d x d symmetric matrix of random variables that is positive definite.
Let V be a fixed positive definite matrix of size d x d. Given that n > d, X has a

d-dimensional Wishart distribution with n degrees of freedom if it has a pdf given by

f(X: V) = VIR X exp {‘5“ VX } ,

1
T (%)
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where I'y is the d-dimensional Gamma function, defined as

Fd(a) =T

ata-1) 1> 1—i
1 I'fa .
[[r(es5)
=1
We summarise some of the properties of the Wishart distribution

Mode=(n—d—-1)-V, n>d+1, EX)=n-V.

B.3.5 Inverse Wishart Distribution

The Inverse Wishart distribution is a probability distribution defined on real-
valued, positive-definite matrices. In Bayesian statistics, it is used as the conjugate

prior for the covariance matrix of a Multivariate Normal distribution.

We say X follows an Inverse Wishart distribution, denoted as X ~ W, Lv,n), if
its inverse, X !, has a Wishart distribution, i.e. Xt ~ Wy(V~1 n). The pdf of the

Inverse Wishart distribution is

n+d+1

: ‘2V71|_% X T2 -exp{—;tr [VXl]}.

f(X;V,n) =

1
Ta(3)
We summarise some of the properties of the Inverse Wishart distribution

Mode = V, EX)=—F+—-V, n>d+1.

n+d+1l
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